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Dedication: Jack Edgar Myers (1913–2006)

We dedicate this book on Cyanobacteria to Jack Edgar 
Myers (1913–2006), the most influential algal and cya-
nobacterial physiologist of the twentieth century. I have 
known Jack’s work since I became a graduate student of 
Robert Emerson and Eugene Rabinowitch in 1956.

Jack was born in a farmhouse in eastern Pennsylva-
nia to Dr. Gary Cleveland Myers and Mrs. Caroline Clark 
Myers. Jack was one of the most wonderful and jovial 
persons I have met in my life. He was highly inquisitive 
and always asked questions very slowly and clearly, and 
answered questions in a thoughtful and a detailed manner. 

He also had a great humor, and was always good natured. He was a social drinker 
and one enjoyed his company and stories. I can count several such occasions at 
Conferences that we attended together. Jack was a remarkable family man as he not 
only took care of his family, but that of his brother when he passed away. He was a 
great Science educator for children all over the World through his simple descrip-
tions of many aspects of Science through his down-to-earth clear articles in “High-
lights for Children”, a magazine that had been started by his parents.

Jack received his BS in 1934 in Chemistry from Juanita College, Huntington, 
Pennsylvania, his MS from Montana State (Bozeman), and his PhD (in Botany), in 
1939, from the University of Minnesota under George Burr. Jack did his postdoctor-
al work with E.D. MacAlister before his appointment on the faculty of University 
of Texas in Austin, in 1941. Jack had been recognized with the Charles F. Kettering 
Award for Excellence in Photosynthesis Research, a Guggenheim Fellowship and 
an honorary Doctor of Science degree from Juniata College. Jack was a member of 
the U.S. National Academy of Sciences.

The best way to understand Jack’s thinking about Photosynthesis Research is 
to read his thoughtful essays on the conceptual developments in photosynthesis 
(Myers 1974). His insight into the work and understanding of the Photosynthetic 
Unit concept is seen in his article on the 1932 experiments of Robert Emerson and 
William Arnold (Myers 1994). In his autobiographical article (Myers 1996), we 
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obtain a deep understanding of Jack as a young man and his scientific pursuits lead-
ing to his work up to 1949, some of which I will highlight below. Jack’s last article 
on the evolution of his thoughts in photosynthesis research titled ‘In one era and 
out the other’ (Myers 2002) contains his views on the work of his favorite scientists 
(William Arnold, Bessel Kok and C. Stacy French).

A detailed tribute of Jack by Brand et al. (2008) must be consulted for under-
standing the full impact of Jack on the field of photosynthesis research. Here, I 
focus on some aspects of Jack’s work, rather chronologically. Jack’s PhD thesis had 
dealt with effects of high light on the green alga Chlorella (Myers and Burr 1940) 
and on pigments produced by some green algae grown in darkness (Myers 1940), 
both were unique discoveries. During his postdoctoral work, he obtained data on 
wheat showing antiparallel relationship, up to 4-minute illumination, between chlo-
rophyll a fluorescence intensity and CO2 fixation rate (McAlister and Myers 1940). 
In the 1940s, when Jack was in Texas, detailed and thorough work on the growth 
and cultivation of algae began: an apparatus for the continuous culture of algae was 
invented (see Myers and Clark 1944); and carbon and nitrogen balance of algae 
was investigated (Myers and Johnston 1949). Research on cyanobacteria was in full 
swing in the 1950s. The paper of Kratz and Myers (1955) on nutrition and growth 
of cyanobacteria was used by all who were working on cyanobacteria at that time. 
Myers and Kratz (1955) described thoroughly the pigments and photosynthetic 
characteristics of cyanobacteria. When I started working on cyanobacteria in late 
1950s and early 1960s, these were the first papers I read before growing what was 
then known as Anacystis nidulans. Jack’s work on the mass cultivation of algae and 
cyanobacteria was done with his long-time associate J.R. Graham (see e.g., Myers 
and Graham 1959).

After the discovery of the Emerson Enhancement Effect in photosynthesis at the 
University of Illinois at Urbana (in 1957), Jack went to Stacy French’s laboratory 
and, using an oxygen electrode, confirmed the work of Emerson and showed equiv-
alence of the action spectra of the enhancement effect with the chromatic transients 
discovered by Larry Blinks (Myers and French 1960). This was at the time I was 
finishing my PhD and had shown that in addition to chlorophyll b (that Emerson 
and Myers had shown), a short-wavelength form of chlorophyll a was present in the 
chlorophyll b-containing system (Govindjee and Rabinowitch 1960). Jack then fo-
cused more on cyanobacteria, the topic of this book. Fujita and Myers (1965) stud-
ied hydrogenase and NADP reduction in the cyanobacterium Anabaena cylindrica. 
Holten and Myers (1967a, b) provided the most thorough research on the many 
cytochromes in the cyanobacterium Anacystis nidulans. I will end describing Jack’s 
research by mentioning his remarkable work with C. Bonaventura, where he thor-
oughly investigated oxygen evolution and chlorophyll a fluorescence (remember 
his 1940 work with Macalister, cited above) and discovered the phenomena of op-
posite effects in the photochemical efficiencies of the two light reactions as caused 
by changes due to light absorbed by pigment systems I or II; they had called it light 
state 1 or light state 2 (Bonaventura and Myers 1969); most now call this regulation 
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phenomenon “state transitions”, but some call it “state shifts” (see Papageorgiou 
and Govindjee 2011, for a full history).

Jack was a humble man. I was particularly humbled when once he wrote: “other 
more patient and perceptive (as Govindjee, see Govindjee 1995) would later find 
gold in the mine”. Jack, you have always been much more patient and perceptive 
that I could ever hope to be, and you certainly have discovered more gold than I 
could ever hope to see.
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A tribute to Mamoru Mimuro (1949–2011)

Professor Mamoru Mimuro, the principal author of Chap-
ter 9 “Bioenergetics in a Primordial Cyanobacterium 
Gloeobacter violaceus PCC 7421”, passed away on Feb-
ruary 8, 2011, only few days after he sent back the cor-
rected author’s proof.

Three years ago Mamo Mimuro was diagnosed with 
colon cancer. In spite of the after effects of surgery and 
chemotherapy, he continued his active research and teach-
ing at Kyoto University. After three months of intravenous 
feeding at home, he even attended the Master’s thesis pre-
sentations of his students at the university on February 2, 

2011. His untimely death at the age of 61 has left us with a feeling of deep sadness 
about the loss of a remarkable scientist and a wonderful friend.

Mamo Mimuro started his research on excitation energy transfer in cyanobac-
teria in 1973, while he was a Master’s student in the laboratory of Dr. Yoshihiko 
Fujita at the Ocean Research Institute of the University of Tokyo. After he moved 
to the National Institute of Basic Biology at Okazaki in 1980 as an assistant profes-
sor, he started a series of studies on time-resolved fluorescence spectral analysis 
of excitation energy transfer in photosynthesis. In collaboration with the physical 
chemist, Dr. Iwao Yamazaki, and his coworkers, Mamo made beautiful and fantas-
tic discoveries on the excited singlet state energy transfer between different spectral 
components of the antenna complexes, using a single photon counting method with 
very fast time (less than 10 ps) and high spectral resolution (better than 1.5 nm). 
Kinetic analysis of spectral components among phycobilin pigments in red algae 
and cyanobacteria revealed that the rise and decay kinetics of spectral components 
were proportional to the square root of time. This method was applied by Mamo and 
collaborators to analyze antenna systems of plants and bacteria, especially chloro-
somes of the green bacteria, and the presence and relevance of various minor spec-
tral components were reported. His pioneering work on excitation energy transfer 
in red algae has been recognized by Govindjee in his 2004 review on the basics and 
history of chlorophyll fluorescence.
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After Mamo moved to Yamaguchi University as a professor in 1997, he started 
the study of a primordial cyanobacterium, Gloeobacter violaceus, with interests in 
early evolution of oxygenic photosynthesis. Details of the Gloeobacter studies from 
his group are reviewed in Chapter 9 of this book. His earlier research on “Photon 
Capture, Exciton Migration and Trapping and Fluorescence Emission in Cya-
nobacteria and Red Algae” has been beautifully reviewed by Mamo himself in 
Chapter 7 of the 2004 book “Chlorophyll a Fluorescence: A Signature of Photosyn-
thesis”, volume 19 of Advances in Photosynthesis and Respiration, edited by G.C. 
Papageorgiou and Govindjee, and published by Springer.

Mamo was enthusiastic in stimulating international exchange of information and 
ideas in the field of photosynthesis. He organized many meetings and symposia. 
Among these, he organized the “International Symposium on Molecular Structure 
and Regulation of Photosynthetic Pigment Systems” in 1992 at Sanda, Japan, as a 
satellite meeting of the IXth International Congress on Photosynthesis. He also took 
an initiative to invite 11th International Symposium on Photosynthetic Prokaryote 
in 2003 in Tokyo. In 2007, he organized “7th International conference on the tetra-
pyrrole photoreceptors in photosynthetic organisms” in Kyoto. In those symposia, 
Mamo was the key person for the relaxed atmosphere and fruitful discussions.

In the words of Govindjee (University of Illinois at Urbana-Champaign, USA), 
who speaks on behalf of a very large community of friends and well-wishers of 
Mamo: “The entire photosynthesis community has lost a great scientist, a great 
friend, a great human being, and the major pioneer of this decade in the field of 
excitation energy transfer in photosynthesis. He will be sorely missed by all of us; 
no one can come close to his breadth of knowledge and dedication.”

Tokyo Metropolitan University Katsumi Matsuura
Japan  (matsuura-katsumi@tmu.ac.jp)

One of the editors of this book (Günter Peschek) has highly enjoyed the privilege 
to stay in Mamoru Mimuro’s laboratory at the University of Kyoto as a visiting co-
worker of “Mamo” several times during almost a decade from 2000 and 2009, when 
being on sabbatical leaves from the Institute of Physical Chemistry at the University 
of Vienna, Austria. Günter not only performed experiments on cyanobacteria in 
Mamo’s group but also joined him in teaching and instructing his graduate students. 
During these visits Günter had the great chance to enjoy Mamo’s extremely hospita-
ble, helpful and friendly personality and, in particular, he will never forget the great 
welcome and farewell parties that Mamo had arranged each time, together with 
his whole research group. Everybody who ever got the opportunity to know him 
personally will keep an everlasting brilliant memory of Professor Mamoru Mimuro. 
Another editor of this book (Gernot Renger) gratefully remembers enjoyable talks 
and discussions at international meetings and in particular he was deeply impressed 
by the extraordinary constructive and exceptionally friendly cooperation when he 
invited Mamo as the author of a chapter for the book on the “Primary Processes of 
Photosynthesis”.

A tribute to Mamoru Mimuro (1949–2011)
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We all – the colleagues and friends in Japan and around the world – will very 
much miss the big smile and friendly words of this outstanding person.

University of Vienna  Günter Peschek
Austria (cyano1@aon.at)

Technical University  Gernot Renger
Berlin, Germany (gernot.renger@mailbox.tu-berlin.de)

A tribute to Mamoru Mimuro (1949–2011)
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Preface

The evolutionary “invention” of a system that enabled water-splitting into molecu-
lar dioxygen and metabolically bound hydrogen was the “Big-Bang” in the develop-
ment of the biosphere. This event occurred about three billion years ago at the level 
of cyanobacteria and enriched the hitherto essentially anoxic terrestrial atmosphere 
with O2 which had dramatic global consequences: (1) the efficiency of free energy 
exploitation from food increased by more than a factor of ten through the possibility 
of aerobic respiration thus opening the “thermodynamic door” for the development 
and sustenance of all higher forms of life, (2) the ozone layer was formed and pro-
vided the essential protective umbrella to UV radiation as prerequisite for populat-
ing the land with plants and animals, and (3) the oxidation of minerals gave rise to 
large-scale changes of the earth crust including geological phenomena. At the same 
time most of the existing organisms were killed due to oxidative degradation (in 
geological terms called “the O2 cataclysm or O2 catastrophe”) unless they were able 
to develop suitable protective mechanisms or to find anaerobic ecological niches 
for survival.

Cyanobacteria have effectively colonized our whole planet. They are rather flex-
ible in adaptation to a great variety of different environments and even capable 
of occupying arctic water bodies, or hot (alkaline) springs by forming the signifi-
cant family of thermophilic organisms. A unique and common characteristics of all 
species is their “dual nature” of a prokaryotic (bacterial) cell structure and an O2-
evolving photosynthesis which is typical for (green) plants. Accordingly, the cya-
nobacteria can be classified in two ways, i.e. either as blue-green or cyano-bacteria 
or as (prokaryotic) blue-green algae (plants). In the past, both terms have been used 
but nowadays the term cyanobacteria—introduced about 50 years ago by the lead-
ing French-Canadian microbiologist Roger Y. Stanier—is universally accepted in 
the biological literature of nomenclature and systematics.

Due to the paramount importance for our entire biosphere it is not surprising and 
highly justified that several books and monographs on cyanobacteria have been pub-
lished in recent years, and specialized scientific meetings and congresses exclusively 
or predominantly devoted to cyanobacteria are being regularly organized. Therefore 
the question arises: Why another book on this subject? Mainly two reasons should 
be mentioned: (a) A book is missing which focuses on bioenergetics of cyanobacteria 
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primarily addressing questions of energy conversion by the fundamental bioenergetic 
processes: (Oxygenic) photosynthesis, (aerobic) respiration, and (anaerobic) fermen-
tation which uniquely occur together in these prokaryotic cells, and (b) thermophilic 
cyanobacteria offer the most suitable material for high resolution structure analyses of 
Photosystem I and II and other electron transport complexes by X-ray crystallography 
(for example, at present the structure of Photosystem II at atomic resolution is only 
known for these organisms). These achievements during the last decade represent a 
milestone in our understanding of the complexes which are crucial for solar energy 
exploitation through photosynthetic water splitting.

Based on these considerations we feel confident that it is worth publishing this book 
and sincerely hope that it will find a positive resonance. It represents an ambitious 
attempt to achieve the goal of a synoptic state-of-the-art picture on the bioenergetics 
of cyanobacteria by casting together the mosaics of detailed knowledge described by 
leading experts in the field. It contains 24 chapters written by 51 authors from Austria, 
Finland, France, Germany, India, Israel, Japan, Netherlands, Portugal, Spain, UK and 
USA. The book is aimed at reaching a broad audience ranging from students to experi-
enced scientists in chemistry, physics, biology and physiology. It is devided into seven 
parts: Part I offers in seven chapters a general description of cyanobacteria and their 
environment, with occasional historic and philosophic excursions into the phenom-
enon of life as such, the living cell and our universe. Part II contains three chapters on 
the history and function of electron transport and ATP-synthesis including brand-new 
results on Gloeobacter. Details on the oxygenic photosynthesis and aerobic respiration 
are outlined in Part III by presenting five chapters. Part IV focuses in two chapters 
on electron entry systems. Part V addresses in five chapters the connection between 
the various electron transfer complexes, and Part VI in three chapters reactions of 
terminal oxidation. The book finishes in Part VII by a single chapter which describes 
most recent progress with tools for genetic manipulation of cyanobacteria.

We have many people to thank. First of all, the authors for their efforts to offer the 
readers excellent chapters and for their positive response to our suggestions. Without 
their invaluable cooperation there would be no book. The book has grown out from 
a pertinent discussion of Govindjee with one of us (G.A.P.) in March 2007 and the 
editors want to express their particular thanks to Govindjee for his untiring encourage-
ment during the years. We also gratefully acknowledge the editorial staff of Springer, 
especially Dr. Jacco Flipsen and Mrs. Ineke Ravesloot, for their generous help in all 
respects. Last, but not the least, we also thank Martin Pairer, BOKU—University of 
Natural Resources and Life Sciences, Vienna, who has taken the utmost care in achiev-
ing a uniform style of all manuscripts and to satisfy all editorial requirements set by 
Springer, Dordrecht. We made all efforts to reach the goal of presenting a book which 
may significantly contribute to the deepening and broadening of scientific knowledge 
and interest in cyanobacteria. 

We wish all the readers a pleasant and stimulating journey through the fascinating 
“world” of the bioenergetics of cyanobacteria. It is our sincere hope that this book will 
entice young people into this exciting research area with the aim to address success-
fully the challenging problems of high relevance that are still waiting for satisfactory 
answers.

Preface
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1.1  Introduction

The central purpose of this review article is to recall the pivotal importance of bio-
energetics for the whole living world or, in other words, for the entirety of all living 
matter on our earth. Thus the first half of this review will extensively discuss all 
fundamental aspects of bioenergetics—from general philosophical aspects (“what 
is life?”) [90, 76–81] to historical and evolutionary as well as physical aspects of 
energy, work, and force. Included in this option is a detailed discussion of the physi-
cal, biological, biochemical, energetic, and genetic aspects of “biological energy” 
together with minor philosophical excursions on life in general. At the very be-
ginning of our reflections may stand the absolutely fundamental and ever-lasting 
dogma valid for all living cells (“living matter”): Life implies work (pointing out 
in this context already the physical equivalence or identity of the conceptions of 
work and energy!). Heuristically, for a more rational and holistic discussion of “life” 
and its components or constituents it seems wise to follow the well-known classi-
cal atomistic approach, dating back to the Abderitic philosophers Leukippos and 
Demokritos, approx. 300 B.C. (see [76–80]). Originally, the most fundamental and 
irreducible enigma was being per se (or, in the original language of Parmenides: το 
ειναι, or: το ον) and the very first and constitutive question of all philosophy which 
latter is rightly called “the mother of all sciences” in general, coined in increasingly 
precise form from Herakleitos and Parmenides (approx. 500 B.C., see [76–80]) to 
Leibniz [81] and Heidegger [82], is: “Why is there being (or: why is there anything 
at all), and not simply nothing?”,—immediately followed by the second-fundamen-
tal constituent of all philosophy: Astonishment and amazement, according to Aris-
totle (384–322 B.C.)!

G. A. Peschek et al. (eds.), Bioenergetic Processes of Cyanobacteria, 
DOI 10.1007/978-94-007-0388-9_1, © Springer Science+Business Media B.V. 2011

Chapter 1
Life Implies Work: A Holistic Account  
of Our Microbial Biosphere Focussing  
on the Bioenergetic Processes of Cyanobacteria, 
the Ecologically Most Successful Organisms  
on Our Earth

Günter A. Peschek, Margit Bernroitner, Samira Sari, Martin Pairer  
and Christian Obinger

G. A. Peschek ()
Molecular Bioenergetics Group, Institute of Physical Chemistry, University of Vienna, 
Währingerstr. 42, Rm. 2119, 1090 Vienna, Austria
e-mail: guenter.peschek@univie.ac.at, cyano1@aon.at
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Following further up the atomistic approach, what we need in this review, is: 
The atom of life (the living cell!), the atom of light (the light quantum or photon, hν, 
for photosynthesis), the atom of biological energy (ATP), and the atoms that make 
up living matter: C, O, H, N, S, and P. Our discussion will have to span from the ori-
gin of our universe, the origin of our blue planet and why it is “blue”, the absolutely 
unique and incredibly improbable phenomenon and origin of life (of living matter) 
on it, the origin and role of ATP (and other “freely convertible” forms of biological-
ly utilizable energy) in living cells for what is called “energy conversion” or its syn-
onym: phosphorylation (and de-phosphorylation, the reverse process). Thus FUN-
DAMENTAL BIOENERGETICS will be dealt with in the first part of this chapter 
(Part I). In this context we will have to discuss the physical chemistry of ATP and 
its chemical interconversions ( Gibbs-Helmholtz equation, enthalpy, entropy, etc.), 
the phenomenologically different (photo- and chemo-trophic) and mechanistically 
different (substrate-level) (SLP) [111, 112] and electron transport (ETP) [105–110] 
or chemiosmotic types of phosphorylation or energy conversion, the basic environ-
mental “ingredients”, constituents, or sources of life (energy, electrons, and carbon), 
and their comprehensive mutual combination or interaction as most clearly shown 
by the ergotrophic hexagon yielding the systematically consistent unitary concept 
of all living cells as such (also see [161, 430]). It seems correct, therefore, to start 
the discussion with the atom of life (of living matter), viz., the living cell.

The concluding chapter (Part II) of this comprehensive review article will be 
made up by a more specialized survey of cyanobacterial electron transport (in par-
ticular: respiration, the still most neglected aspect of cyanobacterial biology, bio-
chemistry, genetics and bioenergetics), and finally highlighting the cyanobacteria as 
the nonplus-ultra of microbial bioenergetics and physiology, thereby also touching 
the most modern area of biological “in-silico-research”. Previous reviews of cya-
nobacterial electron transport and respiration, usually together with photosynthesis, 
may be found in [32, 33, 34, 36–38, 86, 88, 104, 132, 134, 142, 232, 265–267, 268, 
275–278, 366, 368]. However, even before discussing the ever-significant energetic 
performances of living cells as best exemplified by the cyanobacteria, the nonplus-
ultra of microbial bioenergetics and physiology, it may be permitted, somehow in the 
style of an ancient Greek Satyr Play, which usually was an integral part of the classi-
cal tragedies of Aischylos, Sophokles, Euripides, Agathon, Aristodemos, etc., to start 
our strictly scientific reflections on the tragedy of life with a similarly satyric prelude: 

THE LIVING CELL—A very special punchinello in evolution
Well, there are two extreme ways of looking at the phenomenon of life: Either, 

life as a divine miracle—as it might seem to the naïve minds of common, usually 
less-educated people overlooking the truly inconceivably “polychromatic” multi-
plicity of life on earth, or, otherwise: Life as a ridiculous Punch and Judy Show 
of evolution where, during the aeons, every individual has been nothing but food-
stuff to the other, somehow following the philosophical maxim of Thomas Hobbes 
(1588–1679): “Homo homini lupus” or, more generally: “Alius alii praeda”…

Yet, in all events, life’s occurrence on earth may well be regarded kind of “mystery”, 
at least an extremely improbable and irreproducible incident—or better: accident?—
though, actually, life is nothing but the inevitable consequence of an extremely long, 
more or less undisturbed, sequence of “simple” (though each of them: highly improb-

G. A. Peschek et al.
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able!) evolutionary processes all governed by the “simple” laws of nature that we all 
have known for long already (as will be evident from this essay, too). And since we just 
celebrated the “Darwin Year” in 2009 (Charles R. Darwin: 1809–1882)—hoping there-
by that the well-proven concept of mutation and selection, even if basically synonymous 
with rather cruel-sounding notions such as “struggle for existence” or “survival of the 
fittest”—has found firm hold even in the brains of the general public due to countless 
pertinent newspaper and street-journal articles and low-level lectures in schools and 
pubs around the corner all over 2009. In the sense of Darwin, therefore, it seems all 
the more justified to devote a major biological review article to the most important 
“creation” (or better: result) of this Darwinian evolution, viz., to the cyanobacteria.

1.2  Fundamental Bioenergetics

1.2.1  The Structural Basis of Life

Recalling the basic structural differences of prokaryotic and eukaryotic cells 
(Fig. 1.1a, b), it is barely appreciated, unfortunately, that these two types of cell 
architecture (structure) are the only really different types on earth. There is not a 
single transitional form (“missing link”) of whatever kind between them, and also 
Woese’s “archaebacteria” [1–3] are in essence nothing but prokaryotes. It is worth 
noting that, in spite of profound and unbridgeable structural and genetic differ-
ences, and despite the evolutionary distance between prokaryotes and eukaryotes 
as well as between eubacteria and archaebacteria, the all-decisive biochemical or 
functional features that make a living cell what it is, are strikingly uniform in all 
existing types of living cells, just think of Nirenberg’s four-letter genetic code or of 
Watson’s and Crick’s double helix. This universal dogma of life is already implicit 
in the famous unitary principle of biochemistry first coined by Kluyver and Donker 
in 1926 [4] (also see [5–7]). In particular, there is not a single biochemical trait in 
any eukaryote that would not also be found in one or the other of the prokaryotes. 
Rather, in the opposite direction: there are a few specifically prokaryotic functions 
that had apparently been lost in all eukaryotes, e.g., nonmitotic proliferation [8] by, 
e.g., binary fisson, the “key to immortality”, so to speak, or N2 fixation [9], the re-
nouncement of which is obviously due to an irreversible loss of the nif genes coding 
for nitrogenase enzymes. Thus it first seems appropriate to spend a few words on 
“the structural home” or “the atom” of life, the living cell, proper. In doing so, the 
relation between pro-karyotes and eu-karyotes deserves most attention.

There is little doubt that the “atom of” life, the minimum structural entity or 
unity of living matter, to which the albeit rather ill-defined phenomenon of life does 
apply in all its entirety, is the living cell sensu Th. Schwann (1810–1882) and M. J. 
Schleiden (1804–1881). Yet, still the primary origin of (the first) living cell is abso-
lutely enigmatic. After any belief in a generatio spontanea or generatio aequivoca 
or abiogenesis or archaeobiosis or necrogenesis had been entirely dropped by 1862, 
even if no minor than Louis Pasteur (1822–1895) had still believed in a generatio 
spontanea up to the mid-eighteens before, Pasteur himself became outrider of the 

1 Life Implies Work
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Fig. 1.1  Structural sketches of a typical prokaryotic cell (a) and a typical eukaryotic plant cell 
(b). (Abbreviations: Ca capsule (glycocalyx), CM cytoplasmic membrane, Cp cytoplasma, Cw 
cell wall, Ge flagellae, Gly glycogen granules, Li droplets of lipids, N nuclear region (DNA freely 
suspended in cytoplasma in prokaryotes but membrane-enclosed “true” nucleus in eukaryotes), Pl 
plasmid, PHB poly-β-hydroxybutyric acid, Po polyphosphate granules, ER endoplasmatic reticu-
lum (an extension of the nuclear membrane in eukaryotes, absent from prokaryotes), S inclusion 
of elemental sulfur, Chl chloroplasts, Mi mitochondria, Mt microtubuli, Di dictyosome, Ex exocy-
totic vesicles, Tü plasamodesmata or “Tüpfel”, i.e. permeable connections between two adjacent 
eukaryotic cells, V vacuole, Rb 70S (30S + 50S subunits) ribosomes in prokaryotes inhibited by 
the typically prokaryotic translational inhibitor chloroamphenicol but NOT by cycloheximide, and 
80S (60S + 40S subunits) ribosomes in eukaryotes attached to the (“rough”) ER and inhibited by 
e.g. the typically eukaryotic translational inhibitor cycloheximide but NOT by chloroamphenicol. 
Note that exactly the same (“prokaryotic”) inhibition profile is typical of the (genetically semi-
autonomous) mitochondria and chloroplasts (see also Fig. 1.2). Also note that the prokaryotic cell 
not only lacks an ER but also, in general, any type of cytoskeleton [49]. This could mean that a 
prokaryote had already been somehow “predestined” to form a self-supporting cell (“organelle”) 
within another cell without much need for any further internal structural communication)
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group of scientists definitely rejecting any such generatio spontanea (for fascinat-
ing historical reviews see [10, 11]), and the dogma of omne vivum e vivo or omnis 
cellula e cellula (R. Virchov, 1821–1902) has long been firmly established by now.

Clearly, the undeniable and uninterrupted continuity of living cells per se for 
almost four billion years [12, 13] poses the severest problem notably since not even 
most gifted and clever scientists or molecular geneticists have ever been able to 
synthesize a living cell in the laboratory. No wonder, therefore, that rational hu-
man spirit has designed several fictive scenarioes how the origin of a living cell 
could be conceived of in strict correspondence with all existing scientific reality. 
Also, beyond any science fiction, it seems clear that in evolution sensu Charles R. 
Darwin (1809–1882) [14, 15]—if not to be replaced by a doubtful creationism (see, 
e.g., [16–18])—the origin of the delicate and vulnerable structure of the first living 
cell must have taken place in the absence of any high-energy impact such as ion-
izing radiation or molecular oxygen, and that the structurally simpler prokaryotic 
cell must have preceded eukaryotic cells (Fig. 1.1) [19–23]. Most significantly, as 
it cannot be emphasized too often, there are no transitional forms (“missing links”) 
between a prokaryotic and a eukaryotic cell. Thus, a eukaryotic cell does not simply 
and gradually evolve from a prokaryotic cell. Rather, at some stage in evolution a 
“suitable” prokaryote, most probably some Archaeon, became host for another pro-
karyotic cell by way of establishing a stable endosymbiosis [22–28].

Originally, the well-known (classical) endosymbiont hypothesis [29, 30] had 
been given birth to by the botanists Schmitz, Meyer and Schimper around 1880 al-
ready but has first become more widely known through the publication of Constan-
tin Mereschkowsky in 1905 [29]. Such primary endosymbiont event (between two 
prokaryotes) has never been observed experimentally nor could it ever be studied in 
nature. Again, therefore, it must have been an extremely improbable event. Never-
theless, the classical endosymbiont hypothesis which describes the endosymbiotic 
origin of a green plant’s or algal chloroplast from an engulfed, formerly free-living 
cyanobacterium [29] is almost unequivocally accepted by now [30] as it is based 
on fairly sound and uncontradictory comparative biological and biochemical evi-
dence. Modern molecular biology has added much to this striking relatedness, e.g., 
with respect to the inhibition profiles of protein synthesis in free-living prokaryotes 
(viz., cyanobacteria, but also, e.g., α-proteobacteria and others) and in chloroplasts 
(and mitochondria). Clearly, the improbability of the (primary endosymbiont) event 
would not be alleviated by the assumption that the engulfment of the cyanobacte-
rium was achieved by an already “mitochondriate prokaryote” [19] which anyway 
would have had to originate by an endosymbiosis between a (fermenting?) Archae-
on and another (respiring?) prokaryote of the α-proteobacterial type (e.g., Paracoc-
cus denitrificans, according to current hypotheses [19, 22–31]). Thus, the orthodox 
endosymbiont hypothesis assumes two separate and consecutive events: First, the 
“uptake” of a respiring purple bacterium [19, 31] (e.g., Paracoccus denitrificans 
or another, Rickettsia-like, bacterium), and secondly: Endosymbiosis between this 
proto-mitochondriate “eu-oid-karyote” and an ordinary (unicellular) cyanobac-
terium leading to a “full-fledged eukaryote” with mitochondrion and chloroplast 
(Fig. 1.2b). In order to avoid such cumulative improbabilities, and also in view 
of the striking cyanobacterial feature of being already kind of a free-living proto-

1 Life Implies Work
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chloromitochondrion [39, 40], capable of both oxygenic photosynthesis and aerobic 
respiration [32–39], it was recently proposed that both chloroplast and mitochon-
drion could well have originated from a single (thus less improbable) endosymbiont 
event between an Archaeon and a cyanobacterium [25, 39, 40]. A recent comparison 
of genome signatures [41–43] and proteomes of Rickettsiae, mitochondria, chloro-
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Fig. 1.2  a Genomic signature-[41–43]-based evolutionary distances [44] between the chloroplast 
and mitochondrion ( grey), between the chloroplast and the nuclear genome ( white) and between 
mitochondrion and the nuclear genome ( striped) for a number of photosynthetic eukaryotes. Chlo-
roplasts and mitochondria (of the same cell) are very similar, especially in lower organisms, where 
the organelle genomes are very distant from their nuclear genomes proving that the organelle 
genomes have been introduced through endosymbiosis from a different organism. b Schematic 
representation of the path of endosymbiosis. Based on the assumption that genome signatures 
reflect evolutionary closeness, it is proposed that a cyanobacterium could have given rise to mito-
chondria and chloroplasts in a single endosymbiont event
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plasts and cyanobacteria [44] has shed much probability on this new and unifying 
or generalized endosymbiont hypothesis (Fig. 1.2a). This approach opens a free and 
easy path to the conclusion that, during the aeons of evolution, not only chloroplasts 
but also mitochondria might have evolved from an endosymbiotic cyanobacterium, 
very much in accordance with the conversion hypothesis (Fig. 1.2b).

1.2.2  The “Conversion Hypothesis”

Figure 1.3 compares the intracellular arrangement of membrane functions, viz., 
electron transfer, proton movement, and ATP synthesis (thereby showing the “sid-
edness” or “vectoriality” of the membranes), of a cyanobacterium (top), a mito-
chondrion (middle), and a chloroplast (below). The comparison suggests not only 
accidental analogy but also evolutionary homology, i.e., a common monophyletic 
evolutionary origin of all three “bioenergetic machines”. Such monophyletic origin 
of respiration and photosynthesis is being amply discussed by the so-called conver-
sion hypothesis [45–47] which now receives much support also from the analysis of 
genome signatures [44] (also see chap. 3 in this book).

It seems to be a general strategy of biological evolution to adhere to a signifi-
cant functional or structural “achievement” or progress once attained, viz., sorted 
out from the countless variants or, e.g., “metabolic and structural combinations” 
offered by the typical “trial-and-error movement” characteristic of Darwinian evo-
lution which is known to proceed by mutation and selection. Therefore, it would 
be surprising if a cellular (prokaryotic) functional structure would not have been 
handed over from one to the next generation in the form of a free living cell, of a 
mitochondrion, and of a chloroplast at the same time, so to speak, always, of course, 
in response to prevailing environmental constraints such as light or dark, and anoxic 
or oxic, conditions, etc. Reasons for the strikingly greater evolutionary success of 
eukaryotes compared with prokaryotes doubtless have to do with a peculiar, viz., 
mitotic type of ( sexual) reproduction [48], with improved intracellular structural 
and communication networks (due to ER and cytoskeleton [49]) with improved 
cell-to-cell communication [50] for the building up of multicellular organisms as 
has been amply discussed in the literature [23, 28, 51–58]. Alas, life thereby unfor-
tunately and irreversibly seems to obey another rule: The farther away from sim-
plicity, the farther away from immortality….

1.2.3  Origin and Evolution of Life and the Role  
of Molecular Oxygen

Admittedly, yet, even when understanding the “formation” of eukaryotes from pro-
karyotes, we are still very far from understanding the formation of the first living 
cell as such., i.e., we have not yet resolved the question of the origin of life [59, 60]. 
The best-known and at the same time also the most plausible and comprehensible  

1 Life Implies Work
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physically detected in cyanobacteria by electron microscopy or similar techniques [278, 413–416]. 
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scenario for the origin of life doubtless is Oparin’s [61] and Haldane’s [62] (hetero-
trophic) primeval soup scenario (both original articles, in the form of English reprints, 
may be found in [63, 64]): for discusson see, e.g., [45, 48, 59, 60, 63–65]: As Urey 
and Miller [66, 67] have convincingly demonstrated, abiogenesis of practically all 
the constituents and chemical components ( monomers) of a living cell—amino ac-
ids, carbo hydrates, lipids of whatever kind, and structures (up to porphyrins!) could 
have taken place on the still life-less earth, in the absence of any living cell, under 
the high-energy impact of ionizing radiation from the outer space and/or electrical 
discharges in the primeval atmosphere, as well as through the then fervid volcanism 
and intense UV radiation, from (then ubiquitous) reactants such as H2O, CO2, CO, 
HCN, (CN)2, H2S, NH3, N2, etc. which must have been abundant in the reducing to 
neutral conditions of the atmosphere of the early earth shortly after a solid crust had 
been formed [68] (also see internet: http://planetquest.jpl.nasa.gov) (Fig. 1.4a). The 
(heterotrophic) primeval soup scenario of Oparin and Haldane thus presupposes the 
abiogenesis of all the constituents of (not yet) living matter as was experimentally 
demonstrated by Urey and Miller [66, 67] in their famous so-called Urey-Miller-type 
experiments which were consistently repeated many times afterwards (see, e.g., [69]).

However, regarding scenarios for the origin of life, at present, in the form of the 
autotrophic surface-FeS-redox concept of Wächtershäuser and associates [70–72] 
we do have a seriously competing hypothesis which, even more, on the basis of 
primordial inorganic surface-catalysis, claims to be able to explain the structural 
formation of the first living cell [73]. At any rate, and without going into too many 
details, the present authors want to stress that, owing to the highly specialized, ex-
clusive, and selective physicochemical prerequisites for the existence of life in a 
form conceivable to us—and what other form should it finally be?—“in-silico-life”, 
instead of protein-based life? (just to mention the obligate availability of liquid wa-
ter within a rather narrow range of temperatures usually not encountered in any 
region of the universe about which we know), the still extremely mysterious and un-
explained (perhaps even unexplainable?) phenomenon of life and its origin [59, 60], 
i.e., the existence of living matter of whatever form, is an unbelievably improbable 
accident or hazard since literally countless physicochemical conditions had to be the 
right ones. Yet, whenever these conditions, viz., C, O, H, N, S, and P in the appropri-
ate mixture, at the appropriate temperature, and under the appropriate energy input, 
indeed were the right ones [59, 60], life simply had to happen (see “La chance et 
la necessite” by Monod [74]; also see [426])—and thus it did happen on our earth 
about four billion years ago [12, 13]. Since, however, nobody of us was present dur-

1 Life Implies Work

(Further abbreviations: AP Na+/H+-antiporter, COX aa3-type cytochrome c oxidase, Cyt c, soluble 
c-type cytochrome, Cyt c6, cytochrome c6, PC plastocyanin, Cyt b6 f, cytochrome b6 f, PQ plasto-
quinol, UQ ubiquinol, PSI photosystem I, PSII photosystem II, FNR ferredoxin NADP+ oxidore-
ductase, NDH NAD(P)H dehydrogenase, SDH succinate dehydrogenase, P-type, proton-pumping 
P-type ATPase, F-type ATPase, i.e. ATP synthase.) Note the mutually opposite polarity (sidedness) 
of thylakoid and inner mitochondrial membranes with an otherwise functionally and structurally 
quite similar electron transport assembly. For more details about cyanobacterial structure-function 
relationships see [32, 37, 278]. For a cyanobacterium, also see Fig. 1.11
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Fig. 1.4  a Crucial steps in the evolution of the universe, of our Earth, and of life on this Earth. The 
Wilkinson Microwave Anisotropy Probe Satellite, launched by NASA in 2003/2004 and having 
measured very accurately possible anisotropies in the 3-K-background radiation which is con-
sidered a remnant of the (cosmological) Big-Bang, has determined the age of the universe To as 
13.7 ± 1% (!) billion years. The unique advent of the cyanobacteria and of O2 at around 3.2 billion 
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ing the formation of the first living cell and since this “achievement” cannot be ex-
perimentally re-accomplished in our laboratories either, not even by most gifted sci-
entists or sorcerers, most evolutionary speculations are nothing but educated guess. 
Yet, what a serious (natural) scientist can do nowadays is to carefully reconstruct 
the time course of evolution during the millennia, using the enormous wealth of 
data from astronomy, astrophysics, geology, geophysics, geochemistry, climatology, 
paleontology, comparative biochemistry and genetics, etc. Figure 1.4a, b underline 
that molecular oxygen is the driving force or the “guiding angel” of, both geologi-
cal and biological, terrestrial evolution as such. At any rate, O2 or what is originally 
“synonymous” with it: the cyanobacteria [48], are “the things” which have shaped 
our earth to what it is: “The Blue Planet”. Due to this decisive and extraordinary 
role of O2 for “life on earth”, which originally and uniquely stems from the cyano-
bacteria and which appears to be an absolutely exceptional situation in our whole 
universe, later in this review a special section will be devoted to the photosynthetic 
production of O2. In this context we also want to draw your attention very briefly to 
the following (more philosophical and epistemological) aspect:

1 Life Implies Work

years ago is often called “the evolutionary or biological Big-Bang” [180, 181]. By the way, the 
total number of stars in our universe is about 1022 (!) so that even a most pessimistic estimate 
“confronts” us with at least several thousands of “human-like” races in our universe from which, 
however and fortunately, we are and will forever be separated by unbridgeable gaps in both space 
and time. Thus, remembering that the cosmological Big-Bang represents a so-called singularity 
[418] (something that exists in pure mathematics only, as we were taught in school… However, if 
the gentle reader wants to learn more about the conflict between ordinary reality and cosmologic 
singularity, particularly in the context of the origin of our Universe, in the context of Space and 
Time, and in the context of “infinity” and “eternity” he may be advised to try also references 
[419–426] and he will see how difficult it is to reconcile even most learned common sense with the 
suspected attributes of the Big Bang. However, for the time being, in the absence of any more com-
prehensible and plausible proof from astrophysics, the left-hand side of the Figure gives the origi-
nal Hebrew sentence (Mose 1, 1: “In the beginning God made heaven and earth”) introducing the 
creation myth in the “Holy Bible”—and who claims to know how it really happened? Note that in 
view of the tremendous humanitarian achievements of man (war, murder, crime, capitalism, pov-
erty, global pollution, etc.) homo’s second “sapiens” might better be replaced by something like 
“destructive”, “evolutionary dead-end” or “cul de sac”. Well, be all that as it may be, conceived 
as undeniable “products of a cosmic singularity”, the degrees of freedom in our Western mind 
[131] are high enough at least to appreciate a good joke as a reason to lough about and to enjoy 
the sunset on a clear day as a reason to be happy… unless there is another unexpected “singular-
ity” [418–426] somewhere nearby…. b Oxygen content of the Earth’s biosphere and atmosphere 
during the previous four billion years. P.A.L., present atmospheric level, i.e., fractions of 21% 
(v/v). Compare this with the present 0.03% (v/v) CO2 in our atmosphere! The Pasteur point marks 
the time when the global efficiency of respiration (RET), in terms of ATP production, because of 
increasing availability of O2, exceeded that of fermentation (SLP, substrate level phosphorylation). 
The Berkner-Marshall point marks the time when the ozone layer in the upper atmosphere, a result 
of the photochemical reactions of O2, started to prevent deleterious ionizing radiation from the 
outer space from reaching the surface of the earth. The transient overshoot of atmospheric O2 con-
centrations peaking at 35% (v/v) during the carboniferous period about 300 million years ago was 
due to the massive development of terrestrial (in particular: fern) plants under the shielding ozone 
layer in the upper atmosphere. It is the time to which all our (diminishing!) fossil fuel deposits 
date back. And the overshooting O2 at first could not be compensated for by a likewise massive 
development of animals. The figure is compiled from data in [45, 48, 203, 427–429]

◄
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Looking back to the history of mankind, all science had started from philosophy 
which, rightly therefore, is called the mother of all sciences. In a still somewhat 
broader context, epistemologically speaking, someone still wondering about life on 
earth should rather ask the question: Why is there “existence” of whatever kind 
at all, why is there “being and not simply nothing?”. Exactly this is the constitu-
tive question of all philosophy, which has been being asked ever since Herakleitos 
and Parmenides, 500 B.C. [76–80], and repeatedly re-coined in increasingly precise 
form up to Leibniz [81] and Heidegger [82]. Yet, even if we accept—without ask-
ing too many questions—“existence” as such (=“being”, the famous Parmenideic 
“ειναι”/einai), and above all: our own existence,—as trained “rational scientists” 
we are nevertheless allowed to ask how this all, viz., how “life in its present form”, 
might have come about. Thus it is nice to see that the joint effort of so many “ex-
act” sciences such as astronomy, astrophysics, mathematics, geology, geochemistry, 
paleontology, comparative biochemistry, etc. (see above), has indeed been able to 
depict a consistent sequence and time-table of events that have eventually brought 
about our present universe and our present terrestrial biosphere, not to forget about 
us ourselves, but we should also remember that it has always been, is, and will ever 
be, absolutely inevitable to be mentally confronted, at one or the other point of our 
lives, with the question “where do we come from?” and “where do we go to?”. 
However, since all phantastic metaphysical constructions are nothing but cowardly 
attempts to hide against the undeniable scientific facts of the all-embracing contin-
gency that makes up, yet: that is, our world and our lives, a clear-headed study of 
Fig. 1.4a, b is highly recommended: It is important to realize that, as there was noth-
ing (we could remember of) before us, there will be nothing behind us as well (thank 
heavens!), and “redemption”, following the archaic but invincibly wise pessimism 
of Homer (see, e.g., Hom. Il. 6, 146; 17, 446; Od. 180, 130), might best be envisaged 
as the ontological nothingness of Heidegger [82], Sartre [83], and Camus [16, 84].

Returning to the origin of life, irrespective of Oparin and Haldane or of Wächter-
shäuser, it is sufficiently clear that the extremely sensitive structures of a living 
cell in statu nascendi (protocell, coacervate, etc.) could never have been formed 
under any high-energy impact such as ionizing (UV) radiation, or free O2 with its 
extremely positive standard reduction potential of +820 mV [85, 86]. Molecular 
O2, e.g., from purely thermodynamic reasoning, could instantaneously oxidize (i.e., 
literally: devour) every constituent of the biosphere including N2 and, a fortiori, 
all carbon-based organic matter—provided there were no kinetic constraints in the 
form of quantum mechanical laws (Hund’s rule, Pauli principle, etc.), or in the form 
of lacking catalysts (enzymes), as is a bit more extensively discussed in [48, 85, 86]. 
Quite understandably, for this reason, the uniquely paramagnetic diatomic gas “free 
molecular oxygen” (or dioxygen or simply O2), a “bi-radical” with two “three-elec-
tron bonds” in one molecule [87]—on one hand the real driving force of both bio-
logical and geological evolution (Fig. 1.4a, b) and the “biophysical synonym”, so to 
speak, for the cyanobacteria [46–48, 86, 88] but, on the other, the reason for com-
bustion and destruction, of ageing and death (of multicellular organisms) [89]—is 
frequently called a devil in disguise [86] and the cyanobacteria, having most sucess-
fully “learnt” to both evolve O2 (in the light) and consume O2 (in the dark) and use 
it for most efficient bioenergetic processes such as respiration [32–38, 88], present 
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themselves as the tamers of O2 [86]. Being already aware of the absolutely excep-
tional and outstanding role that O2 plays in and for our terrestrial biosphere, Fig. 1.5 
describes quantitative aspects of the global oxygen cycle, showing exchange rates 
and respective pool sizes (O2, H2O, and CO2) from which corresponding residence 
times can be easily calculated. The main biological part of this cycle, reflecting the 
syntrophic community of oxygenic photosynthesizers (“plants”) and aerobic respir-
ers (“animals”), will be discussed in detail below.

1.3  Energy and Life

“Life implies work”, the basic axiom of all life on earth without exception, means: 
There is no life without constant input of environmental energy (energy from outside) 
which, in turn, according to fundamental thermodynamical principles (see below) is 
used to maintain, at least for a short while (“life time”), the characteristic low-entropy 
(“high-order”) state synonymous with a living cell. This review article about “the life 
of cyanobacteria” as our paradigms of the bioenergetic nonplus-ultra among living 
cells will therefore predominantly deal with energy, its “production” (viz. “conver-
sion” by the bioenergetic processes fermentation, photosynthesis, and respiration), 
and its productive utilization. Note that all three bioenergetic processes can uniquely 
be found in a single cyanobacterial cell (see below). Life, this ill-defined state of liv-
ing matter, something that happens rather than is [90–92], this doubtful happening, so 
to speak, irrevocably depends on the continuous input of environmental energy which, 
in the living cell, is immediately and permanently transformed into biologically use-
ful forms of energy, viz. ATP (and other nucleoside triphosphates [93, 94] (Fig. 1.6a 
and Table 1.1). In equilibrium with the latter, in more advanced (viz. “electron-
transporting”) living cells, we have the ion electrochemical gradient (ΔμH

+) conserved 

1 Life Implies Work

Fig. 1.5  Global oxygen exchange pattern in the atmosphere and biosphere of our earth. The rate of 
O2 production from photosynthesis equals the sum of the rates of O2 removal by respiration, decay, 
methane oxidation, and weathering. This is the entire global O2 cycle. In the Figure, reservoirs 
( squares) are in Emoles O2 and rates are in Emoles O2/Myr. 1 Emole (erda mole) = 1018 moles, 
1 Myr (mega year) = 106 years. The mean residence or turnover time of oxygen is 6,000 years in 
(free) O2, 500 years in CO2, and 20 million years in H2O. [45, 203]
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Fig. 1.6  ATP, energy flow, and energy charge. a Structural formula of ATP (adenosin 5′-triphosphate). 
b The flow of energy from the environment through the adenylate system in a living cell (see Eqs. 
1.1 and 1.2) and, in the form of work, back to the environment again. During this flow, the energy is 
“degraded” (it becomes less and less reversible, thermodynamically speaking), i.e., its entropy con-
tent increases steadily. The entropy is taken up from the living cell which thereby is left behind in 
the typical low-entropy (high-order) state characteristic of a living cell [45, 81, 90–92]. c Gener-
alized representation of enzyme activity responses to energy charge (EC). C, enzymes involved in 
ATP regeneration ( catabolism); A, biosynthetic enzymes that use ATP ( anabolism). After Atkinson 
[115–117]
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in an energized biomembrane [93–96] which is “heaved up” into an “excited (=high-
energy) state” according to Peter Mitchell’s chemiosmotic hypothesis [97–100] (also 
see Fig. 1.8). In a few specialized organisms the ΔμH

+ is replaced by a sodium-motive 
force or ΔμNa

+ [100–102]. This mutual, reversible, and vectorial transformation of 
energy is the essence of so-called biological energy conversion: Energy is taken up 
from the environment by the living cell and given off as work (Fig. 1.6b). Energy 
conversion in both photosysnthesis and respiration is impossible without chemios-
mosis, i.e. without the membrane principle (a term which may be taken synonymous 
with chemiosmosis). In most cases—except the retinal-based halobacterial photosyn-
thesis which is based on a purely conformational chemiosmotic proton pump (see 
below)—chemiosmosis implies membrane-bound ion-translocating electron trans-
port [93–110]. The theoretical foundations of biological electron transport, ET, both 
inter- and intra-protein ET, were laid by Marcus already [105, 106] and more recently 
refined by Dutton and colleagues, quantifying and rationalizing the basic proportion-
ality between Log (reaction rate) vs. Distance (between electron-exchangeing reac-
tants, in Angströms) which has become colloquially famous among bioenergeticists 
as “Dutton’s ruler” [107–109]. Only in fermentative energy conversions through sub-
strate level phosphorylation (SLP) [111, 112], which can proceed also anaerobically 
in darkness, membranes are mechanistically not involved.

1.3.1  ATP, Adenylate Kinase and Energy Charge

Comparable with a living cell which is the “atom” or “quantum” of life, and simi-
lar to hν which is known as a light quantum, ATP (Fig. 1.6a) may be called the 

Phosphorylated compound −ΔG°′ (kJ/mol)

Phosphoenole pyruvate 62.2
1,3-Bisphosphoglycerate 49.6
Phosphocreatin 43.2
Acetylphosphate 42.4
Phosphoarginine 32.2
ATP (γ-phosphate) 28.5
GTP (γ-phosphate) 28.5
UTP (γ-phosphate) 28.5
Glucose 1-phosphate 21.0
Glucose 6-phosphate 13.9
Fructose 6-phosphate 16.0
Glycerol 1-phosphate  9.2
Carbamyl phosphate (at pH 9.5) 52

Table 1.1  Phosphate group transfer potentials (−ΔG°’) of various metabolically important phos-
phorylated high-energy intermediates in physicochemical standard conditions (1 M concentration, 
25°C, and at pH 7). Water is taken as the standard phosphate acceptor in ordinary hydrolysis 
reactions. The compounds shown are of particular relevance to substrate-level phosphorylations. 
ΔG°′-values mean ΣGi°′ of products minus ΣGi°′ of reactants, terminal state minus initial state. 
See Eq. (1.1) and (1.4)

1 Life Implies Work



18

freely convertible biological energy quantum (biological energy currency). This 
biological or biochemical energy quantum must be synthesized, without exception, 
in an endergonic reaction, from ADP and inorganic phosphate, Pi: Eq. (1.1), with 
K being the equilibrium constant, R the universal gas constant, T the absolute tem-
perature (K) and ΔG°′ the difference of Gibbs energies (free enthalpies) between 
after and before the reaction, in physiological standard conditions [T = 298 K, pres-
sure = 1 atm = 105 Pa, concentration of each reactant, except H+, = 1 M (1 mol/L), but 
[H+] = 10−7 M (pH = 7)].

 
(1.1)

Being aware that the free enthalpy of a living cell, viz. the energy that is capable of 
performing useful work (Fig. 1.6b) in biological terms is ATP (or another equivalent 
energy currency), it would be desirable for a biochemist (bioenergeticist) to have an 
unequivocal, experimentally amenable, easily quantifiable, and biologically mean-
ingful and comprehensible measure or “coefficient” of the free energy content of a 
living cell under given conditions. One might assume that the experimental deter-
mination of the intracellular ATP concentration could be such measure. However, 
because of the absolutely ubiquitous occurrence in each and all living cells of the 
enzyme adenylate kinase (formerly: myokinase), this is not the case. Adenylate ki-
nase catalyses the extremely fast ( kcat of several millions per min) and energetically 
neutral equilibrium between the three adenylates according to Eq. (1.2).

 (1.2)

Thus the “ATP cycle” that describes the chemistry of “phosphorylation” is repre-
sented by Eqs. (1.1) and (1.2). Together with other nucleoside triphosphate inter-
conversions (Table 1.1) and the energy stored in an “energized biomembrane”, it 
serves as energy buffer in living cells [93–110, 119]. Equation (1.2) demonstrates, 
that 50% of intracellular ADP, the primary reaction product after ATP has ful-
filled its Pi-donating, monomer-activating role, are still energetically equivalent to 
ATP. Exactly for this reason, around 1966 already, the Angloamerican biochemist 
Daniel E. Atkinson has proposed the so-called energy charge (EC) as a complete 
and sufficient measure of the entire cellular free energy content or working capacity 
of an integral living cell (Eq. 1.3, Fig. 1.6c):

 (1.3)

Equation (1.3) immediately shows that the (intra)cellular EC only can assume values 
between 0.0 (totally de-energized cell: all adenylates present as AMP) and 1.0 (fully 
or over-energized cell, all adenylates present as ATP). Both states are unrealistic, 
of course. But most interestingly, due to the many and multifarious allosterically 
regulated enzymes in a living cell [113, 114], the overall metabolic activity crucially 
and sensibly responds to the EC value of the cell. Mere common sense together with 
basic laws of biochemical kinetics (see below), demand that, simply speaking, the 

ADP + Pi � ATP + H2O K = 10−5; �G◦′ = −R.T . lnK = +28.5 kJ/mol

ADP + ADP � ATP + AMP

EC = {[ATP] + 0.5 × [ADP]}/{[ATP] + [ADP] + [AMP]}
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rate of ATP production be the slower the higher the intracellular ATP concentration 
(i.e., the EC), and vice versa. Since, however, the “overall rate of metabolism” is a 
damned complex thing which cannot easily be expressed in a simple equation or 
coefficient, Atkinson already divided metabolism into a catabolic (dissimilatory and 
energy-producing) half and into an anabolic (assimilatory and biomass-producing) 
half and he indicated (rate-determining) so-called key enzymes for each metabolic 
half, e.g. fructose 6-phosphate kinase or glucose 6-phosphate dehydrogenase as cata-
bolic key enzymes and e.g. ribulose bisphosphate carboxylase-oxygenase (Rubisco) 
or fatty acid synthetase as anabolic key enzymes. Then he drew diagrams plotting 
the enzyme activity in vitro against EC values artificially adjusted in the reaction 
mixture, in vitro, too [115–117] (Fig. 1.6c). The result of literally innumerable such 
experiments performed on any thinkable type of living cell invariably yielded a dis-
tinguished capital point (cross-over point between C- and A-curves in Fig. 1.6c) at 
EC values between 0.8 and 0.85. This point marks identical rates of catabolism and 
anabolism, in other words: a steady-state or “static head” of “cellular equilibrium”, 
better: Flow-equilibrium [91, 92] which latter term was coined by the Austrian biolo-
gist and systems theoreticist Ludwig von Bertalanffy (1901–1972). This uniquely 
distinguished EC-value is amazingly invariant in each and all living cells investigated 
thus far. Metaphorically, it may be said that this point truly signifies the mysterious, 
inherently dynamic state of life itself, the point where the living cell is in the meta-
stable condition of being alive, degrading and rebuilding itself at equal rates [90–92].

ATP, through a multitude of various (soluble) transphosphorylases (phosphotrans-
ferases) is in rapid (isoenergetic) metabolic equilibrium with other “energy-rich” 
[118] nucleoside (tri-) phosphates such as GTP, CTP, UTP, etc. (Table 1.1) as well 
as with an energizable biomembrane [93–100, 103–110, 119] (also see Fig. 1.8). It 
is biochemically significant that all enzymatic reactions of nucleoside phosphates 
(particularly adenylates) are absolutely dependent on Mg2+ which is complexed by 
the nucleoside and nucleotide phosphates [114]. However, it is always and irrevo-
cably ATP which forms the primary and exclusively first biochemically utilizable 
energy pool in all living cells. And the reason for this unique role of ATP (in contrast 
to GTP, CTP, or UTP, etc., which do store practically the same amount of chemi-
cal energy in their anhydride γ- and β-phosphate bonds), must be sought, not in a 
possibly peculiar constitution of ATP itself but in evolving life as such, viz. in the 
entirety of a living cell which has evolved according to the Darwinian principles of 
struggle for life and survival of the fittest. And the fittest cell that “had finally over-
come” and evolved further on, i.e. handed over its possibly even improved (genetic) 
identity to the next generation, for whatever—be it even a more or less statistical, 
population-dynamical—reason in detail, by chance was the one that used ATP as the 
metabolic energy source. This “decision- and pace-making power” of evolving life 
itself had already been pointed out by Wald many decades ago [120–121] and simi-
lar reasoning must apply, by the way, to other unexplained biological dichotomies 
(“one-sidednesses”) such as the preponderance of L-amino acids (over d-amino 
acids) in natural proteins, and of D-sugars (over L-sugars) in natural polymeric car-
bohydrates. This type of reasoning—which might almost be seen to ascribe some 
“intelligent” or “teleological” capacity to evolving life—does, of course, imply a 
strictly monophyletic origin of life in general. Irrespective of lateral gene transfer 
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etc., hardly any biologist nowadays would like to question a monophyletic origin 
of life which, by the way, is also elegantly supported by the LUCA theorem of Carl 
Woese and asssociates (“LUCA” = last universal common ancestor (Fig. 1.7), see 
[123–129]; also see [48] for a comprehensive discussion). At any rate, the decision-
making “switch-points” [Fig. 1.4] in the evolution of living cells, leading to the 
major unexplained dichotomies of Nature, most evidently must have been “gov-
erned” by the famous “chance” of Monod [74]. They bear convincing witness of the 
undeniable and all-embracing contingency of our world and our lives [130, 131].

1.3.2  Biological Energy Conversion

In order to understand the basics of biological energy conversion (Figs. 1.6 and 1.8) 
we must first deal with the driving force of a (chemical or physical) reaction, i.e. 
with the fundamental Gibbs-Helmholtz equation (Eq. 1.4). The total or free envi-
ronmental enthalpy difference, in physicochemical terms: the maximum reversible 
reaction work either performed by (−), or needed to effect (+), the reaction, is com-
monly symbolized by ±ΔG and called the Gibbs energy or free enthalpy difference 
between the two states in question, viz. after and before the reaction. The ΔG tapped 
by living cells in order to sustain their life processes is determined by the Gibbs-
Helmholtz equation which comprises two terms: The difference of heat contents ΔH 
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Fig. 1.7  The monophyletic origin of life on Earth is supported by this “rooted” universal tree of 
life. The tree shows Woese’s three domains of life [124–129]. It is based on sequence comparisons 
of ribosomal RNA, analysed by Carl Woese and his colleagues [124–126]. The order and length 
of branches are proportional to the sequence similarities within and between the domains and the 
three kingdoms of life, i.e. they are directly proportional to the genetic similarities between spe-
cies. In no way does this tree conflict with a generalized endosymbiont hypothesis (Fig. 1.2) or 
with an evolutionary path as discussed here (Fig.1.4). The common root represents LUCA, the last 
universal common ancestor [123]. Ma, 106 years
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and the difference of the states of disorder = entropy, ΔS, with Δ being “after minus 
before”, and it reads as shown below:

 (1.4)

At thermodynamic equilibrium (no reaction) ΔG  = 0. In case of ΔG < 0, the process 
(reaction) is exergonic, i.e. energy-yielding, and in case of ΔG > 0, it is endergonic, 
i.e. energy-requiring.

ΔS represents the difference of degree of disorder, i.e. the thermodynami-
cal probability according to Boltzmann’s equation S = k × lnW, with W being the 
thermodynamical probability or number of possibilities for the verification of the 
macro-state in question from a given number of micro-states. Conceptually, W is 
the number of the degrees of freedom in the system [T is the absolute tempera-
ture (K), k, Boltzmann’s constant ( k = R/NL = 1.38 × 10−16 erg/K = 1.38 × 10−23 J/K)].
Schrödinger [90] has named (–S) “negentropy” to have a direct measure for the degree 
of order.

The flow of energy through a living cell, from an environmental energy source to 
the work given off or better: performed (terminal consumer), can best be seen from 
Fig. 1.6b. Only two forms of environmental energy can be directly used by living cells, 
either radiation energy ( hν) from (sun)light ( phototrophy) or the energy released in the 
oxidation or “biological combustion” of (reduced) food-stuff, either organic (ordinary 
carbon nutrition) or inorganic (lithotrophic “nutrition”), in the dark ( chemotrophy).

The primary energy from the environment, i.e., energy of chemical oxidations in 
darkness ( chemotrophy) or the energy of absorbed light ( phototrophy), is inevitably 
and universally first converted into, and temporarily stored in, ATP and the adenyl-
ate system (Fig. 1.6). In each and all living cells the biologically utilizable energy 
from the environment is always first captured in ATP through “phosphorylation”, 
i.e., the endergonic synthesis of ATP from ADP and Pi (Eq. 1.1).

Systematically, this “phosphorylation” (“chemical slang” for: ATP biosynthe-
sis) can be classified using the criteria of biochemical mechanism and energetic 
efficiency: (1) Poorly efficient substrate-level phosphorylation (SLP) [111, 112] in 
the completely soluble and isotropic cytosolic system of a cell, taking advantage 
of a wide variety of different transphosphorylase or phosphotransferase enzymes 
(see Table 1.1); (2) The other, and mechanistically entirely distinct, type of “phos-
phorylation” is the energetically much more highly efficient chemiosmotic electron 
transport phosphorylation, ETP [104, 110].

1.3.2.1  Substrate-Level Phosphorylation (SLP)

The essence of SLP is intramolecular redox reactions. In SLP, the “missing link” be-
tween metabolic redox energy and ATP is various (soluble) phosphorylated “high-en-
ergy” intermediates [118] from which the Pi finally disembarks exergonically (Eq. 1.1) 
on ADP to yield ATP (Table 1.1). Thus, membrane-bound processes are not needed for 
SLP. Fermentations are usually catalysed by a completely soluble cytosolic enzyme 
assembly. The many different types of fermentations, energetically all based on SLP, 
may be looked up in every textbook on microbiology or biochemistry [113, 114].

�G = �H − T�S

1 Life Implies Work



22

The well-established and almost colloquial term “high-energy or energy-rich 
compound” which dates back to the German biochemist and bioenergeticist Fritz 
A. Lipmann (1899–1986) [118] may be somehow confusing in terms of physical 
chemistry but is anyhow usually and implicitly always applied to organic high-
energy phosphates for which the term “high-energy” or “energy-rich” just means a 
strongly negative value for the Gibbs energy difference (ΔG°′) during their hydro-
lysis (Table 1.1). The −ΔG°′ values play an important role for the multifarious trans-
phosphorylations in SLP as well as within the network of the whole intermediary 
energy metabolism of a living cell. Therefore, some more prominent and important 
representatives of such “Lipmann-compounds” are compiled in Table 1.1, with spe-
cial reference to substrate-level phosphorylation [111, 112].

According to most researchers in the field, SLP (biochemically synonymous 
with fermentation) is the evolutionarily most ancient mode of biological energy 
conversion as it functions, without participation of “advanced” membrane-bound 
(“vectorial”) enzymes, in the soluble (“isotropic”) system of the cytosol, in the dark 
and without obligate participation of electron transport processes [104, 110]. Note, 
however, that, as no energy-conversion is possible without oxidation and as no oxi-
dation is possible without conjugated reduction, also SLP does imply redox reac-
tions though in this case, in the absence of light or an external oxidant (viz., e.g., 
O2!), these redox reactions are intramolecular as most clearly seen in glycolysis 
[112] where, anaerobically and in the dark, without involving membrane-bound 
processes, half of an, e.g., glucose molecule is, as a net result, oxidized and the 
other half is reduced. In the absence of an external oxidant (more precisely: in a 
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Fig. 1.8  Energy-conserving 
pre-respiratory transmem-
brane electron transfer. Elec-
tron transfer from formate 
dehydrogenase ( FoDH) to 
fumarate reductase ( FuR), 
chemically coupled to the 
formation of a p.m.f. as 
“fuel” for the ATP synthase: 
Model of the evolution-
ary origin of chemiosmotic 
energy conversion in the 
absence of a more advanced 
membrane-bound electron 
transport chain [99, 100, 104, 
158]. The scheme strongly 
resembles the extant fumarate 
respiration (Table 1.3), i.e. 
the transmembrane formate-
fumarate reductase complex 
[342–347]
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primordial O2-free biosphere, see Fig. 1.4) the reduced half (e.g., lactate or alcohol) 
must be discarded (=excreted) in order to be removed from the intracellular meta-
bolic equilibrium network while the other half (e.g., glyceraldehyde phosphate, still 
a carbohydrate, in the form of a triose) is retained and used as a building block for 
cell material. The intramolecular redox reactions during energy conversion in SLP 
nicely illustrate the “two halves” of cellular metabolism, the (oxidative, energy-
converting and ATP synthesizing) catabolism or dissimilation, and the (reductive, 
cell material-increasing) anabolism or assimilation.

The knowledge of the “free-enthalpy changes” [ΔG°′] during the mutual trans-
formations of the many metabolic intermediates in a living cell are of pivotal im-
portance for an understanding of the actual biochemical driving forces within the 
metabolic network in a given organism, particularly in fermentatively active or-
ganisms (Table 1.1). But what about cyanobacteria in this context? True, cyano-
bacteria, combining all of the three bioenergetic processes—fermentation, respira-
tion, and (oxygenic) photosynthesis—together in a single prokaryotic (bacterial) 
cell [32, 36, 37, 104, 132], are absolutely unique among living cells. But ecologi-
cally speaking, just substrate-level phosphorylation, though potentially active in 
cyanobacteria in the form of, e.g., lactic acid fermentation [132–135], plays a very 
marginal role only: Not a single cyanobacterium is known that is able to grow in 
the absence of both light and oxygen. The overwhelming physiological and eco-
logical domain of cyanobacteria is oxygenic photosynthesis (see below) which 
was “invented” and brought to perfection by themselves [48, 86, 88, 136]. Also 
the previously much-discussed anoxygenic photosynthesis of certain cyanobacteria 
[137–139], let alone the rather doubtful “light-activated heterotrophic growth” of 
Synechocystis PCC6803 [140], turned out to be more or less limited bioenergetic 
short-term emergency valves rather than long-term alternative growth physiologies. 
And as concerns generally cyanobacterial energy metabolism in darkness [86, 88, 
132, 141, 142], even effective growth at the expense of dark respiration on what-
ever (reduced) carbon substrates is all else but the rule among cyanobacteria. On the 
contrary, more than half of all cyanobacteria that have been successfully cultured so 
far [143] are obligate phototrophs, mostly even photoautotrophs, though the term 
obligate autotroph sometimes has been discredited [144, 147]. At any rate, howev-
er, as a matter of fact, a large number of cyanobacterial species, without palliation, 
do exclusively need light as an external ( environmental) energy source for growth 
and proliferation [143, 146] while compound organic matter, primarily carbohy-
drates, may at least partly serve as carbon source [143, 148], as is best shown by the 
“artificial” photo(organo)heterotrophic growth on glucose of many cyanobacteria 
in the presence of light and DCMU [143]. This obligate phototrophy [145–147] is 
to be compared with obligate lithotrophs and methylotrophs which need specific 
inorganic (or 1-carbon-) reductants to be taken up from the environment [145–149].

Chemo- and photo-lithoautotrophs depending on CO2 for carbon supply [145–
150] may face the problem that the metabolic reductants for CO2 needed, e.g., by 
the Calvin cycle, i.e. ferredoxin ( E°′ = −420 mV) and NAD(P)H ( E°′ = −320 mV), 
cannot be “reached” by their natural electron donors (including light! See [146, 149, 
150], also see Tables 1.2 and 1.3): Available redox potentials may be too less nega-
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tive to perform the task (of CO2 reduction). For these cases, Nature has “invented” 
the so-called “reverse electron transport” ingeniously put forward and discussed 
by Gest [117, 150]. Reverse electron transport which had originally been discov-
ered in artificially energized mitochondria by Chance and Klingenberg in the late 
1960s, demands that primarily conserved metabolic energy (ATP etc.) is used to 
invert electron transfer reactions from the exergonic (−) → (+) to the endergonic, 
energy-dependent (+) → (−)-direction [86, 99, 100, 104]. Note that, thermodynami-
cally speaking, the possibility of such inversion of the usual sequence: (exergonic 
or “downhill”) electron transport → energized membrane (p.m.f.) → ATP synthesis 
into the endergonic sequence: ATP hydrolysis → p.m.f. → reverse electron trans-

G. A. Peschek et al.

Table 1.2  Energetics of (mostly aerobic) chemolithoautotrophic bacteria. Molecular oxygen 
was taken as the standard acceptor throughout [E°′(O2/H2O) = +820 mV]. E°′, standard reduction 
potential; ΔG°′, change in free enthalpy Eq. (1.4)
Redox 
couple

E°′ 
(mV)

Chemical reaction ΔG°′ 
(kJ)

Bacteria

CO2/CO −513 CO + 0.5 O2 → CO2 −257.2 Carboxydo-
2H+/H2 −420 H2 + 0.5 O2 → H2O −239.3 Knallgas-
CO2/CH4 −244 CH4 + 2 O2 → CO2 + 2 H2O −818.0 Methylotrophs
SO4

2−/H2S −223 H2S + 2 O2 → H2SO4 −805.3 Thiobacilli
SO4

2−/S° −205 S + 1.5 O2 + H2O → H2SO4 −593.6 Thiobacilli
NO2

−/NH4
+ +334 NH3 + 1.5 O2 → HNO2 + H2O −281.5 Nitroso-

NO3
−/NO2

− +425 NO2
− + 0.5 O2 → NO3

− −76.1 Nitro-
Fe3+/Fe2+ +762 Fe2+ + 0.25 O2 + H+ → Fe3+ + 0.5 H2O −4.35 (−44.3 

at pH 0)
Thio-(ferro-)

NO3
−/N2 +752 N2 + 2.5 O2 + H2O → 2 NO3

− + 2H+ −65.6 Hypothetical

For calculations: ΔG = −n.F.ΔE, ΔE = standard reduction potential of acceptor minus donor; 
n = number of transferred electrons; F = 96.5 kJ.mol−1 .V−1 

Table 1.3  Energetics of several types of (aerobic and anaerobic) respiration with H2 taken as the 
standard donor throughout [E°′(2H+/H2) = −420 mV]
Redox couple E°′ (mV) Chemical reaction ΔG°′ (kJ) Bacteria
O2/H2O +820 O2 + 2H2 → 2H2O −478.6 Knallgas
NO3

−/N2 +740 NO3
− + 2.5 H2 + H+ → 0.5 N2 + 3H2O −560.0 Nitrate resp.

NO3
−/NO2

− +425 NO3
− + H2 → NO2 + H2O −163.2 Denitrification

Fumarate/
succinate

+33 Fumarate + H2 → succinate −87.4 Fumarate resp.

SO4
2−/H2S −223 SO4

2− + 4H2 → S2− + 4H2O −152.2 Sulphate resp.
S°/H2S −271 S° + H2 → H2S −28.8 Sulphur resp.
CO2/CH4 −244 CO2 + 4H2 → CH4 + 2H2O −135.0 Carbonate resp.
CO2/

CH3COO−
−285 CO2 + 2H2 → 0.5 AcOH + H2O −52.3 Clostridium 

aceticum
N2/NH4

+ −284 N2 + 3H2 + 2H+ → 2 NH4
+ −78.7 Hypothetical

For calculations: ΔG = −n.F.ΔE, ΔE = standard reduction potential of acceptor minus donor; n = 
number of transferred electrons; F = 96.5 kJ.mol−1 .V−1 
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port is due to the fact that, in physiological conditions in a living cell, the enzyme 
responsible, viz. the ARMA or ATP synthase (see Fig. 1.8), is working very close 
to thermodynamical equilibrium. For a comprehensive overview on all possible 
growth physiologies (“ergotrophic combinations” reflecting the biophysical inter-
play between energy and nutrients) see Fig. 1.9.

1 Life Implies Work

                  

-litho- -organo-

Photo- Chemo-

-auto- -hetero-

-troph

Energy source (∆G’):
light absorption

versus
(dark) oxidation

Carbon source:
C1versus Cn

Electron source:
inorganic
versus
organic

(C1, -methylo-)
(exogenous) reductant 

Fig. 1.9  The ergotrophic hexagon. The “magic” ergotrophic hexagon, which classifies all extant 
living cells according to the three “sources” of life, viz., energy source (for catabolism), elec-
tron source (for anabolism), and carbon source (for nutrition). Note that even the eight principal 
ergotrophic modes are usually facultative in one or the other respect but sometimes also obligate 
[143–148]: Typical ( facultative) photoautotrophs, e.g., (eukaryotic) green plants and algae, may 
also grow (though with etiolation = loss of chlorophyll) as chemo-organo-hetero-trophs on, e.g., 
glucose in darkness, while most cyanobacteria, e.g., are obligate photoautotrophs unable to grow 
in the dark at all but perhaps capable of growing photoorganoheterotrophically, i.e., in the light 
(enery source) with organic substrates, primarily carbohydrates [143], as electron (-organo-) and 
carbon sources (-hetero-). Facultative photo- and chemo-lithotrophs may also grow on organic 
substrates [148, 261, 430–432]. Quite easily and unconstrainedly, the “ergotrophic hexagon” also 
accommodates large but rather “exotic” groups of bacteria such as (chemotrophic) hydrogen bac-
teria [431], CO-oxidizers [432], and other chemolitho(auto)trophs ([261, 430]; also see Table 1.2). 
The scheme does not distinguish between the two different fundamental biochemical mechanisms 
of energy conversion (“phosphorylation”), viz., SLP [111, 112] and ETP [105–110]. However, 
without any doubt, during the millennia of biological evolution the bioenergetically much more 
efficient and mechanistically much more versatile chemiosmotic membrane principle (“chemios-
mosis”) has by far won the race [104]. Thereby, particularly with respect to energetic efficiency, 
it must be considered that, e.g., during the glycolytic degradation of glucose [111, 112] along 
the well-known Embden-Meyerhof-Parnas pathway, 2 mol ATP are produced from 1 mol glucose 
in net effect. By contrast, aerobic respiration (see Eq. 1.5) produces, also from 1 mol glucose, 
36–38 mol ATP (depending on the coenzymes used by the primary dehydrogenases). This huge dis-
crepancy reflects the difference between 24% and 42% energetic net efficiency (ATP produced vs. 
glucose degraded) in fermentation (SLP) and respiration (ETP), respectively (see sect. 1.3.5, p. 33)
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1.3.2.2  Chemiosmotic (“Electron Transport”) Phosphorylation (ETP)

Compared to SLP [111, 112] chemiosmotic electron transport phosphorylation, 
ETP, is energetically much more efficient [104, 110]. Its essence is membrane en-
ergization (Figs. 1.8 and 1.10) by an electrochemical ion potential gradient across 
the membrane, either ΔμH

+/protonmotive force (p.m.f.) [97–100], or occasionally, 
in certain other living cells, alternatively a sodium-motive force (ΔμNa

+) [100–102]. 
Electron transport phosphorylation can be classified either as photophosphoryla-
tion (photosynthesis) or oxidative phosphorylation (respiration). Both types of 
phosphorylation are in essence ETPs [104]. However, in the former the primary 
oxidative step, proper, e.g. oxidation of H2S or H2O etc., is endergonic, viz. light-
dependent ( photooxidations), while in the latter the oxidation of the primary elec-
tron donor, e.g., of NADH, is exergonic and occurs also in darkness [104]. There is 
a single type of photophosphorylation that occurs without (conventional) electron 
transport in the membrane: This is the retinal-based photophosporylation in the pur-
ple membrane of halobacteria [151–154]. Strangely, in evolution, this absolutely 
deviating type of halobacterial (retinal-based) photosynthesis—as elegant and sim-
ple and promising as it might appear at first glance—has not been further followed 
up and brought to perfection in the biological world. Rather note that halobacteria 
(strictly aerobic respirers!), though photosynthetically capable of making some ATP 
in the light, are non-phototrophic as they are devoid of an autotrophic CO2-reducing 
mechanism [154].

Clearly, both chlorophyll-based and halobacterial (retinal-based) photosynthe-
sis depend on a chemiosmotic type of ATP synthesis (see [97–100, 104], i.e. they 
need an “ARMA”, an anisotropic, reversible, membrane-bound ATPase (ATP syn-
thase or reversible FoF1-ATPase) [119, 155, 156]. The latter enzyme is by far the 
most ancient and most widely spread bioenergetic enzyme in the whole biosphere. 
Figure 1.8 shows how this enzyme might have been crucially involved in the evo-
lution of membrane-bound electron transport as such, already at the stage of pre-

G. A. Peschek et al.

Fig. 1.10  Evolutionary transition from anoxygenic photosynthesis to oxygenic photosynthesis 
and/or to aerobic respiration. Top: Simplified linear scheme for the evolutionary transition from 
anoxygenic (“bacterial”) photosynthesis as found in purple and green sulfur bacteria to oxygenic 
(cyanobacterial or plant-type) photosynthesis and/or to aerobic respiration as envisaged by the 
generalized endosymbiont hypothesis. Bottom: Quantitative illustration of the redox potential’s 
“split-and-shift” which occurred upon transition from the primordially separated two bacterial 
photosystems to the two extant photosystems I (low potential, FeS-type RC) and II (high-potential, 
pheophytin-quinone type RC), hand in hand with an independent (convergent?) evolution of a 
WOC (OEC) from a di-Mn-containing catalase. Finally this water-photolysing, oxygenic enzyme 
complex, instead of more or less specified dehydrogenases, brought about the globally unlim-
ited bioenergetic electron supply from water (see text and [48, 104]). PSI, photosystem I; PSII, 
photosystem II; BChl, bacteriochlorophyll; Phe, pheophytine; BPhe, bacterial pheophytine; Q, 
quinol; Cyt, cytochrome; Cyt b6   f, cytochrome b6   f complex; PC, plastocyanin; A0 and A1, electron 
acceptors of P700*; FeS, iron-sulfur cluster; Fx, FA, FB, types of 4Fe-4S clusters; Fd, ferredoxin; 
NADP+, nicotinamide adenine dinucleotide phosphate; DH, dehydrogenase; COX, cytochrome c 
oxidase; Cyt c, cytochrome c

◄
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respiration [45–47, 119, 157], and it has, therefore, been extremely well studied 
during the decades (see [88, 155, 156]) (also see chap. 10 in this book). The simple 
vectorial transmembrane electron transfer e.g. from a membrane-bound formate 
dehydrogenase facing the outside to a fumarate reductase facing the inside of the 
cell (Fig. 1.8), i.e. a vectorial (“Mitchellian”) reaction, is automatically (simply 
“chemically”) coupled to outside acidification and inside alkalinization, creating a 
p.m.f. across the membrane which serves as the driving force of a membrane-bound 
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ATP synthase of proper orientation. Such mechanism represents a feasible primor-
dial chemiosmotic system for energy conversion (also see [46, 47, 119, 157]). The 
energy-conserving (=ATP-synthesizing) pre-respiratory transmembrane electron 
transfer in the dark probably preceded any more elaborate and streamlined intra-
membrane electron transport systems employing FeS proteins, quinones and cyto-
chromes as we know them today [158], and in evolution it might thus have preceded 
even photosynthesis as a whole [46, 47, 157].

Besides a membrane-bound ATP synthase of proper orientation (see Figs. 1.3, 
1.8 and [99] for a more extensive discussion), a further inevitable chemiosmotic 
precondition is the occurrence of closed (membrane-enclosed) cellular compart-
ments with defined “in’s” and “out’s” since Mitchell’s “vectoriality” necessarily 
implies (non-equivalent) directionality. In general, the free enthalpy ∆G (kJ/mol) 
stored in a transmembrane electrochemical potential gradient is represented by 
(Eq. 1.5), with Δψ being the electrical membrane potential (defined as p-side minus 
n-side) and ΔpH being the pH-difference (again p-side minus n-side). In the specific 
case of proton translocation, ∆G is usually expressed as the proton electrochemical 
gradient ΔµH

+ (with ΔµH
+ = −FΔψ + 2.3RTΔpH).

 (1.5)

Mitchell has defined the term proton motive force (p.m.f. or ∆p) in units of voltage 
(Eq. 1.6), which facilitates comparison with redox potential differences in the electron 
transfer chains. Using ∆p and substituting values for R and T at 25°C gives (Eq. 1.7).

 (1.6)

 (1.7)

Equation (1.7), the fundamental chemiosmotic equation (“Mitchell equation”), 
shows the energetic equivalence of the electrical term (membrane potential Δψ) 
and the chemical (concentration) term ΔpH (pH gradient). The total proton elec-
trochemical gradient is always composed, to varying degrees, of both ΔpH and 
Δψ. However, e.g., in chloroplasts the former prevails, while in mitochondria it is 
the latter. A comprehensive survey of all existent “chemiosmotic”, i.e. membrane-
bound and energetically relevant, chemotrophic electron transport reactions which 
actually can be found in extant bacteria is presented in Tables 1.2 and 1.3 (also see 
[104]). Apparently due to a subconscious shift of interest from dark to light much 
more, viz. whole books, have been written and published about light-dependent, 
photosynthetic electron transport and O2 evolution (see, e.g., [159–162], also see 
[104] and the somewhat older but still matchlessly instructive booklet by Rabinow-
itch and Govindjee [163]).

1.3.2.3  Oxidative Phosphorylation and Photophosphorylation

Quantitatively, the largest amount of biologically synthesized ATP in our con-
temporary biosphere is the result of respiration and photosynthesis (see Eq. 1.8).  

�G = −nF�ψ + 2.3RT �pH

�p(mV) = −(�µH
+)/F

�p(mV) = �ψ − 59�pH

G. A. Peschek et al.
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A 75-kg human being makes a total 70 kg of albeit short-lived ATP per day (turn-
over rate of an individual ATP molecule in mammals: 103/day). For comparison, the 
N2-fixing soil bacterium Azotobacter vinelandii (the organism that holds the world 
record of respiratory oxygen uptake with a QO2 = 8 ml O2/h.mg d.w.! ) synthesiz-
es 300 µmol ATP × s−1 × (mg d.w.)−1 corresponding to roughly 108 erg = 10 J (turn-
over rate of bacterial ATP is about 3 s−1). Similarly, the complete protein inventory 
of a living cell is in a constant state of dissipative degradation by thermodynami-
cally favored (exergonic!) hydrolysis, which processes must be poised against the 
energy-requiring (endergonic) rebuilding or reconstruction through biosynthesis, 
with an overall mean turnover number of 1 per day for the entire protein inventory 
of a living cell, on an average. This is only another “definition” of the inherent 
flow-equilibrium ( dynamic or steady state) of living matter as is amply and instruc-
tively discussed in the work of Ludwig von Bertalanffy (1901–1972) [91, 92]. To 
say it again, in a more straight-forward language: Once per day the whole protein 
inventory of an average living cell is replaced by newly synthesized, but other-
wise identical, material. In all events, thus, life most conspicuously illustrates the 
classical philosophic axiom of the pre-socratic philosopher Herakleitos of Ephesos 
(approx. 500 B.C.): “All is flowing and nothing rests”, or in his own language: 
παντα χωρει και ουδεν µενει [76–80], colloquially better known as “παντα ρει” 
(“panta rhei”).

Equation 1.8 shows the chemical reaction schemes of (aerobic) respiration and 
(oxygenic) photosynthesis revealing that both processes which are by far the most 
important bioenergetic processes on earth are represented by one and the same 
chemical equation, just read in opposite directions:

 (1.8)

The equation describes the present steady-state of our terrestrial biosphere and 
atmosphere as is biologically established by the concurrent and equally efficient 
actions of oxygenic (plant-type) photosynthesis and aerobic respiration. Equa-
tion (1.8) is nothing but the famous equation of C. B. Van Niel (1897–1985) (see 
R. Y. Stanier (1916–1982) [164, 165]) for autotrophic CO2 fixation as applied to 
oxygenic photosynthesis, if read in the endergonic direction (from left to right: 
+2821.5 kJ/mol). When reversed, the same—now exergonic—reaction releases an 
equal amount of energy through respiration (“biological combustion”): −2821.5 kJ/
mol. Equation (1.8), which is kind of “life’s token” on earth, is also sometimes 
called the water-water cycle [166], but it could as well also be called the ( aerobic) 
“CO2–CO2 cycle” or even, in a fit of reductionism, “H–H cycle”, formally similar to 
the sulfur-sulfur cycle (“sulphuretum”) [167], which will be discussed together with 
other syntrophic communities later in this chapter (sect. 1.3.5), but also see Fig. 1.9. 
Here we will just very briefly point out that, based on (Eq. 1.8), the whole biosphere 
on earth seems to form such a syntrophic community. A closer biochemical look on 
the reactions of (Eq. 1.8) shows that, even mechanistically, the oxidation of H2O to 
O2 shares important steps in common with the reduction of O2 to H2O [168, 169] 
(also see chap. 13 in this book). It is doubtless the reaction that also keeps our own 

12H2O + 6CO2 � C6H12O6 + 6O2 + 6H2O �G◦′ = ±2821.5kJ/mol

1 Life Implies Work
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(human) lives going, based on the biosynthesis of ATP (energy) and all other essen-
tial and nonessential (“secondary”) biomaterials, i.e. biomass.

Ultimately, all primary production on earth is energetically driven by (sun) light 
(start of terrestrial food chains). Chemosynthetic primary production, as is asso-
ciated with the chemoautotrophic microbial communities around so-called black 
smokers [170] is without any significant quantitative ecological impact on earth. 
However, photosynthetically an estimated 1011 t of carbon (in the form of CO2) per 
year is converted into biomass by plant-type photosynthesis (to which the primor-
dial cyanobacteria have given birth to, approx. 3.2 billion years ago [171–174]; 
also see Fig. 1.4) and the equivalent amount of O2 is thereby released from water 
according to (Eq. 1.8). Recent estimates assign between 20 and 30% of this world-
wide primary production to cyanobacteria, in particular to small unicellular ma-
rine Synechococcus species [175] and likewise planktonic Prochlorophytes [176] 
which, though not especially concentrated anywhere in the euphotic zone of the 
oceans, are nevertheless extremely widespread in all oceans. Bewilderment must 
be caused by the alleged finding of vestiges of oxygenic photosynthetic organelles 
(“thylakosomes”) in several chemoheterotrophic protists such as Psalteriomonas 
lanterna and members of the parasitic genus Apicomplexa [177] though such find-
ings might well go with the unifying or generalized endosymbiont hypothesis as 
outlined above [39, 40, 44].

On a more global scale the total biological O2-cycle on earth, together with re-
spective pool sizes (H2O, CO2, and O2) is described in Fig. 1.5. Ecologically speak-
ing it describes the fundamental and life-supporting steady-state of our present-day 
aerobic biosphere and atmosphere with 0.03% v/v CO2 and 21% v/v O2 which (pres-
ently!) are balanced and “stabilized” by about equal rates of O2 production and 
uptake. Also compare Fig. 1.5 with (Eq. 1.8) with respect to the quantitative global 
oxygen exchange pattern and particularly note the dimensions of pool sizes and 
exchange rates.

1.3.3  Photosynthetic Oxygen Evolution

Without any doubt cyanobacteria are born “as creatures of light”, they are “born 
to photosynthesize”, so to speak: It had been the cyanobacteria or their immedi-
ate ancestors that had “invented” the oxygenic photosynthesis. More or less simul-
taneously, the water-oxidizing or oxygen-evolving complex (WOC or OEC) (see 
below) together with a “high-potential” photosystem II (pheophytin-quinone type 
reaction center (RC, see Fig. 1.10) must have evolved (also see Sect. 1.2.4.). Fig-
ure 1.4 shows how they provided for the so-called biological Big-Bang in evolution 
[178–181] and thus paved the path for all other “higher forms” of life, from simple 
eukaryotes (protozoa) up to “Homo sapiens sapiens”. At the same time, covering 
all their needs for growth and proliferation with ubiquitous water, light, and CO2—
together with a few dissolved minerals—cyanobacteria are also rightly called the 
“nonplus-ultra of bioenergetics”.

G. A. Peschek et al.
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To the terrestrial biosphere as a whole the advent of the cyanobacteria and, to-
gether with them, of bulk amounts of O2, i.e. the Promethean Fire of Evolution 
[104] is, indeed, comparable to the “discovery (and controlled use) of the fire or the 
wheel” by human beings. The cyanobacteria’s “invention” of the water-splitting and 
O2-evolving photosynthetic mechanism, doubtess deserves a few more words: Quite 
a number of scientific facts have now accumulated which point to an unexpectedly 
early origin of oxygenic photosynthesis [178–192]. Oxygen-radical damage had 
been proven to provoke similar biological effects as does “radiation damage” [193]: 
There must have been kind of an oxidative stress already before the advent of O2 
(see the broad and penetrating discussion in [48]). A substantial level of photo-
chemically formed H2O2, a mildly reactive oxygen species (ROS), must have been 
washed out from the primeval, still anoxic but H2O2-containing atmosphere [186–
188, 191, 192] leading to an enrichment of up to [µM] and [mM] H2O2 in localized 
water bodies. In defence against this H2O2, and supported by relatively high solubil-
ity of Mn2+ (compared, e.g., to Fe2+ [194] (also see chap. 21 in this book)), certain 
still anoxygenic (cyano?)-bacteria in these habitats could have started to synthesize 
a di-manganese catalase as a forerunner of likewise Mn-containing photosystem 
II (PSII) [48, 191, 192]. Equation (1.9) and (1.10) are (endergonic photochemical) 
reactions that might have been responsible for the photochemical formation of H2O2 
(and a negligible amount of abiogenic O2 [195]) on the early earth.

 
(1.9)

 (1.10)

Such photochemical redox reactions (Eqs. 1.9 and 1.10) could have been greatly 
facilitated by the hydrogen-accepting capability of compounds like CO and (CN)2 
which certainly were abundant, too, in the primeval (secondary) terrestrial atmo-
sphere.

The structure of the active center of di-manganese catalase (“pseudocatalase”) 
from Lactobacillus plantarum and Thermus thermophilus [196, 197], when com-
pared with presently available WOC structures as discussed in [198–200], also see 
[104], could have evolved in a primordial (still “anaerobic”?) cyanobacterium in 
response to the “pre-O2 oxidative stress” [48, 193] resulting from the photochemi-
cally formed H2O2. It could have been a starting point, in turn, for the evolution of 
the tetranuclear Mn4OxCa cluster of the WOC from the former, by gene-doubling 
[201, 202] and incorporation of the catalytic Ca2+ (for schematic illustration see 
[104]). For more comprehensive information on the topic of “water-splitting and 
electron transport in oxygenic photosynthesis” see [159–162, 198–200]. Summing 
up, the present state of our knowledge about the geochemistry of terrestrial O2 [203] 
and the biochemistry of oxygenic photosynthesis (see, in particular, [48]), together 
with the evidence for a surprisingly early origin of oxygenic photosynthesis [178–

H2O + H2O + UV � H2O2 + 2[H] �G◦′ = +340.2 kJ, equivalent to

1Einstein (mol) of 350-nm-UV

H2O + H2O + UV � O2 + 4[H] �G◦′ = +478.6 kJ, equivalent to

1Einstein (mol) of 250-nm-UV
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192] and the almost identical biophysical impacts of short-wave UV radiation and 
oxygen radicals [193], and also taking into account recent findings from compara-
tive structural biochemistry [196–200, 207–214], seem to corroborate the evolu-
tion of the water-splitting complex from a primordial di-manganese (“pseudo-”) 
catalase, i.e., a biological or evolutionary Big-Bang [178–183] in the infancy of our 
mother earth already [Fig. 1.4].

1.3.4  The Evolution of Photosynthetic Reaction Centers

Roughly in parallel to the evolution of the WOC or OEC must have proceeded, 
probably also by some gene-doubling events [201, 202], the evolution of a two-pho-
tosystem- (2-RC-) photosynthetic apparatus (plant-type photosynthesis or photo-
phytotrophy [45]), as shown in Fig. 1.10: Under the impact of an increasing oxygen 
partial pressure in the atmosphere (Fig. 1.4) the primordial single photosynthetic 
system of an anoxygenic purple or green photosynthetic bacterium underwent a 
redox potential “shift-and-split” (or “redox disproportionation”, in chemical lan-
guage) into a high-potential and into a low-potential photosystem, both of which 
first must have separately co-existed, side by side, in still unconnected form, in a 
single (prokaryotic) cell.

Unfortunately, an anoxyphototrophic bacterium which houses both bacterial 
RCs, in still unconnected form, in one and the same cell, has not yet been found in 
Nature. Rather, in the course of further evolution and economization, the two indi-
vidual photosystems, let us say “pre-PSII” and “pre-PSI”, must have merged into a 
full-fledged cyanobacterial (plant-type) Z-scheme [204–207]. At the same time, by 
the same path, a “respiratory chain”, instead of a high-potential PSII, might have 
“split off” the common branch between (“pre-”) PSII and (“pre-”) PSI, now with 
an “alternative” (aerobic) cytochrome c oxidase (COX) as a terminal electron ac-
ceptor (schematically described in Fig. 1.10). Be it noted that the recently achieved 
X-ray structural analyses of PSI [208–210], PSII [197–200, 211, 212], and the cyto-
chrome b6f [213, 214] complex, together with sequence comparisons of the respec-
tive proteins (see [199, 200, 215], also see respective chapters in [162]), are in good 
agreement with an evolutionary scenario as put forth here. A similarly convergent 
evolution possibly also involving several gene-doubling events as for the WOC 
or OEC (see above) and the RC’s in photosynthetic electron transport (PET) (see 
Fig. 1.10) is being discussed for the “parallel” formation of plant-type ferredoxin 
from bacterial ferredoxin in general [45] as well as for the evolution of cyanobacte-
rial cytochrome c6 and plastocyanin [194] (also see chap. 21 in this book), the cya-
nobacterial C-phycocyanin family [201], and several other soluble cyanobacterial 
electron transport catalysts [202].

Obviously, however, on the other hand, ecologically speaking, some other organ-
isms “refused to adapt” (to O2) but “decided” to entirely hide against O2 and retreat 
into anoxic ecological niches such as the bottom of eutrophic lakes or the paunch 
of ruminants. Thereby, again, another biological dichotomy was created which now 
led to the still prevailing and rather significant group of “obligate anaerobes” in our 
extant, essentially oxic biosphere [216–218].

G. A. Peschek et al.
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1.3.5  The Ergotrophic Hexagon

The “magic” ergotrophic hexagon is shown in Fig. 1.9 (sect. 1.3.2.1., p. 25). It in-
cludes and consistently classifies all living cells according to the three fundamental 
life requirements or “ingredients”: Energy, electrons (reducing power), and carbon. 
The three fundamental and absolutely indispensable bioenergetic constituents or 
sources, viz., energy source (light, or dark oxidation), electron source = reducing 
power (organic or inorganic electron donors), and carbon source (C1 compounds, 
or pre-synthesized Cn compounds) may thus be derived each from two exclusively 
different “origins”. The eight different combinations yield eight distinctly different 
ergotrophic types of living cells displaying very peculiar metabolic types in each 
case. For each of the ergotrophic modes a living representative can be found among 
extant organisms. Unfortunately, it is not the place here to discuss in detail all the 
different and partly exotic ergotrophic cell types, e.g., from chemo-litho-hetero-
trophic to photo-organo-autotrophic organisms, together with all the needed acces-
sory characterizations such as obligate (strict)—facultative, aerobic—anaerobic, 
thermophilic—psychrophilic, acidophilic—alkalo(i?)philic (see, e.g., textbooks of 
microbiology [113, 114, 261]).

In the context of Fig. 1.9 it is noteworthy that, of the three fundamental “cater-
ers to living cells”: energy, reducing power (“electrons”), and carbon, each of the 
three “sources” occurs in Nature in two strictly different forms, i.e. they represent 
a triple dichotomy: The only environmental energy sources ( fuel of life) that can be 
converted into biologically useful and freely convertible (intracellular) energy (ATP 
and/or an energized biomembrane) are (sun) light for phototrophs and the oxidation 
of reduced substrates (for SLP or ETP) in chemotrophs (see Fig. 1.6b). Yet, the er-
gotrophic hexagon (Fig. 1.9), which focuses on the energy source does not discrimi-
nate between different biochemical mechanisms of energy conversion: A chemotro-
phic organism, e.g., can recruit its metabolic energy either through substrate-level 
phosphorylation (SLP) or through a chemiosmotic (usually electron-transporting) 
mechanism (ETP).

The next ergotrophic dichotomy is presented by the utilizable environmental re-
ducing power (electron source) for inevitably reductive, energy-requiring cellular 
anabolism (biosynthesis of cell material) which is indispensable for growth and pro-
liferation but also for the permanent anaplerotic reactions necessary for maintaining 
the steady-state (“flow-equilibrium”) of living matter in general [90–92]. External 
electron sources can be complex organic Cn compounds ( organotrophy), as might be 
provided by usual carbon nutrition which, in ordinary chemo-organo-heterotrophs, 
is energy-, electron-, and carbon-source at the same time (usually abbreviated as 
“heterotrophy” in short, the normal growth physiology of animals and “colorless 
microorganisms”). Electron source, however, may also be an inorganic compound 
( lithotrophy) including, by definition, also reduced C1 fragments (“methylotrophy” 
[219, 220]; see Fig. 1.9; also see Table 1.2). In case of lithotrophy, carbon supply 
may be separate from reductant supply: For example, desulfuricants ( Desulfovibrio 
sp., Desulfotomaculum sp., etc.) “produce (biological) energy” by the oxidation of 
H2 with SO4

2− (i.e. chemolithotrophically) but must assimilate, for carbon supply, 
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amino acids or other organic acids, resulting in chemo-litho-heterotrophy (Fig. 1.9). 
Photo-organo-heterotrophs, e.g. Pringsheim’s well-known (eukaryotic) acetate al-
gae, assimilate acetate at the expense of absorbed light energy (acetate is electron 
and carbon source, energy source is light). The chemo-organo-autotrophic Pseudo-
monas ocalaticus splits oxalate to formate, decarboxylates formate, and assimilates 
CO2 by way of a conventional Calvin cycle, i.e. autotrophically.

The third ergotrophic dichotomy is formed by the compositional building blocks 
of living cells, viz. carbon nutrition. By far the most abundant atom, together with 
H, in living matter is C. The carbon sources of living cells may be either com-
plicated organic molecules ( Cn-compounds) pre-formed in other (originally: pho-
totrophic) organisms ( heterotrophy), or C1 compounds ( autotrophy). Autotrophs, 
therefore, are capable of performing an organic total synthesis of the whole biomass 
from C1 fragments, an unprecedented biosynthetic task. By far the most common 
C1 fragment assimilated (usually through the Calvin cycle) is CO2 but also CH4 and 
other reduced C1-compounds ( assimilated, as HCHO, by methanogens [5, 221] and 
methylotrophs [210, 211]) do constitute an autotrophic life style.

It seems important to note, however, that methylotrophs (strict aerobes) [219, 
220] and methanogens (strict anaerobes) [5, 221] (also see Tables 1.2 and 1.3) nat-
urally are phylogenetically farthest apart and absolutely unrelated. Nevertheless, 
both assimilate carbon in the form of metabolic formaldehyde, HCHO, through 
identical biochemical pathways indiscriminately, viz., the serine or the ribulose 
monophosphate pathways [5, 220]. Look at the following metabolic parallelism 
(better: anti-parallelism) between from CH4 to CO2 (oxidation) and from CO2 to 
CH4 (reduction). In either case, the four electrons will pass HCHO, i.e. formal-
dehyde (C with oxidation level zero) as a common intermediate: Methylotrophs: 
CH4 + O2 � HCHO + H2O and HCHO + O2 � CO2 + H2O (lithotrophic, aerobic 
oxidation of CH4). Methanogens: 2H2 + CO2 � HCHO + H2O and HCHO + 2H2 � 
CH4 + H2O (anaerobic carbonate respiration). The C1 fragment autotrophically as-
similated is formaldehyde in either case (see Tables 1.2 and 1.3). Since, for energy 
conversion in darkness, (one of) the first catabolic step(s) must be an oxidation, 
even a carbon substrate on the carbon-oxidation level of biomass already (viz. ±0, 
such as, e.g., acetate) cannot be assimilated without reduction. In many respects, 
therefore, methanogens and methylotrophs, though physiologically absolutely un-
related, offer a nice paradigm of convergent evolution! (See above).

1.4  Cyanobacterial Photosynthetic and Respiratory 
Electron Transport

The fundamental difference in biochemical mechanism and energetic efficiency be-
tween SLP and ETP (chemiosmosis) has already been pointed out. The much higher 
energetic efficiency (in terms of ATP production) and mechanistic versatility (as a 
membrane process, independent of special chemical “high-energy” intermediates) 
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of ETP have by far “won the race” [104]. In the words of J. B. Hall [222] versatile 
membrane-bound electron transport assemblies have “freed the organisms from the 
slavish dependence on particular phosphorylatable substrates” (Table 1.1). Cya-
nobacteria, as the electron-transporting photosynthesizers par excellence [104], 
certainly were among the first that have supplemented and streamlined the primor-
dial chemiosmotic transmembrane electron transfer system as shown in Figs. 1.10 
and 1.11 with additional membrane-bound electron carriers such as, first of all, an 
electron/proton-transporting quinone [46, 88, 99, 100, 104]. As kind of “free-living 
proto-chloromitochondria” [39, 40] the cyanobacteria thus may also be regarded 
as electron transport protagonists. Moreover, cyanobacteria were the first living 
cells that produced bulk amounts of free, molecular O2 in the light (see sect. 2.3.). 
In doing so, they have successfully and persistently learnt to cope with it. But even 
before the functioning of a full-fledged aerobic respiration (most probably from 
foregoing photosynthesis [45–47, 99]; see Fig. 1.10), naturally, there must have 
been a rather long (geologic) period of mere detoxification of O2 and other ROSs. 
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Fig. 1.11  General structural and functional organization of electron transport carriers and ATP 
synthases in the membrane systems of a model cyanobacterium. Electron donor and acceptor, as 
well as protein complexes involved exclusively in PET, are depicted in green, those found only in 
RET in blue color. Electron components used in both PET and RET are shown in grey. CM, cyto-
plasmic (plasma) membrane(s); ICM, intracytoplasmic (thylakoid) membrane(s); PSII and PSI, 
photosystems II and I; PQ, plastoquinone; Cyt b6f, cytochrome b6f; PC, plastocyanin; Cyt c6, cyto-
chrome c6; FNR, ferredoxin-NADP+ reductase [254]; NDH1, (mitochondrial-like) NDH-1 enzyme 
[321, 322, 325] and NDH2, (nonproton-pumping) NDH-2 enzyme [330, 331, 335]; SDH, succinate 
dehydrogenase [333, 334, 340–347]; COX, cytochrome c oxidase; proton-pumping P-type ATPase 
(ATP hydrolase [240, 411, 412, 433], and F-type ATPase (ATP synthase [155, 156, 240]), and AP, 
the Na+/H+ antiporter [397, 398], are also shown. Note that neither in cyanobacteria [413, 416] nor 
in mature chloroplasts [417] any conspicuous structural continuity between CM and ICM could 
so far be discovered 
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For this rather long transition period of adaptation to O2 the cyanobacteria, owing 
to the well-documented occurrence of a variety of O2- and ROS-detoxifying oxido-
reductases (superoxide dismutases, catalase-peroxidases, heme catalases, manga-
nese catalases, peroxiredoxins, etc.) [223–232], were perfectly well equipped, too. 
In all, therefore, they are also sometimes called the tamers of O2 [86].

1.4.1  Photosynthetic Electron Transport (PET)

With a single exception (i.e. Gloeobacter violaceus, also see chap. 9 in this book) 
all cyanobacteria contain two bioenergetically competent but physically separated 
intracellular membrane systems, the (yellow) chlorophyll-free cytoplasmatic or 
plasma membrane (CM) and the green chlorophyll-containing thylakoid or intracy-
toplasmic membrane (ICM) (Fig. 1.11). Either of the two encloses an osmotically 
autonomous compartment, the cytosol (surrounded by the CM) and the intrathyla-
koid or lumenal space (surrounded by the ICM). Only in Gloeobacter violaceus, 
which does not at all form a thylakoid membrane [233], does the CM also contain 
chlorophyll a and all other photosynthetic components. Being nevertheless an obli-
gate phototroph [143], Gloeobacter is correspondingly tedious and difficult to grow.

As has been outlined above, oxygenic photosynthesis is the main process on Earth 
that converts solar energy into chemical energy. All higher life on Earth depends on 
this process, since all the oxygen in the atmosphere is produced by oxygenic pho-
tosynthesis (Eq. 1.8). In cyanobacteria, all components of PET (besides RET, see 
below) are located at, or associated with, ICM (Fig. 1.11). Photosynthetic electron 
transport starts with capturing of the light by antenna systems, which transfer the 
excitation energy to reaction centers that, in turn, catalyse light-induced electron 
transfer across the thylakoid membrane. The highly efficient job of capturing light 
energy, for which chlorophyll a molecules (absorbance maxima at 430–440 nm and 
670 nm) contained in the photosynthetic reaction centers are responsible, is in fact 
not enough to supply all the needed light. Cyanobacteria have partially solved this 
problem by utilizing the phycobilisome (PBS) located on the stromal side of ICM, a 
water-soluble antenna complex of fluorescent, pigmented proteins associated with 
PSII. PBS is responsible for as much as 50% of protein mass within a cyanobacte-
rial cell. Depending on the light intensity and wavelength, cyanobacteria can also 
undergo state transitions and transfer the PBS to PSI.

The phycobilisome consists of a basis consisting of three cylinders attached to 
ICM, and several rods that protrude from it in a fan-like arrangement. The rods are 
trimers or hexamers of phycoerythrin, phycocyanin and allophycocyanin. Although 
each protein directly absorbs light (within 450 nm and 660 nm, with each protein 
having its own spectral features), but the absorbed light energy is also passed over 
from one to the other protein with a fixed order of energy transfer:  phycoerythrin 
→ phycocyanin → allophycocyanin → photosystem chlorophyll. Phycoerythro-
cyanin may replace phycoerythrin in certain organisms [201]. In addition to the 
membrane extrinsic phycobilisomes, cyanobacteria also have membrane intrinsic 
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antenna complexes, which all belong to the Pcb family. The group of Pcb proteins, 
that serve as antenna for both PSII & PSI, is diverse as they show much variation in 
their pigment composition [234, 235].

Photosystem II (PSII) catalyzes light-driven electron transfer from water to plas-
toquinone (PQ) and has the same dimeric oligomeric structure in plants and cyano-
bacteria [161]. It consists of 17 protein subunits, which bind 35 to 40 chlorophylls 
and 8 to 12 carotinoids [198–200, 211, 244–247]. The subunits are named accord-
ing to their genes PsbA to PsbO, PsbU, PsbV and PsbX. This protein complex is 
unique and provides the whole photosynthetic process with electrons by extracting 
them from water [159–162]: H2O → O2 + 4H+ + 4e−. Light for the photoreactions in 
PSII is captured by the PBS and the core antenna of PSII [237]. Excitation energy 
is transferred from the antenna into the center of the complex. Each PSII monomer 
harbors the electron transfer chain consisting of PsbA (D1) and PsbD (D2). The 
structural similarity between the central core of PSI and PSII is remarkable, as the 
sequence identity is less than 15% [215]. The structural comparison clearly suggests 
that all photo-reaction centers have evolved from a common ancestor as previously 
proposed [236, 238]. The cofactors of the ETC are four chlorophyll a molecules, two 
pheophytins, two plastoquinones, two tyrosines (TyrZ and TyrD) and the manganese 
cluster.

P680 has the highest redox potential reported for any cofactor in biological sys-
tems and this is the thermodynamic prerequisite for water oxidation. The four chlo-
rophylls are arranged in two symmetrically related pairs and all may be able to 
perform the initial charge separation across ICM. In each charge separation event, 
P680+ is re-reduced by extracting one electron from the oxygen evolving complex 
(Mn cluster, WOC or OEC) consisting of 4 Manganese ions and a Calcium ion. The 
structure of the Mn cluster is still unsolved. A redox active tyrosine functions as the 
intermediate electron carrier between P680+ and the Mn cluster. One molecule of 
O2 is evolved after 4 positive charges have been accumulated. During this process, 
4 protons are released into the lumen of the thylakoids. From P680, the electron is 
transferred to pheophytin and via tightly bound plastoquinone PQA to mobile PQB 
at the QB-side that serves as the terminal electron acceptor in PSII. After 2 charge 
separation events, PQ is doubly reduced, takes up two protons from the stroma, 
leaves PSII as PQH2 and diffuses through the membrane to the b6  f complex. A PQ 
from the PQ-pool re-fills the QB-site (Fig. 1.11).

Electrons from mobile QB are transferred to the cytochrome b6   f complex that is 
also located in ICM within proximity to PSII and PSI. Electrons move internally 
through the cofactors of the cytochrome b6  f complex via the cytochrome f subunit 
directly to one of the lumenal mobile electron carriers, such as plastocyanin (PC) 
or cytochrome c6 (Cyt c6) (Figs. 1.10 and 1.11). In 2003 the structure of the cyto-
chrome b6   f complex (Cyt b6  f) from the cyanobacterium Mastigocladus lamino-
sus was solved [213] (also see [214]) comprising a dimeric multiprotein complex 
with each monomer consisting of eight subunits and several cofactors ligated by 
the protein. The cofactors are cytochrome f, a 2Fe-2S-cluster (Rieske iron-sulfur 
protein) and cytochrome b6. Electrons are transferred from mobile PQ having two 
protons added in its doubly reduced form. Differently from the photosystem pro-
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teins, in complex III the two electrons of the reduced quinone do not take the same 
path: The first electron moves through the high-potential transfer chain including 
the Rieske protein and cytochrome f both located at the lumenal side of the ICM. 
The second electron is transferred by two b-type hemes (referred to by their ab-
sorbance maxima as b562 and b565, or as bn and bp, the latter subscripts referring to 
whether the particular heme is closer to the n-side (stromal) or p-side (lumenal) of 
ICM) to the stromal side of the membrane. Alternatively, it may also be moved to 
the anionic plastosemiquinol of the original donor quinone if cyclic electron trans-
fer is taking place. In either case, an extra proton is taken up from the stromal side, 
and either released to the lumen or taken up by the deprotonized plastoquinol. 
This “Q-cycle” may be compared to the electron transfer cycle in the cytochrome 
bc1-complex [337–339] however, in spite of the functional similarity, Cyt b6f and 
cytochrome bc1 are only distantly related in structural terms [239]. In any case, 
cyanobacterial membranes seem to possess kind of “chimeric b.c-complex” that 
shares immunological as well as inhibition characteristics with both mitochon-
drial bc1- and chloroplast b6  f-complexes [240–242], somehow reminiscent of the 
analogous complexes in green sulfur bacteria [353] and Heliobacteriaceae [243].

In connection with Cyt b6  f the surprising discovery of a novel semi-c-type cy-
tochrome, termed cytochrome x or cn, deserves special attention. Its heme group is 
covalently attached to the protein via only one thioether bond and the fifth and sixth 
coordination sites of its iron ion are H2O only and free, respectively. Cytochrome cx 
resides between heme bn and PQ on the stromal side of ICM in close vicinity to a 
conspicuous positively charged amino acid region of the b6   f-complex. Cytochrome 
cx is a highly plausible candidate for the long-sought-for ferredoxin:PQ oxidoreduc-
tase necessary for cyclic endogenous PET around PSI [213].

Cytochrome f (a purely historical name: “f” from folium, the Latin word for leaf) 
is the largest subunit of Cyt b6   f and has the largest membrane-extrinsic domain 
projecting into the lumen. This domain contains the c-type heme ligated by a his-
tidine and a tyrosine and covalently bound with the protein. The positive midpoint 
potential of cytochrome f (290–360 mV) is thought to be a result of the heme’s 
protein environment. Cytochrome f donates electrons to either plastocyanin (PC) 
or cytochrome c6 (Cyt c6), both being small soluble electron carriers present on the 
lumenal side of ICM (Fig. 1.11).

While higher plants and many cyanobacteria utilize solely PC, in some green 
algae and cyanobacteria PC may be functionally substituted by cytochrome c6 
([194, 376–379]; also see [380–383]). Actually, despite having different structures, 
the two proteins can replace each other and play the same physiological role in cya-
nobacterial PET, but the synthesis of either one is controlled by copper availability 
within each organism. Plastocyanin (encoded by the petE gene) consists of a single 
polypeptide chain forming a β-barrel with eight β-strands and a small α-helix, along 
with a type-1 blue copper center (235–238). On the other hand, Cyt c6 (encoded by 
the petJ gene) is a typical class I c-type cytochrome containing four α-helices and 
a covalently-linked heme group in which the iron atom is axially coordinated by a 
histidine and a methionine [244–247]. This peculiar case of ‘convergent evolution’ 
is extensively dealt with in chapter 21 of this book.
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Despite their very different structures, both proteins share a number of physico-
chemical properties: their molecular masses are about 10 kDa and their midpoint 
redox potential values are around 350 mV at pH 7, which is in accordance with their 
role as electron shuttle between cytochrome b6   f and PSI [194] (also see chap. 19 
in this book). Moreover, their isoelectric points are often similar within the same 
organism but can vary in parallel from one organism to another [250]. Beside Syn-
echococcus sp RCC307 and Thermosynechococcus el. BP-1, all cyanobacteria con-
tain one petE gene (exception: Gloeobacter violaceus with two paralogs). Roughly, 
in filamentous cyanobacteria PC is usually positively charged at pH 7, whereas PC 
from unicellular species is mostly acidic (exception: Gloeobacter) (Table 1.5) (also 
see [250]). Especially in cyanobacteria that have several, viz. [2–4] petJ genes, 
the isoelectric points of PC and Cyt c6 can also be dissimilar [250]. Nevertheless, 
regarding PET the kinetic information, along with structural data, indicate that PC 
and Cyt c6 possess similar surface regions to interact with their redox partners in 
PET, but also that they are responsible for determining the reaction mechanism and 
the spatial conformation of the transient reaction complex (for a review of the al-
ternative, yet functionally identical roles of PC and Cyt c6 in PET see [194]; further 
details of the molecular interaction of soluble (cyanobacterial) redox proteins are 
discussed in [251–253]) (See also chap. 19 in this book).

Both PC and Cyt c6 approach PSI through either electrostatic or hydrophobic 
interaction with the nature of interaction varying between species. In any case the 
carrier docks in a groove on the lumenal side of PSI and donates its electron to the 
photo-oxidized chlorophyll dimer, P700+ [213]. PSI is a light-driven oxidoreduc-
tase that actually transfers the electron from the lumenal electron carrier to fer-
redoxin on the stromal side. That particular process supplies electrons for subse-
quent reduction of NADP+ to NADPH by the ferredoxin-NADP+ reductase (FNR) 
([254]; also see Fig. 1.11). It also serves generation of a proton electrochemical 
gradient across the thylakoid membrane. The first crystal structures of PSI were 
obtained from Thermosynechococcus elongatus [208, 209]. PSI belongs to the larg-
est membrane proteins ever crystallized in its entirety with 12 subunits (PsaA-PsaF, 
PsaI-PsaM, PsaX) and 127 cofactors (chlorophylls a, phylloquinones, iron-sulfur 
clusters, carotinoids). PsaA and PsaB are the largest subunits making up the core of 
the (heterodimeric) RC and provide the binding side for PC or Cyt c6 as well as two 
conserved tryptophans important for electron transfer to P700+•. The entire func-
tional PSI is usually found in the ICM as a trimer of these individual heterodimeric 
RCs. In total, each of the PSI trimer’s monomers contains 95 Chl a molecules, with 
six of them actually forming part of the ETC (see below).

The reaction center core harbors the ETC and a core antenna system. The ETC is 
located at the very center of the reaction center core, at the “interlocked” region of 
PsaA and PsaB. It is bifurcated and consists of two diametrically opposed branches. 
The electron proceeds up one of the branches, from P700 to the uppermost Fe-S 
cluster. Regarding residues ligating the ETC’s cofactors, all residues involved in 
coordinating the Mg2+ of ETC chlorophylls or in H-bonding or otherwise ligating 
other co-factors are very strictly conserved from cyanobacteria to higher plants. 
At the basis of the ETC P700 is found which is a heterodimer of overlapping and 
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parallel chlorophylls a. Here charge separation takes place. Above the P700 dimer 
a second and a third pair of Chl a molecules constitute the pathway of electrons fol-
lowed by a pair of firmly bound phylloquinone cofactors and, finally, three 4Fe-4S 
clusters (FX, FA, FB).

The final cofactor in PSI that actually transfers electrons to the electron acceptor 
proteins, ferredoxin or flavodoxin, is FB. Ferredoxin is a small (10.6 kDa) soluble, 
globular and acidic protein that approaches PSI from the stromal side of the ICM. 
In cyanobacteria ferredoxin (encoded by light-induced fedI gene) is characterized 
by a 2Fe-2S cluster of −420 mV, making reduced ferredoxin one of the strongest 
soluble natural reducing agents, though still not as strong as PSI. In conditions of 
iron deprivation, ferredoxin is replaced by its functional but iron-less analogue, 
flavodoxin, which is also a small, highly acidic protein. Compared to ferredoxin its 
overall structure is completely different, whereas charge and hydrophobic surface 
patterns are comparable, very similar to interchangeable PC and Cyt c6 (see above). 
The low-potential cofactor in flavodoxin is flavin mononucleotide (FMN). Ferre-
doxin or flavodoxin finally transfers the electron to the ferredoxin:NADP+ oxido-
reductase (FNR), a low-potential flavoprotein, which reduces NADP+ to NADPH 
[253]. NADPH is the biochemical reductant of 3-phosphoglycerate forming glyc-
eraldehyde phosphate, a triose phosphate and the first carbohydrate as the primary 
product of CO2 fixation through the Calvin cycle, also see chap. 12 in this book.

Figure 1.11 clearly demonstrates that ICM harbors both PET and RET. Before 
describing the interplay between both ET pathways (see sect. 1.4.2.3) the respira-
tory electron transport will be briefly highlighted.

1.4.2  Aerobic Respiration and Respiratory Electron Transport 
in General

1.4.2.1  The Origin of Aerobic Respiration

The evolutionarily laborious and time-consuming way of establishing or adapt-
ing a full-fledged and sustained mechanism of coupled aerobic respiration in an 
evolving living cell (viz., in a cyanobacterium) certainly does require the availabil-
ity of O2, i.e., an oxic biosphere (However, see [304, 305]. Also see below). Never-
theless, based on phylogenetic gene analysis (sequence comparisons) the so-called 
“respiration-early” hypothesis has been proposed [255–259]. This hypothesis, the 
essence of which had been published years before already [260], rests on the strik-
ing molecular sequence similarity between aerobic COX and certain electron trans-
port components of anaerobic nitrate respiration (see Table 1.3), including, e.g., 
the presence of CuA in Pseudomonas stutzeri N2O reductase. However, molecular 
similarities (“homologies”) of aerobic and anaerobic respiratory electron transport 
components do not necessarily mean that the former have evolved from the latter. 
The same similarities would be found if the latter had evolved from the former [48, 
86] in the sense of some long-lasting adaptation to anaerobic habitats. Such “reverse 
evolution” (“re-volution”?) also seems to be valid for many representatives of the 
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so-called Archaea [1–3, 5, 7]. The problem thus may not have been so much one 
of the living cell itself (whose versatility and adaptability in the course of aeons 
has turned out to be almost unlimited) but rather one of environmental (geological) 
constraints [45, 48, 203, 261].

Geological evidence [48, 203] lets it appear highly unlikely that, before the ad-
vent of bulk O2 (set free by cyanobacteria and/or their immediate ancestors) in the 
biosphere, substantial quantities of potential (oxygenated) electron acceptors such 
as N-O compounds could have been available at all [188–190, 203]. In contrast to 
oxygenated N-compounds, in an anoxic biosphere, fumarate, CO2, and SO4

2−, rather 
than NO3

−, would have been readily available for “tinkering up” some anaerobic 
RET system: Fumarate, as a frequent chemical intermediate of many (anaerobic) 
fermentative pathways [113, 114], and SO4

2− as a component of the ecological 
sulfur cycle [167] where, in the light, anoxyphototrophic representatives of e.g., 
Chromatium spp. or Chlorobium spp. would anaerobically photooxidize sulfide to 
sulfate while desulfuricants (likewise anaerobically and, if necessary, in the dark) 
would reduce SO4

2− back to S2− (see Tables 1.2 and 1.3). Both reactions are indepen-
dent of O2!. The respective syntrophic community of sulfide-oxidizers and sulfate-
reducers is responsible for the bacterial sulfur cycle [167]: H2S + 2CO2 + 2H2O � 
H2SO4 + 2[CH2O] (reductive anabolism for the synthesis of biomass), and 
H2SO4 + 8[H] � H2S + 4H2O (“reductively dissimilatory”, yet overall oxidative!, 
catabolism, since the metabolic hydrogen [H] for sulphate reduction comes from 
the oxidation of organic substrates or H2) for ATP synthesis. A similar “anaerobic 
CO2 cycle” powered by a (fictitious) syntrophic community of (lithotrophic) meth-
ane oxidizers (Table 1.2) and methanogens (carbonate respirers, Table 1.3) exists on 
paper only since all naturally occurring methanogens have been found to be (very) 
strict anaerobes [5, 221] while methane oxidizers were generally characterized as 
strict aerobes [219, 220]. Yet, nevertheless, there is indeed also an “anaerobic CO2-
cycle” in our biosphere: The strictly anaerobic syntrophic community of Methano-
bacterium spp. and Ruminococcus spp. in the paunch of ruminants (together repre-
senting kind of “anaerobic CO2-cycle” as contrasted with the “aerobic CO2-cycle” 
of Eq. (1.8), see also [166]). In this highly specialized ecological niche Ruminococ-
cus just replaces the inexistent “anaerobic methane oxidizer” by an anaerobic bac-
terium that ferments glucose to H2 (and CO2). In Ruminococcus spp., an obligatory 
inhabitant of the paunch of Ruminants, glucose is the hydrolytic end-product of the 
cellulose present in grass, the usual food-stuff of a cow—which immediately re-
minds us of the famous saying of the prophet Jesaia: “All flesh is grass!”…). The H2 
and CO2 produced in the “hydrogen fermentation” of Ruminococcus spp. according 
to: C6H12O6 + 6H2O � 6CO2 + 12H2 are the reactants for CH4 production by Metha-
nobacterium spp. Note that the methanogenic bacterium’s affinity for H2 is so high 
that in a “normal paunch in its steady-state” the partial pressure of H2 is measured 
to be as low as 10–6 atm (10−1 Pa)! According to the Norwegian physicochemists 
C. M. Guldberg (1836–1902) and P. Waage (1833–1900), this has a tremendous 
impact on, e.g., the chemical equilibrium between NADH and H2 (NADH + H+ �
NAD+ + H2): Equilibrium constant K of this reaction is 6.7 × 10−4 at 1 atm H2, but 
6.7 × 102 at 10−6 atm H2. This means that, in standard conditions, the production of 
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H2 ( E°′ = −420 mV) from NADH ( E°′ = −320 mV)—the essential overall reaction 
of Howard Gest’s famous “hydrogen relief valve” [111, 117], which many strict 
anaerobes critically depend on (in order to escape from dying on over-reduction in 
an anoxic ecological habitat)—could never work. Proper “poising of the reactants’ 
concentrations”, however, may change the situation. The “hydrogen relief valve”, 
e.g., becomes an exergonic (thermodynamically favored) reaction under exceed-
ingly low hydrogen partial pressures. In the paunch of ruminants at least, where—
biochemically speaking—the ultimate biochemical source of H2 naturally is also 
NADH (the “metabolic hydrogen” in the hydrogen fermentation of Ruminococcus 
spp.), this intriguing syntrophic community works so efficient that a standard adult 
ruminant (cattle or cow) releases up to 20 L (converted to standard conditions) of 
CH4 per day! Unfortunately, this has most deleterious consequences for the much-
discussed “greenhouse effect” in the earth’s atmosphere notably since the photo-
chemical (photo-physical) “heating effect” of CH4 (per mol) is about twenty-times 
more pronounced than that of CO2.

Strictly speaking, the whole biosphere on our Earth may be regarded as a single 
huge syntrophic community (between plants and animals, to say it in short). This is 
shown by the so-called water-water cycle [166] or “aerobic CO2-” or “H-H-cycle” 
(Eq. 1.8), which looks quite alike to, e.g., the sulfur-sulfur cycle (“sulphuretum”) 
[167] or the anaerobic “CO2-cyle” in the paunch of ruminants discussed here shortly 
before. Yet, in contrast to the ecological insignificance of the latter, Eq. (1.8) [166] 
is the fundamental and irrevocable biological basis of all life on earth.

Resuming the question of nitrate respiration again, in all events we are wrongly 
advised searching the evolutionary origin of aerobic respiration in some sort of ni-
trate respiration. Just oxygenated N-compounds, even if formed on the early Earth 
in anoxic Urey-Miller conditions, show an extremely low stability (negligibly short 
life time) in an artificial primordial atmosphere so that it must have been hardly 
feasible for them to trigger complicated evolutionary processes over aeons ([69]; 
also see [48, 203]). On the other hand, regarding more readily available oxidants 
in an anoxic biosphere, aerobic respiration has never been even suggested to have 
evolved from either carbonate or sulfate respiration (see our syntrophic discussions 
above; also see Table 1.3) surely because respective electron transport components 
are molecularly much too different from each other. Thus, however, if (practically) 
no N-O compound was available on Earth before the advent of bulk O2 [203] (i.e., 
before the advent of cyanobacteria, see Fig. 1.4a, b), how could nitrate respiration 
(in whatever form) have preceded oxygen respiration? Or to say it parabolically: 
How could the encyclopedia Britannica have been written and printed without let-
ters? Or how could human language have evolved in a throat without vocal cords?

As has been outlined above, comparisons between signature-based whole ge-
nome sequences of mitochondria, chloroplasts and cyanobacteria strongly support 
the so-called conversion hypothesis (Fig. 1.2). The similarity of the photosynthetic 
apparatus of a free living cyanobacterium and a chloroplast is more than striking in 
both functional and structural respects. Additionally, there is close mechanistic and 
structural similarity between respiration and photosynthesis in general (cf. Eq. 1.8), 
as also analysed in detail by the conversion hypothesis [45–47]. This has led to the 
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conclusion [39, 40] that both respiration and photosynthesis might share a common 
evolutionary (viz., a monophyletic) origin. The unifying or generalized endosym-
biont hypothesis [39, 40] is corroborated by recent findings of unexpected genetic 
similarities (similar “gene signatures”) in (prokaryotic) Rickettsiales, mitochondria 
and cyanobacteria [41–44]. Also, the discovery of “thylakosomes”, i.e. vestiges of 
oxygenic photosynthetic organelles, in several (chemoheterotrophic!) protists such 
as Psalteriomonas lanterna and representatives of the parasitic genus Apicomplexa 
[177] would be in line with a “generalized endosymbiont hypothesis” according 
to which both chloroplasts and mitochondria might have started as endosymbioti-
cally engulfed cyanobacteria. Intracellularly, then, the “enslaved” cyanobacterium 
would have had more than enough time to gradually drop its genetic indepen-
dence, exchange genes with a possibly second (the “primary”?) endosymbiont or 
with the host itself, and to develop into either a truely obligate endosymbiont (see 
e.g., Cyanophora paradoxa [262–264]), into a mitochondrion, or into a chloroplast 
(Fig. 2b), or into still other true organelles, according to physiological needs of spe-
cialization or intracellular (“eukaryotic”) constraints of e.g. intracellular communi-
cation. Evolutionary questions similar to those touched in this section are discussed 
more fully in chap. 2 and 3 of this book.

1.4.2.2  Cyanobacterial Respiratory Electron Transport (RET)

Cyanobacterial respiration has been a traditionally much-neglected bioenergetic 
process in cyanobacteria [86, 88, 104, 132, 250]. No longer than 40 years ago, in a 
major review article, the bioenergetic significance of respiration in cyanobacteria 
was denied at all [136] though it should have been clear from the beginning that 
an (obligately) photo(auto)trophic organism devoid of sufficient fermentative ATP 
production [132–135] but nevertheless facing only 50% availability of light, world-
wide and over the year, simply must, in an oxic biosphere, rely on more or less 
efficient aerobic respiration for the “generation of metabolic energy” (ATP!), be it 
only of maintenance energy and for stress defence [265] in situations when photo-
synthesis is not possible [86, 88, 104, 132, 250].

The first serious and modern research article on cyanobacterial respiration, deal-
ing with isolated membranes, did not appear before 1969 [266], even if several 
important and significant whole-cell studies on cyanobacterial photosynthesis and 
respiration had been published already before that time [36, 37, 132, 136, 267, 268, 
390]. By all means, however, it must be remarked here that the first published results 
on a typically bacterial respiratory chain with an aa3-type cytochrome c oxidase 
(COX) in both CM and ICM preparations from Anacystis nidulans ( Synechococcus 
PCC6301) and a few other cyanobacteria [269–278], the pronounced increase of 
respiratory activities in stress conditions [275, 279–288] as well as the unexpected 
heme promiscuity in the cyanobacterial COX [289–292] and indications of adenyl-
ate regulation in this prokaryotic (!) COX ([293], also see [294]), had initially met 
a lot of suspicion in the established scientific community. Yet, most of the discrep-
ancies in the original experimental results published by the Japanese ([295, 296]; 

1 Life Implies Work



44

also see [297]) and the Viennese ([271–278]; also see [298]) research groups could 
later be reconciled with each other [299] when it became clear that (less of a sur-
prise to microbiologists than to plant physiologists) growth conditions are of crucial 
importance for the degrees of “expression” of RET in CM and/or ICM [265, 276]. 
At any rate, and nicely corresponding with common sense, light-limited growth in 
general has always given more respiration (particularly in CM [276, 300, 301]) than 
light-saturated growth [276]. Just at this point now it seems important to remind 
the microbiological scientific community of the fact that respiration in cyanobac-
teria is not only an “accidental appendage to photosynthesis” [38] but an important 
and self-sustaining bioenergetic process indispensable at least for the generation of 
maintenance energy in darkness as well as in stress conditions [265].

Table 1.4 presents a survey of cytochrome c oxidase (COX) and reductase ac-
tivities of cytoplasmic and intracytoplasmic membranes. It seems appropriate here 
to compare these rates with whole cell photosynthetic rates (O2 release = CO2 fixa-
tion). The physiological significance of electron transport rates measured in isolated 
membranes compared with intact cells may be assessed from the following typi-
cal rates of Anacystis nidulans ( Synechococcus sp. PCC6301), the model cyano-
bacterium in earlier investigations: 15–35 nmol NAD(P)H or succinate oxidized 
per min/mg membrane protein (i.e. 2 × nmol (horse heart) ferricytochrome c re-
duced per min/mg membrane protein). Concomitant O2 uptake by these membranes 
measured polarographically in the dark was determined to be 10–20 nmol O2 per 
min/mg membrane protein, which compares with an O2 uptake by intact cells of 
130–150 nmol O2/hr.mg d.w. under identical conditions (approximate correlations: 
1 mg d.w. of cells = 0.5 mg protein = 0.25 mg (crude) membrane protein = 0.02 mg 
chlorophyll). These data clearly show that rates of RET in isolated cyanobacterial 
membranes (measured spectrophotometrically or polarographically) are fully com-
patible with rates of in vivo dark oxygen uptake by intact cells (30–35°C). However, 
compare with the 6.5–7.5 µmol O2/mg chl. per hour taken up in dark respiration the 
rates of photosynthetic O2 evolution of up to 250 µmol O2/mg chl. per hour under 
saturating light [132, 133]!

As in most other phototrophic prokaryotes, in cyanobacteria the ICM contains 
a dual-function PET-RET system [302, 303]. Yet, somewhat different from anoxy-
phototrophs, CM contains a pure-bred respiratory chain without photosynthetic 
reaction centers (Fig. 1.11). The distinct physical partition of the two membrane 
types (CM and ICM) in cyanobacteria is more similar to a chloroplast (chlorophyll-
free boundary membrane and thylakoid membranes without obvious anastomoses, 
than to an anoxyphototrophic bacterium with its multifarious invaginations of the 
CM forming various ICM structures, which latter, when isolated, are called chro-
matophores) [302, 303].

Cyanobacterial RET comprises, as any other biological RET systems, the fol-
lowing five invariant components (from low (−) to high (+) potential): One or more 
dehydrogenases, an electron transport quinone (lipid-soluble mobile carrier), a Cyt 
( bc-type) b6f complex, PC and/or Cyt c6 (water-soluble mobile carrier), and a ter-
minal respiratory oxidase (TRO) as the final electron acceptor (“electron sink”). 
Significant chemical deviations from the common theme of electron transport com-
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ponents are found in the so-called archaea only [1–3, 5, 304, 305]. In this context 
the interesting note may be appropriate that up to the present day not a single photo-
trophic archaeon has been discovered and that even among Gram positive eubacte-
ria phototrophy is a rare exception, whatever this striking correlation might mean in 
systematic terms. More prominent, yet still pace-keeping variations of the common 
monophyletic scheme (between chloroplasts and mitochondria, in particular) are 
the following: Photosystem II instead of dehydrogenases, plastoquinone instead of 
ubiquinone, a Cyt b6f instead of a bc1 complex, and photosystem I instead of a TRO 
(see below).

For chemiosmotic energy conversion [96–100] it is obligatory that the mem-
branes (i.e. CM and ICM) form a closed, osmotically autonomous compartment 
and that the same membrane also possess a reversible F0F1-ATPase or ATP syn-
thase (F-type ATPase in Fig. 1.11) of appropriate orientation to catalyse the end-
ergonic synthesis of ATP from ADP and Pi (“phosphorylation”). This enzyme, in 
functional terms, is the most strictly conserved biochemical device in the whole 
biosphere and certainly was present even before any sort of electron transport 
was “invented” [45–47, 119, 157]. Figure 1.11 depicts the topology of ATP syn-
thase in ICM and CM underlying its important role of energy transduction in both 
PET and RET (also see chap. 10 in this book). Its architecture is very similar in 
all organisms though eukaryotic mitochondrial ATP synthases are much more 
complex than the prokaryotic (including cyanobacteria) and chloroplast enzymes 
[306–309] comprising two structurally and functionally distinct domains: A 
membrane-intrinsic proton translocation system (the F0 part) and a membrane-
extrinsic catalytic domain (the F1 part) that contains six nucleotide-binding sites. 
Unfortunately, no high-resolution X-ray structure is yet available of an intact 
integral F0F1 enzyme but only of the F1 part [155]. In detail, F1 consists of a 
hexamer of three α- (with three regulatory nucleotide-binding sites) and three 
β-subunits (with three catalytic binding sites of different nucleotide occupancy), 
as well as a γ-subunit located asymmetrically in the middle of the hexamer. The 
structure of F1 strongly supports the binding change mechanism proposed by 
Boyer [309]. F1 and F0 are structurally and functionally coupled by at least two 
stalks. The F0 part consists of three different proteins: one subunit a, two sub-
units b and 10–15 subunits c (with the nomenclature in cyanobacteria being often 
different). Only marginal variations of the basic architecture are found in the so-
called Archaea [5] but in all organisms the enzyme works as a molecular motor: 
Ion flux through the F0 part drives rotation of the rings of subunit c, coupled by 
the central stalk to the rotation of the γ-subunit, which drives “step-wise” ATP 
synthesis at the catalytic sites of the β-subunits [309].

As to the low-potential or electron-entry end or “start” of cyanobacterial RET, 
the physiological functions of both a photosynthetic (“reversible”) and a respiratory 
(“unidirectional” or uptake) hydrogenase had been described, obviously as an evo-
lutionary relic, in the obligately phototrophic, unicellular, and non-nitrogen-fixing 
cyanobacterium Anacystis nidulans ( Synechococcus sp. PCC6301) many years ago 
already [138, 142, 310–312]. These results were later confirmed by genome analy-
sis [313]. Generally, hydrogenases are extremely wide-spread and quite randomly 
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distributed among all bacteria including cyanobacteria (for reviews see [314–316]). 
In dinitrogen-fixing (cyano)bacteria uptake hydrogenases are useful for the recy-
cling of the 25% electrons inevitably going to H+ instead of to N2 [317]. In obligate-
ly aerobic hydrogen bacteria uptake hydrogenases act as ultimate electron donors 
to the TRO of ordinary respiratory chains while in obligately anaerobic methano-
gens uptake hydrogenases reduce the alternative terminal electron acceptor CO2 in 
a membrane-bound respiratory and chemiosmotic electron transport reaction giving 
rise for the production of CH4 [5]. In many other anaerobic bacteria “reversible” 
hydrogenases help to prevent metabolic over-reduction in the absence of suitable 
external oxidants (“hydrogen relief valve” [117]). It should be noted in this context 
that hydrogenases sensu stricto metabolize H2 (either consuming or producing it) 
without hydrolysis of ATP while H2 production by nitrogenase which, in usual phys-
iological conditions, mediates the hydrogen relief valve (see above, [117]) needs, 
as for typical triple bond reductions (reduction of N2, CN−, HN3, N2O, C2H2), on an 
average 2 ATP/e− transferred from the Fe- to the MoFe-protein. This net energy re-
quirement (ATP hydrolysis) for thermodynamically exergonic reductions such as N2 
fixation (with H2 via ferredoxin, e.g.) remains enigmatic (see Table 1.3). However, 
a primordial and (in a reducing environment) energy-requiring hydrogenase might, 
in the course of evolution, with acquirement of Mo but basically retained FeS-scaf-
fold, have evolved into a nitrogenase as we know it today [318–320]. Note that, 
essentially, both hydrogenase and nitrogenase are phylogenetically old iron-sulfur 
enzymes operating at a very low (= negative) redox level of around E°′ = −420 mV 
and that both are severely inactivated or even damaged in the presence of free O2, 
the latter usually even more than the former.

The occurrence of a “mitochondrial” energy-transducing, multi-subunit 
NADH dehydrogenase in both CM and ICM of cyanobacteria as well as in chlo-
roplasts (i.e., in oxyphototrophs) was first described by Steinmüller and asso-
ciates [321, 322]. Competent reviews on mitochondrial and bacterial energy-
transducing (i.e., proton-pumping) NADH dehydrogenases, so-called NDH-1 
enzymes (NDH1 in Fig. 1.11) may be found in [323–327] (also see chap. 16 in 
this book). However, in all oxyphototrophs three of the 14 NDH-1 subunits that 
form the minimal functioning complex I [325], viz., NuoE, F and G which make 
up the dehydrogenase module, proper [322], are not at all coded for. Also, in 
contrast to previous claims, hydrogenase genes hoxE, F, and U do not substitute 
for nuoE, F, and G genes [328]. Thus, the question remains unresolved: How can 
the observed oxidation of NAD(P)H by cyanobacterial membranes (CM and/or 
ICM) be explained at all with an enzyme lacking the dehydrogenase module? For 
NADPH oxidation in cyanobacteria, (soluble, photosynthetic) FNR once was in-
voked [329] which, however, cannot be reconciled with solid experimental facts 
(see [88] for detailed discussion). Secondly, cyanobacteria synthesize two quite 
different types of NADH dehydrogenases: The classical multi-subunit NDH-1 
enzyme pumps protons, uses FMN and several FeS clusters as redox co-factors, 
oxidizes both deamino-NADH and NAD(P)H, and is strongly inhibited by rote-
none or piericidin A (this enzyme is marked NDH1 in Fig. 1.11). The alternative 
NDH-2 enzyme [330–332] (see NDH2 in Fig. 1.11) usually consists of one sub-
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unit only, does not pump protons, utilizes FAD instead of FMN, and is devoid 
of FeS clusters. The (non-energy-transducing) NDH-2 enzyme does not oxidize 
NADPH [330] nor deamino-NADH while the cyanobacterial NDH-1 enzyme 
is assumed to oxidize both NADH and NADPH (as well as deamino-NADH) 
[333, 334] most probably just because it is lacking the advanced ‘mitochondrial’ 
NADH dehydrogenase module. A preliminary survey of the occurrence and ac-
tivity of NDH-1 and NDH-2 enzymes in isolated and purified CM and ICM from 
a number of cyanobacteria has been presented [335] (also see Table 1.4). In sev-
eral protists, NDH-2 functions as an energy-overflow valve removing excess re-
ducing equivalents without at the same time giving rise for ATP synthesis [322].

Another potential confusion surrounding cyanobacterial NAD(P)H dehydroge-
nation is the following: At least two of the ndh (= nuo) genes are multicopy genes, 
each copy with a distinct primary structure, leading to six chemically (and pos-
sibly also physiologically) different proteins for subunit 4 and three different pro-
teins for subunit 6 of the cyanobacterial NDH-1 complex. This way, in principle, 
each of the different holoenzymes could catalyse for a distinct physiological func-
tion, e.g. in photosynthesis [322], respiration [241] and possibly even Ci transport 
[336] as has, indeed, been envisaged (see Ref. 88 for discussion). The preliminary 
kinetic characterization of NAD(P)H dehydrogenation by CM and ICM prepara-
tions of cyanobacteria (see also Table 1.4) has yielded the following three distinct 
KM values: 5 and 25 µM toward NADH in both CM and ICM (to be attributed to 
NDH-1 and NDH-2, respectively), only one KM toward NADPH in CM (due to 
the primordial NDH-1 enzyme of oxyphototrophs) but again two distinct KM’s, 
of 5 and 2 µM, toward NADPH in ICM due to the bifunctional ‘oxyphototrophic’ 
NDH-1 and the photosynthetic FNR, respectively. These results were obtained 
on isolated and purified CM and ICM from Synechococcus 6301, Synechocystis 
6803, Anabaena 7120, and Nostoc 8009 (‘Mac’), they were strikingly uniform (i.e. 
each characteristic of a distinct and individual enzyme) and reproducible within 
10–20% throughout [333, 334]. Exclusive oxidation of NADPH via FNR as had 
previously been envisaged [329] could be ruled out by the observation of NADPH 
oxidation in CM preparations with which a strictly monospecific antibody raised 
against cyanobacterial FNR did not react at all while it did react with ICM [88, 
333, 334]. Succinate oxidation by the same membrane preparations (see SDH, 
succinate dehydrogenase, in Fig. 1.11) using either ambient O2 (in the presence of 
catalytic concentrations of ferrocyanide) or [µM] ferricyanide as oxidants, gave 
KM values (toward succinate) of between 600 and 800 µM [333, 334] (also see 
chap. 17 in this book). Further (including molecular) details of the dehydrogena-
tion of NAD(P)H and succinate in (cyano)bacteria (see SDH, succinate dehydro-
genase, in Fig. 1.11) are discussed in [337–347].

A further remarkable peculiarity of cyanobacterial RET is the practically ex-
clusive role of plastoquinone as the lipid-soluble mobile carrier in both PET and 
RET (and thus in CM and ICM, see Fig. 1.11). No ubiquinone or menaquinone has 
ever been detected. And if the strikingly differential effects of plastoquinone and 
phylloquinone for the reconstitution of PET and RET in quinone depleted (pentane 
extracted) membranes [348, 349] might explain the tremendously different rates of 
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RET and PET (in the order of up to 1:100) in cyanobacterial CM and ICM, respec-
tively, still remains to be seen.

The next speciality of cyanobacterial RET is the (apparently chimeric) cyto-
chrome b6f complex. As has been mentioned already, b6f complexes from the cya-
nobacterium Mastigocladus laminosus [197] (as well as from Chlamydomonas 
rheinhardtii chloroplasts [198]) have been structurally resolved in all details quite 
recently, and the occurrence of “split” b6f complexes in chloroplasts and cyanobac-
teria (and in Gram-positive bacilli [350]) had been known for decades. However, 
it sprang a surprise when it was shown that the cyanobacterial b6f complex occurs 
in both ICM and (chlorophyll-free!) CM [240, 351, 352] (Fig. 1.11), that it is im-
munologically cross-reactive with monoclonal and strictly monospecific antibod-
ies raised against cytochrome c1 from beef heart mitochondria and P. denitrificans 
[240, 241], though cytochromes f and c1 do not share sufficient amino acid homol-
ogy [239], and that it is strongly inhibited by the classical complex III inhibitor an-
timycin A which normally does not at all affect canonical b6f complexes [240, 241]. 
A similarly chimeric nature has been suggested for the bc complexes from green 
sulphur bacteria [353] and heliobacteriaceae [243]. Extensive reviews on structure-
function relationships of Cyt bc1 and b6f complexes are found in [242, 337–339].

In RET (similar to PET), downstream of Cyt b6f (“complex III”), extrinsic, 
water-soluble mobile carriers, either plastocyanin or cytochrome c6 transport elec-
trons to TRO(s), i.e. complex IV. Certain (respiring) bacteria, usually Gram positive 
bacteria and archaea, short-circuit RET between the quinone and complex IV by us-
ing (a) quinol oxidase(s) instead of COX(s). In doing so, they not only by-pass both 
complex III and the soluble mobile carrier but also renounce an important coupling 
site for ATP synthesis. Putative genes for quinol oxidases are also found in cyano-
bacteria, however, their physiological role is still under discussion (see below).

Contrary to previous claims [354], at least either Cyt c6 or PC is absolutely indis-
pensable for integral PET and RET [248, 249] and in cyanobacteria both proteins, 
which can substitute for each other, are capable of reducing P700 of photosystem I 
and the COX (see below) (also see [250]), with reaction rates primarily depending 
on IEPs of the redox proteins involved [249, 250, 355, 356] as also shown by cor-
responding Brönsted plots [251–253].

The many completely sequenced cyanobacterial genomes have given astonish-
ing evidence for a variety of several different terminal respiratory oxidases (TROs) 
that might be coded for in many cyanobacterial species, sometimes even up to 
three different TROs in one and the same species (Table 1.5) [86, 250]. The situ-
ation is all the more embarrassing as most of those species are obligate photoau-
totrophs incapable of making major ecological use of respiration for growth and 
proliferation anyway, and the species known to express those different TRO genes 
were shown to synthesize very small amounts of transcripts only which do not 
make it likely that it will ever be feasible to characterize the enzymes on a protein 
level [250, 357].

Generally, heme-copper oxidases (or oxygen reductases) play a key role in aero-
bic RET. They are redox driven proton pumps that couple the four-electron reduc-
tion of molecular oxygen to water to the vectorial translocation of protons across 
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the membrane. They are characterized for having a heme-copper binuclear reaction 
center comprising a CuB electronically coupled with a high-spin heme. Addition-
ally, all heme-copper oxidases contain a low-spin heme in subunit I [360]. Depend-
ing on the nature of electron donors, the superfamily of (cyanide sensitive) heme-
copper oxidases is divided into two branches, namely cytochrome c oxidases (COX, 
aa3-type cytochrome oxidase) or quinol oxidases (QOX, bo-type quinol oxidase) 
[357, 361, 362]. In contrast, the cytochrome bd-quinol oxidases do not belong to 
this protein superfamily, since they lack the binuclear reaction center and instead 
contain two heme groups. Additionally, they do not pump protons.

Cytochrome c oxidase (COX) has been found in all cyanobacteria both at ge-
nomic and protein levels [250]. Thus, eventually the occurrence of orthodox RET 
(albeit united with PET in ICM) and of a proton-translocating [363–367] aa3-type 
cytochrome c oxidase in both CM and ICM of cyanobacteria had been accepted by 
the scientific community [299]. Cytochrome c oxidases have been discovered spec-
trophotometrically and characterized biochemically and immunologically in crude 
membrane preparations of Anabaena sp. [271], Nostoc MAC [270] and Anacystis 
nidulans [269, 278] as well as in all cyanobacteria tested so far [38, 368, 369] and 
their bioenergetic capabilities are absolutely sufficient to meet the modest respira-
tory maintenance requirements of cyanobacteria in general. A gene cluster encod-
ing subunits II, I and III of COX from Synechocystis PCC6803 has been cloned 
[370–372]. Operons encoding subunits I-III in the same order have also been cloned 
from other species (for review see [250]). The presently available genome data un-
equivocally demonstrate that all cyanobacteria contain at least one complete COX-
operon, whereas Nostocales (heterocyst-forming N2-fixing cyanobacteria) have two 
such operons (Table 1.5; see also [250]).

So far the 3D structure of a cyanobacterial COX could not be elucidated. How-
ever, sequence alignment clearly demonstrates [250] that subunits I and II contain 
all redox cofactors and residues involved in O2 reduction and proton pumping. Sev-
eral high-resolution 3D structures of heme-copper oxidases are known including 
COX from Paracoccus denitrificans [373] and Rhodobacter sphaeroides [374]. 
Similar to Paracoccus COX, all cyanobacterial COX subunits I have 12 (predicted) 
transmembrane helices with the core (most probably) forming three pores (“pro-
ton channels”) within and across the membrane, with each pore being shaped by 
four transmembrane helices [357, 351, 373, 375]. The first pore is filled with aro-
matic residues, the second holds the binuclear reaction center, and the third one 
the low-spin heme. Amino acid residues coordinating the metal centers are strictly 
conserved in all cyanobacteria sequenced so far [250]. Additionally, the first and 
second pores are known to form two uptake pathways for protons from the n-side, 
viz., the so-called D- and K-channels [357–360].

Cytochrome c oxidase subunit II includes a typical hairpin-like structure com-
prising two transmembrane helices and a peripheral domain on the p-side of the 
membrane, which latter can be either CM or ICM. In case of cyanobacterial COXs, 
this extrinsic domain (the donor binding and electron entry site), that contains the 
CuA center, has been shown to be uniquely located in two entirely distinct environ-
ments, viz., the periplasmic space and the thylakoid lumen (Fig. 1.11). Subunit II 
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of COX participates in both electron transfer and proton pumping. Electrons from 
a mobile donor (i.e., PC or Cyt c6) are transferred to the CuA center, which is com-
posed of two electronically coupled, mixed-valence copper ions [373, 374]. In all 
(including cyanobacterial) COXs this center is binuclear and the strictly conserved 
ligands are located near the C-terminus of subunit II.

The role of both PC and cytochrome c6 as mobile electron donors for COX 
is still under discussion. A recent investigation of two deletion mutants of Syn-
echocystis PCC6803 (each mutant lacking either petE or petJ) and their photoau-
totrophic and heterotrophic growth rate in copper-free and copper-supplemented 
medium clearly demonstrated that efficient function of respiration requires the 
presence of either Cyt c6 or PC [248, 249]. These data confirm an early suggestion 
of Lockau [376] that cyanobacterial RET can use both PC and Cyt c6 as electron 
donor. (Also see [377–379]). This is also underlined by investigations of the elec-
tron transfer kinetics between PC or Cyt c6 and the recombinant CuA domain of 
COX from Synechocystis PCC6803 [380–382]. Recently, it could be demonstrated 
that both mobile electron carriers can efficiently be oxidized by COX in Nostoc 
PCC7119 [383]. Both Cyt c6 and PC are located inside the thylakoid lumen, and 
also a periplasmic Cyt c6 was identified as an electron donor to CM-bound COX 
(Figs. 1.11 and 1.12) [384, 385]. The occurrence of PC in the periplasmic space 
has not yet been proven.

Deletion of the operon that encodes COX in Synechocystis PCC6803 resulted 
in a mutant strain that was still viable under both photoautotrophic and photomixo-
trophic conditions. The strain respired at near wild-type rates, and this respiration 
was cyanide-sensitive [386]. Isolated membranes from the mutant were unable to 
oxidize reduced horse heart cytochrome c. This was the first evidence for a second 
cyanide-sensitive terminal respiratory oxidase in cyanobacteria. Although COX ap-
pears to be the main terminal oxidase, as is reflected by its occurrence in all cyano-
bacteria (Table 1.5) there is also evidence of the presence and function of the other 
branch of the heme-copper oxidase superfamily [i.e. the quinol oxidase (QOX) or 
bo-type quinol oxidase] in many cyanobacteria. QOX is encoded by a set of genes 
very similar in sequence to the operon that encodes COX. Similarities between 
the two branches of heme-copper oxidases include in addition the presence of one 
low-spin (six-coordinated heme b in QOX) and one high-spin (five-coordinated 
heme o3 in QOX) heme, exchange coupling between high-spin heme and CuB in the 
binuclear reaction site in subunit I, heme-heme interaction as well as alignment of 
these hemes with respect to the membrane bilayer [387]. QOX subunit I contains all 
redox cofactors and is homologous to the corresponding subunit in COX. Sequence 
analysis of cyanobacterial genomes demonstrated that all ligands of the two heme 
groups and of CuB are strictly conserved [250]. In contrast to cytochrome c oxidas-
es, QOX subunit II has neither a binuclear CuA center nor a cytochrome c binding 
site [250, 387]. Instead, heme b receives electrons directly from a quinol molecule 
dissolved in the membrane core matrix (ubiquinol in case of E. coli QOX, plas-
toquinol in case of cyanobacteria?). The protons produced upon quinol oxidation 
(“scalar protons”) are released on the p-side of the membrane. Table 1.5 shows that 
many unicellular cyanobacteria lack the genes encoding QOX, whereas all nitrogen 
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fixing species usually have one QOX-operon. (Marginal) transcription of operons 
encoding QOX has been detected in several species, and studies using deletion mu-
tants and inhibitor studies (though unfortunately performed on whole cells only) 
have suggested QOX to be active and to contribute to energy metabobism (for an 
extensive review see [250]). One major obstacle in understanding the role of QOX 
in cyanobacterial RET is the absence of its characterization on the protein level. 
The operon is transcribed but the exceedingly low levels of mRNAs synthesized 
indicate that characterization at the protein level may remain problematic [357].

1 Life Implies Work

Fig. 1.12  Scheme of the branched dual-function photosynthetic (PET)/respiratory (RET) electron 
transport chain(s) in cyanobacteria. Note that, in all cyanobacteria except Gloeobacter violaceus, 
PET is only localized in intracytoplasmic or thylakoid membranes (ICM), whereas RET is active 
in both ICM and cytoplasmic membrane (CM). Electron donor and acceptor as well as protein 
complexes involved exclusively in PET are depicted in green, those found only in RET in blue 
color. Electron components used in both PET and RET are shown in grey. In contrast to cyto-
chrome c ( aa3-type) oxidase (COX, hexagon), which has been detected on a protein level in both 
CM and ICM, there is no unequivocal information about the physiological function and localiza-
tion of heme-copper (QOX, hexagon) and non-heme-copper quinol oxidases (triangle). Depending 
on copper-availability plastocyanin (PC) and/or cytochrome c6 (Cyt c6) alternatively can functions 
as electron donor for both, photosystem I (PSI) or COX. Another alternative (respiratory) electron 
carrier exclusively found in cyanobacteria (cytochrome cM, Cyt cM) most probably is involved in 
electron shuttling between cytochrome b6f (Cyt b6f) and COX during environmental stress [265, 
399, 400]. COX is the main terminal oxidase in RET, but—depending on growth conditions and 
nitrogen supply—may partially be substituted by QOX or non-heme-copper oxidases which both 
would have to use, then, plastoquinol-9 (PQ) as electron donor. In contrast to PC and Cyt cM, up to 
four paralogs for Cyt c6 are found in cyanobacterial genomes (#). In Nostocales two paralogs for 
COX are found (#). Cyclic electron flow around PSI is shown as a green dashed line [250]
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Additionally, genome analysis suggests the presence of genes or ORFs for anoth-
er terminal oxidase, namely the bd-quinol oxidase [250], which is not a member of 
the heme-copper protein superfamily, since it does not contain a binuclear reaction 
site and is incapable of proton pumping. The role of this enzyme in cyanobacterial 
electron transport chains is even more speculative.

1.4.2.3  Interaction Between PET and RET in Cyanobacteria

Figure 1.12 summarizes the present knowledge of branched RET in cyanobacteria 
and its interrelationship with PET. As has been outlined above, the dual-function 
PET-RET pathway in ICM downstream of plastquinol (PQ) shares common mem-
brane protein complexes and mobile electron carriers involved in both pathways: 
PQ, cytochrome b6f, plastocyanin and cytochrome c6. Nowadays, the respective 
identities and locations of the various electron transport components are fairly well 
documented and proven, amongst others, by immunogold labeling of thin-sectioned 
whole cells [271, 300, 301, 352, 385, 388]. An immediate interaction (“competi-
tion”) between PET and RET can only be expected for the ICM-contained electron 
transport system. Figure 1.12 shows this intramembrane “electron transport bottle-
neck” which, for understandable reasons, must hold for all “uncompartmentalized” 
dual-function membranes of all prokaryotes capable of both respiration and pho-
tosynthesis, irrespective of the peculiar electron transport components involved. 
Since, in cyanobacteria, the “production of electrons” in the light from water-ox-
idation is much more rapid than from substrate dehydrogenation, the “electronic 
bottle-neck” is practically “saturated” and therefore, in the light, electrons from 
substrate dehydrogenation (which can basically, of course, proceed in the light as 
well) cannot be 100% accommodated any more “in the bottle-neck” but “have to 
wait”, i.e., are excluded from the bottle-neck. This results in the well-known “light-
inhibition of respiration” in illuminated prokaryotes. Since the competition between 
PET and RET in a dual-function biomembrane (of a respiring phototrophic prokary-
ote) naturally is mutual, an inhibition of RET by PET (discernible in the form of an 
inhibitory effect of O2 on photosynthesis) can also be measured in special condi-
tions. However, as the inhibition of photosynthesis by oxygen (known as “Warburg 
effect” in the early to mid-20th century [389]) may result, in an intact cell, from 
widely different molecular effects (e.g., “photorespiration”, ribulose-bisphosphate 
carboxylase/oxygenase competition, glycolate oxidase action, other more or less 
unspecific oxygenases, etc.), the competition between PET and RET, proper, can 
only be recognized, as such, in experiments on isolated membranes. In case of iso-
lated cyanobacterial ICM such studies, confirming much earlier propositions for 
a competition between photosynthesis and respiration in cyanobacteria [390], had 
been presented some time ago already [391, 392].

Interaction between RET and PET as well as the role of alternative TROs is obvi-
ous under (environmental) stress conditions as well as nitrogen fixation (which, re-
garding the high need for energy and micro-anaerobic conditions, is a stress, too, for 
the living cell). With respect to stress and adaptation, it is the CM and not the ICM 
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that is closest to the environment and, thus to practically any environmental stress. 
It will therefore also be primarily affected. Respiratory membrane energization and 
ATP supply are crucial to stressed cyanobacteria, which usually shut down PET first 
(viz., at PS II). It has been demonstrated that reversible H+-translocating ATPases 
(or ATP synthases) are located also in the CM [265, 271, 300], for review also see 
[36, 37]) and that energization of CM is a KCN-sensitive process [393]. Altogether, 
it has taken some time, until it became clear that cyanobacteria are uniquely capable 
of recruiting biological energy from both photosynthesis and respiration, and that 
their CM can be energized directly by RET but, more secondarily, also by proton-
translocating ATPases which may utilize ATP from whatever bioenergetic process 
(see respective sections in this article; also see [287, 288, 394, 395]).

In A. nidulans ( Synechococcus PCC6301) exposed to a variety of seemingly un-
related stress conditions (e.g., high-salt or light limitation) RET in CM was shown 
to be significantly enhanced while ICM-bound respiratory chain was much less 
affected (‘salt respiration’) [265]. Additionally, the amount of COX in CM (but 
not in ICM) was increased [300, 301]. The increased respiration was proposed to 
generate a proton gradient required to drive H+/Na+ exchange [265, 397]. H+/Na+ 
antiporters and proton-pumping P-type ATPases have been identified in Synecho-
cystis PCC6803 (Fig. 1.11) [396]. COX was shown to be necessary and sufficient 
for ‘salt respiration’ [265, 276, 393].

Recently, the interrelation between RET and PET under conditions of photoinhi-
bition and high light tolerance has been demonstrated in Synechococcus PCC7002 
[398]. Both COX and QOX were reported to be dispensable for growth under 
normal to moderately high light conditions, whereas at more stressful conditions 
(higher light intensities) COX seems to be the primary oxidase in RET. Usually, 
photoinhibition occurs in conditions of excessive light intensities or electron flow 
limitations due to environmental stresses. Changes in the electron flow around the 
photosystems in a COX-lacking strain were demonstrated to be very similar to those 
under photoinhibitory conditions [398]. Additionally, this mutant exhibited also a 
decrease in the total amount of chlorophyll as well as in the number of active PSII 
complexes. This underlines the important role of COX (and RET) for the protection 
against excessive reductive stress through diverting of electrons from the reduced 
PQ pool to TROs (Fig. 1.12).

Recently, it has been demonstrated that an additional small c-type membrane-
associated cytochrome cM (Cyt cM in Fig. 1.12), encoded by all cyanobacteria so far 
sequenced [250, 399, 400], can reduce CuA in COX [399]: The determined rates of 
RET were comparable with those effected by Cyt c6 and PC as inferred from (1) 
thermodynamic considerations (Cyt cM has a midpoint potential of 150 mV that is 
to be compared to +320 mV of cytochrome f ) and (2) laser-induced kinetic analysis 
of PSI reduction by recombinant Cyt cM [383]. Thus it has been proposed that Cyt 
cM exclusively participates in RET [399]. This is plausible since under stress condi-
tions cyanobacteria not only shut down PET [265] but also suppress the expression 
of both Cyt c6 and PC, whereas expression of cyt cM (that is scarcely expressed un-
der normal growth conditions) is enhanced [400]. This gives further evidence that 
cytochrome cM may also in vivo participate in COX reduction. Its function could 
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be to act as intermediary electron sink in peculiar conditions such as light, salt or 
temperature stress, thereby diverting electrons (via plastoquinol?) towards COX 
(Fig. 1.12).

Additionally, the interrelation between PET and RET is evident during nitrogen-
fixation: Cyanobacteria are the only diazotrophs that produce oxygen as a by-prod-
uct of PET, and therefore must reconcile the inevitable (intracellular!) presence of 
molecular oxygen with an essentially anaerobic enzyme. The biological reduction 
of N2 is absolutely restricted to prokaryotes and is catalysed by the multimeric me-
talloenzyme nitrogenase, which is irreversibly inhibited by molecular oxygen and 
reactive oxygen species [401] (see Sect. 3.2.2). Quite in accordance with what has 
been found about the role of dinitrogen fixation as a bioenergetic stress-response 
(see above), rates of RET go steeply up when cyanobacteria are grown with atmo-
spheric N2 as the sole N-source [265, 402]. Moreover, RET efficiently lowers the 
concentration of dissolved O2 (primarily within the O2-producing cell itself) and 
may thus help to maintain nitrogenase in a virtually oxygen-free cellular environ-
ment (“respiratory protection” [388, 401]) with simultaneous satisfaction of the se-
vere energy (ATP) requirement [265, 317, 388, 402–404].

During the course of planetary evolution, cyanobacteria have co-evolved with 
the changing oxidation state of the ocean and atmosphere to accommodate the ma-
chinery of PET and RET and oxygen-sensitive N2-fixation within the same cell and/
or colony of cells. These strategies have been generally described as temporal and/
or spatial separation of photosynthesis and N2-fixation (for review see [250, 401]). 
The simplest adaptation is seen for the genus Trichodesmium (order Oscillatoria-
les) that fixes nitrogen during the day [405]. Here, oxygen protection is a complex 
interaction between spatial and temporal segregation of PET, RET and N2-fixation 
within the photoperiod. In Trichodesmium, nitrogenase is compartmentalized in a 
fraction of the cells (10–20%) that are often arranged consecutively along the tri-
chome. However, active photosynthetic components are found in all cells, even 
those harboring nitrogenase [406]. Light initiates PET, providing energy and reduc-
tants for carbohydrate synthesis and storage, stimulating cyclic and pseudocyclic 
(Mehler) electron flow through PSI, and poising the PQ pool at reduced levels. 
Interestingly, RET has been shown to be active also early in the photoperiod at high 
rates offering respiratory protection [388, 402] and supplying carbon skeletons for 
amino acid synthesis (the primary sink for fixed nitrogen) [402, 406]. RET reduces 
the PQ pool further, sending negative feedback to linear PET. As a consequence, 
PSII becomes down-regulated and oxygen consumption exceeds oxygen produc-
tion providing a “near-anaerobic” intracellular environment. This opens a window 
of opportunity for N2-fixation during the photoperiod. As the carbohydrate pool is 
consumed, PET through the PQ pool slows down. The PQ pool becomes increas-
ingly oxidized, net O2-production exceeds O2-consumption and nitrogenase activity 
is lost during the following day.

With the evolution of cyanobacteria and the subsequent generation of a gradually 
more and more oxic atmosphere, more sophisticated oxygen protective mechanisms 
were needed. A full temporal separation, in which nitrogen is fixed only at night, 
then developed in other filamentous genera of the order Oscillatoriales as well as 
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Abbreviations Sequenced cyanobacteria Accession numbers
Aca.mar Acaryochloris marina MBIC11017 NC_009925
Ana.var Anabaena variabilis ATCC29413 NC_007413
Cro.wat Crocosphaera watsonii WH8501 NZ_AADV00000000
Cya51142 Cyanothece sp. ATCC51142 NC_010546
Cya0110 Cyanothece sp. CCY0110 NZ_AAXW00000000
Cya7424 Cyanothece sp. PCC7424 NC_011729
Cya8801 Cyanothece sp. PCC8801 NC_011726
Glo.vio Gloeobacter violaceus PCC7421 NC_005125
Lyn8106 Lyngbya sp. PCC8106 NZ_AAVU00000000
Mic.aer Microcystis aeruginosa NIES-843 NC_010296
Nod.spu Nodularia spumigena CCY9414 NZ_AAVW00000000
Nos.pun Nostoc punctiforme PCC73102 NC_010628
Nos7120 Nostoc ( Anabaena) sp. PCC7120 NC_003272
Pro9601 Prochlorococcus marinus str. AS9601 NC_008816
Pro9211 Prochlorococcus marinus str. MIT9211 NC_009976
Pro9215 Prochlorococcus marinus str. MIT9215 NC_009840
Pro9301 Prochlorococcus marinus str. MIT9301 NC_009091
Pro9303 Prochlorococcus marinus str. MIT9303 NC_008820
Pro9312 Prochlorococcus marinus str. MIT9312 NC_007577
Pro9313 Prochlorococcus marinus str. MIT9313 NC_005071
Pro9515 Prochlorococcus marinus str. MIT9515 NC_008817
ProNATL1A Prochlorococcus marinus str. NATL1A NC_008819
ProNATL2A Prochlorococcus marinus str. NATL2A NC_007335
Pro1375 Prochlorococcus marinus subsp. marinus str. 

CCMP1375
NC_005042

Pro1986 Prochlorococcus marinus subsp. marinus str. 
CCMP1986

NC_005072

Syn6301 Synechococcus elongatus PCC6301 NC_006576
Syn7942 Synechococcus elongatus PCC7942 NC_007604
Syn107 Synechococcus sp. BL107 NZ_AATZ00000000
Syn9311 Synechococcus sp. CC9311 NC_008319
Syn9605 Synechococcus sp. CC9605 NC_007516
Syn9902 Synechococcus sp. CC9902 NC_007513
SynJA23 Synechococcus sp. JA-2-3B′a(2–13) NC_007776
SynJA33 Synechococcus sp. JA-3-3Ab NC_007775
Syn7002 Synechococcus sp. PCC7002 NC_010475
Syn307 Synechococcus sp. RCC307 NC_009482
Syn9916 Synechococcus sp. RS9916 NZ_AAUA00000000
Syn9917 Synechococcus sp. RS9917 NZ_AANP00000000
Syn5701 Synechococcus sp. WH5701 NZ_AANO00000000
Syn7803 Synechococcus sp. WH7803 NC_009481
Syn7805 Synechococcus sp. WH7805 NZ_AAOK00000000
Syn8102 Synechococcus sp. WH8102 NC_005070
Syc6803 Synechocystis sp. PCC6803 NC_000911
The.elo Thermosynechococcus elongatus BP-1 NC_004113
Tri.ery Trichodesmium erythraeum IMS101 NC_008312

Table 1.6  List of all mentioned cyanobacterial strains, abbreviations and access codes of all 
genomes
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in unicellular members of the order Chroococcales. These organisms fix nitrogen at 
night and nitrogenase is typically found in all cells. They also show extensive meta-
bolic periodicities (“circadian rhythms”) of PET, RET and nitrogen fixation when 
grown under N2-fixing conditions. Nitrogen fixation and respiration peak at 24 h 
intervals early in the dark or in a subsequent dark period, whereas photosynthesis is 
approximately 12 h out of phase and peaks toward the end of the light phase.

Finally, a highly refined specialization is found in heterocystous cyanobacteria 
Nostocales and also reflected by the increased number of genes encoding com-
ponents of RET including TROs (terminal heme-copper oxidases and their puta-
tive electron donors) (Table 1.5). In these organisms, nitrogenase is confined to a 
micro-anaerobic cell, the heterocysts [407], which differentiates completely and 
irreversibly 12–20 h after combined nitrogen sources are removed from the me-
dium. Heterocysts are enveloped by two superimposed layers, one consisting of 
polysaccharides and the other of glycolipids, the latter slowing down the diffusion 
of O2. Heterocysts have lost the capacity of cell division, exhibit high PSI activity 
(but lack PSII) and increased RET. They rely on vegetative cells as source of carbon 
and reductant and, in return, they supply the surrounding vegetative cells with fixed 
nitrogen. Cyclic electron flow around PSI and RET supplies ATP. Interestingly, het-
erocysts prefer ICM as the site of RET, while unicellular N2-fixing species prefer 
CM [402, 403]. For a comprehensive list of all cyanobacterial species mentioned 
in this chapter (together with abbreviations and accession numbers) see Table 1.6.

1.4.2.4  Conclusion and Outlook

In conclusion, cyanobacteria are the paradigmatic organisms of oxygenic (plant-
type) photosynthesis and aerobic (mitochondrial-like) respiration in bioenergetic, 
evolutionary, and ecological respects. They have uniquely accomodated both a pho-
tosynthetic and a respiratory electron transport chain within a single prokaryotic 
cell. Since many cyanobacteria in addition are also capable of N2-fixation, they are 
often called the bioenergetic “nonplus-ultra” among living beings. They represent 
ideal objects to study the evolution and molecular physiology of resourcing energy 
for metabolic needs under various environmental conditions (and restraints). Cya-
nobacteria not only were the first oxygenic (plant-type) photosynthesizers but also 
the first aerobic respirers and the cyanobacterial COX (most probably) the first 
functional aerobic terminal oxidase [408].

Our research attempts focusing on cyanobacterial respiration often confronted 
us with the question: “Why devote research efforts to a cyanobacterial bioener-
getic process that, by itself, is generally insufficient to sustain growth and prolif-
eration?” However, since everything that happens must have a reason for why it 
happens, and a mechanism for how it happens, we were nevertheless able in the 
course of decades to contribute significantly to an unraveling of the salient fea-
tures of cyanobacterial respiration, the most important of which features might be 
summarized as the following: (1) Functional oxidative phosphorylation in intact 
cyanobacteria with a quite normal P/O value of 3 [93–96, 409, 410], (2) function 
of the (NAD(P)H-)-plastoquinol-cytochrome c6/PC-electron transport segment 
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as a common component in both photosynthesis and respiration [391, 392], (3) 
occurrence of both F-type and P-type ATPases in cyanobacterial CM [240, 411, 
412], (4) detection and characterization of a fully functional aa3-type cytochrome 
c oxidase (COX) in both CM and ICM isolated and purified from a wide variety 
of cyanobacteria subjected to very different growth conditions (contents of the 
overwhelming majority of the sections in this article), and (5) unraveling of the 
interplay between RET and PET under various stress conditions including nitrogen 
fixation ([265] and this article).

Finally, looking back to our scientific lives under the auspices of the cyanobacte-
ria, we can only hope that Homo sapiens sapiens with his inborn destructive attitude 
(see Fig. 1.4a) will not be able to destroy within a few decades what cyanobacteria 
have built up during millennia.
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Muroplasts, the peculiar plastids (previously called cyanelles) of glaucocystophyte 
algae did retain—with some modifications—the peptidoglycan wall of their cyano-
bacterial ancestor. This is not only a convincing proof of the endosymbiotic theory, 
but earns glaucocystophytes the status of living fossils, as peptidoglycan is found 
nowhere else among eukaryotes. Muroplasts show even more cyanobacterial fea-
tures than other primitive plastids, e.g., rhodoplasts. Almost all data available at 
present come from one species, Cyanophora paradoxa. The plastome, containing a 
surplus of 50 protein genes compared to chloroplast genomes (Table 2.1) and about 
30% of the transcriptome (ESTs) of this organism are sequenced and a genome 
project is in progress. While Cyanophora does not offer such possibilities for ge-
netic analysis as the Chlamydomonas system, due to its reasonable growth rate it is 
amenable to biochemical investigations.

The light-harvesting antennae, the pathways of protein sorting into and within 
plastids, the genetic compartmentation of photosynthesis genes, the composition of 
the oxygen-evolving complex, and the nature of the carbon-concentrating mecha-
nism will be compared for muroplasts, rhodoplasts and (green algal) chloroplasts. 
Preliminary data on the biosynthesis of starch in C. paradoxa will be put in the con-
text of reserve carbohydrate nature and localization in various oxygenic autotrophs. 
Based on sequence alignments and phylogenetic analyses, Cyanophora occupies 
a bridge position between cyanobacteria, red algae and green algae, in some cases 
taking sides with the ancestors, in other cases with the green lineage or the red lin-
eage, respectively.

G. A. Peschek et al. (eds.), Bioenergetic Processes of Cyanobacteria, 
DOI 10.1007/978-94-007-0388-9_2, © Springer Science+Business Media B.V. 2011
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2.1  Introduction

Phototrophic eukaryotes emerged from the so-called primary endosymbiotic event, 
about 1.5 billion years ago (Fig. 2.1). It is generally accepted that cyanobacteria 
gave rise to plastids after massive gene transfer from the endosymbiont genome 
to the nucleus of the heterotrophic host cell. Most, but not all researchers in the 
field consider the primary endosymbiotic event a single one, i.e., the immensely 
complicated establishment of a hereditary symbiosis leading to a photosynthetic 
organelle happened only once (Martin et al. 1998; Rodríguez-Ezpeleta et al. 2005; 
Reyes-Prieto et al. 2007a), between a suitable host cell and a suitable—likely fil-
amentous and nitrogen-fixing—cyanobacterium (Deusch et al. 2008). This view 
implies monophyly of the kingdom “Plantae”: all plastid types, regardless of their 
morphology and pigmentation are derived from an ancestral organelle, the “pro-
toplastid”. This primordial organelle had already performed 90% of the total gene 
transfer events to the nucleus, was still armored by a peptidoglycan wall, and had 
developed a specific protein import apparatus at its envelope. The Archaeplastida 
(glaucocystophytes, rhodophytes, chlorophytes and streptophytes) are phototrophic 
eukaryotes containing primary plastids, surrounded by two envelope membranes 
(Adl et al. 2005). The phagosomal membrane was lost early in plastid evolution as 
evidenced by two much more recent endosymbioses: the photosynthetic chromato-
phores (cyanelles) from the thecamoeba Paulinella chromatophora (Nowack et al. 

Table 2.1  Muroplast genes from Cyanophora paradoxa specifying proteins of the photosynthetic 
apparatus
Phycobiliproteins (7): apcA, apcB, apcD, apcE, apcF, cpcA, cpcB
Photosystem I proteins: psaA, psaB, psaC, psaE, psaF, psaI, psaJ, psaM
Photosystem II proteins: psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, 

psbM, psbN, psbT, psbV, psbX, psbY, psbZ, psb30
ATP synthase subunits: atpA, atpB, atpD, atpE, atpF, atpG, atpH
Subunits of the cytochrome b6/f complex & ferredoxin: petA, petB, petD, petG, petL, petN, 

petX; petF
Calvin cycle enzymes: rbcL, rbcS
Chlorophyll biosynthesis: hemA*, chlB, chlI, chlL, chlN
Carotenoid & prenylquinone biosynthesis: crtE*, preA
ORFs with putative function in photosynthesis: ycf3a, ycf4a, ycf5b, ycf16c, ycf 24d, ycf 27e, ycf33f, 

orf333g

Gene nomenclature according to the guidelines for chloroplast genes (Stoebe et al. 1998). Genes 
marked with an asterisk are not found on any other plastid genome. Genes underlined are absent 
from the chloroplast genomes of higher plants
a Role in PS I assembly
b Role in PS I function
c ABC transporter subunit, ortholog to bacterial sufC, involved in [Fe-S] cluster biogenesis
d ABC transporter subunit, ortholog to bacterial sufB, involved in [Fe-S] cluster biogenesis
e Response regulator of PS I genes ( rpaB)
f Role in cyclic electron transport
g Role in assembly/stability of PS II ( hcf136)
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2008; derived from a Synechococcus-like ancestor, estimated age 60 My) are sur-
rounded by two membranes only, whereas the nitrogen-fixing spheroid bodies from 
the diatom Rhopalodia gibba (Kneip et al. 2008; derived from a Cyanothece-like 
cyanobacterium, estimated age 25–35 My) are still surrounded by three membranes 
(Kovacevic et al. 2009). The inner (IEM) and outer (OEM) envelope membranes of 
the Archaeplastida clearly correspond to the respective membranes of the ancestral 
cyanobacterium. The majority of algal phyla arose from superimposed (multiple 
and polyphyletic) secondary endosymbiotic events where hetrotrophic protists en-
gulfed red algae or green algae, i.e. phototrophic eukaryotes. The resulting second-
ary or complex plastids are surrounded by three or four membranes (Stoebe and 
Maier 2002).

Fig. 2.1  The single primary endosymbiotic event. (Modified from Stoebe and Maier 2002)

2 Cyanophora paradoxa
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Most phylogenetic analyses hold the glaucocystophytes as the most ancient pho-
totrophic eukaryotes known to date (Rodríguez-Ezpeleta et al. 2005; Reyes-Prieto 
et al. 2007b) and their muroplasts (Fig. 2.2) occupy a bridge position between plas-
tids and free-living cyanobacteria. It is the purpose of this review to elaborate these 
special features mimicking early events in plastid evolution.

2.2  The Phycobilisome Antenna System

This major light harvesting system of cyanobacteria (MacColl 1998), rhodoplasts, and 
glaucocystophyte muroplasts was studied in some detail in C. paradoxa (Table 2.2). 
While its cyanobacterial origin is obvious, modifications typical for eukaryotic phy-
cobilisomes (PBS) are encountered: some of the putative rod linker polypeptides 
are of unusual size, i.e., 50–60 kDa, as also found in rhodoplasts (Egelhoff and 
Grossman 1983; Liu et al. 2008a). In contrast to cyanobacterial PBS, no binding of 
FNR to the outer segments of rods (Jakowitsch et al. 1993; Steiner et al. 2003) was 
observed. Unlike red algae, there is no phycoerythrin (PE) and the genetic com-
partmentalization is more rigorous: the chromophorylated phycobiliproteins are all 
muroplast-encoded whereas all colorless linker polypeptides are products of nuclear 
genes and thus major import products into muroplasts (Table 2.2). However, there 
are PBS components with features from both groups as the chromophore-bearing, 
linker-like γ−phycoerythrin from the red alga Aglaothamnion neglectum (Apt et al. 
1993), which is nucleus-encoded. On the other hand, the “genuine” rod-core linker 

Fig. 2.2  Eukaryotic peptidoglycan in the muroplast envelope of Cyanophora paradoxa visualized 
via immunogold electron microscopy. Primary antibodies are directed against peptidoglycan from 
Escherichia coli. PG, peptidoglycan septum; CS, putative carboxysome
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CpcG is encoded by the plastid genome in A. neglectum (Apt and Grossman 1993). 
The accessory allophycocyanins ApcD and ApcF have functions in energy transfer 
from the PBS to PS I and PS II, respectively, in cyanobacterial (Dong et al. 2009) 
and, likely, also in glaucocystophyte PBS. Recently, evidence was obtained that PBS 
serve both photosystems in rhodoplasts (Liu et al. 2008a; Busch et al. 2010).

In analogy to cyanobacteria (Wang et al. 2004), the expression of the rod-core 
linker gene cpcG1 is downregulated upon shift of the cultures from high to low 
[CO2] indicating a reduction of antenna size during CO2-limitation (Burey et al. 
2007). The 7.8 kDa core linker ApcC (45–51% sequence identity to cyanobacterial 
counterparts of almost the same size) was expressed through in vitro transcription/
translation of the cloned gene and imported into isolated muroplasts where its fast 
assembly into PBS could be demonstrated (Steiner et al. 2003). This is convincing 
evidence for the dynamic behavior of PBS. ApcC from C. paradoxa shows an in-
sertion of four amino acids (AKKT) between the highly conserved positions P-11 
and S-12 of cyanobacterial homologs which is not found in the corresponding ESTs 
from red algae. Partial cDNA sequence as well as peptide sequence information is 
available for the other linker polypeptides of Table 2.2 with the exception of the 
9 kDa protein (J. Steiner, unpublished). The small linker polypeptides described 
for the unicellular red alga, Porphyridium cruentum, are of higher MW (13 kDa 
and 14 kDa; Liu et al. 2008a). Interestingly, the large linkers (Table 2.2) seem to 
have arisen from a duplication of the cpcG gene, which itself exists in two variants, 
cpcG1 and cpcG2 (J. Steiner, unpublished). A similar gene fusion event has been 
reported for an unusual, chromophore-bearing phycoerythrin linker protein from 
a marine Synechococcus sp. (Six et al. 2005). Recently, CpcG2 was shown to be 
part of a novel photosystem I antenna, consisting of a rod only, in Synechocystis 
sp. PCC 6803 (Kondo et al. 2007). It remains to be seen if this can be generalized 
to muroplast CpcG2, the C-terminus of which is less hydrophobic than that of the 
cyanobacterial counterpart. However, there is convincing evidence for a dual PSI 
antenna in the red alga C. merolae consisting of crescent-shaped Lhcr proteins and 
a PBS subcomplex of the Synechocystis type (Busch et al. 2010). There is only one 

Table 2.2  Components of purified, intact muroplast PBS (Steiner et al. 2003)
Apparent 
MW (kDa)

Abundance Phycobilipro-
tein

Correlated gene Assignment

98 Medium Yes apcEa Core-membrane linker
55 Medium No Rod linker?
53 Medium No Rod linker?
38 Low No Rod linkerb?
31 Low No cpcG1, cpcG2b Rod-core linker
19–21 High Yes apcAa,Ba,Da,Fa Allophycocyanin subunits
16–18 High Yes cpcAa,Ba Phycocyanin subunitsb

9 Low No Terminal rod linker?
8 Low No apcC Core linker
a Muroplast-encoded
b Potential components of a PS I associated PBS subcomplex
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gene for CpcG in the (streamlined) genome of the extremophile, that also lacks 
a hydrophobic stretch at the C-terminus. Taken together, a bridge position seems 
to emerge for PSI of glaucocystophytes: no extrinsic chlorophyll antenna (unlike 
red algae) but a (reduced) special PBS antenna. CpcG2, a fraction of the alpha- 
and beta-phycocyanins, and the putative 38 kDa rod linker (substoichiometric in 
Table 2.2) could function as subunits thereof.

The prevalent muroplast pigments are chlorophyll a, β-carotene, zeaxanthin, 
β-cryptoxanthin, allophycocyanin, and C-phycocyanin. Carotenoids typical for 
cyanobacteria such as echinenone and myxoxanthophyll are absent. A carotenoid–
rich protein (CRP) was isolated from C. paradoxa through its cross-reactivity with 
LHCP (Rissler and Durnford 2005). However, the 28 kDa protein appeared to be a 
peripheric rather than an integral thylakoid membrane protein with a preference for 
zeaxanthin binding. Elucidation of its function, likely photoprotective as in cyano-
bacteria (Liu et al. 2008b), must await further studies.

2.3  Photosystem II

The photosynthetic apparatus of cyanobacteria (including primitive plastids) and 
chloroplasts (from green algae and higher plants) show some differences in spite of 
their high overall similarity. The oxygen evolving complex (OEC) in cyanobacteria 
(Shen et al. 1998) consists of three peripheral membrane proteins: a 33 kDa protein 
(OE33, the product of the psbO gene), cytochrome c550 ( psbV), and a 9–12 kDa 
protein ( psbU). Chloroplasts possess only one of these components: the 33 kDa pro-
tein. An unrelated 23 kDa protein, OE23 ( psbP), fulfills the function of cytochrome 
c550, whereas PsbU is replaced by an unrelated 16 kDa protein, OE16 ( psbQ). Primi-
tive plastids comprise the muroplasts of Cyanophora paradoxa, the rhodoplasts of 
e.g., Porphyra purpurea and Cyanidium caldarium and, likely, those complex plas-
tids (e.g., of the cryptomonad Guillardia theta and the diatom Odontella sinensis) 
that arose from a red algal secondary endosymbiont. Evidence for their cyanobacte-
rial type OEC is the psbV gene which resides on the plastid genomes in all known 
cases (Kowallik et al. 1995; Reith and Munholland 1995; Löffelhardt et al. 1997; 
Douglas and Penny 1999; Glöckner et al. 2000) and the nuclear psbU genes of e.g., 
C. caldarium (Ohta et al. 1999) and C. paradoxa (Steiner et al. 2005b) which show 
bipartite presequences. In addition, the photosystem II and OEC complex was char-
acterized at the protein level for C. caldarium (Enami et al. 1995) and C. paradoxa 
(Shibata et al. 2001). The nucleus-encoded psbP and psbQ genes of higher plants 
and green algae display “twin-arginine” motifs in the thylakoid transfer domains of 
their bipartite presequences, which is an indication for the usage of the ∆pH or Tat 
pathway for thylakoid translocation. This pathway is employed by lumenal proteins 
unable to translocate via the alternative SecA/Y/E pathway because of folding in 
the stroma with or without cofactors (Dalbey and Robinson 1999). At present, there 
is no evidence for any cofactors of OE23 and OE16. On the other hand, the twin-
arginine motif is missing from the presequences of psbU genes from cyanobacteria.
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Muroplast SecA appeared to be quite susceptible to inhibition by sodium azide, 
but not to the Tat pathway inhibitor Nigericin, during import experiments with ho-
mologous precursors: thylakoid translocation of the larger intermediate form of 
PsbO was completely abolished (Steiner et al. 2005b). Cyanobacterial thylakoids 
do not form tight vesicles upon isolation and thus are not suitable to demonstrate 
protease protection of internalized, processed lumenal proteins. With improved mu-
roplast fractionation methods it was possible, at least for PsbO, to show Sec-depen-
dent translocation in organello and, after muroplast lysis and thylakoid isolation, 
for the first time protease protection of the mature protein inside of phycobilisome-
bearing thylakoids. Recently, a psbQ-like protein corresponding to ORF sll1638 has 
been identified by proteomic analysis of a highly active PSII preparation from Syn-
echocystis sp. PCC6803 (Kashino et al. 2002). In the red alga Cyanidium caldarium 
the OEC is of “primitive” type consisting of PsbO, PsbU and PsbV (cyt c550), but 
additionally contains a 20 kDa protein with significant sequence similarity to PsbQ, 
now named PsbQ′, which has been shown to be able to functionally replace the 
green algal 17 kDa protein on binding to green algal, but not higher plant PSII and 
restore oxygen evolution (Ohta et al. 2003). Later on, PsbQ′ was established as 
an essential component of the cyanobacterial OEC (Roose et al. 2007). A crystal-
line preparation of C. caldarium PS II dimers with excellent resolution of protein 
bands (Adachi et al. 2009) also revealed the additional extrinsic (lumenal) protein 
of 20 kDa (PsbQ′). In the dBEST data base, a Cyanophora EST with sequence simi-
larity (http://amoebidia.bch.umontreal.ca/pepdb/pepdb.html) to PsbQ′ is contained, 
pointing towards even greater analogies between the OECs from cyanobacteria and 
primitive algae than previously expected.

PSII reaction center core and intrinsic subunits are very similar for all oxy-
genic phototrophs. The muroplast genome encodes in total 19 subunits of PS II 
(Table 2.1), the same applies for rhodoplasts (Reith and Munholland 1995). Shibata 
et al. (2001) investigated the subunit composition of purified oxygen-evolving PS 
II particles of C. paradoxa: more than 30 protein bands were resolved including 
PsbO and cytochrome c550 whereas PsbU obviously was lost during the preparation.

2.4  Cytochrome b6 /f Complex and Electron Donors 
to Photosystem I

As in the case of PSII, the muroplast genome is a treasure trove containing seven 
genes for membrane-bound subunits (Table 2.1). Pre-cytochrome f( petA) contains a 
signal sequence with a highly hydrophobic core domain. The only nuclear-encoded 
subunit known to date is Rieske iron sulfur protein (PetC). About five aa of its N-
terminus with a noncleavable signal-anchor domain protrude into the stroma, fol-
lowed by one trans-membrane helix and the lumenally exposed bulk of the protein 
containing the Fe2S2 cluster. The “twin arginine” motiv of cyanobacterial PetC is 
replaced by RK: nevertheless there is good evidence that the Tat translocase assists 
in thylakoid membrane translocation/insertion of this folded holoprotein that has to 
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attain its prosthetic group in the stroma (Steiner et al. 2005b). There are no data at 
present on purification of the cytochrome b6/f complex and subunit characterization 
at the protein level for C. paradoxa or red algae.

Cytochrome c6 (PetJ) of C. paradoxa was characterized at the protein and cDNA 
level (Steiner et al. 2000). The bipartite presequence of the nuclear-encoded precur-
sor shows a signal peptide with a core domain of moderate hydrophobicity, unlike 
the muroplast-encoded pre-cytochrome f and pre-cytochrome c550. The intermediate 
form, i-cytochrome c6 accumulated in the stroma after import into isolated cyanelles 
and transit peptide cleavage when sodium azide was added to the incubation buffer 
(Steiner et al. 2005b). As expected c-type cytochromes attain their heme in the thy-
lakoid lumen and are translocated across the thylakoid membrane as unfolded Sec 
passengers. PetJ is solely responsible for electron transport between the cytochrome 
b6/f complex and PS II as there is no plastocyanin in C. paradoxa. PetJ is present 
in the periplasmic space as well as in the thylakoid lumen of muroplasts and might 
play a role as electron donor to yet unknown terminal oxidases in the inner enve-
lope membrane (G. Peschek, personal communication). There is no indication for a 
continuity of IEM and TM in muroplasts, a question which is also answered in the 
negative for cyanobacteria (Liberton et al. 2006). Nevertheless, under freeze-thaw 
conditions muroplasts are completely drained of cytochrome c6 whereas no loss of 
phycobiliproteins was observed (Steiner et al. 2000).

2.5  Photosystem I

At the present state of knowledge the very well investigated PS I of cyanobacte-
ria is trimeric, whereas PS I of algae is a monomer (good evidence for green and 
red algae, by analogy for glaucocystophytes). The contribution of the muroplast 
genome—eight genes –is less pronounced than for PS II (Table 2.1). PS I prepara-
tions from C. paradoxa revealed, in addition to the major polypeptides, a number 
of smaller subunits. PsaD is nuclear-encoded in contrast to red algae and its N-
terminus resembled the counterparts from the “green lineage”. On the other hand, 
the N-terminal sequence of PsaL was closer to the cyanobacterial homologs. (Koike 
et al. 2000). In this study, immunodetection of Lhca proteins was unsuccessful. 
Thus, in contrast to other algal phyla, the lack of an extrinsic chlorophyll antenna 
in PS I must be assumed for C. paradoxa, a parallel to cyanobacteria. It remains 
to be seen upon the completion of the C. paradoxa genome sequence if PsaGHK 
(involved in Lhca and Lhcr binding) are absent.

Muroplast ferredoxin was the first plastid-encoded ferredoxin reported 
(Table 2.1, Löffelhardt et al. 1997). Ferredoxin-NADP+ oxidoreductase (FNR) of 
Cyanophora paradoxa was characterized at the protein and cDNA level (Gebhart 
et al. 1992; Jakowitsch et al. 1993). The 34 kDa protein shows high amino acid 
sequence similarity to higher plant counterparts and lacks the C-terminal extension 
of cyanobacterial enzymes (around 45 kDa) responsible for binding to phycobili-
somes. The availability of the 35S-labeled precursor was important for the establish-
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ment of a muroplast in vitro import system (Jakowitsch et al. 1996). Muroplasts and 
likely rhodoplasts appear to import precursors displaying a phenylalanine residue in 
the N-terminal domain of the transit sequences via a primordial Toc translocon with 
postulated receptor and pore functions. The bulk import products of chloroplasts, 
Rubisco SSU and Lhcb, which necessitated the development of specific receptors, 
are not relevant here (Steiner et al. 2005a; Steiner and Löffelhardt 2005).

2.6  Calvin Cycle Enzymes

A NAD(P)-dependent glyceraldehyde-3-phosphate dehydrogenase was purified 
from a muroplast extract of C. paradoxa as a 142 kDa homotetramer with features 
similar to the cyanobacterial counterpart (Serrano and Löffelhardt 1994). This is in 
agreement with the postulated duplication of the gapA gene early in streptophyte 
evolution (Petersen et al. 2006). In addition, the NAD-dependent cytosolic enzyme 
involved in glycolysis was purified (Serrano and Löffelhardt 1994).

The gene for CP12 protein involved in the formation of inactive complexes of 
Calvin cycle enzymes during night was also characterized (Petersen et al. 2006). 
Cytosolic and muroplast-localized fructose-1,6-bisphosphate aldolases of class II 
were fractionated from C. paradoxa extracts as 90 and 85 kDa proteins, respec-
tively (Gross et al. 1994). The latter was shown to be bifunctional for fructose-1,6-
bisphosphate and sedoheptulose-1,7-bisphosphate cleavage (Flechner et al. 1999). 
The gene for the cyanelle enzyme was subject to phylogenetic analysis. It proved 
to belong to type B, hitherto not found in plastids, with Synechocystis sp. as the 
nearest neighbor (Nickol et al. 2000). The cDNA of pre-transketolase from C. para-
doxa was sequenced. In a neighbor-net graph, the Cyanophora enzyme occupied a 
position intermediate to the plastid and cyanobacterial homologs. In vitro import of 
the precursor into muroplasts and pea chloroplasts was equally efficient (Ma et al. 
2009). The single copy gene was downregulated upon shift to low CO2 conditions 
(Burey et al. 2007)

2.7  Starch Metabolism

Early diverging phototrophic eukaryotes seem to play an important role in the con-
version of cyanobacterial glycogen into the starch of green algae and higher plants 
during evolution (Deschamps et al. 2008). C. paradoxa starch showed a (high) amy-
lose and amylopectin content with chain length distributions and crystalline organi-
zation similar to green algae and land plants. However, several starch synthase ac-
tivities were found utilizing UDP-glucose, this time in analogy to rhodophytes that 
also synthesize starch in the cytosol. In addition, a multimeric isoamylase complex 
(in support of the proposed correlation between the presence of starch and of iso-
amylase) and multiple starch phosphorylases were demonstrated. These results were 
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obtained at the zymogram level and in some cases also at the gene level (Plancke 
et al. 2008). Transcription of a granule-bound starch synthase (responsible for amy-
lose formation) was shown to be upregulated upon shift to low [CO2] (Burey et al. 
2007). Recently, the transglucosidase DPE2 (disproportionating enzyme 2, transfer-
ring one glucose moiety from maltose to a cytosolic heteroglucan) from C. paradoxa 
could be demonstrated on zymograms. Despite the differential location of starch in 
the two cases, DPE2 is a cytosolic enzyme as in Arabidopsis (Fettke et al. 2009).

The properties of a number of transporters were studied in the muroplast in-
ner envelope membrane: a phosphate translocator (TPT) similar to the chloroplast 
homolog and a glucose transporter (Schlichting and Bothe 1993) as well as a glu-
tamine carrier with unusual features (Kloos et al. 1993) whereas a malate/oxaloac-
etate shuttle and an ATP/ADP translocator could not be demonstrated (Schlichting 
et al. 1990). The efficient triose phosphate (TP)/phosphate exchange resembles that 
observed for rhodophytes: in both cases starch is synthesized and stored in the cyto-
sol, necessitating rapid export of photosynthate from the plastids, whereas the low-
affinity plant TPTs allow for sufficient TP levels for starch biosynthesis inside of the 
chloroplasts (Linka et al. 2008). An interesting hypothesis postulates the insertion 
of host cell transporters into the endosymbiont plasma membrane as a primordial 
step in the establishment of endosymbioses: candidates are the TPT (Weber et al. 
2006) and a transporter for ADP-glucose required for relocation of starch synthesis 
from the endosymbiont into the host cytosol (Deschamps et al. 2008).

2.8  The Case of the Eukaryotic Carboxysome

All cyanobacteria (Badger and Price 2003) and most algae (Giordano et al. 2005) 
possess an inorganic carbon-concentrating mechanism (CCM) that involves a mi-
crocompartment—carboxysomes in prokaryotes, pyrenoids in eukaryotes—har-
boring the bulk of cellular (plastidic) Rubisco. Inorganic carbon (bicarbonate) is 
concentrated at the very site where the bulk of Rubisco is involved in efficient 
CO2 fixation, i.e., superior to the rate that soluble Rubisco acting below substrate 
saturation could achieve. Carbonic anhydrase (CA) is important for converting the 
“storage form” bicarbonate into the Rubisco substrate CO2. CA is co-packaged 
with Rubisco in cyanobacterial carboxysomes whereas it localizes to the lumen of 
thylakoids traversing the pyrenoid in C. reinhardtii. The two microcompartment 
types also differ in size, number and morphology. Typically, one pyrenoid (diameter 
500 nm–1 μm) of rounded shape without distinct contours is seen per plastid. In 
cyanobacteria, several smaller (diameter 100–200 nm) polyhedral carboxysomes 
with a hexagonal cross-section are found in the centroplasm, i.e., distant from the 
thylakoid membranes. Carboxysomes are never penetrated by thylakoids. At higher 
magnification, the quasicrystalline arrangement of the Rubisco matrix and the sur-
rounding proteinaceous layer consisting of the shell proteins CcmK-N (Kerfeld 
et al. 2005) become apparent.

For C. paradoxa, the operation of a CCM was a matter of debate. Recently, mi-
croarray data revealing 142 CO2-responsive genes (induced or repressed through a 
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shift from high to low CO2 conditions), gas exchange measurements, and measure-
ments of photosynthetic affinity provided strong support for a CCM in the muro-
plasts (Burey et al. 2007). The microarray results compared well with correspond-
ing data on Synechocystis PCC6803 (Wang et al. 2004) and C. reinhardtii (Miura 
et al. 2004). Photosynthesis genes specifying subunits of photosystem I and II and 
Calvin cycle enzymes were downregulated, whereas genes for proteins expected 
to be involved in the CCM as carbonic anhydrases, the putative bicarbonate trans-
porter LciA, Rubisco activase, and granule-bound starch synthase were upregulated 
(Table 2.3; Burey et al. 2007).

A recent hypothesis claims that glaucocystophyte muroplasts as the closest cous-
ins to cyanobacteria among plastids contain “eukaryotic carboxysomes”: bicarbon-
ate enrichment within muroplasts should be considerably higher than in chloroplasts 
with their pyrenoid-based CCM. Thus, the stress-bearing function of the peptido-

Table 2.3  A selection of CO2-responsive genes in Cyanophora paradoxa (From Burey et al. 2007)
Function Gene Protein
1. Up-regulated upon shift to low [CO2]
Photosynthesis (CCM) rca Rubisco activasea

Granule-bound starch synthasea

CCM CAH3-1? beta-CA (mitochondrial)a

CAH3-2? beta-CA (mitochondrial)a

CA (cytosolic?)
LciA Bicarbonate transportera

ROS inactivating enzymes Prdx1 Peroxiredoxin1
cat1 Catalase

Glutaredoxin
Protein degradation UBC4 Ubiquitin-conjugating enzyme E2

Ubiquitin/ribosomal protein S27a
Chaperones Protein disulfide-isomerase

Peptidyl-propyl cis-trans-isomerase
2. Down-regulated upon shift to low [CO2]
Phycobilisome antenna cpcG Phycobilisome rod-core linkerb

Calvin cycle Sedoheptulose-1,7-bisphosphatasea,b

pgk Phosphoglycerate kinaseab

tktC Transketolasea,b

Photosynthetic electron transport psaC PS I reaction center subunit IIa,b

psaK PS I reaction centre subunit Xa,b

PS I reaction center subunit XIa,b

petJ Cytochrome c6
Protein synthesis Translation elongation factor 1 

beta-2a

Translation elongation factor 1 
alphaa

Cytoskeleton Tubulin alpha-2a

Tubulin beta-1a

Tubulin gammaa

a Paralleled in C. reinhardtii (Miura et al. 2004)
b Paralleled in Synechocystis sp. PCC6803 (Wang et al. 2004)
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glycan layer (Pfanzagl et al. 1996), the other unique cyanobacterial heritage, would 
be indispensable (Raven 2003). An isolation method for muroplast “carboxysomes” 
was developed and the protein components other than Rubisco analysed by mass 
spectrometry. Rubisco activase was identified for the first time in a carboxysome-
like microcompartment and corroborated by western blotting. Rubisco activase in-
corporation into isolated muroplast carboxysomes after in vitro import followed 
a time course and increased from approximately 15% at 7 min to 25% at 25 min 
(Burey et al. 2005; Fathinejad et al. 2008). Other protein bands yielded good mass 
spectra but no match to existing databases was found—the incomplete knowledge 
on C. paradoxa nuclear genes certainly is an obstacle.

The geological record indicates a decrease in [CO2] and a concomitant increase 
in [O2] during the Phanerozoic period about 400 million years ago, which certainly 
posed a problem for Rubisco-dependent CO2 fixation. This led Badger and Price 
(2003) to propose a scenario different from Raven’s: independent origin of the car-
boxysomal CCM in cyanobacteria and the pyrenoidal CCM in algae during that 
period.

Glaucocystophyte muroplasts contain a conspicuous, electron-dense aggregate 
of Rubisco (Mangeney and Gibbs 1987) of pyrenoid size in the center (only in G. 
nostochinearum at a polar position) of the coccoid organelles surrounded by mul-
tiple layers of concentric thylakoids (Kies 1992). For C. paradoxa, the muroplast 
nucleoid was shown to occupy the narrow space between the central body and the 
innermost thylakoids (Löffelhardt and Bohnert 2001). In no known case are these 
microcompartments traversed or penetrated by thylakoid membranes (Figs. 2.2, 
2.3 and 2.4). They remain stable during muroplast division and are neatly bisected 

Fig. 2.3  Transmission 
electron micrograph of a 
Cyanophora cell grown under 
high [CO2] Electron-dense 
regions around the innermost 
thylakoids are notable. (scale 
bar, 1 µM). Chemically fixed 
and epoxy resin embedding. 
CB, central bodies; Env, 
envelope. Under high [CO2] 
the contours of the CBs are 
not clearly defined. Electron-
dense material is abundant 
among thylakoids proximal 
to the center. Cyanelle 
ribosomes appear around the 
central body (for Rubisco 
synthesis) and between the 
thylakoids (for phycobilipro-
tein synthesis)
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by the growing peptidoglycan septum (Fig. 2.2). In C. paradoxa and G. nosto-
chinearum the microcompartment has a rounded shape though some polyhedral 
elements become apparent, especially under low CO2 conditions. Then, the central 
bodies also appear to be enlarged (Fig. 2.4; Fathinejad et al. 2008). Ribosomes are 
now concentrated around the central body (involved in Rubisco synthesis, Fig. 2.4) 
whereas under high CO2 conditions they are also abundant in the thylakoid area 
(involved in phycobiliprotein synthesis, Fig. 2.3). This may be consistent with a 
dynamic structure for the microcompartment which expands and shrinks according 
to CO2 availability. In Gloeochaete wittrockiana and Cyanoptyche gloeocystis the 
single, large central bodies clearly are polyhedral (with a pentagonal cross-section) 
and are confined by a distinct, electron-dense layer (Kies 1992). This structure is 
suggestive of a proteinaceaous shell as found in cyanobacterial carboxysomes. Ac-
cording to Raven (2003), earlier low CO2 episodes could have occurred beyond the 
600 million years covered by the geological record. An acquisition of the CCM 
by cyanobacteria prior to the primary endosymbiotic event could explain the re-
tainment of carboxysomes solely in the muroplasts of the most ancient glaucocys-
tophytes whereas all other algae shifted towards a pyrenoidal CCM and lost the 
plastid peptidoglycan wall. A final decision between carboxysome or pyrenoid must 
await the identification of muroplast CA and, especially, the demonstration of shell 
proteins. Also, the internal accumulation of Ci within muroplasts under low CO2 
conditions has to be determined: is the concentration factor in the range of >1,000 
(carboxysomal CCM) or just around 70 (pyrenoidal CCM)? Intermediate stages 
between carboxysomes and pyrenoids can also be envisaged for the muroplast mi-
crocompartments.

Fig. 2.4  Transmission 
electron micrograph of a 
Cyanophora cell grown under 
low [CO2] (scale bar, 1 µM). 
Chemically fixed and epoxy 
resin embedding. CB, central 
body; S, starch granule; The 
onset of septum growth is 
observed. Indication for 
a polyhedral shape of CB 
( arrows)
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3.1  Introduction

The evolutionary origin of the eukaryotic cell is an intensely debated topic. Inti-
mately tied up with this is the origin of the eukaryotic organelles, mitochondria and 
chloroplasts, which perform the functions of aerobic respiration and oxygenic pho-
tosynthesis respectively. The well-known endosymbiont hypothesis proposes that 
“symbiotic consortiums” of prokaryotic cells were the ancestors of the present-day 
eukaryotic cells. According to the theory, these organelles were once free-living 
bacteria which got engulfed in a host cell, survived endocytosis, and entered into a 
symbiotic relationship with the host cell. The currently accepted view (Yang et al. 
1985; Andersson et al. 1998; Gray and Doolittle 1982; Gray et al. 2001) is that mito-
chondria and chloroplasts originated from two separate endosymbiont events—the 
engulfment of an aerobic respirer belonging to the α-subdivision of proteobacteria 
leading to formation of mitochondria, and the subsequent engulfment of a photo-
synthetic cyanobacterium leading to formation of chloroplasts. In this chapter we 
put forth a more parsimonious hypothesis, namely that both mitochondria and chlo-
roplasts originated through the single endosymbiont event of a host cell engulfing a 
cyanobacterium. We propose that a cyanobacterium could have been engulfed by a 
proto-eukaryote in an extremely unlikely rare-chance event very early in evolution 
(~2.4 Ga ago). Possessing the unique capability of both aerobic respiration and oxy-
genic photosynthesis (Peschek 1996a, b, 2005, 2008), the endosymbiotic cyanobac-
terium—in the sense of a formerly free-living chloromitochondrion—could have 
conferred such a selective advantage to the host that this “lucky host” out-competed 
all other proto-eukaryotes.

The current view of an α-proteobacterial origin of mitochondria rests on the 
remarkable similarity of the amino acid sequences of mitochondrial proteins to cor-
responding α-proteobacterial proteins. We argue that phylogenetic evidence based 
solely on aminoacid sequence similarity must be treated with caution. More and 
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more evidence is turning up that selectional constraints work not only at the amino 
acid level but also at the nucleotide level itself. The so-called “silent mutations” 
producing synonymous codons are proving to be not really silent. The non-coding 
regions also face evolutionary constraints because of their involvement in the regu-
lation of gene expression. This point to the necessity to support the amino-acid 
sequence-based evidence with nucleotide sequence-based evidence at the level of 
individual genes as well as at the level of the whole genome. We show here that 
whole genome signatures of mitochondria as well as the nucleotide sequences of a 
number of mitochondrial genes show more similarity to those of cyanobacteria than 
of most α-proteobacteria. We argue that, instead of mitochondria originating from 
α-proteobacteria, the two evolved in parallel, adapting to an environment getting 
progressively richer in oxygen. Therefore, the similarity of their proteins could be 
partly due to convergent evolution.

3.2  A Plausible Alternate Hypothesis

3.2.1  The Sequence of Events

The fossil record of cyanobacteria has been argued to extend to 3.5 Ga backwards 
but reliable biomarker evidence at 2.7–3.2 Ga ago is usually considered to be the 
earliest undisputable micro-fossil record of cyanobacteria (Barghoorn and Schopf 
1965, 1966; Schopf 1970). And if, as it seems well justified, we may equal cya-
nobacteria = O2 the novel data that have accumulated concerning an unexpectedly 
early origin of oxygenic photosynthesis (Hartmann 1998; Blankenship 1992; Blan-
kenship and Hartmann 1998; Des Marais 2000; Xiong et al. 2000; Kasting 2006) 
the origin of cyanobacteria would just have to correspond to these data.

The date of emergence of eukaryotes is still debated and estimates vary widely, 
from as early as 3.5 billion years ago to no more than 0.9–1.3 billion years ago. 
The latter estimates (<1.3 Ga) of the origin of eukaryotes rest mostly on the lack of 
undisputed fossil evidence, which is not a strong argument by itself (de Duve 2007), 
since it is possible that the earliest eukaryotes did not leave fossils at all, or that they 
are yet to be found. On the other hand there are a large number of arguments that 
strongly favor an early origin of eukaryotes. There are a large number of apparently 
ancient eukaryotic innovations that do not have a prokaryotic counterpart (de Duve 
2007). The characteristics that are unique to eukaryotes seem to show that the proto-
eukaryotes were essentially anaerobic organisms that had developed long before 
the atmosphere became oxygenated (~2.4 Ga ago). The earliest reliable biomarker 
evidence of eukaryotes is reported at 2.7 Ga ago (Brocks et al. 1999) and the earliest 
fossils are reported to be 2.1 Ga old (Han and Runnegar 1992). A genomic timescale 
fixes the origin of eukaryotes around 2.6 Ga (Hedges et al. 2001). All these find-
ings have strengthened the view that modern eukaryotic and prokaryotic cells had 
long followed separate evolutionary trajectories (Kurland et al. 2006). A number of 
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studies have suggested that the divergence of the archaeal, bacterial, and eukaryotic 
lineages is ancient (Forterre 2001; Sicheritz-Ponten and Andersson 2001) and, what 
seems most important in the present context, that the divergence of the eukaryotic 
lineage predates the divergence of α-proteobacteria (Canback et al. 2002).

Alpha-proteobacteria have been shown to be a rather late diverging group with-
in bacteria by evidence provided by signature sequences in a number of proteins 
(Fig. 3.1) (Gupta 1998, 2000, 2003). The α-proteobacterial endosymbiosis is con-
sidered to have taken place around 1.8 Ga ago (Farquhar et al. 2007), 600 million 
years after the atmosphere became oxygen-rich. This late acquisition of mitochon-
dria raises questions on how the anaerobic proto-eukaryotes survived until they 
met their α-proteobacterial rescuers and became aero-tolerant and even aerobic (de 
Duve 2007). It seems more plausible that eukaryotic aero-tolerance was accom-
plished much earlier than 1.8 Ga ago. Cyanobacteria possessing aerobic respira-
tory systems were already around from the early days of atmospheric oxygenation. 
Endosymbiosis of a cyanobacterium by an anaerobic proto-eukaryote before 2.4 Ga 
ago and subsequent evolution of the respiratory system under increasing oxygen is 
more consistent with an ancient origin of eukaryotes.

Fig. 3.1  Proposed sequence of events leading to eukaryotic organelles. (Parallel evolution of free-
living bacteria is also shown schematically)
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It is generally believed that mitochondria were acquired before chloroplasts 
because most extant eukaryotes possess some form of mitochondria while only 
a subset of them possess chloroplasts. However, recent evidence suggests that a 
number of today’s non-photosynthetic eukaryotic microbes have evolved from a 
photosynthetic ancestor by loss of pigments and/or chloroplasts (a “laboratory ex-
ample” would be Euglena gracilis and Astasia longa; also compare the (pigmented) 
cyanobacteria Oscillatoria sp., Calothrix sp, or Spirulina sp., now: Arthrospira sp., 
with their colorless counterparts or “derivatives” Vitreoscilla sp., Leucothrix and 
Thiothrix sp., or Saprospira sp., and the many others of Pringsheim’s colorless al-
gae (Pringsheim 1949, 1963; Pringsheim and Wiessner 1960). At any rate, in the 
light of all newly accumulated knowledge, the primary endosymbiont event leading 
to chloroplasts occurred much earlier in eukaryotic evolution than currently envis-
aged (Andersson and Roger 2002; Purton 2002). Phylogenetic data on the origin 
of chloroplast Hsp90 suggest that the common ancestor of animals and plants once 
harbored chloroplasts (Emelyanov 2002), and the recent discovery of vestiges of 
photosynthetic structures (“thylakosomes”) in (chemoheterotrophic!) protists such 
as Psalteriomonas lanterna and some representatives of the parasitic genus Api-
complexa (Hackstein et al. 1997) would rather conform to this type of reasoning. 
Even some peroxisomal enzymes from animals have been shown to have originated 
from cyanobacteria (Gabaldon et al. 2006; Tabak et al. 2006). Therefore, it is well 
possible that the ancestors of all the current non-photosynthetic organisms had once 
harbored chloroplasts in the form of cyanobacteria.

Stanier (1970) proposed that chloroplast endosymbiosis took place first because 
oxygenic photosynthesis must have preceded aerobic respiration. Cavalier Smith 
(1987) proposed a simultaneous origin of chloroplasts and mitochondria by (nearly) 
simultaneous endosymbiont events around 0.9 Ga ago, that should have led to up-
take of both the progenitors (of chloroplasts and mitochondria) by a proto-eukary-
otic host possessing phagocytic capability. He argued that, as soon as eukaryotes 
acquired the phagocytic machinery, all kinds of symbionts could be taken up and it 
is unlikely that photosynthetic ones would be taken up appreciably earlier or later 
than respiratory ones. In a more recent paper (Cavalier Smith 2006) he reported 
that TOM70, a protein of crucial importance in the import of proteins into mito-
chondria, shows a clear cyanobacterial origin thereby supporting his hypothesis 
that the primordial host also harbored symbiotic cyanobacteria along with the proto-
mitochondrial endosymbiont.

3.2.2  The Victory of Parsimony and the Selective Advantage  
of a Single Primordial Cyanobacterial Endosymbiosis

Cavalier Smith’s hypothesis of late endosymbiosis between a proto-eukaryote with 
well-developed phagocytic capability and some α-proteobacterium does not go well 
with the monophyletic nature of mitochondria. If “all kinds of symbionts could be 
taken up” (Cavalier Smith 1987), it is difficult to see why one and only one combi-
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nation could out-compete all the others. The monophyletic nature of mitochondria 
suggests that the mitochondrial endosymbiosis was a highly unusual and unlikely 
event. Evidence that other organelles like mitosomes and hydrogenosomes are also 
derived from mitochondria is another indication of the extreme parsimony involved 
in the primary endosymbiont event. Therefore, the event must have occurred very 
early in evolution at a time when the mechanism for attaining a stable endosymbi-
otic system was not yet well established.

In view of the physiological unlikeliness of the so-called respiration-early hypoth-
esis (see Paumann et al. 2005) it is logical to hypothesize that the trigger for the 
emergence of aerobic respiration came from the molecular oxygen first released by 
the cyanobacterial oxygenic photosynthesis and that the aerobic respiratory chain was 
derived from the photosynthetic electron transfer chain, as extensively discussed by 
the so-called conversion hypothesis (Broda 1975; Broda and Peschek 1979; Peschek 
1996a, b, 2004, 2005, 2008; Paumann et al. 2005). Initially the function of the respi-
ratory chain must have been the detoxification of O2 and there must have been a long 
intermediate phase before it developed into the full-fledged respiratory chain cur-
rently found in mitochondria and aerobic bacteria (Paumann et al. 2005). As the in-
ventors of oxygenic photosynthesis cyanobacteria must naturally have been the first 
organisms to face the challenge of molecular oxygen which they generated within 
themselves. They are thus likely to have been the first organisms to have developed 
oxygen-detoxifying systems—finally most efficiently and even bioenergetically use-
ful—via aerobic respiration. A wide variety of detoxifying enzymes for O2 and its 
even more dangerous partially reduced intermediates have been identified in cya-
nobacteria (Regelsberger et al. 2002; Paumann et al. 2005; Bernroitner et al. 2009).

We propose that, when primitive organisms faced the challenge of toxic oxygen, 
one of them, a proto-eukaryote sensu Woese et al. (1978), made a lucky break-
through by managing to enslave a cyanobacterium and availed the enormous se-
lective advantage conferred by simultaneous acquisition of oxygenic photosyn-
thesis and aerobic respiration, thus taking the famous quantum leap in evolution. 
A dramatic increase in atmospheric oxygen levels known as the Great Oxidation 
Event took place around 2.4 Ga ago though the cyanobacteria had emerged at least 
300 million years before already (Kasting 2006). This time lag has not yet received 
complete explanation, though several hypotheses have been offered (Lenton et al. 
2004; Goldblatt et al. 2006; Kasting 2006). Be all that as it might be, it is more than 
plausible that the efficient transfer of photosynthetic capability to eukaryotes made 
photosynthesis extremely wide-spread and powerful, and thus contributed signifi-
cantly to the dramatic rise in oxygen. This would place the timing of cyanobacterial 
endosymbiosis around 2.4 Ga ago.

3.2.3  Separation of the Organelles

During replication of the cyanobacterial endosymbiont within the host, some of 
the progeny could have lost the thylakoid membrane possibly by mutation of a 
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critical gene involved in biosynthesis of the membranes. This part of the off-spring 
was transformed into proto-mitochondria specializing in the function of aerobic 
respiration using the respiratory electron transfer chain that had been situated in 
the cyanobacterial plasma membrane from the very beginning (Peschek et al. 2004; 
Paumann et al. 2005). The main function of the proto-mitochondrion must have 
been oxygen detoxification by aerobic respiration. As the atmosphere became pro-
gressively richer in oxygen, the proto-mitochondria developed more and more ef-
ficient and refined mechanisms for aerobic respiration as nowadays found in full-
fledged mitochondria. In some of the eukaryotes occupying anaerobic niches, the 
proto-mitochondria degenerated into hydrogenosomes and mitosomes. It might also 
be speculated that peroxisomes are vestiges of the proto-mitochondria still contrib-
uting to the scavenging of oxygen free radicals.

The original cyanobacterium probably survived longer in its endosymbiont form 
and was converted to a chloroplast at a later stage (Cavalier Smith 2006). Some-
where along the way a lineage of non-photosynthetic eukaryotes emerged by sec-
ondary loss of pigments and/or the photosynthetic function (see Fig 3.1).

3.3  Structural and Functional Characteristics of 
Cyanobacterial and Mitochondrial Membranes

Mitochondria, in their inner membrane, contain the highly sophisticated system 
of chemiosmotic oxidative phosphorylation which, inherently dependent on mem-
brane-bound electron transport, must be the result of a long process of evolution 
under aerobic conditions. The cyanobacterial respiratory system, though basically 
similar to the mitochondrial one, is still more primitive (“simpler”) showing signs 
of having evolved under an atmosphere poorer in oxygen (Peschek et al. 2004).

Like other Gram-negative bacteria, cyanobacteria have a cell envelope consist-
ing of an outer membrane, a peptidoglycan layer, and a plasma membrane. In addi-
tion, these organisms possess an elaborate internal system of intracellular (thylakoid) 
membranes that host a dual-function photosynthetic–respiratory electron transport 
chain (Peschek 1996a, b). Their plasma membrane carries a pure respiratory chain 
without the photosynthetic reaction centers (Peschek et al. 2004). Perhaps one of 
the critical evolutionary innovations of the cell membrane in cyanobacteria was its 
ability to invaginate to create a space between the cell membrane and the cell wall 
(Koning 1994). The “invaginations”, which form contact points between plasma 
and thylakoid membranes, are sometimes called “mesosomes” or thylakoid centers 
(Hinterstoisser et al. 1993). These areas of the cell membrane are rich in respiratory 
electron transport proteins. It has been debated whether the thylakoid membranes 
themselves are invaginations of the plasma membrane, or if they form separate com-
partments within the interior of the cyanobacterial cell. Recent electron microscopic 
studies indicate that the thylakoid membranes are physically discontinuous from the 
plasma membrane (Liberton et al. 2006). They may, however, be physically con-
nected with plasma membrane through thylakoid centers (Hinterstoisser et al. 1993).
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Mitochondria and chloroplasts are both surrounded by double membranes. Chlo-
roplasts contain, in addition, an internal (thylakoid) membrane system which, in 
cyanobacteria, carries both respiratory and photosynthetic electron transport chains. 
The mitochondrial respiratory chain is contained in the inner mitochondrial mem-
brane which would thus be analogous (and homologous?) to the cyanobacterial 
plasma membrane, and which exhibits numerous invaginations called cristae. Both 
the mitochondrial inner membrane and the chloroplast thylakoid membrane form 
closed, osmotically autonomous (thus chemiosmotically competent) compartments 
and both membranes are stuffed with a reversible ATP synthase of appropriate orien-
tation to catalyze the phosphorylation of ADP to ATP. Thus physiologically the chlo-
roplast structure is virtually identical to that of cyanobacteria whereas mitochondria 
could be considered to resemble cyanobacteria without thylakoid membranes.

The respiratory electron transport chain carried by the cyanobacterial membranes 
(Fig. 3.2) has seen shown to be quite similar to that carried by the mitochondrial in-
ner membrane, and in general—as is one of the main conclusions of the conversion 
hypothesis (see before)—functionally speaking the electron transport components 
of both respiratory and photosynthetic chains are strikingly similar to each other 
(see Peschek 2008).

The electron transport sequence (Peschek et al. 2004; Paumann et al. 2005; Pe-
schek 2008) will be briefly discussed in the following in order to realize the re-
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Fig. 3.2  Details of the photosynthetic and respiratory belectron transport systems in a cyano-
bacterium
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markable similarity of electron transport systems in cyanobacteria, chloroplasts, 
and mitochondria:

Complex I—NAD(P)H Dehydrogenase Cyanobacteria possess either a multi-
subunit “mitochondrial” energy-transducing NDH-1 enzyme or a 1-subunit non-
mitochondrial, non-energy transducing NDH-2 enzyme.

Complex II—(SDH) Succinate-Dehydrogenase The occurrence of succinate 
dehydrogenase has been firmly established in both cyanobacterial membranes. 
Interestingly, just like the mitochondrial SDH, the cyanobacterial enzyme is inhib-
ited by thenoyltrifluoro acetone (TTFA), and it cross-reacts with monospecific anti-
body against mitochondrial SDH.

Lipid-Soluble Mobile Carrier This pool component is ubiquinone in mitochon-
dria but plastoquinone inevitably in all cyanobacteria. Redox potentials of ubi- and 
plasto-quinone (both benzoquinones) are almost the same and they can functionally 
substitute for each other. Side chains in positions 3 and 4 are methoxy- in ubiqui-
none, but methyl- in plastoquinone which may indicate that ubiquinone replaced 
plastoquinone as the atmosphere became richer in oxygen.

Complex III: The Cytochrome b.c Complex Functionally speaking this complex 
is basically the same in cyanobacteria, chloroplasts, and mitochondria. The cyto-
chrome b6   f complex in chloroplasts and cyanobacteria, and the b.c1 complex in 
mitochondria, have exactly the same function, viz. as a quinol:cytochrome c/PC 
oxidoreductase.

Water-Soluble Mobile Carrier In cyanobacteria this can be cytochrome c6 or PC 
or, as an electron donor to COX, also cytochrome cM (Bernroitner et al. 2008). In 
chloroplasts of higher plants this carrier is the blue copper protein PC while in mito-
chondria it invariably is cytochrome c, functionally and topologically very similar 
to cyanobacterial cytochrome c6. In prokaryotic and eukaryotic algae cytochrome 
c6 and PC may be physiologically interchangeable according to availability of Cu 
in the medium

The Terminal Respiratory Oxidase (TRO) While there may be several TRO-
types in cyanobacteria, e.g. aa3-type, bo3-type, bd-type, etc., the only TRO unequiv-
ocally characterized as a functional protein in up to 35 different cyanobacteria so 
far is a canonical aa3-type cytochrome c oxidase. The mitochondrial TRO also is an 
aa3-type cytochrome c oxidase. O2-affinity, redox properties and inhibition profiles 
of mitochondrial and cyanobacterial TRO are identical. Like other bacterial TROs 
its main redox-group-carrying subunit I shows the well-known property of the pro-
miscuity of heme groups. The characteristic difference is that the enzyme is com-
posed of 13 protein subunits in mitochondria but only 3–4 in cyanobacteria (and 
other bacteria), and that the TON (turnover number) of the cyanobacterial enzyme 
is lower by a factor of almost 100. Therefore, in spite of its high O2-affinity it is 
obviously not as well adapted to aerobic respiration in fully oxic conditions as is the 
mitochondrial TRO. Summing up, therefore, following all the arguments discussed 
above, it is more than plausible that a cyanobacteria-derived proto-mitochondrion 
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in eukaryotes could have evolved into a full fledged mitochondrion as the level of 
oxygen in the atmosphere gradually, yet incessantly increased.

3.4  A Reappraisal of the Molecular Phylogenetic 
Evidence in Favor of α-Proteobacteria

3.4.1  A Case for Looking at Nucleotide Sequences  
(Rather than Amino Acid Sequences)

Molecular sequencing of macromolecules, such as genes and proteins, have sur-
passed morphological and other organismal characters as the most popular forms 
of data for phylogenetic analyses. Molecular phylogenetic analysis based on amino 
acid sequence comparisons of mitochondrial proteins with corresponding prokary-
otic proteins doubtless shows α-proteobacteria as the closest prokaryotic relatives 
of mitochondria.

The literature contains different opinions about whether nucleotide sequences or 
amino acid sequences should be used to infer ancient phylogenetic relationships. 
Slowly evolving sequence characters have generally been favored over faster evolv-
ing characters and this has led to the preferential use of amino acid characters over 
nucleotide characters. However, Simmons et al. (2004) point out that there are at 
least six factors that need to be considered in making this choice. Three of these 
factors, favor the use of nucleotide sequences and the other three favor amino acid 
sequences. Using amino acid character results in loss of more hierarchical informa-
tion, loss of phylogenetic information, and increased chances of convergence while 
they have the advantages of increased character space, lower sensitivity to base 
composition, and lower probability of saturation. Fairly long amino acid sequences 
have always been preferred for the inference of ancient phylogenies, however, un-
less the phylogenies supported by amino acid sequence variations are supported by 
the underlying nucleotide sequences, there is room for legitimate doubt, especially 
when chances of convergent evolution are high.

A basic assumption underlying the use of the amino acid sequence variation 
in deducing evolutionary relationships is that selection takes place predominantly 
at the level of protein function which is, of course, decided by the amino acid se-
quence. This implies that nucleotide character changes that lead to synonymous 
codons can take place without selection constraints. However, recent studies have 
shown that these so-called “silent” substitutions are not functionally neutral (Sar-
faty et al. 2007) and, therefore, they are not evolutionarily neutral. This implies that 
selection can constrain changes at the nucleotide sequence level itself. Another im-
portant factor to consider is that it is not only individual protein function but also the 
regulation of their expression that contributes to the making of an organism which 
is more than just the sum of several (be it even millions of) amino acid sequences. 
Therefore “tinkering” with gene regulation has been recognized as a particularly 
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powerful mode of evolution (Jacob 1977), and gene regulation involves non-coding 
nucleotide sequences as well. Therefore it is obvious that we lose important evolu-
tionary information by looking only at amino acid sequence changes without con-
sidering the nucleotide sequence changes.

Over the last decade considerable evidence has come up that DNA sequences 
evolve under the constraint of a “genome signature” which is related to the frequen-
cy of occurrence of short oligonucleotides in the sequence (Karlin and Ladunga 
1994; Edwards et al. 2002; Qi et al. 2004; Dehnert et al. 2005; Wang et al. 2005; 
Chapus et al. 2005). Oligonucleotide frequency differences between species are 
seen to change too slowly to be purely the result of random mutational drift. This 
slow pattern of change reflects the direct or indirect action of purifying selection 
and the presence of functional constraints. Bush and Lahn (2006) in a recent pa-
per show that the distances based on di-nucleotide and tetra-nucleotide frequencies 
from any part of the genome, and octa-nucleotide frequencies from the promoter, 
regions are correlated to evolutionary time. They suggest that, while genome-wide 
processes like DNA replication and repair constrain the divergence of the shorter 
DNA words, the octa-nucleotide frequencies may be getting constrained by the slow 
evolution of the gene regulatory machinery. The remarkable agreement between 
phylogenetic relationships based on genomic signature distances and some of the 
well-established phylogenetic relationships (Qi et al. 2004; Dehnert et al. 2005; 
Wang et al. 2005) is a strong indication that sequence diversification does take place 
under a strong constraint to conserve the genomic signature. These observations 
open to question the tacit assumption in most phylogenetic analyses that selection 
acts at the level of protein function only, and therefore amino acid sequence varia-
tions hold the key to evolutionary relationships.

In the following we take a look at what nucleotide sequences have to say 
about the relationship between chloroplasts, mitochondria, cyanobacteria, and 
α-proteobacteria.

3.4.2  Phylogenetic Evidence of Nucleotide Sequences of Genes 
Based on Multiple Sequence Alignment

To see whether the nucleotide-based results are consistent with the amino acid se-
quence based evidence we performed phylogenetic analyses with the same genes 
that are used in one of the classical works that showed the closeness of mitochondri-
al proteins to α-proteobacterial proteins (Andersson et al. 1998). Multiple sequence 
alignment was performed on the nucleotide sequences using ClustalW (Thompson 
et al. 1994). The alignment thus obtained was given as input to the logdet program 
of PHYLIP package to compute the logdet distance matrix. Logarithmic distances 
were computed since sequences were taken from organisms with widely varying 
mutation rates. The tree was drawn from the distance matrix using the Kitsch pro-
gram of PHYLIP (Felsenstein 1989). The unrooted trees are visualized using the 
Phylodraw (Choi et al. 2000) program.
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Figures 3.3 and 3.4 show unrooted phylogenetic trees using concatenated ri-
bosomal genes and concatenated respiratory genes, respectively, of mitochondria, 
chloroplasts, α-proteobacteria, and cyanobacteria. Both trees clearly show Rickett-
siales clustering with mitochondria. However, the cluster containing cyanobacte-
ria and chloroplasts is significantly closer to the mitochondria-Rickettsiales cluster 
than the rest of the α-proteobacterial cluster.

The assembly of iron–sulfur clusters is considered one of the most essential 
functions of the mitochondrial compartments and Iron-Sulphur Cluster Assembly 
gene IscS is found in all eukaryotic lineages including the a-mitochondrial ones 
containing hydrogenosomes and mitosomes.

Figure 3.5 shows a phylogenetic tree based on the nucleotide sequences of IscS 
genes of eukaryotes, α-proteobacteria, and cyanobacteria. We find that the eukary-
otic genes cluster together and that this cluster is closest to a cluster containing both 

Fig. 3.3  Tree of concatenated ribosomal genes S2, S3, S7, S10, S11, S12, S13, S14, S19, L5, L6 
and L16 (Unrooted)
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cyanobacteria and Rickettsiales while the rest of the α-proteobacteria are consider-
ably farther apart.

3.4.3  Phylogenetic Evidence Derived from Whole Genome 
Signatures

Inference of genomic distances based on differences in sequence signature is based 
on simple techniques free from the ambiguities involved in aligning multiple se-
quences. Comparisons can be made at the whole genome level or at the level of 
individual genes. Several measures for the genomic signature and signature-based 
distance measures have been proposed in the literature. These include Dinucleotide 
Relative Abundance Profile (DRAP) (Karlin and Burge 1995), Frequency Chaos 

Fig. 3.4  Tree of concatenated NADH genes nuoA, J, K, L, M, N
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Game Representation (FCGR) matrices (Almeida et al. 2001) and relative Fre-
quency Chaos Game Representation (Wang et al. 2005). Chaos Game Representa-
tion (CGR) is an iterative mapping technique that processes nucleotide sequences 
(Jeffrey 1990). Every nucleotide of the sequence corresponds to a point in the CGR 
and this point contains information on the sequence up to this nucleotide.

A kth order FCGR of a sequence is a 2k × 2k matrix in which each term represents 
the number of times a particular k-mer occurs in the sequence. When the CGR is 
resolved using a 2k × 2k grid, the number of points inside each cell can be shown to 
be the frequency of occurrence of a k-mer. In this paper we use FCGR of resolution 
three as our genomic signature. We find hardly any difference between the results 
for k = 2, 3 or 4. For long sequences like the plant nuclear genomes we use two 
randomly chosen segments of approximately 5 kb to produce the FCGR signature.

Various measures for the distances between FCGR based genome signatures 
have been proposed (Wang et al. 2005). These include Euclidean distance, Ham-
ming distance and image distance, all of which are geometric distances. We use here 
a statistical distance based on weighted Pearson correlation proposed by Almeida 
et al. (2001). An advantage of the Pearson distance over other distances is that we 
can immediately compare sequences of very different sizes using this distance type.

Fig. 3.5  Tree of iron-sulphur cluster assembly genes, IscS
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The weighted Pearson correlation distance between two FCGRs, X and Y, can be 
calculated as follows. Consider X and Y expressed as arrays xi and yj respectively:

The weighted Pearson correlation distance is defined as

In the results reported here we compute the weighted Pearson correlation distances 
between the sequences, and input the distance matrices to the Kitsch program of the 
PHYLIP software for constructing phylogenetic trees.

3.4.4  Genome signature Relationships Between Cyanobacteria, 
α-Proteobacteria, and the Eukaryotic Organelles

Figure 3.6 shows the genome signature-based distance tree of the whole genomes 
of mitochondria, cyanobacteria, and α-proteobacteria. One interesting result is 
that the eukaryotic mitochondria separate into clusters of protists, lower animals, 
plants, fungi and vertebrates. The cyanobacteria and Rickettsiales cluster close to 
the protist mitochondria while the other α-proteobacteria form a far more distant 
cluster.

In Fig. 3.7 we examine the genome signature distance between chloroplasts 
and mitochondria as well as the distance of the organellar genomes from the re-
spective nuclear genomes of lower and higher photosynthetic eukaryotes. We find 
that, in the lower eukaryotes the organellar signatures are very distinct from the 
nuclear signatures while the two organellar signatures are strikingly close to each 
other. This is indicative of the organelles having originated from a single endo-
symbiont engulfed by a host with a nucleus of distinctly different signature. In 
higher plants the nuclear signature is seen to come closer to the organellar sig-
nature probably because of massive gene transfer between the organelles and the 
nucleus.
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Fig. 3.6  Trinucleotide relative frequency tree with cyanobacteria, α-proteobacteria and mito-
chondria
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3.5  Alternate Explanation for the Similarity of 
α-Proteobacterial Proteins to Mitochondrial Proteins

The search for the bacterial endosymbiont of mitochondria pointed to 
α-proteobacteria because, among the bacterial clades, the α-proteobacteria were 
found to be the closest identified relatives of mitochondria on the basis of sequence 
similarities of several protein-encoding genes on the mitochondrial genomes. 
However, the inference that the most closely related bacterial clade contains the 
mitochondrial ancestor is true only if we are sure that this bacterial clade existed 
before the emergence of mitochondria. According to our hypothesis mitochondrial 
(and chloroplast) endosymbiosis took place around 2.4 Ga, viz., long before the 
emergence of α-proteobacteria. If we consider that the proto-mitochondria and the 
ancestors of α-proteobacteria evolved together in an oxygen rich environment, it 
is quite possible that they developed functionally similar proteins by a process of 
convergent evolution as a result of having to adapt to similar environments. The 
predominantly parasitic nature of α-proteobacteria adds to the similarity of the 
environments in which mitochondria and α-proteobacteria evolved. It has been 
suggested that there could also have been some “lateral gene transfer” from the 
parasitic α-proteobacteria to mitochondria (Brindefalk et al. 2007). Symbionts be-
longing to the Rickettsiales have been found in the mitochondria of animal cells 
(Beninati et al. 2004) and some species of Rickettsiales have been observed to 
transfer their genes into the nuclear genomes of their hosts (Kondo et al. 2002). 
Therefore, some of the “well-conserved” mitochondrial genes, including the 
rRNA-genes, could also have been acquired much later in evolution from parasitic 
α-proteobacteria.

3.6  Conclusion

Our objective in this article has been to build a case for a plausible alternate hy-
pothesis for the origin of mitochondria. We put together a number of arguments to 
establish the plausibility that a single ancient endosymbiosis of a cyanobacterium in 
a proto-eukaryote could have resulted in the origin of all the energy-related eukary-
otic organelles such as mitochondria and chloroplasts. As with most hypotheses re-
garding ancient evolutionary events it is difficult to offer a conclusive proof of this 
hypothesis. We have, however, extensively shown that the “proof” based on amino 
acid similarity of the proteins of α-proteobacteria and mitochondria becomes open 
to doubt when we consider the underlying nucleotide sequences which appear to 
clearly demonstrate that the cyanobacteria are closer to the mitochondria than most 
α-proteobacteria with the exception of the Rickettsiales.
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4.1  Introduction

Cyanobacteria usually grow under environmental conditions, under which the sup-
ply of the essential nutrient phosphate varies to a great extent. Periods of excessive 
phosphate supply are interrupted by periods, in which no phosphate is available. 
Nevertheless cyanobacteria—as well as many eukaryotic algae—are capable of 
performing in such a scenario a continuous growth process in that they utilize a 
polyphosphate store, established during occasional rises of the external phosphate 
concentration (Fig. 4.1). This remarkable ability is a precondition for survival in oli-
gotrophic lakes, where the concentration of external phosphate can become so low 
that the uptake of this nutrient is impaired for energetic reasons (Hudson et al. 2000; 
Falkner et al. 1989). In such a situation phosphate can only be re-incorporated and 
stored in polyphosphate granules, when the external concentration exceeds a certain 
threshold value, above which the available energy suffices to drive the transport 
through the cell membrane (for example after excretion of faeces by aquatic ani-
mals). Simultaneously and because of the uptake activity of the whole community 
the external concentration decreases after a transient phosphate supply more or less 
rapidly to the threshold value again. Due to these energetic and kinetic constraints, 
fluctuations of the external concentration are experienced by the cells as a pattern 
of phosphate pulses, in which periods without phosphate uptake are interrupted 
by transient rises in the external concentration. The growth rate is then somehow 
conformed to the amount of polyphosphates; in continuous cultures the amount of 
polyphosphates increases with an increase in the growth rate (Droop 1973).

Since under growth conditions described above phosphate incorporation is a 
discontinuous event that occurs occasionally during periods of continuous growth, 
phosphate uptake and growth are not directly coupled. The need to conform the 
growth rate to the amount of stored polyphosphate gives rise to a regulatory prob-
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lem: on the one hand cyanobacteria must incorporate, during short-term rises of the 
external concentration, sufficient phosphate for maintaining a growth process in 
periods without phosphate supply. On the other hand excessive storage of phosphate 
must be avoided, since otherwise the polyphosphate granules become so large that 
cellular structures are disrupted. A direct effect of the size of the granules on the 
activity of the uptake system is not conceivable, because the granules are segregated 
in the cytoplasm as osmotically inert structures. To solve this regulatory problem, 
the cells have to employ a mechanism that can guide the activity of the phosphate 
uptake by some sort of “memory” or “learning” based on previous phosphate ac-
cumulations. This memory is revealed in an interdependence of adaptive events, 
in which information about former adaptations to phosphate pulses regulates sub-
sequent adaptations, such that the amount of accumulated phosphate meets the de-
mand of the anticipated growth rate, which—in turn—depends on the amount of 
stored phosphate (Falkner et al. 1995, 1996; Falkner and Falkner 2003; Wagner 
et al. 1995, 2000).

An investigation of the adaptive features of the uptake system confronts an ex-
perimentalist with a primary problem: namely, the cells adapt to the experimental 
conditions already during the course of an investigation, making futile any analysis 
in objectivistic terms. In this case a mechanistic description must be replaced by 
a more refined analysis, which accounts for the fact that the experimentalist has 
become part of the investigated system and of the organismic response to the ex-
perimentally imposed conditions (Falkner and Falkner 2000).

In the following we present the results of such an analysis, using a relationship 
between the flow of external phosphate into the polyphosphate pool and the driving 
force of this process. This relationship offers a possibility of studying on a phe-
nomenological basis the energetic constraints that determine adaptive responses of 
phosphate deficient cells to an abrupt rise of the external phosphate concentration. 
In this case the uptake system, previously conformed to operation close to equilib-
rium at low external concentrations, is suddenly forced to operate in a region far 
from equilibrium. This provokes an intracellular self-organization process, in which 
the kinetic and energetic properties of the phosphate uptake system are altered in a 

Fig. 4.1  Anabaena variabilis 
with and without polyphos-
phates. The polyphosphate 
granules have been stained 
with lead sulphide. (Ebel 
et al. 1958)
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complex manner that reflects intracellular information processing about alterations 
of phosphate supply. Thereby, cyanobacteria are able of ‘interpreting’ changes of 
the external phosphate concentrations in the light of environmental phosphate fluc-
tuations, experienced by the cells in the past, and to reconstruct the energy depen-
dent phosphate transport system in the plasmalemma and the ATP-synthase in the 
thylakoids according to this interpretation. The outcome of this reconstruction has a 
distinct and lasting influence on cellular energy conversion, contributing to transfer 
of information from one adaptive event to the next over a prolonged period of time. 
This allows cyanobacteria to discriminate between different patterns of phosphate 
fluctuations, enables information about phosphate pulses to be transferred to daugh-
ter generations and explains a persisting effect of transient increases in the external 
phosphate concentration on CO2 fixation and on the flow of carbon in the glycogen 
pool.

4.2  The Adaptive Properties of the Phosphate Uptake 
System

4.2.1  Energetic Properties of the Constituents  
of the Phosphate Uptake System

Incorporation of external phosphate into the polyphosphate pool proceeds in three 
steps: (1) Transport of external phosphate Pe into the cell. (2) Conversion of the 
incorporated internal phosphate Pi to ATP via photophosphorylation and respiration. 
(3) Formation of polyphosphates from ATP.

A carrier protein catalyzes the transport of phosphate into the cell (reaction 1 in 
Fig. 4.2). At low external concentrations an energy source is needed for the trans-
location against the existing electrochemical gradient at the cell membrane. In the 
cyanobacterium Anacystis nidulans the necessary amount of energy is provided by 
an ATPase (reaction 2 in Fig. 4.2), which can be coupled to the phosphate carrier to 
a variable degree (Wagner and Falkner 1992). The degree of coupling is increased, 
when the concentration in the growth medium is diminished. This affects the thresh-
old value, which becomes lower with an increase in the degree of coupling (Falkner 
et al. 1993, 1994). A decrease of the threshold value is paralleled by a dramatic 
activation of the transport system (Falkner et al. 1989, 1993, 1994).

Also the next step, the conversion of internal phosphate into ATP (reaction 3 in 
Fig. 4.2), is energy dependent and potentially coupled to a variable degree to the driv-
ing process, i.e. the flow of protons from the thylakoid space into the cytoplasmic 
space. Under phosphate deficient growth conditions about four protons are required 
for the formation of one ATP, during growth on higher external concentrations this 
stoichiometry decreases (to three or less, Wagner and Falkner 1992). The variable H+/
ATP stoichiometry affects the stationary phosphate concentration in the cell in that 
the cytoplasmic concentration becomes higher with a decrease in the stoichiometry. 

4 Phosphate Uptake by Cyanobacteria
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From this and the corresponding pH-gradient under the prevailing growth conditions, 
a stationary phosphate concentration in the cytoplasm can be estimated: it is around 
10 µM for phosphate deficient cyanobacteria and increases into the millimolar range 
for non-phosphate deficient bacteria (Wagner and Falkner 1992). In adapted states 
the Michaelis constant of the ATP-synthase for phosphate is conformed to the steady 
state concentration, resulting from the corresponding H+/ATP-stoichiometry (in the 
phosphate deficient state the KM is around 30 µM, whereas in a non-phosphate de-
ficient state KM-values are higher than 200 µM; Wagner and Falkner 1992). These 
energetic and kinetic adjustments lead to an extended range of validity over which 
there is a proportional relation between the rate of ATP formation and the driving 
force for this process, a precondition for efficient operation of the ATP-synthase dur-
ing fluctuations of the cytoplasmic phosphate concentration within one order of mag-
nitude above the stationary level (Van der Meer et al. 1980). Since this enzyme also 

Fig. 4.2  Schematic presentation of phosphate utilization by cyanobacteria. The correct stoichi-
ometries are not indicated in the figure. Pe: external phosphate; Pi: internal phosphate; Pn, Pn + 1: 
polyphosphates; [CH2O]: products of CO2-fixation. H+

C and H+
T are the proton concentration in 

the cytoplasmic and thylakoid space. Ps ETS: photosynthetic electron transport system. For further 
explanations, see text
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provides the substrate for ATPases in the cell membrane, the proton flux across the 
thylakoid membrane can be coupled with the transport process in a great many ways. 
In adapted states the degree of coupling between the proton flux and the phosphate 
flow into the polyphosphate pool is conformed to the external concentration such that 
energy dissipation is minimal (Falkner et al. 1994).

Only the last step, the transphosphorylation of the terminal phosphate group from 
ATP to polyphosphates (reaction 4 in Fig. 4.2) does not require an energy source.

Reaction 5 refers to a dissipative leakage of phosphate at the cell membrane and 
reaction 6 to photosynthesis.

The adaptive properties of the transport system and the ATP-synthase, described 
above, determine how the threshold value and the kinetic properties of the uptake 
system are conformed to transient increases in the external concentration. We will 
first consider the dependence of the threshold value on the energetic properties of 
the two subsystems and then present the time course of the uptake process, revealed 
during increases in the external concentration above the threshold value.

4.2.2  The Threshold Value

The overall process of polyphosphate (Pn, Pn + 1) formation from external via internal 
phosphate (Pe and Pi, resp.), driven by the flow of nP protons from the thylakoid into 
the cytoplasmic space, can be described by the following reactions:

1. Translocation through  
the cell membrane:   Pe ↔ Pi

2. ATP formation:  Pi + ADP + nPH+
T ↔ ATP + nPH+

C

3. Transphosphorylation  
to polyphosphates:  ATP + Pn ↔ Pn+1 + ADP

Sum reaction:   Pe + Pn + nPH+
T ↔ Pn+1 + nPH+

C

In this scheme reaction 2 also provides the ATP molecules for the ATPase that drives 
the transport of phosphate through the cell membrane. For this reason the sum reac-
tion not only contains the number of protons, necessary for the conversion of inter-
nal phosphate to polyphosphates, but also the number of protons required for the for-
mation of ATP that is consumed by the ATPase, coupled with the transport process.

Using the equation for the driving force of chemical reactions, X = −ΔG = RT 
lnK′[S]/[P], where [S] and [P] refer to the corresponding substrate and product con-
centrations, the sum reaction allows calculating the driving force for polyphosphate 
formation from external phosphate:

 (4.1)

Pn and Pn + 1 have the same activity and can be cancelled out. ΔpHT is the pH-gra-
dient across the thylakoid membrane, depending on the photosynthetic or respira-

X = 2.3 RT log
(
K′[Pe]([H+]T/[H+]C)

)np

= 2.3 RT (log[Pe] + log K′ + nP�pHT).

4 Phosphate Uptake by Cyanobacteria
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tory electron transport chain. K′ is the equilibrium constant of the conversion of 
external phosphate to polyphosphate under the prevailing external conditions. Since 
the driving force X is zero at the threshold value, Eq. (4.1) allows estimating with 
K′ = 10−5 M−1 (Yoshida 1955) the logarithmic threshold value log[Pe]A: From 0 = 2.3 
RT (log[Pe]A + log K′ + nP ΔpHT), one obtains for the logarithmic threshold value: 
log[Pe]A = −log K′ − nPΔpHT. Thus, for a pH-gradient of about 1.75 under phosphate 
deficient conditions and a H+/ATP stoichiometry of 4 (Wagner and Falkner 1992), 
the threshold value decreases to nanomolar levels, presupposing that eight protons 
are required for the conversion of external phosphate to polyphosphates (four pro-
tons for the formation of ATP from cytoplasmic phosphate and four more protons 
for one ATP, involved in the transport of phosphate into the cell). However, one 
must be aware that this calculation has been performed for the unrealistic situation 
of complete coupling between the ATPase reaction and the transport process on the 
one hand and the proton flux and the ATP-formation on the other hand. Concomi-
tantly occurring ATP-consuming and other dissipative processes, lead to a decrease 
in the apparent stoichiometric factor nP and, in consequence, to a higher threshold 
value (Falkner et al. 1994). Also a lower H+/ATP stoichiometry, established by cya-
nobacteria that grow on elevated phosphate concentrations at a higher rate, results 
in higher threshold values, although the pH-gradient in a non-phosphate deficient 
state is augmented (to about three, Falkner et al. 1976). Furthermore, the degree 
of coupling between the (driven) phosphate flow through the cell membrane and 
the activity of the ATPase that drives this process can rapidly be altered during 
an adaptive response to changes in the external concentration. By this mechanism 
cyanobacteria are able to regulate the phosphate flow into the cell by increasing or 
decreasing the threshold level.

In principle, the threshold value can be determined in net uptake experiments by 
measuring the concentration of phosphate that remains in the incubation medium 
after the uptake process has come to an end. Since the threshold value of phosphate 
deficient cyanobacteria is usually in the nanomolar range and thus below the limit 
of detection by conventional analytical methods, this measurement should be per-
formed with radioactive phosphate. A possible isotopic exchange with non radioac-
tive intracellular phosphate, leading to an alteration of the specific activity of the 
labelled phosphate, can be avoided using cyanobacteria that have been grown on 
radioactive phosphate of the same specific activity (non radioactive algae are only 
appropriate for this kind of investigation, if the amount of radioactive phosphate 
employed in the uptake experiment is much greater than the exchangeable intracel-
lular phosphate pool).

A determination of the threshold value by uptake experiments using phosphate 
deficient Anacystis nidulans confronted with the peculiarities of adaptive phenom-
ena in that the threshold value was influenced by the measurement conditions, in 
particular by the exposure time to elevated phosphate concentrations during the 
experiment. In consequence, different values were obtained, when the uptake was 
followed using different dilutions of the same algal suspension, even if the same 
amount of phosphate had been accumulated per average cell (Wagner et al. 1995; 
Falkner et al. 1995); this indicates that in this physiological state the measured 
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threshold value is potentially influenced by concomitantly occurring adaptive re-
sponses of the uptake system to the experimentally employed phosphate concen-
trations, affecting the degree of coupling between the phosphate transport into the 
cell and the ATPase activity in the cell membrane. The lowest threshold values, 
determined with phosphate deficient Anacystis n. under conditions, under which the 
uptake process was so fast that the cells did not have sufficient time to adapt to the 
experimental phosphate concentrations, averaged around 1 nM, in accordance with 
the estimation given above.

4.2.3  The Adaptive Response of the Phosphate Uptake System 
to Alterations of the External Phosphate Concentration

Adaptive processes also affect the time course of 32P-phosphate influx into unla-
belled and phosphate deficient cyanobacteria that were grown under conditions, 
under which the external phosphate concentration remains close to the threshold 
value for a prolonged period of time (as in a continuous or discontinuous cultiva-
tion mode). Since isotopic exchange during 32P-phosphate influx is insignificant in 
Anacystis nidulans (Falkner et al. 1974), the tracer influx practically represents net 
uptake. For these measurements the cultures have to be sufficiently diluted so that 
the uptake process does not significantly alter the external concentration. Under 
this condition the time course is linear, when the external concentrations are of 
the same order of magnitude as the threshold value (a typical example is given in 
Fig. 4.3, curve C). In contrast, at higher external concentrations the time course 

Fig. 4.3  Time course of 
32P-phosphate influx in Ana-
cystis nidulans at two exter-
nal concentrations before ( A 
and C) and after ( B and D) 
an incubation with 10 µM 
phosphate for 15 min. A and 
B: 20 nM, C and D: 3 nM. 
(For experimental details see 
Falkner et al. (1995))
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shows a biphasic pattern. In this case a higher initial uptake rate is followed by 
a transition to a substantially lower rate that usually remains constant for at least 
one hour (curve A), indicating that exposure to higher phosphate concentrations 
results in a conversion from a more-active to a less-active state. When the popula-
tion is exposed prior to the uptake experiment to 10 µM phosphate for 15 min and 
then washed phosphate free (by centrifugation and re-suspension in phosphate free 
medium), a biphasic shape does not appear, apparently because the adaptive self-
organization has already taken place during the pre-incubation period (curve B). 
As will be shown below, microbial information processing about alterations of the 
external phosphate concentration is essentially based on these two manifestations 
of the self-organization process, namely its adaptive potentiality, which depends on 
the growth history, and on adapted states, finally attained after a response to a rise 
in the external concentration. An energetic analysis of the two manifestations in 
respect to an adaptive self-organization is given in the subsequent section.

4.2.4  Energetic Characterization of the Adaptive  
Self-Organization of the Uptake System

According to general principles of non equilibrium thermodynamics self-organiza-
tion occurs in regions far from thermodynamic equilibrium, where the flows into the 
system depend on the driving forces in a non linear manner. In contrast, stationary 
situations in vicinity to the equilibrium, in which no self-organization takes place, 
are characterized by a linear dependence of flows on the driving forces. The effect 
of the driving force on the phosphate flow into the cell before and after adaptation 
allows investigating to what extent the adaptive behaviour of the phosphate uptake 
system can be explained along this line. Phosphate deficient cells are adapted to 
growth on low phosphate concentration, close to the threshold value, where the 
uptake system operates near the equilibrium. When these cells are abruptly exposed 
to higher phosphate concentrations, the uptake system is forced to function far from 
the equilibrium. The characteristic features of this adaptive self-organization are re-
vealed in a ‘Thellier-plot’ of uptake rates at different external concentrations against 
the logarithm of these concentrations (Thellier 1970; Thellier et al. 1993). This plot 
allows distinguishing the non adaptive, linear region from the concentration range, 
in which adaptive processes take place, for the following reason: in the linear range, 
i.e. at concentrations close to the threshold value, the uptake rate JP can be expected 
to be proportional to the affinity for this process. Hence, with JP = L′X and the ex-
pression for the affinity from Eq. (4.1) one obtains the flow-force relationship:

 (4.2)

The proportionality factor LP, comprising the term 2.3RTL′, represents a conductiv-
ity coefficient which is proportional to the maximal velocity of the uptake system 

JP = LP(log[Pe] + logK′ + nP�pHT).
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(Wagner et al. 1995; Falkner et al. 1995). Inserting into this flow-force relationship 
the logarithmic expression for the threshold value log[Pe]A = −logK − nPΔpHT (see 
above) leads to the simple function:

 (4.3)

Equation (4.3) shows that a Thellier plot of the uptake rate against the logarithm of 
the external concentration follows a straight line within the validity range of this 
linear flow-force relation. This line intercepts the log[Pe]-axis at the logarithmic 
threshold value and reflects in its slope the conductivity coefficient LP. The onset 
of adaptive self organization processes should then be characterized by deviations 
from the linear dependence of JP on log[Pe]. In such a case the concentration depen-
dence of uptake rates obeys a flow-force relation when Eq. (4.3) is supplemented 
with non linear terms (Thellier 1970):

where m > 1. An appropriate value for the exponential number m that accounts for 
the non linear dependence of the uptake rate on the driving force must be found 
empirically.

4.2.5  Analysis of the Concentration Dependence of Uptake Rates 
by the Flow Force Relationship

Thellier plots of the time course of phosphate uptake before and after the observed 
rate transition, described above, led to an interesting discovery. In the case of the 
initial velocities the resulting function always revealed an upward curved shape 
(Fig. 4.4, curve A), in accordance with the principles of non equilibrium thermo-
dynamics. A plot of the second steady state incorporation rates, however, indicated 
that adaptation to the experimentally employed phosphate concentrations resulted 
in the development of an extended range of validity, over which there is a linear 
dependence of JP on log[Pe] (curve B). In this case the obtained straight line inter-
cepts the log[Pe]-axis at a logarithmic concentration that corresponded to the lowest 
threshold value observed directly in net uptake experiments, using a parallel culture 
that had been simultaneously grown on radioactive phosphate (1.4 nM, arrow be-
low the log[Pe]-axis). This ‘evolution to linearity’ resulted in divergence of the two 
curves A and B at higher concentrations. The difference between the two curves 
shows to what extent the transition from a stationary state close to equilibrium to 
an operation in regions far from equilibrium provoked an adaptive self-organization 
of the uptake system. Thus, in the region where curve A and B coincide, no self-
organization took place during the experiment. This explains the lack of transition 
in the time course at 3 nM and its occurrence at 20 nM in Fig. 4.3. Pre-incubation 
of cyanobacteria with micromolar phosphate concentrations resulted in the devel-
opment of new energetic properties, characterized by a substantial extension of the 
linear region (curve C).

JP = LP(log[Pe] − log[Pe]A).

JP = LP(log[Pe] − log[Pe]A) + L(log[Pe] − log[Pe]A)m
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If the external concentration was raised to 40 µM and maintained at that level 
under continuous culture conditions, a new steady state of growth developed. A 
Thellier plot of the concentration dependence of uptake rates (Fig. 4.4, D) again 
showed the existence of a wide linear region, extending from (a higher) threshold 
value to the logarithmic growth concentration (log[Pe] = −4.4). We therefore may 
conclude that the development to a ‘linear operation mode’ is a general feature of 
adaptation to elevated phosphate concentrations. The extended range of validity of 
the linear logarithmic function has been explained by the simultaneous function of 
several uptake systems with different, but coordinated kinetic parameters (Falkner 
et al. 1995; Wagner et al. 1995). Since the efficiency of an energy converter is much 
higher in the linear than in the non linear operation mode (Stucki et al. 1983), the 
observed evolution to linearity reflects an inherent tendency of the uptake system 
to operate with optimal efficiency. Model calculations about the efficiency of phos-
phate incorporation at different external concentrations were in accordance with 
this conclusion (Falkner et al. 1994). As will be shown in the following section, this 
observation provides an important criterion for distinguishing adapted from non 

Fig. 4.4  Thellier plot of the concentration dependence of initial uptake rates of 32P-phosphate by 
Anacystis nidulans before ( A) and after ( C) an incubation with 10 µM phosphate for 15 min. Graph 
B presents the concentration dependence of steady state uptake rates observed after the rate transi-
tion, caused by adaptation to the phosphate concentration employed in the experiment. Graph D 
represents a plot of steady state uptake rates after an increase of the phosphate concentration in the 
reservoir to 40 µM, leading to a growth concentration of 40.4 in the chemostat (determined photo-
metrically with an ammonium molybdate method). Graphs A, B and C refer to the left scale, graph 
D to the right scale on the ordinate. (For experimental details see Falkner et al. (1995))
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adapted states of the uptake system, necessary for analyzing microbial information 
processing about experienced phosphate fluctuations. It is notable that the linear 
flow-force relationship JP = LP(log[Pe] − log[Pe]A) has the same structure as Weber-
Fechner’s law, when the uptake rate JP is interpreted as the response to the stimulus 
[Pe]. Apparently adaptation of cyanobacteria to elevated phosphate concentrations 
leads to a physiological state, in which the relation between stimulus and response 
follows a similar logic structure as the sensory perception of higher organisms.

Both the time required for an adaptive reconstruction and the critical concentra-
tion, above which this reconstruction occurs, depend on the growth conditions and 
are different in different organisms under the same culture conditions. In order to 
illustrate this we present an example, in which Anabaena variabilis had been grown 
in two different discontinuous cultivation modes (in this mode every 24 h half of 
the culture was discarded and replaced by fresh medium containing either 0.1 or 
5 µmol l−1 phosphate. The remaining cyanobacteria in the growth medium incor-
porated the freshly added phosphate within less than half an hour and grew then at 
the expense of stored phosphate). A comparison of the time course of 32P-influx at 
different external concentrations showed significant differences (Figs. 4.5 and 4.6), 
indicating that cells originating from the lower growth concentrations adapted faster 
and at lower concentrations.

Fig. 4.5  Time course of 32P-phosphate influx in Anabaena v. (cultivated on a total phosphorus 
content of 0.1 µmol l−1) at different external concentrations. A: 20 nM; B: 50 nM; C: 200 nM; D: 
500 nM. The experimental conditions are described in Falkner et al. (2006). For the measurement 
the original suspension was diluted 500-fold to ensure that the uptake process did not alter the 
external concentration. (Reproduced with permission from Falkner et al. (2006). Copyright Landes 
Bioscience)
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4.3  Microbial Information Processing About Changes 
in the External Phosphate Concentration

4.3.1  The Dependence of the Adaptive Response  
on the Experimentally Employed Conditions

Owing to the energetic and kinetic attributes, described above, an uptake system 
displays an extremely complex behaviour, when the population is exposed to a se-
ries of phosphate pulses, in which the external concentration is first abruptly raised 
and then diminished by the uptake activity of the whole population. In this situation 
the change of the ambient phosphate concentration and the uptake system depend 
on each other, so that neither the change in the concentration nor in the uptake sys-
tem can be analyzed in terms of a simple cause-effect relationship: each transiently 
occupied adapted state is cause and effect simultaneously and the change of the 
concentration and of the transport system reflect each other. Under this condition 
short-term rises of the external phosphate concentration above a threshold value 
provoke a variety of adaptive responses that reflect complex information processing 
about preceding phosphate supply. In the following we give several characteristic 
examples.

Fig. 4.6  Time course of 32P-phosphate influx in Anabaena v. (cultivated on a total phosphorus 
content of 5 µmol l−1) at different external concentrations. A: 20 nM; B: 100 nM; C: 200 nM; D: 
500 nM; E: 1 µM. Experimental conditions as in Fig. 4.5. (Reproduced with permission from 
Falkner et al. (2006). Copyright Landes Bioscience)
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In the first example two differently diluted suspensions of the filamentous cya-
nobacterium Anabaena variabilis (containing 250 nmol l−1 and 5 µmol l−1 resp.) 
were exposed to three phosphate pulses and the time course of the decrease of the 
external phosphate concentration was recorded. In the presented experiment the 
phosphorus content of the two cell suspensions and of each of the three respective 
pulses was of the same magnitude, so that both suspensions had stored the same 
amount of phosphate per cell after each pulse (Figs. 4.7 and 4.8). The suspension 
with the lower cell number per unit volume incorporated the supplied amounts of 
phosphate without persisting adaptation, so that the incorporation kinetics during 
the three subsequent pulses was practically identical. In contrast, the suspension 
with the twenty times higher number of cells revealed a totally different behaviour. 
Here the kinetics of incorporation varied from pulse to pulse, indicating that an 
adapted state, attained by the uptake system during the foregoing pulse, influenced 
the adaptive operation mode during the subsequent pulse. Apparently in this case 
information about exposures to external phosphate was transferred from one adap-
tive event to the next.

Fig. 4.7  Time course of 32P-phosphate removal from the external medium during three consecutive 
pulses of 250 nM phosphate. The content of bacterial phosphorus of the suspension of Anabaena 
v. was likewise 250 nmol l−1. The experimental conditions are described in Falkner and Falkner 
(2003) and Falkner et al. (2006). The curves represent the best computer fit of the MLAB program 
using the non linear equation: d[Pe]/dt = −0.645 (ln[Pe] − ln[Pe]A) −L·(ln[Pe] − ln[Pe]A)m, with the 
parameters: L = 9.83·10−3 nM min−1, [Pe]A = 3.43 nM, m = 5 (first pulse); L = 7.21·10−3 nM min−1, 
[Pe]A = 3.24 nM, m = 5 (second pulse); L = 0.318 nM min−1, [Pe]A = 9.59 nM, m = 3 (third pulse)
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Fig. 4.8  Time course of 32P-phosphate removal from the external medium during three consecu-
tive pulses of 5 µM. The content of bacterial phosphorus of the suspension of Anabaena v. was 
likewise 5 µmol l−1. Experimental conditions as in Fig. 4.7. The curves represent the best computer 
fit of the MLAB program using the equation: d[Pe]/dt = −Lp (ln[Pe] − ln[Pe]A) with the parameters: 
Lp = 0.100 µM min−1, [Pe]A = 0.066 µM, (first pulse); Lp = 0.067 µM min−1, [Pe]A  = 0.085 µM, (sec-
ond pulse); Lp = 0.032 µM min−1, [Pe]A = 0.090 µM, (third pulse)
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The next example demonstrates the discriminatory potential of such information 
transfer, revealed when two identical samples of a population of Anabaena v. are 
exposed to five small pulses of 1 µM each and one greater pulse with 5 µM, but in 
reverse order: one sample experienced first the five smaller pulses and then the great 
pulse, the other sample vice versa. A comparison of the uptake kinetics in a sub-
sequent pulse of identical maximum concentration revealed significant differences 
(Fig. 4.9), indicating a more pronounced response of the sample that experienced 

G. Falkner and R. Falkner

Fig. 4.9  Time course of 32P-phosphate removal from the external medium by two identical pop-
ulations of A. variabilis ( upper graph): 5 pulses of 1 µM followed by 1 pulse of 5 µM; ( lower 
graph): 1 pulse of 5 µM followed by 5 pulses of 1 µM. For the small pulses only the concentration 
before and after addition of phosphate are given in the graph. The two different patterns initiate a 
different adaptive behaviour during the final pulse. The curves of the final pulse represent the best 
computer fit of the MLAB program using the equation: d[Pe]/dt = −Lp(ln[Pe] − ln[Pe]A). The follow-
ing parameters were obtained: upper graph: Lp = 0.026 µM min−1; [Pe]A = 0.13 µM; lower graph: 
Lp = 0.018 µM min−1; [Pe]A = 0.42 µM. (Reproduced with permission from Falkner et al. (2006). 
Copyright Landes Bioscience)
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the smaller pulses after the great pulse. When this experiment was performed with 
a lower number of small pulses, essentially the same result was obtained; however, 
the difference in the resulting adaptive behaviour was smaller (data not shown). 
Since under this condition a difference in the pattern of phosphate fluctuations leads 
to a corresponding difference in the subsequent adaptive behaviour, we may con-
clude that already a simple prokaryotic organism is capable of some sort of pattern 
recognition and to transcribe information about former environmental alterations 
into a distinct subsequent adaptive response. In this conclusion we employed a no-
tion of information, given originally by Bateson (2000); accordingly an elementary 
unit of information is definable as a difference (in the environment) that makes a 
difference (in the adaptive self-constitution of the uptake system).

4.3.2  Inheritance of Acquired Traits

Distinct information about the pattern of experienced pulses is potentially trans-
ferred to daughter generations. When the two patterns of phosphate pulses, to which 
two different samples of the same population have been exposed, do differ sig-
nificantly, a distinct adaptive behaviour can even be observed after subsequent cell 
division. In the following example two identical suspensions of Anabaena v. were 
challenged with two different supply modes, in which one suspension experienced 
one pulse of 10 µM (‘high pulse culture’), the other ten pulses of 1 µM (‘low pulse 
culture’). After this treatment the two suspensions were cultivated for 24 h at the 
expense of the stored phosphorus, which was the same in both cultures. Thereby, the 
chlorophyll content of the two cultures increased from 0.13 to 0.33 and 0.31 mgl−1 

for the high and low pulse culture respectively, indicating that the number of cells 
had tripled during that time. The two suspensions were appropriately diluted by 
growth medium and then exposed to three identical test pulses for a comparison of 
their adaptive behaviour. Figure 4.10 shows that the culture that had been subjected 
to one great pulse during its previous growth deactivated the uptake system more 
rapidly than the reference low pulse culture, in which the external concentration 
never attained high values. Hence, it appears as if cells that had experienced a high 
phosphate concentration in the past, ‘expect’ a continuation of exuberant phosphate 
supply, when again challenged by elevated phosphate levels. In contrast, the same 
challenge led to a different adaptive interpretation in cells of the ‘low pulse cul-
ture’; the data show that an adaptive event has a temporal vectorial character, con-
necting antecedent experiences with anticipated environmental changes.

The experiments, presented above, can be explained as follows: no information 
transfer takes place, when either the decrease in the external concentration is too 
rapid for adaptive processes to occur or when adaptive processes after the abrupt 
increase in the external phosphate concentration at the beginning of a pulse are con-
fined to the transport system. But in such a case a possibly acquired adapted state 
would not be stable, since the concentration is further decreased by the newly adapt-
ed uptake properties. Therefore the uptake system had to readapt to an even lower 
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level and so on. This process, in which no stable state is produced, would continue 
until the lowest possible threshold level is attained (corresponding to the highest 
possible degree of coupling) so that the system goes back to its original properties 
at the end of the foregoing pulse. In the subsequent pulse the same sequence of 
adaptive events is repeated, so that all pulses reveal similar kinetics, in which the 
dependence of uptake flows on the driving force is non-linear and Weber-Fechner’s 
law is therefore not valid over a wide concentration range (Fig. 4.7).

A different situation arises, when during a pulse the external concentration is so 
high that also the ATP-synthase adapts to the transient increase of the cytoplasmic 
phosphate concentration, resulting in a persistent alteration of the stationary cyto-
plasmic phosphate concentration (Fig. 4.8, see Sect. 4.2.1). Naturally in this case a 
potential adaptive response of the ATP-synthase is favoured by a primary adaptive 

Fig. 4.10  Time course of 32P-phosphate removal from the external medium by two populations 
of Anabaena var. produced by different pre-treatments of the same mother culture. Circles: low 
pulse culture, triangles: high pulse culture. The curves represent the best computer fit of the 
MLAB program using the equations: First pulse: d[Pe]/dt = −0.01·(ln[Pe] − ln[Pe]A) − (L·(ln[Pe] − 
ln[Pe]A))3 for the low pulse culture and d[Pe]/dt = −0.004·(ln[Pe] − ln[Pe]A) − (L·(ln[Pe] − ln[Pe]A))3 
for the high pulse culture. All other pulses: d[Pe]/dt = −Lp·(ln[Pe] − ln[Pe]A). The obtained param-
eters were for the low pulse culture: first pulse: L = 0.135 µM min−1; [Pe]A = 0.089 µM; second 
pulse: Lp = 0.011 µM min−1; [Pe]A = 0.093 µM; third pulse: Lp = 0.0096 µM min−1; [Pe]A = 0.205 µM; 
For the high pulse culture: first pulse: L = 0.137 µM min−1; [Pe]A = 0.105 µM; second pulse: 
Lp = 0.0062 µM min−1; [Pe]A = 0.261 µM; third pulse: Lp = 0.0256 µM min−1; [Pe]A = 1.69 µM. 
(Reproduced with permission from Falkner et al. (2006). Copyright Landes Bioscience)
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deactivation of the transport system, because this leads to a prolonged exposure of 
the cells to the elevated external concentration. If, however, the stationary cytoplas-
mic phosphate concentration has been changed, the phosphate transport system is 
no longer conformed to the new energetic situation, which therefore becomes a con-
straint for a new adaptive reconstruction. This may be followed by another adaptive 
response of the ATP-synthase, when the cytoplasmic concentration is further af-
fected by alterations of the external concentration. Hence, the adaptive interplay be-
tween the transport system and ATP-synthase is potentially governed by some sort 
of ‘communication’, in which adaptive changes of the two systems influence each 
other, such that one system interprets in its adaptive operation mode the metabolic 
manifestation of an adapted state of the other and vice versa. The ‘communica-
tion’ between the two subsystems potentially leads to distinct sequences of adaptive 
events and—as a result—to adapted states at the finally attained threshold value that 
reflect the preceding adaptive events. These stable states are then reflected in the 
subsequent pulse in an energetically favourable linear dependence of the phosphate 
flow into the cell on the driving force over a wide concentration range, affecting a 
potential adaptive response to this pulse in a characteristic way. A computer simula-
tion of such an adaptive interplay was in accordance with this explanation (Plaetzer 
et al. 2005). The preservation of a certain adapted state at the threshold value over a 
prolonged period of time can be explained by attainment of a stable self-referential 
state, in which the kinetic properties of the transport system are conformed to the 
existing gradient between the threshold value and the stationary cytoplasmic phos-
phate concentration, determined by the energetic properties of the ATP-synthase. 
Stability is also provided by an accommodation of the kinetic properties of the ATP-
synthase to the stationary cytoplasmic phosphate concentration, resulting from the 
H+/ATP-stoichiometry, such that fluctuations of the cytoplasmic phosphate level are 
buffered by a rapid phosphate flow into and from the polyphosphate pool. Due to 
the mutual adjustment the characteristic attributes of two subsystems are arrested at 
the corresponding threshold level and influence then the adaptive operation mode 
in the subsequent pulse in a distinct way. Transfer of information from one pulse to 
the next, exhibited in Figs. 4.8, 4.9 and 4.10, can be explained along that line. We 
also may conclude that a given self-referential state is not affected by a possible 
turnover of proteins. When one of the proteins is occasionally replaced during a 
subsequent growth period without phosphate supply, the new protein re-adapts to 
the pre-existing condition and, by this mechanism, “inherits” the properties of the 
protein it had substituted. This could explain the prolonged influence of antecedent 
adaptive events on the subsequent uptake behaviour after cell division.

4.3.3  The Influence of Pulse Patterns on Photosynthetic Activity

A persistent increase in the cytoplasmic phosphate level during transient exposure 
to elevated phosphate concentrations can be expected to affect CO2 fixation. An 
alteration of the cytoplasmic phosphate level can be indirectly estimated via an 
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investigation of the flux of assimilated CO2 into the pools of low- and high-molec-
ular weight compounds (LMWC and HMWC resp., the latter mainly representing 
intracellular glycogen (Heldt at al. 1977), for the following reason: ADP-glucose-
pyrophosphorylase, an allosteric enzyme involved in the regulation of glycogen 
formation, is inhibited by orthophosphate (Levi and Preiss 1976). This enzyme ca-
talyses the biosynthesis of ADP-glucose, a precursor for glycogen formation, and 
thus regulates the flow of photosynthetically fixed carbon into either the pool of low 
molecular weight carbon compounds or into glycogen as a carbon storage of high 
molecular weight.

Table 4.1 presents an experiment, in which the CO2 fixation and the resulting 
flow of fixed carbon before and after phosphate pulses has been followed with 
phosphate-deficient Anacystis nidulans. In this experiment two identical cyanobac-
terial suspensions were exposed to two different pulse patterns, containing in toto 
the same amount of phosphate per average cell: one suspension was challenged by 
one pulse of 1 µmol l−1, the other by 10 pulses of 0,1 µmol l−1. After the threshold 
had been attained, CO2 fixation of the two suspensions was determined under iden-
tical conditions and compared with a reference culture without phosphate addition. 
In this experiment the suspension that had been exposed to 10 small pulses showed 
essentially the same photosynthetic activity as the control suspension. In contrast, 
the suspension that had been exposed to one high pulse, revealed a much higher 
photosynthetic activity. A separation of the LMWC and the HMWC showed that 
the increase could be attributed essentially to an enhanced biosynthesis of low-mo-
lecular weight compounds, whereas starch formation remains relatively uneffected.

It is obvious that the complex dependence of photosynthetic activity on the pat-
tern of phosphate pulses renders difficult predictions of the growth behaviour of 
cyanobacteria under natural conditions. Since phosphate uptake and growth are not 
directly coupled, it is not possible to establish a simple relationship that describes 
the dependence of the growth rate on the external concentration. An application of 
the Monod equation µ = µmax [Pe]/([Pe] + Ks), frequently employed for investigation 
of the growth behaviour of continuous cultures, is not useful for two reasons: first, 

Table 4.1  CO2 fixation in the phosphate-deficient cyanobacterium Anacystis nidulans before and 
after phosphate pulses. (Adopted from Wagner et al. (2000))
Pe incubation prior to CO2 
fixation experiment

Total CO2 fixation 
nmol(109 cells min)−1

LMWC nmol(109 
cells min)−1

HMWC nmol(109 
cells min)−1

Control, without Pe addition 2.6 1.1 1.5
Ten pulses of 0.1 µM Pe 2.7 1.9 0.8
One pulse of 1.0 µM Pe 12.5 10.4 2.1

Two bacterial suspensions (40 µg Chl a l−1) were incubated with the same amount of phosphate 
(Pe) per cell but supplied by either ten pulses of 0.1 µM or one pulse of 1.0 µM phosphate respec-
tively. After the threshold was attained, CO2 fixation of the two suspensions was determined under 
identical conditions, and the flow of fixed carbon into the individual pools of low molecular weight 
compounds (LMWC) and high molecular weight compounds (HMWC) was analysed. The values 
for total CO2 fixation, synthesis of LMWC and HMWC were determined from linear regression of 
the respective time courses (R2  > 0.98) 
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stationary uptake rates at constant external concentrations usually do not exist in 
an environment, in which the amount of biomass formation is determined by phos-
phate supply. Second, Monod’s equation does not contain a threshold value. The 
same refers to the Michaelis equation, from which the Monod equation originates. 
The Michealis equation is valid only for initial velocities of enzyme reactions, char-
acterized by a product concentration of zero and therefore of infinite affinity. Re-
placing in the Michaelis equation the phosphate concentration [Pe] by ([Pe] − [Pe]A) 
is not justified, because [Pe]A itself is a function of [Pe]. Doubts about this replace-
ment have been already expressed by Droop in 1974: “To put (S-S0) for S into the 
Michaelis equation, though from a practical point of view the obvious thing to do, 
knocks away any theoretical foundation the equation may have had.”

4.4  Conclusion

A generalization of the regulatory principles, discussed above, to all other cellular 
energy converting subsystems, by which an energy source is coupled to a variable 
degree with a driven flow of substrates (or information, as in signal transduction 
pathways), leads to a dynamic view of the relation between microorganisms and 
their environment. In this view, an environmental alteration is experienced, when it 
initiates an intracellular communication, in which an excitation of cellular energy 
converter propagates in a wave pattern through the organism. Such an excitation 
would then incite to all kinds of molecular changes that continue, until an ordered 
state of least energy dissipation emerges. Consistent with this view is the postulate 
that an organismic ensemble of subsystems experiences a state of tension, when 
adaptive subsystems are not conformed to each other. Tension would then function 
as a regulatory constraint that determines how fast and to what extent an adap-
tive reconstruction takes place, aimed at maintenance of the organismic identity 
in a constant flux of structural rearrangements under ever changing environmental 
conditions. In this way the capacity of microorganisms to recreate themselves auto-
poietically (Maturana and Varela 1980) in every new adaptive event would become 
a characteristic feature of the intra-cellular energy flow, striving for specific states 
of intra-mundane stabilities that correspond to the nature of the particular species. 
The postulated tension as a physiological foundation for the ability of processing 
information about environmental phosphate fluctuations provides an internal relat-
edness among energy converting subsystems in that it reflects any deviation of an 
idealized manifestation of the organism under the prevailing ambient situation. By 
this, energy converting subsystems establish an ‘adaptive representational network’ 
(Trewavas 2005), by which a microorganism attains a ‘model of itself’ (Rosen 
1985), representing a ‘target value’ that is anticipated in every adaptive event. In 
this way intracellular tension explains the observed connectivity between adaptive 
events, because a potential deviation from an idealized manifestation (for example 
due to an inappropriate anticipation of an environmental change during an anteced-
ent event, see above), is corrected in a subsequent event. The resulting historical 
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order of events is the precondition for the occurrence of memory phenomena at 
different levels of organization of living systems. This memory refers to a(n) (mi-
cro)organismic self, which apparently accounts for the difference between adapted 
states and adaptive operation modes; in the latter the organism seems to decide 
‘subjectively’, to what extent an external influence on an objectively given adapted 
state ‘has significance for itself’ (Whitehead 1929/1978, p. 25).
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5.1  Introduction

Cyanobacteria are the most diversified, ecologically most successful and evolution-
ary most important group of prokaryotes (Peschek et al. 1994b) clearly defined by 
their ability to carry out oxygenic photosynthesis in the thylakoid membranes and 
respiration in both plasma (CM) and thylakoid membranes (ICM) (Peschek 1996; 
Peschek and Zoder 2001). The only exception is Gloeobacter violaceus which does 
not contain thylakoids at all and, hence, must contain its photosynthetic pigments 
in/at the CM (Rippka et al. 1974).

Light inhibition of respiration in cyanobacteria was first reported in Anabaena 
sp. (Brown 1953; Brown and Webster 1953). In Anacystis nidulans (Hoch 1963) 
it was first demonstrated “that the inhibition of oxygen uptake is mainly sensi-
tized by chlorophyll and ‘light’ as many times confirmed later (e.g., Katoh and 
Ohki (1975))”. Jones and Myers (1963) suggested that “the electron acceptor for 
the chlorophyll a reaction, photosystem I (P700), is at least partially a competitor 
for oxygen as an electron acceptor”. This explanation was substantiated by Imafuku 
and Kazoh (1976) who suggested “that PSI, upon illumination, absorbs electrons 
otherwise funneled to oxygen”.

One basic idea behind these considerations is the occurrence of electron car-
riers active in both photosynthesis and respiration which has indeed been proved 
for plastoquinone, cytocrome b6  f, cytochrome c6 and plastocyanin (Peschek 1987; 
Koike and Satoh 1996).

The first in vitro studies (Peschek and Schmetterer 1982) demonstrated that cy-
tochrome oxidase mediates the inhibition of photosynthetic electron transport by 
oxygen, and P700 mediates the inhibition of respiratory electron transport by light 
in membrane preparations of Anacystis nidulans. The original proposal of Hoch 
(1963) was further corroborated by Scherer and Boger (1982) and Scherer et al. 
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(1982) who sustained that the inhibition of respiration was due to competition be-
tween electrons from the water splitting system and electrons from carbohydrate 
breakdown. The light inhibition of respiration in Aphanocapsa ( Synechocystis) was 
interpreted as a competition between cytochrome oxidase and photosystem I (PSI) 
for reduced plastocyanin or cytochrome c553 (the actual cytochrome c6) in the light 
(Sandmann and Malkin 1984) clearly stressing that one requirement for the above 
interpretation is the localisation of all electron transfer components in the same 
membrane, in agreement with (Scherer and Boger 1982).

Thus, further challenges and improvements to explain this inhibition came from 
the work devoted to cellular localisation of electron carriers involved in (both) res-
piration and photosynthesis, with special emphasis from results concerning the oc-
currence and cellular localisation of cytochrome c oxidase as the terminal oxidase 
in cyanobacteria (Peschek 1996; Peschek and Zoder 2001).

Within the framework of knowledge concerning the competition for electrons 
between cytochrome c oxidase and PSI, and taking into account all the progress 
with respect to cellular localisation of cytocrome c oxidase (Peschek 1996; Peschek 
and Zoder 2001), we put forward a hypothesis (Ardelean and Peschek 2002) con-
cerning the role of cellular localisation of cytochrome c oxidase for controlling the 
degree of inhibition of respiration by light as follows: the inhibition is expected to 
be higher in strains where the predominant localization of cytochrome c oxidase is 
at intracellular (=thylakoid) membranes (e.g., in Synechocystis PCC 6803) (Peschek 
et al. 1989, 1994) compared to strains housing the major level of cytochrome c 
oxidase activity in the cytoplasmic (plasma) membrane (e.g., in Anacystis nidulans) 
(Trnka and Peschek 1986; Peschek et al. 1989, 1994).

The aim of this contribution is to develop our original hypothesis showing that 
the inhibition of respiration by light is stronger in Synechocystis PCC 6803 most 
of whose main cytochrome c oxidase activity occurs at the thylakoid membranes 
as opposed to Anacystis nidulans (=Synechococcus PCC 6301) whose main cyto-
chrome c oxidase activity occurs at the plasma membrane.

5.2  Materials and Methods

Strains Synechocystis PCC 6803 and Synechococcus PCC 6301 were grown in 
BG11 and Kratz & Myers mediums, respectively, in the absence or presence of 
0.4 M additional NaCl (Peschek et al. 1994). The cultures were bubbled with CO2-
enriched air. Batch cultures used for measurements were either early log cells (OD 
of the culture at 750 nm in between 0.1 and 0.2, 1 cm light pass cuvettes) or (light 
limited!) late log cells (OD of the culture at 750 nm in between 2.9 and 3.3, in 1 cm 
light pass cuvettes). For oxygen uptake measurements the cells were collected by 
centrifugation at 4000 × g for 5 minutes and the pellet was suspended in 0.67 M 
phosphate buffer (pH = 7.5), supplemented or not supplemented with 0.4 M NaCl 
for salt adapted cells and control cultures, respectively. In all cases the cell density 
of the suspension to be used for measurements was adjusted to an OD750 of 3 units 
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(corresponding to 22–24 µL packed cell volume (pcv) × mL−1 for Synechocystis 
PCC 6803 and 4.0–4.5 µL pcv mL−1 for Synechococcus PCC 6301).

Oxygen uptake by illuminated cells was measured in the presence of 10 µM DCMU 
in case of control cells and 25 µM DCMU in case of salt adapted cells. DCMU had 
been added in darkness and oxygen consumption in dark in the absence of DCMU was 
the same as in its presence, in agreement with previous measurements (Hoch 1963; Va-
liente et al. 1992; Ardelean et al. 1998, 1999). After 5–10 minutes of DCMU addition 
the light (white light from an Orion Xenon Lamp) was switched on and oxygen con-
sumption was monitored at different white light intensities. The intensity of light was 
changed using neutral filters and the light intensity was controlled with a YSI radiobo-
lometer. The different light intensities used were: 1.3, 5, 6.7 and 17.8 µW s−1 m−2. The 
measurement of oxygen consumption either in darkness or at different light intensities 
was performed at 32°C, taking for calculations the decrease in oxygen concentration 
from 100 and 50% saturation. The remaining respiration in the light (RRL) was calcu-
lated as percentage of the respiration occurring at the lowest light intensity used in this 
study (1.3 µW s−1 m−2) from the dark respiratory. The measurements were repeated in 
3 independent experiments, standard deviation being within 10%.

5.3  Results and Discussion

Composite Table 5.1 presents the results concerning the inhibition of respiration by 
white light of different intensities in intact cells of late log, light limited Synecho-
cystis PCC 6803 and Anacystis nidulans ( Synechococcus PCC 6301). As one can 
see, even at low light intensity there is a clear inhibition of respiration (Table 5.1) 
by light which is stronger in Synechocystis PCC 6803 than in Anacystis nidulans, 
thus the remaining respiration in light (RRL) (% of the dark respiration) is higher in 
Anacystis nidulans (52%) than in Synechocystis PCC 6803 (26%). These results are 
in agreement with our hypothesis which sustains that the inhibition of respiration by 
light must be stronger in Synechocystis PCC 6803 whose main cytochrome c oxi-
dase occurs at thylakoidal membranes (Peschek et al. 1989, 1994) than in Anacystis 
nidulans (=Synechococcus PCC 6301) whose main cytochrome c oxidase occurs 
at plasma membrane (Trnka and Peschek 1986; Peschek et al. 1989). These results 
that are in agreement with those published about Anacystis nidulans (Brown 1953; 
Scherer et al. 1982) with the remaining respiration in light being at about 50% of 
the rate in darkness.

In order to further check our assumption we took advantage of the fact that in 
early logarithmic, low density Anacystis nidulans culture, the main cytochrome c 
oxidase activity is housed at the intracellular membrane (Peschek et al. 1988). Thus, 
in these cells, if our hypothesis is correct, the inhibition of respiration by light must 
be more pronounced than in late log (light limited!) high density cells. As one can 
see from Table 5.1, the inhibition is as strong as in early logarithmic, low density 
Synechocystis PCC 6803 whose main cytochrome c oxidase activity is at the ICM a 
priori, and the remaining respiration in light is only 35%.
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The dramatic change in the remaining respiration in light in Anacystis nidulans 
following the cellular localisation of the main cytochrome c oxidase activity (52% 
for cells with the main activity at the plasma membrane and 30% for the cells with 
the main activity at intracellular membranes) further sustains our hypothesis that the 
cellular localisation of cytochrome c oxidase is a major factor controlling the degree 
of inhibition of respiration by light in cyanobacteria.

Theses results are important because the kinetic in vivo measurements (oxi-
dation of horse heart cytochrome c or oxygen consumption) correspond with in 
vitro measurements of horse heart cytochrome c oxidation detected by immunob-
lotting using antibodies against P. denitrificans COX (Peschek 1987). Thus, we 
claim that, by determining the inhibition of respiration by light in whole cells of 
cyanobacteria grown in normal media and suspended in 0.67 M phosphate buffer 
(pH = 7.5), one could predict if the main cytochrome c oxidase activity is associ-
ated either with CM (remaining respiration in light, RRL, above 50%) or with ICM 
(RRL below 35%).

Table 5.1  (Combining results from 10 to 20 experiments). The remaining respiration in light 
(RRL) at 1.3 W s−1 m−2 given as percent of the corresponding dark respiration. pcv, packed cell 
volume
Cells from Synechocystis PCC 6803 RRL Synechococcus PCC 6301 

( Anacystis nidulans) RRL
Batch culture, light limited, 

late log
26% 52%

Batch culture, light limited, 
late log, salt adapted

53% 73%

Batch culture, low density 
culture, early log

35% 30%

Dark- and remaining respiration in light (RRL). Synechocystis PCC 6803 and Synechococcus sp. 
6301, fully adapted to NaCl (0.4 M) (µmol O2 min−1/μL pcv). Intensity of white light is in 
µW s−1 m−2

Light intensity
Strain Dark Dark (+DCMU) 1.3 5.0 6.7 17.8
Synechocystis PCC 6803 0.34 0.34 0.18 0.14 0.13 0.13
Anacystis nidulans 0.80 0.80 0.59 0.49 0.42 0.43
Dark- and remaining respiration in light (RRL). Synechocystis PCC 6803 and Anacystis nidulans, 

control cells (µmol O2 min−1/μL pcv). Intensity of white light is in µW s−1 m−2

Light intensity
Strain Dark Dark (+DCMU) 1.3 5.0 6.7 17.8
Synechocystis PCC 6803 0.13 0.13 0.03 0.03 0.03 0.03
Anacystis nidulans 0.66 0.66 0.35 0.33 0.33 0.33
Dark- and remaining respiration in light (RRL). Synechocystis PCC 6803 and Synechococcus sp. 

6301 control cells, early log cells (µmols O2 min−1/μL pcv). The intensity of the white light is 
in µW s−1 m−2

Light intensity
Strain Dark Dark (+DCMU) 1.3 5.0 6.7 17.8
Synechocystis PCC 6803 0.40 0.40 0.14
Synechococcus PCC 6301 1.88 1.88 0.57
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Furthermore we used salt adapted cells (batch cultures, late log cells, light lim-
ited) of Anacystis nidulans and Synechocystis PCC 6803 whose main cytochrome 
c oxidase activity is associated with CM or ICM just as in non salt adapted cells 
(Peschek et al. 1989). We expected that in salt adapted cells the remaining respira-
tion in light must be higher in Anacystis nidulans than in Synechocystis PCC 6803. 
Indeed this is the case (Table 5.1), the obtained results showing that RRL is higher 
in Anacystis nidulans (73%) than in Synechocystis PCC 6803 (53%).

These findindings are in agreement with the previous prediction that under salt 
conditions the inhibition of respiration by light should be lower than under low salt 
conditions (Peschek et al. 1989), as we had already demonstrated for Synechocystis 
PCC 6803 (Ardelean et al. 1998, 1999) (using a strain physiologically identical with 
that used in this work). When it comes to the molecular mechanism(s) by which 
such a decrease in the inhibition occurs in salt adapted cells, it could be speculated 
that for the increase of the COX activity at CM, both in Anacystis nidulans and in 
Synechocystis PCC 6803 (Peschek et al. 1989) for salt adapted cells as compared 
with control cells, identical mechanisms could be involved. These data (Peschek 
et al. 1989) show that there is an absolute increase of activity from 55 to 155 (nmol 
cyt c/min per mg protein) in COX activity at CM in Anacystis nidulans in cells fully 
adapted to high salinity, while in Synechocystis PCC 6803 the increase in activity, 
also at the CM, only is from 4 to 20 nmol cyt c/min per mg protein.

Furthermore, the full adaptation to growth at high salinity involves extensive 
modifications in cell structure and functions (Joset et al. 1996; Peschek and Zoder 
2001) apart from content and activity of cytochrome c oxidase alone: some of these 
modifications may affect the competition for electrons between cytochrome c oxi-
dase and P700, as for example the increase in the activity of PSI (Jeanjean et al. 
1993; Ardelean et al. 2002).

All these results corroborate our original hypothesis concerning the role of the 
intracellular topography of cytochrome c oxidase for controlling the degree of inhi-
bition of respiration by light. The main conclusion is that the intracellular topogra-
phy of cytochrome c oxidase is a major factor controlling the inhibition of respira-
tion by light in cyanobacteria.

These results refer to the problem concerning the RRL at ICM and CM. The 
degree of light inhibition of respiration at either CM or ICM in Synechocystis PCC 
6803 and Anacystis nidulans is yet unknown. Pioneering work done more than 
twenty years ago on the mutual inhibition of respiration and photosynthesis in 
isolated membranes of Anacystis nidulans and Nostoc sp. strain Mac (Peschek 
and Schmetterer 1982) in the context of our hypothesis together with the tools 
and concepts of molecular biology not only would improve our knowledge on ba-
sic mechanisms such as the detailed molecular interplay between (dark) catabolic 
and (light) anabolic processes in cyanobacteria as well as in other phototrophic 
procaryotes in general but also could help the scientist to control this interplay, 
practical aspects of which could eventually be useful for certain technical applica-
tions such as the large scale photoproduction of O2 with concomitant removal of 
CO2, e.g., in manned spacecraft technology and thus could be interesting even for 
NASA.

5 The Site of Respiratory Electron Transport in Cyanobacteria and Its Implication
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6.1  Introduction

Both enzyme complexes discussed in this chapter are functionally linked. Nitroge-
nase catalyzes the reaction:

 (6.1)

Hydrogenase consumes hydrogen gas by the equation:

 (6.2)

In most (di)nitrogen fixing organisms, the H2 gas produced by nitrogenase is im-
mediately recycled by hydrogenase so that no net H2 gas production is measur-
able in many intact cells. Most N2-fixing organisms possess a hydrogenase but 
there are many examples where hydrogenase occurs in organisms that do not con-
tain the gene sets coding for nitrogenase. Several enzyme types exist both for ni-
trogenase and hydrogenase. Whereas nitrogenases are restricted to prokaryotes, 
hydrogenases can also occur in eukaryotic cells, but not in higher plants. The dis-
tribution of nitrogenase and hydrogenase in cyanobacteria is haphazard and does 
not follow the taxonomic criteria based, for example, on a 16S r-DNA phylogeny. 
N2-fixation is extremely energy demanding: the transfer of one e− in nitrogenase 
requires the expenditure of 2 ATP hydrolysed. Formation or uptake of H2 by hy-
drogenase is ATP independent and is not affected by CO in contrast to N2-fixation. 
Recent reviews on nitrogenases and hydrogenases are available (Vignais and Col-
beau 2004; Newton 2007).

N2 + 8H+ + 8e− → 2NH3 + H2

H2 ↔ 2e− + 2H+
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6.2  General Properties of Mo-Nitrogenases

All nitrogenases are composed of two component proteins neither of which shows 
catalytic activity alone. The smaller subunit ((di)nitrogenase reductase, nitrogenase 
protein-2 or Fe-protein) has a molecular mass of ~64 kDa and is a homodimer. Its 
prosthetic group is a single [4Fe-4S] cluster that bridges the subunit interface and is 
attached to each subunit by two cysteinyl residues. This cluster accepts reductants 
from the electron carrier which is either ferredoxin or flavodoxin, depending on the 
organism. In cyanobacteria, a ferredoxin-type FdxH (or FdxN) is the electron carrier 
in Fe-replete media. It is substituted by flavodoxin (originally termed phytoflavin, 
Trebst and Bothe 1966) under Fe-deficiency in cyanobacterial cultures. Nitrogenase 
reductase is encoded by the nifH gene which is most conserved among all nitroge-
nase genes (Ruvkun and Ausubel 1980). Therefore probes developed from nifH are 
commonly used to screen for nitrogenase in organisms or environmental samples.

The larger component protein (nitrogenase protein-1 or MoFe-protein) of about 
240 kDa and of an α2β2 subunit composition contains two unique prosthetic groups, 
the P-cluster and the MoFe-cofactor. The P-cluster consists of a [4Fe-4S] and a [4Fe-
3S] that are bridged by a common S2−. One copy sits at each α/β subunit interface. 
The P-cluster was proposed to serve in transferring electrons from the Fe-protein 
to the MoFe-cofactor. This might be the case under high but not low electron flux 
through nitrogenase proteins (Fisher et al. 2007). The MoFe cofactor contains 1Mo, 
7Fe and 9S and a light atom (presumably N, C or O) at its centre. Each α subunit 
binds one MoFe-cofactor. This can be subdivided into a [Mo-3Fe-3S] and a [4Fe-
3S] subcluster and is unusually bound to the protein by homocitrate. The substrate 
N2 may be reduced at a 4Fe-4S face with the participation of the light atom. This 
face forms a surface where other substrates such as nitriles, isonitriles, nitrous oxide 
or acetylene might also be reduced. These substrates all have in common a partial 
triple bond. However, the substrate binding and reduction site has not been identi-
fied unambiguously as yet. Substrate reduction may alternatively proceed at the 
Mo-homocitrate part of the MoFe-cofactor.

The formation of NH3 by nitrogenase is paralleled by the production of H2-gas 
presumably with a stoichiometry of 2:1 (Eq. 6.1). Hydrogen is produced with the 
formation of NH3 but not with the reduction of other nitrogenase substrates. In the 
absence of any other substrate, nitrogenase catalyzes an ATP-dependent formation 
of H2. In intact cells, however, no or little net H2 production by nitrogenase is ob-
served, since the gas is immediately recycled by the uptake hydrogenase of most 
organisms (see below).

Nitrogenases are encoded by the three structural genes H (for the nitrogenase re-
ductase) and DK (for the α2β2-subunits of the larger protein). In addition, further 17 
genes, all located contiguously on the chromosome in Klebsiella pneumoniae, are 
required for nitrogenase cofactor biosynthesis, maturation or electron transport to 
nitrogenase (Arnold et al. 1988). In other organisms, they may be scattered through-
out the chromosome, and additional fix genes may be required to express an active 
nitrogenase.
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The complex prosthetic groups of nitrogenase are irreversibly damaged by O2; 
therefore extreme care against exposure to air is a prerequisite during all nitroge-
nase purification steps. Intact cells of different organisms have developed versatile 
devices to protect their nitrogenase against O2. One example of this is the deposition 
of the enzyme into specialized cells, the heterocysts of cyanobacteria.

The production of ammonia by nitrogenase is accompanied by an extensive hy-
drolysis of ATP. Together with reductant, ATP is required to activate each of the two 
subunits of the Fe-protein which then undergoes a conformational change accompa-
nied by a decrease of the redox potential of some 200 mV. Docking of this activated 
Fe protein to the MoFe-protein causes a further reduction of the redox potential to 
a final value of −600 mV. Altogether 16 ATP are required per N2-molecule reduced, 
thus the equivalent of 2 ATP per e− transferred.

Gene probing with nifH to search for the occurrence of nitrogenase in environ-
mental samples surprisingly showed that most nitrogenase sequences retrieved 
were new or belonged to uncultured, non-characterized bacteria that have only se-
quence deposits in the databanks as yet (for example see Eilmus et al. 2007; Rösch 
and Bothe 2009).

6.3  Alternative Nitrogenases

Somewhat surprisingly, the Mo atom in the cofactor can be substituted by V (or by 
Fe) in alternative nitrogenases (reviewed by Bishop and Joerger 1990; Pau 1991; 
Eady 1996; Zhao et al. 2006), However, this change is not simply a switch of at-
oms, because the protein environment is also altered. In fact, the V-nitrogenase and 
the Fe-nitrogenase proteins are encoded by a different set of genes, vnfHDGK and 
anfHDGK, respectively. Their DGK gene products are α2β2γ2 heterohexamers that 
constitute the VFe- and FeFe-proteins, respectively. The function of the additional 
γ-subunit has not been finally resolved. It might serve in the processing of the apo-
proteins of the alternative nitrogenases to the functional enzyme complex by assist-
ing in the insertion of the VFe- or FeFe-cofactor, respectively.

Alternative nitrogenases reduce N2 and C2H2 with significantly lower rates but 
produce more H2 than Mo-nitrogenase. The alternative nitrogenases reduce C2H2 
partly beyond C2H4 to C2H6. Although this ethane-formation amounts to only ~3% 
of the total C2H2-reduction activity, it can easily be measured by gas chromatog-
raphy. The C2H6-formation is thus indicative of the expression of an alternative 
nitrogenase in an organism.

Alternative nitrogenase occurs only occasionally in organisms, apparently with-
out any correlation to taxonomic affiliation. Azotobacter vinelandii, A. paspali, 
Rhodopseudomonas palustris and Methanosarcina acetivorans possess the gene 
sets of all three nitrogenases. The Mo- and V-nitrogenases occur in Azotobacter 
chroococcum, A. salinestris, Methanosarcina barkeri 27 and in some cyanobac-
teria (see below). The Mo- and Fe-nitrogenases, but not the V-enzyme occur in 
Clostridium pasteurianum, Azomonas macrocytogenes, Azospirillum brasilense Cd, 
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Rhodospirillum rubrum, Rhodobacter capsulatus and Heliobacterium gestii (Love-
less et al. 1999; Betancourt et al. 2008). Sequences coding for alternative nitro-
genases were also detected in samples from aquatic environments (Loveless et al. 
1999; Betancourt et al. 2008). They mainly belonged to fluorescent pseudomonads 
and azotobacteria. All the other N2-fixing organisms investigated possess only the 
Mo-nitrogenase.

Under laboratory culture conditions, alternative nitrogenases are only expressed 
under Mo-deficiency in the medium. V-nitrogenase synthesis requires the presence 
of V in the medium, and Fe-nitrogenase expression occurs only in the absence of 
both Mo and V in the medium. In natural environments, Mo is generally not growth-
limiting. Therefore organisms possessing an alternative nitrogenase might not have 
a competitive advantage, and it appears somewhat surprising that these alternative 
nitrogenase genes were retained in the organisms during evolution.

The rather close sequence similarities in the azotobacter-fluorescent pseudomo-
nad group suggest that alternative nitrogenase may have arisen by gene duplication 
from Mo-nitrogenase. Outside this group, there is fairly little sequence similarity 
between the nifH, vnfH and anfH genes and the inferred phylogeny from the 16S 
rRNA gene sequences. Thus alternative nitrogenase may have been developed by 
lateral gene transfer among non-members of the azotobacter-fluorescent pseudo-
monad group. This seems to be the case in Methanobacterium barkeri 27 where the 
DG genes show close sequence similarities to other vnfDG genes, particularly of 
the cyanobacterium Anabaena variabilis. In contrast, the H gene is a separate entity 
clustering with anfH genes from other organisms (Chien et al. 2000). In Methano-
coccus maripaludis, nifDK clusters with these genes of other organisms, whereas 
nifH is an amalgam of both Mo- and V-nitrogenase H genes, indicating that nitroge-
nase genes of this organism were acquired by two independent transfers from other 
organisms (Kessler et al. 1997).

6.4  Nitrogenases in Cyanobacteria

Many cyanobacteria have developed differentiated cells, the heterocysts, to accom-
modate their nitrogenase. Heterocysts possess a thick cell wall composed of long 
chain, densely packed glycolipids that prevent the entry of air. Nitrogen and oxygen 
gas might therefore penetrate into heterocysts mainly by the plasma channels that 
connect vegetative cells with heterocysts. Protein might narrow these pores so that 
they are just permeable enough to supply sufficient N2 (Walsby 2007). The high 
respiratory activity in heterocysts may consume all the O2 coming in and so provide 
an anaerobic environment for nitrogenase catalysis.

The occurrence of non-specific intercellular channels between vegetative cells 
and heterocysts (“microplasmodesmata”, Giddings and Staehelin 1978) has recent-
ly been confirmed (Mullineaux et al. 2008). The exchange of metabolites between 
both cell types might follow the source-sink gradient along these plasma bridges. 
Alternatively, the periplasmic space between the peptidoglycan layer and the outer 
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membrane of these Gram-negative bacteria may serve as a continuous communica-
tion conduit between heterocysts and vegetative cells (Flores et al. 2006).

Differentiation of vegetative cells to heterocysts demands N-deprivation and oc-
curs over a period of approximately 24 h in Anabaena sp. Differentiation is under 
control of the master genes hetR and ntcA and requires the degradation and synthe-
sis of about 50% of all proteins. Most proteins of photosystem II and of the Calvin 
cycle are degraded. Thus heterocysts do not evolve O2 photosynthetically and must 
be supplied with organic carbon from vegetative cells. They have a very active 
ferredoxin-dependent cyclic photophosphorylation (Bothe 1969) which might sup-
ply most of the ATP required for N2-fixation. The reader is referred to details of 
heterocyst biochemistry and molecular biology in review articles on heterocyst dif-
ferentiation (Golden and Yoon 2003; Haselkorn 2005).

Nitrogenase synthesis in Anabaena sp. requires a peculiar gene rearrangement 
prior to its start. The specific excisase (XisA) mediates the excision of an 11 kb 
element within nifD and the ligation of the resulting two fragments. The excisase 
gene xisA is located on the excised DNA. It may have been derived from an ancient 
virus that has come under control of the host. Similar gene rearrangements as a 
prerequisite to protein synthesis are found in a special ferredoxin (FdxN) and in 
HupL, encoding the larger subunit of the uptake hydrogenase of Anabaena 7120. 
Newer publications on the subject are available (Carrasco et al. 2005; Shah et al. 
2007; Henson et al. 2008).

As regard to alternative nitrogenases (Fig. 6.1), the occurrence of the V-enzyme 
complex in Anabaena variabilis was first inferred from physiological experiments 
(Kentemich et al. 1988). The enzyme was then characterized in much detail (Thiel 
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Fig. 6.1  Multiple nitrogenase gene sets in four bacteria. The structural genes nif genes HDK are in 
grey, the additional G gene of alternative nitrogenases in black. (From Thiel, see Thiel et al. (1998))
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1993). The genes vnfDGKEN cluster whereas two other H genes, in addition to nifH 
are located elsewhere on the chromosome of A. variabilis. Thus it is not yet clear 
which one is vnfH. Two copies of nifH also occur in Nostoc punctiforme which has 
only the Mo-nitrogenase. V-nitrogenase has been found as yet only in A. variabilis, 
in an Anabaena isolate from the fern Azolla and recently in Anabaena azotica and 
Anabaena CH1, both from Southern Chinese rice fields (Boison et al. 2006). The 
ecological role of the cyanobacterial V-nitrogenase is not known. Both Mo- and 
V-nitrogenase are expressed to the same extent throughout various light and tem-
perature regimes (Boison et al. 2006). The third nitrogenase, the Fe-only enzyme 
complex has not yet been detected in cyanobacteria. There was some physiological 
evidence for its occurrence in A. variabilis (Kentemich et al. 1991a). However, this 
observation has not been corroborated by any sequence data from cyanobacteria.

A peculiarity of cyanobacteria, though as yet only of A. variabilis, is the posses-
sion of a second Mo-nitrogenase (Schrautemeier et al. 1995; Thiel et al. 1995). One 
enzyme occurs in heterocysts, while a distinctly different nitrogenase is expressed 
in vegetative cells under anaerobic conditions or, better to say, under microaerobic 
conditions, since these cells produce O2 photosynthetically. The nitrogenase in veg-
etative cells resembles the enzyme from non-heterocystous, filamentous cyanobac-
teria such as Plectonema boryanum (Stewart and Lex 1970).

Non-heterocystous species that have the capability to perform N2-fxation are also 
known. Most of them do so under anaerobic or microaerobic conditions and sepa-
rate in time the incompatible reactions of N2-fixation during the night and photosyn-
thetic O2-evolution in light (Gallon 2001). However, Goeothece and Synechococcus 
perform both photosynthesis and N2-fixation during the day and, in cultures under 
continuous illumination, during the whole day, albeit with lower rates than under 
the light-dark rhythm. The filamentous Trichodesmium appears to solve the issue by 
performing photosynthesis in some cells and N2-fixation in others.

Until recently, major contributors of the oceanic N2-fixation were thought to 
be Trichodesmium sp. and the heterocystous Richelia intracellularis living inside 
the diatom Rhizoselenia. However, microscopically small N2-fixing cyanobacteria, 
such as Crocosphaera watsonii, and also other, uncultured and as yet non-character-
ized cells occur in abundance, particularly in the Pacific Ocean (Zehr et al. 2008). 
The nitrogenase sequences of the latter resemble those of the “spheroid bodies” of 
the diatoms Rhopalodia gibba and Epithemia sp. (Floener and Bothe 1980; Prechtl 
et al. 2004). The spheroid bodies and uncultured cyanobacteria could either perform 
cyclic photophosphorylation or could be completely dependent on a supply of both 
ATP and reductant from the ocean or host, respectively. Such N2-fixing inclusion 
bodies inside eukaryotic cells might attract special attention in the near future for 
obvious reasons.

In all cyanobacteria, N2-fxation is largely stimulated by light, and reductant to 
nitrogenase mainly comes from reduced ferredoxin (FdxH, Masepohl et al. 1997) 
generated via photosystem I (Fig. 6.2). Reducing equivalents for this may come 
from NAD(P)H and an NAD(P)H dehydrogenase or H2 and uptake hydrogenase 
(see below) feeding in electrons at or close to the plastoquinone site. Alternatively, 
ferredoxin may be reduced in darkness, either by NAD(P)H or pyruvate (Fig. 6.2). 
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Cyanobacteria possess two isoforms of NAD(P)H:ferredoxin oxidoreductase (FNR, 
Thomas et al. 2006). One of them may be specifically involved in the reduction of 
ferredoxin by NAD(P)H. However this would require about a 1,000 fold excess 
of NAD(P)H over NAD(P)+ since a reduction of ferredoxin (E′

0  ~ −420 mV) is 
thermodynamically unfavourable (E′

0  of NAD(P)H/NAD(P)+ = −320 mV). In cya-
nobacteria, several catabolic enzymes such as isocitrate dehydrogenase, glyceral-
dehyde-3-phosphate dehydrogenase or malate dehydrogenase preferentially utilize 
NADP+ as electron acceptor. Therefore NADPH but not NADH might serve to re-
duce ferredoxin by FNR.

Cyanobacteria can perform a pyruvate phosphoroclastic reaction where pyru-
vate, coenzyme A and oxidized ferredoxin are cleaved to acetyl-coenzyme A, CO2 
and reduced ferredoxin (Leach and Carr 1971; Neuer and Bothe 1982). The ge-
nome sequencing projects of Anabaena 7120 and other cyanobacteria revealed that 
heterocystous cyanobacteria contain two different pyruvate:ferredoxin oxidoreduc-
tases (PFOs) catalyzing this pyruvate cleavage. One PFO, in Anabaena 7120, is 
expressed only under Fe-deficiency (Bauer et al. 1993), whereas the other, as shown 
in A. variabilis (Schmitz et al. 1993), is constitutively expressed in Fe-replete me-
dia. Both PFOs show only a low sequence similarity of some 75%, whereas the se-
quence divergence of other genes from the two organisms is generally less than 5%. 
Remarkably, PFO from A. variabilis is constitutively expressed even in air grown 
cells but its sequence clusters with those from strict anaerobes such as Clostridium 
pasteurianum and Desulfovibrio sp. (Schmitz et al. 1993). The genome sequencing 

Fig. 6.2  Electron donation to nitrogenase in cyanobacteria
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projects revealed that cyanobacteria also possess genes coding for phosphotrans-
acetylase and acetate kinase. Thus acetyl-coenzyme A formed in the pyruvate cleav-
age could be converted to acetyl-phosphate and ATP. This has, however, never been 
demonstrated in cyanobacteria. Similarly, the fate of the acetate formed, if any, is 
unknown. On the other hand, the cleavage of pyruvate in darkness would provide 
ATP and reduced ferredoxin and would thus ideally meet the demands for nitroge-
nase function.

6.5  General Properties of Hydrogenases

Recent general reviews on hydrogenases are available (Vignais and Colbeau 2004; 
Vignais and Billoud 2007; Ghirardi et al. 2007). An [FeFe]-hydrogenase occurs in 
anaerobic bacteria and in green algae, but has not yet been detected in cyanobacteria. 
The two hydrogenases of cyanobacteria are Ni-containing enzymes which are dif-
ferentiated and defined by their physiological roles. They function either in the con-
sumption of H2 (“uptake hydrogenase”) or in both evolution and uptake of the gas 
(“bidirectional” or “reversible” hydrogenase). A regulatory hydrogenase encoded 
by hupUV and found in Ralstonia eutropha has not been described for cyanobacte-
ria. Cyanobacterial hydrogenases also do not contain Se as in some [FeFe] hydrog-
enases of anaerobic bacteria. Detailed accounts of cyanobacterial hydrogenases are 
available (Houchins 1984; Appel and Schulz 1998; Madamwar et al. 2000; Tamag-
nini et al. 2002, 2007; Schütz et al. 2004; Tsygankov 2007; Ghirardi et al. 2007).

The Ni-hydrogenases are composed of two different subunits. The larger protein 
of about 60 kDa possesses the deeply buried binuclear NiFe active site of remark-
able composition. The Fe in this centre binds two CN−and one CO. This active cen-
tre is ligated to the protein by thiolate groups of four cysteines. The smaller subunit 
of some 30 kDa possesses up to three FeS centres which mediate the transfer of 
electrons to and from the active centre. Hydrophobic channels from the surface of 
the protein to the active site provide access for H+ and egress for H2. Ni-hydrogenas-
es are often membrane-bound. They have a low KM (high affinity) for H2 indicating 
that they mainly function in H2-uptake. Indeed, they are often functionally linked to 
nitrogenase and utilize the H2-gas formed by N2-fixation (Eqs. 6.1 and 6.2).

Ni-hydrogenases are often synthesized as longer peptides with some 30–50 ami-
no acids that are excised upon incorporation into membranes. They feed electrons 
into the respiratory chain to ubi-(mena-)quinone or a cytochrome b at the respira-
tory complex III. They can be divided into several classes according to their func-
tion (Vignais et al. 2001; Vignais and Colbeau 2004). In the oxidized form, [NiFe]-
hydrogenases are inactive due to a bridging hydroxo-ligand between the Ni- and 
Fe-atoms. This ligand is removed by reduction to water and the simultaneous re-
duction of Ni3+ to Ni2+. Then the enzyme can bind H2 likely at the Fe-atom and can 
heterolytically cleave it to 2H+ and 2e−. The details of the reaction mechanism have 
been described (Vignais and Colbeau 2004). The Ni-hydrogenases differ in their 
sensitivity to O2. None of them couple with ferredoxin or with any other electron 
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carrier with a midpoint potential of less than −300 mV. The biosynthesis of the NiFe 
cluster including the incorporation of the ligands CO and CN− has been elucidated 
by A. Böck and coworkers in Munich and has been reviewed (Vignais and Colbeau 
2004; Böck et al. 2006; Vignais and Billoud 2007).

6.6  Uptake Hydrogenase of Cyanobacteria

This enzyme is encoded by the cotranscribed genes hupSL. Transcription starts be-
fore hupS and terminates behind hupL. Thus the electron acceptor is independently 
transcribed and is not known. The enzyme has never been purified to homogene-
ity or biochemically characterized in detail. Cyanobacterial uptake hydrogenase is 
bound to the thylakoids, to the cytoplasmic membrane or both. H2-uptake by this 
enzyme proceeds either by photosystem I or the respiratory pathway (Bothe and 
Neuer 1988; Fig. 6.2). The cytochrome bc complex in cyanobacteria is shared both 
by the photosynthetic and respiratory electron transport. After entry of the electrons 
from H2 to the electron transport chain at the plastoquinone pool or close to the 
plastoquinone site and passage through the cytochrome bc complex, the electrons 
are allocated either to photosystem I or to respiration under O2-uptake. Factors that 
regulate the electron transfer to either photosystem I or respiration in light have not 
yet been elucidated.

H2-utilization by uptake hydrogenase may have several functions as first stated 
for Rhizobium (Dixon 1972): (a) it minimizes the loss of ATP in H2-formation by 
nitrogenase, since ATP is regained in respiration with H2 as electron donor; (b) it 
removes O2 by the respiratory “Knallgas” reaction and thereby protects nitrogenase 
against damage (H2-dependent O2-uptake might significantly contribute to provide 
an anaerobic environment within heterocysts); (c) it prevents a deleterious build-up 
of a high concentration of H2 in cells such as heterocysts (H2 in high concentra-
tions affects N2-fixation); (d) it provides additional reductant to photosynthetic and 
respiratory processes.

Uptake hydrogenase-deficient mutants produce about three times more H2 than 
wild-type cells (see Tamagnini et al. 2007; Weyman et al. 2008). Growth rates of the 
mutants and the wild type are, however, essentially the same (Lindblad et al. 2002). 
The effect of H2 on N2-fixation can easily be seen in C2H2-reduction experiments 
with intact A. variabilis (Bothe et al. 1978, 2008). The reaction is distinctly less sen-
sitive to O2 when the vessels with this cyanobacterium are supplemented with H2.

Thus H2-uptake is closely linked with nitrogenase functioning, and uptake hy-
drogenase appears to be present in all N2-fixing cyanobacteria (Tamagnini et al. 
2000). However this hydrogenase is not detected in the N2-fixing unicellular Syn-
echococcus sp. BG 043511 (Ludwig et al. 2006) nor in some Chroococcidiopsis 
isolates (see below). The enzyme has also been reported in ammonia-grown A. 
variabilis which does not perform N2-fixation under these conditions (Weyman 
et al. 2008). It may also be expressed in parallel with the second Mo-nitrogenase 
in vegetative cells of A. variabilis; a possibility which still needs to be examined.
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Uptake hydrogenase transcripts do not show typical motifs for membrane in-
sertion. However, HupL of cyanobacteria as that of other organisms contains a C-
terminal extension. At the last step of maturation this extension is cleaved by a 
specific endopeptidase encoded by hupW. The hupL gene of Anabaena 7120 and 
of approximately half of the other heterocystous strains undergoes a rearrangement 
during the late state of heterocyst differentiation which is a prerequisite for its ex-
pression. A 9.5 kb element is excised in hupL by a specific recombinase XisC with 
its gene located on the excised DNA (Carrasco et al. 2005). The physiological role 
of this excision is not obvious.

Uptake hydrogenase synthesis seems to be regulated at the transcriptional and 
translational levels. General factors are Ni-availability, anaerobiosis, H2-presence, 
absence of combined nitrogen and thus differentiation to heterocysts. However, the 
factors have not always been unambiguously identified and seem to vary from one 
cyanobacterium to the next. The general transcriptional regulator of nitrogen me-
tabolism NtcA also regulates hupSL expression (Weyman et al. 2008; Holmqvist 
et al. 2009). However, the NtcA binding site upstream of the transcriptional start site 
has not been unambiguously identified as yet. A promoter fragment, covering 57 bp 
upstream and 258 bp downstream of the transcriptional start site, suffices for a high 
and heterocyst-specific expression of hupSL independently of NtcA (Holmqvist 
et al. 2009). At the translational level, uptake hydrogenase is activated by reduced 
thioredoxin (Papen et al. 1986). Thioredoxin is reduced in light, and H2-production 
by nitrogenase is also largely light-stimulated. Thus it makes sense to activate up-
take hydrogenase under these conditions.

6.7  Bidirectional Hydrogenase of Cyanobacteria

Cyanobacteria may contain a second hydrogenase, the bidirectional or reversible 
enzyme, which is constitutively expressed, even under aerobic growth conditions 
and independently of N2-fixation (Houchins 1984). Molecular analysis provided 
the unexpected information that it is a pentameric enzyme encoded by hoxEFUYH 
(Schmitz et al. 1995). It is related to the soluble, NAD+-reducing hydrogenase of 
Ralstonia eutropha (Friedrich and Schwartz 1993). Extracts from cyanobacteria 
catalyze both a NAD(P)H-dependent H2-evolution and a reduction of NAD(P)+ 

with H2 as electron donor (Schmitz and Bothe 1996). HoxYH constitutes the hy-
drogenase proper part, which contains the motifs for binding the Ni-Fe-S and Fe-S 
centres. HoxFU comprises the diaphorase part which serves in transfer electrons 
from H2 to NAD(P)+ and contains the binding sites for NAD(P)+, FMN and Fe-S 
centres. The enzyme contains another subunit, HoxE, which copurifies in the other 
four HoxFUYH proteins (Schmitz et al. 2002) but which is not present with the Ral-
stonia eutropha enzyme. The hoxE gene product possesses the motif for binding a 
[4Fe-4S] cluster and may therefore be involved in binding the enzyme to thylakoid 
or cytoplasmic membranes, a possibility which remains to be proven. The function 
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of HoxE, present in organisms other than cyanobacteria, such as Thiocapsa roseop-
ersicina and Allochromatium vinosum, is also not yet resolved.

The bidirectional hydrogenase occurs in unicellular, filamentous and heterocys-
tous cyanobacteria and is thus widespread. It is always encoded by the five structur-
al genes hoxEFUYH which, however, may be contiguous, interspersed with ORFs 
or partly separated from each other by several kb, depending on the cyanobacterium 
(Boison et al. 1998; Tamagnini et al. 2007). The enzyme is apparently not present 
in some marine cyanobacteria of the open ocean (Ludwig et al. 2006). Bidirectional 
hydrogenase seems to be more O2-sensitive than the uptake enzyme (Cournac et al. 
2004). When reduced, it can, however, be purified without major problems. It might 
function as a dimeric assembly complex Hox(EFUYH)2 (Schmitz et al. 2002).

The expression of the bidirectional hydrogenase genes is under control of the 
circadian clock, as shown for two promoters of the gene cluster in Synechoccocus 
sp. PCC 7942 (Schmitz et al. 2001a). HoxH undergoes maturation at the C-terminus 
catalyzed by a specific endopeptidase encoded by hoxW (Tamagnini et al. 2007). 
The regulation of the expression of bidirectional hydrogenase is different from one 
cyanobacterium to the next and is dependent on the location of the hox genes on 
the chromosome. In Synechococcus sp. PCC 7942 the genes are separated into the 
two clusters hoxEF and hoxUYHWhypAB and three promoters, located before hoxE, 
hoxU and hoxW, were identified (Boison et al. 2000; Schmitz et al. 2001a). The 
genes hoxEFUYH of Synechocystis PCC 6803 are cotranscribed with the transcrip-
tion start point at 168 bp upstream from the start codon (Oliveira and Lindblad 
2005; Gutekunst et al. 2005). These two investigations also showed that expression 
is under control of the activator protein LexA. The binding site of LexA has not 
been finally resolved; it may bind either to a region from −198 to −338 bp from the 
translational start point (Oliveira and Lindblad 2005) or may interact in the region 
−592 to −690 from the hoxE start codon (Gutekunst et al. 2005).

The location of this soluble enzyme in the cyanobacterial cells is not known. Im-
munological studies were performed with antibodies before its complex structure 
as pentameric enzyme was recognized. New investigations with freshly prepared 
antibodies are timely. Solubilization studies (Kentemich et al. 1991b) seemed to in-
dicate an association of the bidirectional hydrogenase to the cytoplasmic membrane 
(Fig. 6.3).

The hyp genes required for the biosynthesis of hydrogenase 3 of E. coli have 
been elucidated (Böck et al. 2006). Since homologous hyp genes occur in cyanobac-
teria, biosynthesis of both enzymes in these organisms might be similar to E. coli.

The physiological function of bidirectional hydrogenase has been much debated 
in the past. The high affinity (low KM) of the enzyme for H2 tends to suggest that the 
enzyme functions in H2-consumption. H2 and hydrogenase can support reductive 
processes such as CO2-fixation, nitrate- or sulphate-reduction, albeit with marginal 
rates compared with the activities when H2O is the photosynthetic electron donor 
(see Bothe and Neuer 1988). Also when does the aerobically expressed bidirection-
al hydrogenase come into contact with H2 in non-N2-fixing cyanobacteria? Some 
authors consider the enzyme to function as a valve to remove excess reductant  
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(Appel et al. 2000; Cournac et al. 2004; Ludwig et al. 2006). Several authors noted 
a burst of H2 lasting at best a few minutes when cyanobacteria are suddenly exposed 
to high light intensities. However, this might be a physiological artefact of labora-
tory experiments, since the sun does not rise so suddenly in the morning that soil 
cyanobacteria are suddenly faced with the problem of too much light, particularly 
since most of them are protected by a slime layer. In water, turbulences are hardly 
so violent that cyanobacteria have to face sudden exposure to toxic light intensi-
ties. Cyanobacteria may, however, be forced to continuously produce H2 on a very 
bright summer’s day when exposed to high light intensities over longer periods, as 
first experimentally documented by Laczkó (1986). Then H2 may be produced via 
photosynthetic electron transport, reduced ferredoxin, NADPH:ferredoxin oxidore-
ductase (FNR), NADPH and bidirectional hydrogenase.

More likely, the bidirectional hydrogenase functions in darkness and under an-
aerobic conditions (Fig. 6.4). Several authors suggested a function for the bidirec-
tional hydrogenase in cyanobacterial fermentation (Van der Oost et al. 1989; Stal 
and Mozelaar 1997). However, as stated in an extensive review (Stal and Moz-
elaar 1997), most cyanobacteria are obligate autotrophs and have only a limited 
capability to consume organic carbon. Cyanobacteria accumulate glycogen in the 
light which is degraded via the oxidative pentose phosphate pathway to pyruvate 
(Ernst et al. 1990). Their tricarboxylic acid cycle is incomplete, since an enzyme 
catalyzing the degradation of oxoglutarate (either oxoglutarate dehydrogenase or 
an oxoglutarate:ferredoxin oxidoreductase) is missing. Several catabolic enzymes, 
such as isocitrate dehydrogenase, glyceraldehyde-3-phosphate-dehydrogenase or 
malate dehydrogenase, are mainly NADP+-dependent. Many cyanobacteria form 
dense cultures in mats or biofilms where they may rapidly become O2-limited. In 

Fig. 6.3  Composition and possible coupling of the bidirectional hydrogenase to the cytoplasmic 
membrane. Solubilization studies suggested that the enzyme is bound to the cytoplasmic mem-
brane. (Kentemich et al. 1991b)
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darkness, they may be forced to degrade the pyruvate formed via pyruvate:ferredoxin 
oxidoreductase, reduced ferredoxin, FNR, NADPH and bidirectional hydrogenase. 
H2 must then be excreted, since O2 is not available for the respiratory utilization of 
NADPH. In line with such suggestions is the observation that both bidirectional 
hydrogenase and pyruvate:ferredoxin oxidoreductase are constitutively expressed 
under all conditions (Schmitz et al. 2001b) and that two isoforms of FNR occur in 
cyanobacteria (Thomas et al. 2006). When cyanobacteria, such as Anabaena varia-
bilis, Synechocystis PCC 6803 or Synechoccocus sp. PCC 7942, are transferred to 
darkness and anaerobic conditions, a distinct H2-production commences without 
any lag-phase, and this H2-formation stops when the assays are supplemented with 
O2 (early and ongoing observations from the Cologne and other laboratories, for ex-
ample, Benemann and Weare 1974). Thus the bidirectional hydrogenase must have 
an essential function in darkness and under O2-limitation to avoid over-reduction 
of the cells. Then a more than 100-fold excess of NAD(P)H over NAD(P)+ may 
rapidly be achieved to allow a reduction of ferredoxin by NAD(P)H and production 
of H2 to proceed.

Fig. 6.4  The degradation of carbohydrate reserves under anaerobic conditions and in darkness. 
The bidirectional hydrogenase then functions to dispose the reductants generated. (see text)
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Fig. 6.5  N2-fixation (C2H2-reduction) by Chroococcidiopsis thermalis strain PCC 7203 in depen-
dence of the O2-concentration in the gas phase. A slight positive effect of H2 on C2H2-reduction at 
a concentration of 0.2–0.5% O2 in the gas phase was detected in many, but in less than 50% of the 
130 different experiments performed on the subject. O2 was always completely inhibitory above 
0.5% in the headspace of the vessels. The positive effect was dependent on the age of the cultures, 
their photosynthetic activity, their density in the assay vessels and the light intensity applied to 
the cells. The experiments were performed in 7 ml Fernbach flasks on a horizontal rotary shaker 
for 5 h with C. thermalis cells (about 0.02 mg chlorophyll/vessel) grown in BG11 medium and 
preincubated under H2 overnight before the start of the experiment. The low light intensity at the 
vessels of 30 µE/m2 s was optimal for C2H2-reduction by C. thermalis. Straight line: presence of 
15% H2 in the vessels; dashed line without H2
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In ancient times, the bidirectional hydrogenase may have had an additional 
role. Such speculation is taken from observations of the current cyanobacterium 
Chroococcidiopsis which is regarded as a fossil record (Fewer et al. 2002). Ch-
roococcidiopsis is discussed as the best suited organism to go on exploratory mis-
sions to Mars (Cockell et al. 2005). Nowadays it only thrives in extreme habitats 
where competition between organisms is low (Boison et al. 2004). Some Chroococ-
cidiopsis strains, such as C. thermalis PCC 7203, do not possess an uptake hydrog-
enase, only the bidirectional enzyme. Unpublished experiments from the Cologne 
laboratory showed that H2 and bidirectional hydrogenase can support light-depen-
dent C2H2-reduction, but only at the very low O2-concentration of 0.1–0.3% in the 
gas phase (Fig. 6.5). Above that concentration, O2 blocks this activity, presumably 
by oxidizing hydrogenase to the inactive form and/or by inhibiting an extremely 
sensitive nitrogenase. Since the cells evolve O2 photosynthetically and since the 
range of the O2-concentration is so narrow, problems were encountered in getting 
reproducible positive effects in the many experiments performed. Anyway, in early 
earth conditions of low O2, H2 and bidirectional hydrogenase may have served to 
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protect nitrogenase against O2-damage. Later, at higher O2-concentrations, more ef-
fective protective devices such heterocysts may have developed. Indeed, Chroococ-
cidiopsis is regarded as a progenitor of heterocystous cyanobacteria (Fewer et al. 
2002).

6.8  The Use of Cyanobacterial Cells for the Generation 
of Molecular Hydrogen as a Source for New 
and Clean Energy

This topic has been of continuous interest for years, at least from the first energy 
crisis in 1973, though its support by the funding agencies has been cyclic. Currently 
there is a renewed interest, since photosynthetic H2-production is not accompanied 
by the formation of greenhouse gases as by-products. Cyanobacteria have the sim-
plest nutrient demands of all organisms in nature. They thrive on inorganic media 
photosynthetically and many of them can even meet their N-demands from N2. Af-
ter ceasing to produce H2, the cells may be utilized either to supplement cattle food, 
though only at 5% maximally, or as biofertilizers.

Many attempts to exploit cyanobacteria for the generation of H2 have been 
made and, mainly depending on their own research interests, authors suggest us-
ing either hydrogenases or nitrogenases. With regard to hydrogenases, both cya-
nobacterial enzymes do not couple with ferredoxin, as said above. Therefore the 
clostridial ferredoxin-dependent hydrogenase was heterologously expressed in the 
unicellular cyanobacterium Synechoccocus PCC 7942 which resulted in a three-
fold enhancement of hydrogenase activity compared to the wild-type situation 
(Asada et al. 2000). Another attempt was to genetically engineer photosystem I 
PsaE subunit so that it could couple with the O2-insensitive, membrane-bound hy-
drogenase of Ralstonia eutropha (Ihara et al. 2006a, b). The published data seemed 
to indicate that the increase in photosystem I-dependent H2-production was quite 
low in this approach.

Upon sudden exposure to high light intensities, hydrogenase catalyzes an out-
burst of H2 (Cournac et al. 2004), but this burst can hardly be expected to be sus-
tained. Alternatively, cyanobacteria were suggested to form photosynthate in light 
and this could subsequently be degraded in darkness by the use of hydrogenase 
(Ananyev et al. 2008). An alternative approach could be to degrade cyanobacterial 
photosynthate by a mixed culture with fermentative bacteria, since H2-formation 
rates by clostridia, for example, are at least three orders of magnitude higher than 
in cyanobacteria.

Cyanobacterial nitrogenases are ferredoxin-dependent and thus couple directly 
with photosystem I. Recent experiments indicate that all photosynthetically gen-
erated reductant can be exploited for H2-production by nitrogenase in Anabaena 
variabilis or A. azotica (Bothe et al. 2008). In the presence of high concentrations of 
C2H2 and H2 these cyanobacteria produce large amounts of H2 anaerobically on top 

6 Nitrogenases and Hydrogenases in Cyanobacteria



152

of the H2 added to the vessels (Fig. 6.6). Under the same conditions, C2H2-reduction 
is almost totally blocked so that all electrons reaching nitrogenase are utilized to 
produce H2. The effect cannot be mechanistically explained as yet. Nostoc musco-
rum incubated under argon and H2 was also described to produce H2, although not 
with such high activities (Scherer et al. 1980). The rates of H2-production are higher 
in V- than in Mo-grown cultures (Fig. 6.6) and amount to ~40 µmol H2 formed/per 
h × mg chlorophyll (Bothe et al. 2008). This is about the maximal rate of N2-fixation 
that can be achieved with filamentous, heterocystous cyanobacteria. Their CO2-
fixation activities amount to roughly 100 µmol/h × mg chlorophyll. Since the C/N 
ratio in cells is about 6, maximal N2-fixation is unlikely to exceed 20 µmol/h × mg 
chlorophyll. If all electrons transferred to nitrogenase were re-allocated to reduce 
H+, H2-production by cyanobacteria would be around 40 µmol H2 produced/h × mg 
chlorophyll based on the fact that 4e− are needed for NH4

+-production but only 2e− 
for H2-formation.

Published data indicate that maximal rates of H2-production of ~40 µmol/h × mg 
chlorophyll are already achieved with both nitrogenase (Markov et al. 1995; Bothe 
et al. 2008) and hydrogenase (Asada et al. 2000; Laczkó 1986). Thus it does not 
appear to be a realistic goal to enhance cyanobacterial H2-production significantly 
by genetically engineering a more effective hydrogenase or nitrogenase into cya-

Fig. 6.6  Kinetics of H2-formation by V-grown Anabaena azotica. The upper two curves ( full lines, 
thick (upper) line Mo-grown cells, thin (lower) line V-grown cells) represent the data obtained 
in the vessels supplemented with 15% H2, the lower two, dashed curves are obtained from the 
vessels without H2 ( upper dashed line: V-grown cells, lower dashed line: Mo-grown cells). Note 
the difference in scale. The experiments were performed in 7 ml Fernbach flasks with 3 ml A. 
azotica cells (total chlorophyll content 0.035 ml at 20°C and a light intensity at the vessels of about 
300 µE/m2 s. The gas phase was argon supplemented with about 15% C2H2 and about 15% H2. (For 
further details see Bothe et al. 2008)
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nobacteria. A better chance to improve H2-production is to enhance the photosyn-
thetic electron flow for the generation of reductant as outlined years ago (Hall 
et al. 1995). The exploitation of the incident light by cyanobacteria is only 1–2% 
mainly due to self-shadowing, slime formations and other factors in the cells. Im-
mobilization of the cyanobacterial filaments by absorption on solid matrices or by 
entrapment in gels may result in a better exploitation of light, may enhance the life 
time of the cells and may also increase the number of heterocysts in the filaments 
(Hall et al. 1995). Such approaches may result in long lasting H2-production. Het-
erocyst frequencies in the filaments may also be enhanced by mutagenesis (Meeks 
and Elhai 2002) or treatment with chemicals such as 7-azatryptophan (Bothe and 
Eisbrenner 1977).

In intact cells, the H2 produced by nitrogenase is immediately recycled—more 
or less completely—by hydrogenase so that no net H2-production is observable. 
Uptake hydrogenase but not the bidirectional enzyme is effective in re-cycling the 
gas (Masukawa et al. 2002). Hydrogenase-negative mutants obtained by classical 
NTG-treatment (Mikheeva et al. 1995) or by site directed insertions (Masukawa 
et al. 2002; Happe et al. 2000b) show significantly higher H2-formation than the 
wild-type.

In the long run, with the exhaustion of fossil energy, biological systems such 
as cyanobacterial H2-production may offer realistic prospects as an alternative and 
environmentally friendly source of energy production.
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7.1  Introduction

Our aerobic biosphere ultimately dates back to the advent of cyanobacteria. Pri-
mordial blue-green algae (cyanobacteria) have evolved ca. 3 × 109 years ago from 
ancient phototrophic organisms that already lived on our planet Earth (Barghoorn 
1971; Rasmussen et al. 2008). They had succeeded to link photosynthetic elec-
tron flow from water as the (energy-requiring!) photoreductant through an oxy-
gen-evolving complex of a newly elaborated photosystem II, which is thought to 
have originated from a uniform primordial photosystem by gene duplication. The 
resulting tandem operation of two photosystems (namely a high-potential water-
oxidizing photosystem II and a low-potential ferredoxin-reducing photosystem I) 
is now known as oxygenic or plant-type photosynthesis. This most decisive evolu-
tionary step marked a turning point in evolution on our Earth, opening up the era of 
an aerobic, oxygen-containing biosphere and atmosphere. The impact of this free 
dioxygen on the further evolution of life on Earth can hardly be over-emphasized, 
and cyanobacteria thus introduce themselves as true pace-makers of (terrestrial) 
evolution, in both a geological and biological sense.

Clearly, the first evolution of molecular O2 must have been a deadly threat to all 
extant organisms in those anoxic days and it is logical to assume that cyanobacteria 
must have been among the first organisms to elaborate mechanisms for the detoxi-
fication of partially reduced, reactive oxygen species (ROS) originating from one- 
(i.e. O2

•− or HO2
•) and two-electron reduction of O2 (i.e. H2O2) (Regelsberger et al. 

2002; Bernroitner et al. 2009).
In the 1980s and even still in the beginning of the 1990s only crude extracts of 

cyanobacteria were tested for peroxide-degrading enzymes. Catalase activity (Tel-
Or et al. 1985), ascorbate peroxidase activity (Miyake et al. 1991), and glutathi-
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one peroxidase activity (Tözum and Gallon 1979) have been reported. Originally, 
cyanobacteria were divided into two groups, in those that have and those that lack 
ascorbate peroxidase (Miyake et al. 1991). This was based on the observation that 
the first group scavenges hydrogen peroxide with a peroxidase using a photore-
ductant as electron donor. Thus, it was thought that—similar to chloroplasts—the 
oxidation products of ascorbate peroxidase are reduced by dehydroascorbate reduc-
tase (Hossain and Asada 1984) and monodehydroascorbate reductase (Hossain and 
Asada 1985) with glutathione and NADPH as electron donors (the production of 
both depending on photosynthetic activity). However, the concentration of ascor-
bate in the cyanobacterial cytosol (20–100 µM) is about 250-fold lower than in the 
stroma of chloroplasts (Tel-Or et al. 1985) and analysis of cyanobacterial genomes 
(Passardi et al. 2007) unequivocally has demonstrated that cyanobacteria do not 
contain ascorbate peroxidases.

Bifunctional catalase-peroxidases (KatGs) were the first H2O2 dismutating cya-
nobacterial enzymes which were characterized by both biochemical and genetic 
methods. KatGs were originally isolated from the unicellular species Synechococ-
cus PCC7942 (Mutsuda et al. 1996; Perelman et al. 2003), Synechococcus PCC6301 
(Engleder et al. 2000) and Synechocystis PCC6803 (Jakopitsch et al. 1999; Tichy 
and Vermaas 1999). Later on, the occurrence of a gene in Nostoc punctiforme that 
encodes a typical (monofunctional) catalase has been reported and also genes for 
putative manganese catalases were ascribed to Nostoc punctiforme and Nostoc sp. 
PCC7120 (Regelsberger et al. 2002). Furthermore, it has been demonstrated that 
(multiple) genes for peroxiredoxins (Yamamoto et al. 1999; Perelman et al. 2003) 
and glutathione peroxidases (Gaber et al. 2001) exist in cyanobacteria and that func-
tional enzymes are expressed. Apparently, these enzymes (and not ascorbate peroxi-
dase) were responsible for the ‘photoreductant peroxidase’ described earlier in the 
literature. These hydroperoxidases will be described in more detail in the following 
chapters.

7.2  Peroxidase Versus Catalase Activity

Peroxidases and catalases are ubiquitous oxidoreductases capable of the reductive 
heterolytic cleavage of the peroxidic bond, predominantly in hydrogen peroxide 
(H-O-O-H), but also in organic peroxides (R-O-O-H). Peroxidases reduce perox-
ides by means of two one-electron donors (Reaction 7.1) or one two-electron donor 
(Reaction 7.2). One-electron donors (AH) can be aromatic (e.g. phenols) or aliphat-
ic (e.g. glutathione, GSH) molecules, small inorganic anions (e.g. NO2

−) or even 
metal cations (e.g. Mn2+) and the corresponding oxidation product (e.g. a radical, 
●A) eventually dimerizes (e.g. forming glutathione disulfide, GSSG). Two-electron 
donors (X−) can be halides (chloride, bromide, iodide or thiocyanate) with the cor-
responding oxidation product (HOX) being hypohalous acid or hypothiocyanate. 
In this respect, all peroxidases that catalyze Reaction 7.2 are often denominated 
haloperoxidases (irrespective of their evolutionary origin).
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 (7.1)

 (7.2)

Catalases have the unique catalytic capacity to dismutate hydrogen peroxide (Reac-
tion 7.3) by their striking ability to evolve molecular oxygen (O2) by oxidation of 
hydrogen peroxide.

 (7.3)

Several gene families evolved in the ancestral genomes capable of reduction of 
H2O2 or organic peroxides. Among them are heme and non-heme oxidoreductases. 
Heme containing enzymes can be divided in three main (super)families, namely (1) 
typical or “monofunctional” catalases found in all domains of life (Zamocky et al. 
2008a), (2) the peroxidase-catalase superfamily with members in plants, fungi, pro-
tists, and (archae)bacteria (Welinder 1992; Passardi et al. 2007) and (3) the peroxi-
dase-cyclooxygenase superfamily also distributed in all domains of life (Zamocky 
et al. 2008b). In addition, some other minor groups of heme-containing peroxidases 
are found including the novel dye-decolorizing peroxidase family found in archaea, 
bacteria and fungi (Zubieta et al. 2007) or bacterial di-heme peroxidases (Echalier 
et al. 2006).

Non-heme peroxide utilizing enzymes are manganase catalases (Zamocky et al. 
2008a), vanadium peroxidases (Littlechild 1999) and ubiquitous thiol peroxidases 
(peroxiredoxins and glutathione peroxidases), which catalyze the reduction of per-
oxides by catalytic cysteine residues and thiol-containing proteins as reductants 
(Rouhier and Jacquot 2005).

7.3  Catalase

Several gene families evolved in the ancestral genomes capable of H2O2 dismuta-
tion according to Reaction 7.3. The most abundant are heme-containing enzymes 
that are spread among Bacteria, Archaea and Eukarya. They are divided in two 
main groups, typical or “monofunctional” catalases (EC 1.11.1.6) and catalase-
peroxidases (KatGs). Both types of heme enzymes exhibit high catalase activities, 
but have significant differences, including absence of any sequence similarity and 
very different active-site, tertiary, and quaternary structures. Enzymatic classifi-
cation of bifunctional catalase-peroxidase is not clear because, besides their cata-
lase activity (EC 1.11.1.6, hydrogen peroxide, hydrogen peroxide oxidoreductase), 
they exhibit a peroxidase activity similar to that of conventional peroxidases (EC 
1.11.1.7, hydrogen peroxide, donor oxidoreductase). Nonheme manganese-con-
taining catalases constitute a third (minor) group of enzymes with catalase activity. 
Mn-catalases (EC 1.11.1.6), initially referred to as pseudo-catalases, are present 
only in bacteria.

HOOH(ROOH) + 2AH → 2 •A + 2 H2O(H2O + ROH)

HOOH + X− + H+ → HOX + H2O

H2O2 + H2O2 → O2 + 2H2O

7 Hydrogen Peroxide Degradation in Cyanobacteria
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7.3.1  Typical (Monofunctional) Catalase

Though being the largest group of H2O2 dismutating enzymes that segregated rather 
early in the evolution into three main clades through at least two gene-duplicating 
events (Zamocky et al. 2008a) and even occurs in anaerobic bacteria, it was in-
teresting to see that genes for typical catalases are very unusual in cyanobacteria 
(Table 7.1). At the moment, the only complete and nonfused gene in which all es-
sential amino acids of typical catalases are conserved (i.e. proximal heme ligand 
Tyr and the conserved distal residues His, Arg and Ser) (Zamocky et al. 2008a) is 
found in Nostoc punctiforme PCC73102. The genome of this species in addition 
shows two ORFs that encode manganese catalases (see below). Nostoc punctiforme 
catalase belongs to clade 3 of small-subunit catalases that contain heme b at the ac-
tive site and use NADPH as a second redox-active cofactor. A recently performed 
phylogenetic analysis (Zamocky et al. 2008a) suggests a lateral gene transfer (LGT) 
from an ancestral proteobacterium to Nostoc punctiforme. Incomplete (C-terminal 
truncated) catalase genes are found in Synechococcus elongatus PCC7942 and Cya-
nothece sp. ATCC 51142. The putative proteins would contain all essential amino 
acids but lack the C-terminal α-helical domain that is known to be essential in 
folding of typical catalases (Chelikani et al. 2004). Another protein of this family 
in Nostoc sp. PCC7120 is part of a fusion protein between a typical catalase-related 
domain and a putative lipoxygenase domain, with significant similarity to the well-
investigated fusion protein of allene oxide synthase from Plexaura homomalla and 
related corals (Oldham et al. 2005).

The physiological role of the typical catalase in Nostoc punctiforme is unknown. 
From the published apparent kinetic parameters of this protein family [kcat within 
54,000 s−1 to 833,000 s−1, KM within 38–600 mM and activities that are essentially 
pH-independent from pH 5 to pH 10] (Chelikani et al. 2004), it is reasonble to as-
sume that it has a protective role against environmental H2O2 generated in the eco-
system similar to the proposed role of bifunctional catalase-peroxidase (see below).

7.3.2  Bifunctional Catalase-Peroxidase

In contrast to typical catalases, about 30% of all known cyanobacterial genomes 
contain one gene ( katG) encoding a bifunctional catalase-peroxidase (KatG). KatG 
represents the only peroxidase of both heme peroxidase superfamilies with a rea-
sonable high catalase activity (Reaction 7.3), besides a usual peroxidase activity 
(Reaction 7.1). Together with ascorbate peroxidases, present mainly in chloroplas-
tic organisms, and cytochrome c peroxidase, found mainly in the cytosol an/or mi-
tochondria of fungi, KatGs constitute Class I of the peroxidase-catalase superfamily 
(Welinder 1992; Passardi et al. 2007). The predominant form of heme b containing 
KatGs in solution is a dimer or tetramer (Welinder 1992; Chelikani et al. 2004) and 
each subunit is composed of two distinct sequence-related N- and C-terminal do-
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mains, which led to the proposal that the large gene size of KatG had arisen through 
a gene duplication and fusion event of a primordial peroxidase gene after which the 
C-terminal domain likely lost its functionality (Welinder 1991).

The evolution of catalase-peroxidases was analysed recently (Passardi et al. 
2007). The most important output of this investigation is that katG genes are dis-
tributed in ~40% of bacterial genomes and sometimes even closely-related species 
differ in possessing katG genes of different origin or even do not possess any katG 
genes. It has to be mentioned that KatGs are also found in eukaryotes including 
some algae, protists and mainly fungi. Phylogenetic analysis (Fig. 7.1) reveals the 
presence of a distinct and well-segregated clade of cyanobacterial catalase-peroxi-
dases suggesting early segregation in evolution. In addition at least two independent 
lateral gene transfers occurred during the evolution of this protein family between 
various bacterial taxa and ancestors of (1) a group formed by Synechococcus elon-
gatus PCC6301, Synechococcus PCC7002 and Synechocystis PCC6803, (2) Gloeo-
bacter violaceus, and (3) most probably Acaryochloris marina (Fig. 7.1). Cyano-
thece sp. CCY0110 is the only diazotrophic cyanobacterium with a katG gene, all 
other species that contain this heme protein are unable to fix nitrogen (Table 7.1). 
No paralogues are found within one cyanobacterial species.

The four available crystal structures of KatGs from Haloarcula marismortui 
(1ITK) (Yamada et al. 2002), Burkholderia pseudomallei (1MWV) (Carpena et al. 
2003), Mycobacterium tuberculosis (1SJ2) (Bertrand et al. 2004) and of the cyano-
bacterium Synechococcus PCC7942 (1UB2) (Wada et al. 2002) revealed that KatGs 
have proximal and distal conserved amino acids at almost identical positions as in 
other Class I peroxidases (Smulevich et al. 2006). In particular both the triads His/
Trp/Asp (His259, Trp341 and Asp402; Synechocystis PCC6803 numbering) and 
His/Arg/Trp (His123, Arg119, Trp122) are conserved (Fig. 7.2a). Moreover, the 
distal His is hydrogen-bonded to a conserved asparagine (Asn153) and the proxi-
mal His is H-bonded to the carboxylate side chain of the nearby Asp residue which, 
in turn, is H-bonded to the nitrogen atom of the indole group of the nearby Trp 
residue (Fig. 7.2a). However, the X-ray structures also revealed features unique 
to KatG. In the vicinity of the active site, novel covalent bonds are formed among 
the side chains of three distal residues including the conserved Trp122 (Fig. 7.2a). 
In particular, both X-ray crystallization data (Yamada et al. 2002; Carpena et al. 
2003; Bertrand et al. 2004) and mass spectrometric analysis (Donald et al. 2003; 
Jakopitsch et al. 2003) have confirmed the existence of a covalent adduct between 
Trp122, Tyr249 and Met275. Sequence alignment suggests that all these structural 
features are fully conserved in cyanobacterial KatGs (Fig. 7.2a).

Other KatG-typical features also found in cyanobacterial proteins are three large 
loops, two of them show highly conserved sequence patterns (Zamocky et al. 2001) 
and constrict the access channel of H2O2 to the prosthetic heme b group at the 
distal side. The channel is characterized by a pronounced funnel shape and a con-
tinuum of water molecules. At the narrowest part of the channel, which is similar 
but longer and more restricted than that in typical (monofunctional) peroxidases, 
two highly conserved residues, namely Asp152 and Ser335 control the access to 
distal heme side. Together with a conserved glutamate residue at the entrance both 

M. Zamocky et al.
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Fig. 7.1  Reconstructed phylogenetic tree of 30 catalase-peroxidases (KatGs) rooted with an out-
group, i.e. fungal KatGs (originally published in Bernroitner et al. 2009). Presented is the tree 
obtained by the MEGA4 package (Tamura et al. 2007). Neighbor-joining method was applied with 
1000 bootstrap replications and Jones-Taylor-Thornton model of amino acid substitutions. Further, 
complete deletion of gaps, homogenous pattern among lineages and uniform rates among sites 
were used. Nearly identical trees were obtained also with maximum parsimony method (within 
MEGA4 package, 1000 bootstraps) and with maximum likelihood method (from Phylip package 
3.68 http://evolution.gs.washington.edu/phylip.html 100 bootstraps). The reconstructed consensus 
tree is presented using the Tree Explorer included in the MEGA package. Numbers on the branches 
represent bootstrap values as obtained from NJ/MP/ML, respectively (only values above 50% 
are presented, lower values are denoted “−”). Cyanobacterial KatGs are highlighted in red. For 
abbreviations, gene assignments and accession numbers of cyanobacterial KatGs see Table 7.2. 
Sequences with known 3D structures are underlined. The scale bar indicates the frequency of 
substitutions per site
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Fig. 7.2  a KatG monomer and assignment of secondary structure elements as well as active site of 
dimeric catalase-peroxidase from the cyanobacterium Synechococcus PCC7942 (accession code 
1UB2) (Wada et al. 2002) ( Synechocystis numbering in parenthesis). Each subunit is composed of 
two distinct sequence-related N- and C-terminal domains. Only the N-terminal domain contains 
heme b. Active site residues include the proximal triad His-Trp-Asp and the distal triad His-Arg-
Trp as well as the unique covalent adduct Trp-Tyr-Met. b Monomeric structure and view of the 
dinuclear manganese complex at the active site of dimeric manganese catalase from Lactobacillus 
plantarum (accession code 1JKU) (Barynin et al. 2001). In the monomeric structure all secondary 
structure elements and the prosthetic group are assigned. In the active site structure all coordi-
nating ligands are depicted. Manganese ions are represented by violet spheres, and coordinated 
solvent is represented in red spheres. The figures were built using SWISS-PDB Viewer (www.
expasy.ch/spdbv)

H69

H181

E35

E66

R147

E178

E148

a

b

W313
(341)

D375
(402)

H262
(259)

R90
(119)

H94
(123)

W93
(122)Y221

(249)

M247
(275)

M. Zamocky et al.

                  



167

acidic residues seem to be critical for stabilizing the solute matrix and orienting the 
water dipoles in the channel. Exchange of both residues affect the catalase but not 
the peroxidase activity (Jakopitsch et al. 2005).

This extensive distal site hydrogen-bonding network causes KatGs to differ from 
typical peroxidases. Typically, the catalase but not the peroxidatic activity is very 
sensitive to mutations that disrupt this network (Heering et al. 2002; Jakopitsch 
et al. 2004). Moreover, the integrity of this network is crucial for the formation of 
distinct protein radicals that are formed upon incubation of KatG with peroxides 
(Ivancich et al. 2003). Mutational analysis clearly underlined the importance of 
the KatG-typical covalent adduct Trp-Tyr-Met for H2O2 dismutation. Its disruption 
significantly decreased the catalase but not the peroxidase activity. Similarly all 
other mutations so far performed in the heme cavity or substrate channel of a KatG 
affected the oxidation but not the reduction reaction of hydrogen peroxide (Smulev-
ich et al. 2006), which is the initial reaction in all heme catalases and peroxidases.

Dismutation of hydrogen peroxide according to Reaction 7.3 follows a two-step 
mechanism. Heterolytic cleavage of hydrogen peroxide (i.e. compound I formation) 
follows Reaction 7.4. It is important to note that the exact electronic structure of 
formed compound I, that actually oxidizes the second H2O2 according to Reaction 7.5 
(i.e. compound I reduction), is still speculative (Jakopitsch et al. 2007). Conventional 
compound I is an oxoiron(IV) porphyrin π-cation radical species [•+Por Fe(IV) = O] 
that in KatG could be in equilibrium with an alternative (H2O2 oxidising?) compound 
I [•+AA Por Fe(IV) = O] with AA being a so far not localized amino acid radical (Ja-
kopitsch et al. 2007). One role of the KatG-specific Trp-Tyr-Met adduct might be 
to provide the (at least transient) radical site (•+MYW Fe(IV) = O) that quenches the 
porphyryl radical according to Reaction 7.4 and participates in H2O2 oxidation (Re-
action 7.5). Similar to typical peroxidases, compound I formation is clearly assisted 
by the conserved distal residues His123 and Arg119 (Smulevich et al. 2006) but the 
exact role of specific distal amino acids in H2O2 oxidation is still speculative.

 

 (7.4)

 
(7.5)

Both kcat and KM values of KatGs are significant lower compared to typical cata-
lases. Apparent values range from 3500 to 7500 s−1 and 3.7–8 mM (Smulevich 
et al. 2006), respectively, and the two so far kinetically investigated cyanobacterial 
representatives fall within this range (Mutsuda et al. 1996; Jakopitsch et al. 1999). 
In contrast to typical catalases and Mn-catalases, the catalase activity of KatG has a 
sharp maximum activity around pH 6.5.

KatG is a bifunctional enzyme. It oxidizes typical artificial peroxidase substrates 
like o-dianisidine, guaiacol or ABTS. The pH profile of the peroxidase activity of 
KatG has a maximum within pH 5–6 depending on the nature of the one-electron 
donor. Additionally, KatGs have been reported to have also halogenation (Jako-
pitsch et al. 2001) and NADH oxidase (Singh et al. 2004) activity.

Por Fe(III) + H2O2 → [•+Por Fe(IV) = O →← •+AA Por Fe(IV) = O] + H2O

[•+Por Fe(IV) = O →← •+AA Por Fe(IV) = O] + H2O2

→ Por Fe(III) + H2O + O2
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The naturally occurring peroxidase substrate is unknown. In physiological con-
ditions it is well known that KatG from Mycobacterium tuberculosis can activate 
the anti-tuberculosis drug isoniazid (Zhao et al. 2006). Due to the restricted access, 
only small peroxidase substrates can enter the main entrance channel. A second ac-
cess route, found in monofunctional peroxidases, approximately in the plane of the 
heme, is blocked by the KatG-typical loops. However, another potential route that 
provides access to the core of the protein, between the two domains of the subunit, 
has been described (Carpena et al. 2003). It has been speculated that this could be 
the binding site for substrates with extended, possibly even polymeric character. In 
any case neither from prokaryotic nor from eukaryotic KatGs the naturally occur-
ring one-electron donor(s) is known nor the function of a high peroxidase activity 
in an enzyme with catalase activity. A reasonable role at low peroxide concentration 
could be the reduction of inactive compound II species to ferric KatG.

It has been proposed that KatG in Synechocystis PCC6803 has a protective role 
against environmental H2O2 generated in the ecosystem and that this protective role 
is most apparent at a high cell density of the cyanobacterium (Tichy and Vermaas 
1999). Deletion of the katG gene in Synechocystis PCC6803 resulted in a mutant 
strain with normal phenotype and resistance to H2O2 and methyl viologen indistin-
guishable from those of the wild-type. Nevertheless the rate of H2O2 decomposition 
in the ∆katG mutant was about 30 times lower than in the wild-type (Tichy and 
Vermaas 1999). Apparently the residual H2O2-scavenging capacity was more than 
sufficient to deal with the rate of H2O2 production by the cell. In the ∆katG mutant 
hydrogen peroxide degradation was light-dependent and could be stimulated by ad-
dition of thiol such as dithiothreitol. The authors concluded that this activity might 
derive from a thiol-specific peroxidase, for which thioredoxin is the physiological 
electron donor. This has been underlined by a bioinformatic analysis of the genome 
of Synechocystis PCC6803 (Stork et al. 2005) that revealed the presence of five open 
reading frames with similarity to peroxiredoxins (see below and also Table 7.1).

Similarly, investigations of Synechococcus sp. PCC7942 (Miller et al. 2000; 
Perelman et al. 2003) has also demonstrated the existence of two classes of H2O2 
degrading enzymes, namely a (cytosolic) KatG, that is essential for survival and 
elimination of relatively high concentrations of externally added H2O2, and light-
dependent peroxidase(s) that are essential during excessive radiation (see also 
Table 7.1). Despite addition of 18O-labeled H2O2 in the light only 16O2 production 
was observed, indicative of H2

16O oxidation by photosystem II and formation of a 
photoreductant. However, in the dark added H2

18O2 led to release of 18O2 that could 
be completely blocked by NH2OH, an inhibitor of KatG (Miller et al. 2000). This 
suggests also a temporal difference in activity of peroxiredoxins and KatG.

7.3.3  Manganese Catalase

Manganese catalases (non-heme or di-manganese catalases, MnCats; EC 1.11.1.6) 
represent only a minor gene family with catalase activity that is also found in cya-
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nobacteria. With the exception of Gloebacter violaceus PCC7421, only diazotro-
phic species contain at least one open reading frame with similarity to MnCat. Two 
paralogs are found in heterocyst-forming Nostoc punctiforme (that also contains a 
typical catalase) and Nostoc PCC7120 (Table 7.1) and three paralogs exist in the ge-
nome of Cyanothece sp. PCC7424. Interestingly, with the exception of Gloeobacter 
violaceus and Cyanothece sp. CCY0110, cyanobacteria contain either a katG gene 
or gene(s) encoding manganese catalase(s) and about 50% of the investigated spe-
cies contain neither a typical catalase, nor a KatG nor a MnCat (e.g. all Prochloro-
coccus marinus strains, Microcystis aeruginosa, Synechococcus el. BP-1 etc., com-
pare with Table 7.1). Only in all so far known genomes of heterocyst-forming diaz-
otrophic cyanobacteria at least one gene encoding MnCat was dedected (Table 7.1).

A recently performed phylogenetic analysis of bacterial Mn-catalases (Za-
mocky et al. 2008a) reveals the presence of five distinct and well segregated clades. 
Figure 7.3, that includes all available cyanobacterial genes, demonstrates that cya-
nobacterial MnCats are found in clade 3 (with Firmicutes and proteobacteria) as 
well as in clade 4 (with the genus Bacteroides) that was separated rather early from 
the common ancestor. It is interesting to note that some authors argued for a role of 
di-manganese catalase in still anoxygenic (cyano?)bacteria as a forerunner of Mn-
containing photosystem II (McKay and Hartman 1991; Lane 2002). It was noted 
that the active site structure of manganese catalase reveals similarity to the tet-
ranuclear manganese complex of the oxgygen evolving center of photosystem II 
(Blankenship et al. 1998).

So far neither an expression study nor a functional or structural analysis of a 
cyanobacterial MnCat is found in literature. However, multiple sequence alignment 
(Bernroitner et al. 2009) revealed a rather high identity mainly in the active site resi-
dues with the two enzymes of known crystal structure, namely MnCat from Ther-
mus thermophilus (Antonyuk et al. 2000) and Lactobacillus plantarum (Barynin 
et al. 2001). These proteins contain six identical subunits (~30 kDa) each with a 
bridged binuclear Mn-center located within a conserved closely packed four-helix 
bundle domain (Fig. 7.2b). The ligands for the di-manganese center are almost in-
variantly conserved among all known sequences (Zamocky et al. 2008a). A bridging 
glutamate (Glu 66 in Lactobacillus plantarum numbering) anchors the two ions in 
the binuclear cluster. Each Mn ion is further coordinated by one histidine (His69 to 
Mn1 and His181 to Mn2) and one glutamate (Glu35 to Mn1 and Glu148 to Mn2) 
bound to opposite faces of the cluster (Whittaker et al. 2003) (Fig. 7.2b). These es-
sential ligands are highly conserved forming typical signatures of MnCat sequence, 
whereas the environments of these ligands differ slightly. The manganese core is 
completed by two solvent-derived oxygen atom bridges.

Access to the binuclear center is via a central channel that extends the full width 
of the hexamer, with branches into each subunit. Each di-manganese center is em-
bedded in a network of hydrogen bonds that radiate from the metal center towards 
the outer sphere environment. The length (≈15 Å) and narrowness of these chan-
nels provide a restricted access to the only substrate hydrogen peroxide. Mutational 
analysis of an essential outer sphere tyrosine (Tyr 42), which is conserved in all so 
far available sequences clearly demonstrated the importance of an intact hydro-
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gen bonding network also in Mn-catalases (Whittaker et al. 2003). In the variant 
Tyr42Phe a solvent bridge was broken and an “open” form of the di-manganese 
cluster was generated, thereby considerably influencing the catalytic turnover, pH 
optimum and interaction with H2O2.

Though following the same overall reaction (Reaction 7.3) the mechanism of 
the catalase reaction in MnCat differs significantly from catalase-peroxidases. 

Fig. 7.3  Reconstructed phylogenetic tree of 30 manganese catalases rooted with an outgroup 
(originally published in Bernroitner et al. 2009). Presented is the tree obtained with the MEGA4 
package (Tamura et al. 2007). Neigbor-joining method was applied with 1000 bootstrap repli-
cations and Jones-Taylor-Thornton model of amino acid substitution. Very similar trees were 
obtained also with maximum parsimony method (within MEGA4 package, 1000 bootstraps) and 
with maximum likelihood method (from Phylip package 3.68 http://evolution.gs.washington.edu/
phylip.html using 100 bootstraps). Numbers on the branches represent bootstrap values as obtained 
from NJ/MP/ML, respectively (only values above 50% are presented, lower values are denoted 
“−”). Cyanobacterial manganese catalases are highlighted in red. For abbreviations, gene assign-
ments and accession numbers of cyanobacterial sequences see Table 7.2. Sequences with known 
3D structures [Thermus thermophilus (TtMnCat1) and Lactobacillus plantarum (LpIMnCat1)] are 
underlined. The scale bar indicates the frequency of substitutions per site

BhaMnCat Bacillus halodurans

GtMnCat Geobacillus thermodenitrificans
Clade 1

Clade 2

Clade 4

Clade 3

Clade 5

outgroup

RxMnCat Rubrobacter xylanophilus

TtMnCat1 Thermus thermophilus

PYcaMnCat Pyrobaculum calidifontis

SerMnCat Saccharopolyspora erythraea

BclMnCat Bacillus clausii

BceMnCat Bacillus cereus

LplMnCat1 Lactobacillus plantarum

Cya7424.3 Cyanothece sp. PCC 7424

MspMnCat Mesorhizobium sp.

Nos7120.2 Nostoc sp. PCC7102

Nos.pun.2 Nostoc punctiforme PCC73102

BcaMnCat Bacteroides caccae

Cya7424.2 Cyanothece sp. PCC 7424

MsiMnCat1 Methylocella silvestris

Lyn8106 Lyngbya sp. PCC8106

Cya7424.1 Cyanothece sp. PCC 7424

Cya0110 Cyanothece sp. CCY0110

Glo.vio Gloeobacter violaceus PCC7421

Nod.spu Nodularia spumigena CCY9414

Nos.pun.1 Nostoc punctiforme PCC73102

Nos7120.1 Nostoc sp. PCC7102

Ana.var Anabaena variabilis ATCC29413

MflaMnCat Methylobacillus flagellatus

BcenMnCat Burkholderia cenocepacia

ReMnCat Ralstonia eutropha

PaerMnCat1 Pseudomonas aeruginosa

PfMnCat1 Pseudomonas fluorescens

BcapMnCat Bacteroides capillosus

100/98/99

60/76/95

-/-/56

100/100/-

100/100/100
92/61/77

100/100/100

100/97/96

66/94/78

-/88/65

85/-/74

100/52/100

81/63/56

75/55/73

51/-/-

100/98/86

97/66/95

61/54/60

58/54/-

100/64/90

97/86/57

88/-/62

87/-/-

100/100/100
70/60/65

57/88/58

0.2 substitutions/site
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The di-manganese cluster is equally stable in either Mn2+-Mn2+ or Mn3+-Mn3+ oxi-
dation states. Upon isolation the protein is frequently in a mixture of both oxidation 
states. Fully reduction to Mn2+-Mn2+ is mediated by hydroxylamine, whereas re-
oxidation to homogenous Mn3+-Mn3+ state can be achieved by molecular oxygen at 
pH > 7.0 (Whittaker et al. 2003). The catalase reaction can be written as a two stage 
process. During catalytic turnover, the active site has to accommodate both the re-
duced and the oxidized state of the di-manganese core. The Mn2+-Mn2+ cluster is 
expected to polarize the O-O bond favouring a heterolytic cleavage of the peroxidic 
bond and release of water (Reaction 7.6) (Whittaker et al. 2003). Hydrogen peroxide 
oxidation and dioxygen release occurs by a simple electron transfer (Reaction 7.7). 
Principally there is no temporal order to the reduction and oxidation stages.

 (7.6)

 (7.7)

It is assumed that the change in the oxidation status is responsible for protonation 
or deprotonation of both bridging oxygens. Protonation is proposed for the reduced 
Mn2+-Mn2+ state (see Reaction 7.6). In contrast to heme-containing catalases no 
reactive intermediate is formed and both product waters are formed in one reaction 
(Reaction 7.6). There is no evidence for involvement of free radicals in manganese 
catalase turnover and nothing is known about a peroxidatic reactivity of these oxi-
doreductases.

The H2O2 dismutation rates are lower compared to typical catalases and cata-
lase-peroxidases, which could explain that Mn-catalases may not have become as 
widespread in nature. The activity varies only slightly over the pH range pH 5–10, 
very similar to typical catalases. The apparent Km values are reported to be around 
220 mM (Whittaker et al. 2003) suggesting a low catalytic efficiency at low H2O2 
concentrations. Their exact physiological role(s) and expression pattern are more or 
less unknown.

7.4  Peroxidase

Here, it is reasonable to distinguish between heme and non-heme enzymes. From 
the two heme peroxidase superfamilies, i.e. the peroxidase-catalase superfamily 
(Welinder 1992) and the peroxidase-cyclooxygenase superfamily (Zamocky et al. 
2008b) two types of heme peroxidases are found. Bifunctional (Class I) catalase-
peroxidase is the only cyanobacterial member of the first superfamily and—due 
to its overwhelming catalase activity—has been discussed in the chapter before. 
Most interestingly, cyanobacterial peroxidases might be at the origin of the second 
(i.e. peroxidase-cyclooxygenase) superfamily since ORFs with similarity to animal 

H2O2 + Mn2+-Mn2+ (2H+) → Mn3+-Mn3+ + 2H2O

H2O2 + Mn3+-Mn3+ → Mn2+-Mn2+ (2H+) + O2

7 Hydrogen Peroxide Degradation in Cyanobacteria



172

peroxidases where found within the subfamily of peroxidockerins (Zamocky et al. 
2008b). Whereas genes encoding typical catalases, KatGs and MnCat appear to 
have been acquired by lateral gene transfer in cyanobacteria, there is phylogentic 
evidence that proteins from the peroxidase-cyclooxygenase superfamily originate 
from ancient cyanobacteria (see below). Furthermore, two cyanobacterial genomes 
show the occurrence of ORFs with similarity to putative di-heme peroxidase.

The most important group of non-heme peroxide degrading enzymes is rep-
resented by thiol-specific peroxidases including peroxiredoxins and glutathione 
peroxidases. All four subclasses of peroxiredoxins found in plants occur also in 
cyanobacteria (Table 7.1) (Stork et al. 2005). ORFs with similarity to glutathione 
peroxidases are found in the majority of the cyanobacterial genomes but so far no 
glutathione peroxidase activity could be measured in these organisms (Tichy and 
Vermaas 1999). Furthermore few cyanobacterial genomes show the occurrence of 
ORFs with similarity to putative vanadium peroxidase.

7.4.1  Peroxidockerin-Related (Primordial) Peroxidase

It was interesting to see that some cyanobacterial genomes contain genes that en-
code a putative protein with similarity to mammalian peroxidases like lactoperoxi-
dase (LPO) or eosinophil peroxidase (EPO, EC 1.11.1.7). So far in six cyanobacte-
ria the corresponding ORF of this putative peroxidase is found that—together with 
peroxidockerins—constitute an old subfamily at the root of the peroxidase-cyclo-
oxygene superfamily of heme peroxidases (Zamocky et al. 2008b). Peroxidockerins 
are multidomain proteins of unknown physiological role composed of a transmem-
brane domain, Dockerin type 1 repeats and the catalytic peroxidase domain. The 
homologous cyanobacterial proteins lack the non-enzymatic domains and cluster 
separately within this subfamily (Zamocky et al. 2008b).

Recent analysis demonstrated that all catalytic residues known to be essential in 
the catalysis of mammalian peroxidases (Furtmüller et al. 2006) are also found in 
these primordial heme peroxidases: (1) The essential motif—WGQXVDHD- with 
the distal histidine in immediate neighbourhood of two aspartate residues that are 
involved in heme to protein linkage and Ca2+-binding. Moreover this region also 
contains a highly conserved glutamine that is essential in halide binding (Furtmüller 
et al. 2006), (2) a second motif with two essential residues is -RXXE- that contains 
the catalytic distal arginine and a glutamate that is also involved in the second heme 
to protein ester bond in LPO, (3) the proximal ligand histidine and its H-bonding 
partner asparagine.

It is completely unknown whether these proteins are expressed in cyanobacteria. 
However, inspection of the sequence (Bernroitner et al. 2009) suggests a functional-
ity very similar to the corresponding mammalian peroxidases that use small anionic 
substrates like halides (bromide, iodide) and thiocyanate as substrates to fulfill their 
physiological role, i.e. to produce hypohalous acids and hypothiocyanate according 
to Reaction 7.2. These oxidizing and halogenating agents participate in unspecific 
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immune defence of mammals against pathogens. It is tempting to speculate whether 
some cyanobacterial species have also acquired the ability to produce antimicrobial 
compounds possibly providing selective advantage.

7.4.2  Di-heme Peroxidase and Vanadium Peroxidase

Bacterial di-heme cytochrome c peroxidases (DiHCCPs) catalyze the two-electron 
reduction of H2O2 to water according to Reaction 7.1 by soluble one-electron donors 
such as cytochrome c and cupredoxins (Echalier et al. 2006). However, unlike their 
eukaryotic counterparts, they possess two heme c prosthetic groups, that are cova-
lently attached to a single polypeptide chain via two cysteines (-CXXCH-), and al-
low reduction of H2O2 without the need to generate (semi-stable) radicals. The two 
heme groups are designated (low potential, N-terminal) heme P (peroxidatic), that 
actually reacts with peroxides and ligands, and (high potential, C-terminal) heme 
E (electron-transferring). In the resting (oxidized) state heme P is coordinated by 
two histidine ligands and the E heme is coordinated by a histidine and a methionine 
(Fülöp et al. 1995). Activation of the peroxidase needs reduction of heme E by a 
small redox donor protein in order to activate heme P that includes dissociation of 
the coordinating distal histidine in order to allow access of the substrate(s) (Echalier 
et al. 2006).

Three ORFs with similarity to bacterial DiHCCP were found in the genomes, one 
in Anabaena variabilis ATCC29413 and two in Acaryochloris marina (Table 7.1). 
Analyis of the three sequences indicated the presence of two heme c prosthetic 
groups (Bernroitner et al. 2009). However, N-terminal heme P seems to lack the 
distal histidine and at least in two sequences the distal coordination of heme E is 
unclear. Thus, the functionality of these putative proteins is fully unclear and needs 
further investigation. No information about (bacterial) DiHCCP-related proteins in 
cyanobacteria was found in the literature.

Some cyanobacterial strains in addition contain ORFs with similarity to vanadi-
um-containing peroxidases. Vanadium-dependent enzymes are often designated as 
haloperoxidases (bromoperoxidase, iodoperoxidase) since they exclusively oxidize 
halides according to Reaction 7.2 and are usually found in brown and red algae, 
fungi and lichens (Weyland et al. 1999). They are nearly all-helical homodimeric 
proteins that contain trigonal-bipyramidal coordinated vanadium atoms at their two 
active centres. The catalytically active histidine is described to be in a different 
environment in bromoperoxidases (-SGH-) and in iodoperoxidases (-AGH-) (Wey-
land et al. 1999; Colin et al. 2005). The present analysis demonstrates the occur-
rence of vanadium-dependent iodoperoxidases in at least five cyanobacterial spe-
cies (Table 7.2). All essential structural motifs seem to be conserved (not shown). In 
addition ORFs were found with the catalytic histidine located within the sequence 
-GGH-. Whether this has an impact on the functionality of these putative haloper-
oxidases is unknown (thus these proteins were set in brackets in Table 7.1) as is the 
physiological role of vanadium peroxidases in cyanobacteria.
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Abbreviations Sequenced cyanobacteria Accession numbers
Aca.mar Acaryochloris marina MBIC11017 YP_001516080
Ana.var Anabaena variabilis ATCC29413 YP_3214520.1
Cro.wat Crocosphaera watsonii WH8501 ZP_00514853
Cya51142 Cyanothece sp. ATCC51142 ZP_001804678
Cya0110 Cyanothece sp. CCY0110 ZP_01731923
Cya7424 Cyanothece sp. PCC7424 ZP_02974490
Cya8801 Cyanothece sp. PCC8801 ZP_02940003
Glo.vio Gloeobacter violaceus PCC7421 NP_925728
Lyn8106 Lyngbya sp. PCC8106 ZP_01623400
Mic.aer Microcystis aeruginosa NIES-843 YP_001655793
Nod.spu Nodularia spumigena CCY9414 ZP_01628632
Nos.pun Nostoc punctiforme PCC73102 YP_001868279
Nos7120 Nostoc ( Anabaena) sp. PCC7120 NP_485408
Pro9601 Prochlorococcus marinus str. AS9601 YP_001009553 
Pro9211 Prochlorococcus marinus str. MIT9211 YP_001551018
Pro9215 Prochlorococcus marinus str. MIT9215 YP_0014844393
Pro9301 Prochlorococcus marinus str. MIT9301 YP_001091387
Pro9303 Prochlorococcus marinus str. MIT9303 YP_001016925
Pro9312 Prochlorococcus marinus str. MIT9312 YP_397563
Pro9313 Prochlorococcus marinus str. MIT9313 NP_894962
Pro9515 Prochlorococcus marinus str. MIT9515 NC_008817
ProNATL1A Prochlorococcus marinus str. NATL1A YP_001015351
ProNATL2A Prochlorococcus marinus str. NATL2A YP_291889
Pro1375 Prochlorococcus marinus subsp. marinus str. 

CCMP1375
NP_875535

Pro1986 Prochlorococcus marinus subsp. marinus str. 
CCMP1986

NP_893174

Syn6301 Synechococcus elongatus PCC6301 YP_173174
Syn7942 Synechococcus elongatus PCC7942 YP_400495
Syn107 Synechococcus sp. BL107 ZP_01468329
Syn9311 Synechococcus sp. CC9311 YP_730179
Syn9605 Synechococcus sp. CC9605 YP_382244
Syn9902 Synechococcus sp. CC9902 YP_376729
SynJA23 Synechococcus sp. JA-2-3B’a(2-13) YP_476915
SynJA33 Synechococcus sp. JA-3-3Ab YP_47007
Syn7002 Synechococcus sp. PCC7002 YP_001733641
Syn307 Synechococcus sp. RCC307 YP_001226989
Syn9916 Synechococcus sp. RS9916 ZP_01470366
Syn9917 Synechococcus sp. RS9917 ZP_01080660
Syn5701 Synechococcus sp. WH5701 ZP_01084959
Syn7803 Synechococcus sp. WH7803 YP_001225319
Syn7805 Synechococcus sp. WH7805 ZP_01124489
Syn8102 Synechococcus sp. WH8102 NP_896813
Syc6803 Synechocystis sp. PCC6803 NP_441492
The.elo Thermosynechococcus elongatus BP-1 NP_683219
Tri.ery Trichodesmium erythraeum IMS101 YP_721847

Table 7.2  List of abbreviations and access codes of all cyanobacterial genomes or catalase and 
peroxidase genes of all mentioned sequences
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Abbreviations Non cyanobacterial sequences Accession numbers
Arch.ful.KatG Archaeoglobus fulgidus DSM 4304 NP_071058
BcaMnCat Bacteroides caccae ATCC 43185 ZP_01960863
BcapMnCat Bacteroides capillosus ATCC 29799 ZP_02036380
BceMnCat Bacillus cereus E33L YP_084426
BcenMnCat Burkholderia cenocepacia AU 1054 YP_621456
BclMnCat Bacillus clausii KSM-K16 YP_175570
BhaKatG Bacillus halodurans C-125 NP_241772
BhaMnCat Bacillus halodurans C-125 NP_241935
BmaPxDo1 Blastopirellula marina DSM 3645 ZP_01093887
B.t._LPO Bos taurus NP_776358
Bur.pse. KatG1 Burkholderia pseudomallei K96243 YP_109459
DdPxDo1 Dictyostelium discoideum AX4 XP_642775
E.coli HPI Escherichia coli str. K12 substr. MG1655 NP_418377
E.coli KatP Escherichia coli O157:H7 EDL933 YP_325577
GtMnCat Geobacillus thermodenitrificans NG80-2 YP_001127084
HalmaKatG1 Haloarcula marismortui ATCC 43049 YP_135827
HalsaKatG Halobacterium sp. NRC-1 NP_395796
Leg.pn. KatG Legionella pneumophila subsp. pneumophila str. 

Philadelphia 1
YP_094248

LplMnCat1 Lactobacillus plantarum P60355
Ma. sp. KatG Marinomonas sp. MWYL1 YP_001340448
MagKatG1 Magnaporthe grisea 70-15 XP_361863
MflaMnCat Methylobacillus flagellatus KT YP_545545 
Mic.mar. KatG Microscilla marina ATCC 23134 ZP_01693331
Msi KatG Methylocella silvestris BL2 ZP_02946304
MsiMnCat1 Methylocella silvestris BL2 ZP_02947034
MspMnCat Mesorhizobium sp. BNC1 YP_674434
Myc.tub. KatG Mycobacterium tuberculosis H37Rv NP_216424
NcrKatG1 Neurospora crassa OR74A XP_959745
NmoPxDo1 Nitrococcus mobilis Nb-231 ZP_01126301
OsiPxDo1 Oryza sativa Indica Group CT836978
PaerMnCat1 Pseudomonas aeruginosa PAO1 NP_250875
PfMnCat1 Pseudomonas fluorescens Pf-5 YP_261802
PlmaPxDo1 Planctomyces maris DSM 8797 ZP_01857045
Pse.put. KatG Pseudomonas putida KT2440 NP_745804
PYcaMnCat Pyrobaculum calidifontis JCM 11548 YP_001055621
RbaPxDo1 Rhodopirellula baltica SH 1 NP_869799
RbaPxDo2 Rhodopirellula baltica SH 1 NP_864006 
ReMnCat Ralstonia eutropha JMP134 YP_298605
RpPxDo2 Rhodopseudomonas palustris BisA53 YP_783237
RxMnCat Rubrobacter xylanophilus DSM 9941 YP_643463
Sal.typ. HPI Salmonella typhimurium CAA37187
SarPxDo1 Salinispora arenicola CNS-205 YP_001537753
SerMnCat Saccharopolyspora erythraea NRRL 2338 YP_001105249
TtMnCat Thermus thermophilus HB27 YP_005841
Yer.pes. KatG Yersinia pestis CO92 NP_406785

Table 7.2 (continued)
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7.4.3  Peroxiredoxins

Peroxiredoxins (Prx-s, EC 1.11.1.15) are a ubiquitous family of antioxidant en-
zymes which have been identified in all domains of life (Dietz 2003; Wood et al. 
2003). Synechocystis PCC6803 has been the first cyanobacterium where genes en-
coding Prx-s as well as the expression of the corresponding proteins have been dem-
onstrated (Yamamoto et al. 1999; Kobayasgi et al. 2004; Dietz et al. 2005; Hosaya-
Matsuda et al. 2005). A bioinformatic analysis of the genomes of Synechocystis 
PCC6803 and Synechococcus elongatus PCC7942 (Stork et al. 2005) revealed the 
existence of five and six ORFs, respectively, with similarity to peroxide-detoxifying 
Prx-s in plants.

All peroxiredoxins share the same basic catalytic mechanism composed of two 
steps. All Prx-s appear to have the first step in common (Reaction 7.8), in which 
an activated cysteine (Cys-SH, the peroxidative cysteine) is oxidized to a sulphenic 
acid (Cys-SOH) by the peroxide substrate. The peroxide decomposition probably 
requires a base to deprotonate the peroxidatic cysteine as well as an acid to proton-
ate the poor RO- leaving group (Wood et al. 2003). All Prx-s conserve an active-site 
Arg, which lowers the pKa of the peroxidatic cysteine somewhat by stabilizing its 
thiolate form. Genenerally, Prx-s have a rather low activity, but possess a broad sub-
strate specificity. Possible substrates are H2O2, alkyl hydroperoxides, and peroxyni-
trite. Regarding detoxification of H2O2 it has been shown that Prx-s have a KM in the 
low µM range and thus are more efficient scavengers of trace amounts of hydrogen 
peroxide compared to enzymes with catalase activity (see above). Reductive regen-
eration of the oxidized catalytic thiol (Reaction 7.9) depends on glutathione (R′SH) 
or thioredoxin, glutaredoxin, cyclophilin, and tryparedoxin (Wood et al. 2003; Stork 
et al. 2005). Mechanism of Reaction 7.9 distinguishes the Prx subclasses.

 (7.8)

 (7.9)

Peroxiredoxin activity can be regulated in vivo by cysteine oxidation, aggregation 
state, phosphorylation, or limited proteolysis (Wood et al. 2003; Stork et al. 2005; 
Low et al. 2008). These regulatory mechanisms have, so far, mainly been investi-
gated in eukaryotes. It is important to mention that—besides peroxide detoxifica-
tion—Prx-s have also a function as regulators of redox-mediated signal transduc-
tion at least in some eukaryotes (Dietz et al. 2003; Veal et al. 2004). Thus Prx-s are 
important components of both the cellular antioxidant defense system and the redox 
homeostasis.

In plants, Prx proteins are categorized into four subclasses based on subunit 
composition, number and location of conserved cysteine residues as well as the 
sequence environment of the catalytic centre. They also show differences with re-
spect to the reductant which is predominantly used. According to the work of Stork 
and colleagues (2005) we have used this categorization for the analysis of all so 
far available cyanobacterial genomes. Table 7.1 demonstrates that with a few ex-

Cys-SH + ROOH → Cys-SOH + ROH

Cys-SOH + 2R′SH → Cys-SH + R′SSR′ + H2O
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ceptions all cyanobacteria have at least one representative Prx for each of the four 
subclasses.

7.4.3.1  1-Cys Peroxiredoxin

All investigated cyanobacterial genomes contain an ORF with similarity to 1-Cys 
peroxiredoxin (Table 7.1). Only Acaryochloris marina contains two paralogues. 
1-Cys Prx contains a single conserved catalytic cysteine with the N-terminal highly 
conserved sequence -VLFSHPXDYTPVCTTE-. Its catalytic cycle is not fully un-
derstood. Reduction of the oxidized peroxidatic cysteine (Reaction 7.9) is directly 
by the reductant molecule. In plants it has a dual location in the cytosol and nucleus, 
and is preferentially expressed in the embryo and aleurone (Stacy et al. 1996). Simi-
larly to its suggested function in plants, 1-Cys Prx in cyanobacteria may be involved 
in protecting nucleic acids from oxidative damage, particularly under stress. With 
the exception of H2O2- and methylviologen-induced oxidative stress, in Synecho-
cystis PCC6803 1-cys prx mRNA increased in response to all kinds of metabolic 
imbalances, including irradiation, salinity, and iron deficiency (Stork et al. 2005). 
Heterologously expressed 1-Cys Prx from Synechocystis had only a low peroxidase 
activity but disruption of the gene significantly reduced the growth rate of Synecho-
cystis PCC6803 cells (Hosaya-Matsuda et al. 2005).

7.4.3.2  2-Cys Peroxiredoxin

All investigated species have one ORF with similarity to 2-Cys peroxiredoxin 
(Table 7.1). Generally, 2-Cys Prx-s, including the cyanobacterial enzymes, contain 
two conserved cysteins far away in the sequence within fully conserved motifs (N-
terminal Cys: -FFYPLDFTFTFVCPTE- and C-terminal “resolving” Cys: -VCP-). 
2-Cys-Prx-s are homodimeric enzymes where the two subunits interact in the cata-
lytic cycle and are linked via a disulfide bond in the oxidized form. In detail, regen-
eration of the oxidized peroxidatic cysteine from one subunit occurs via attack of 
the C-terminal “resolving” cysteine of the second subunit to form an intersubunit 
disulfide bond, which is then reduced by one of several reductant molecules. In 
atypical Prx (see below) the peroxidatic cysteine and its resolving cysteine are in the 
same polypeptide, so their reaction forms an intrachain disulfide bond.

Cyanobacterial 2-Cys Prx-s are very similar to the corresponding 2-Cys Prx-s in 
plants, which are localized exclusively in the chloroplast. The plant protein has a 
defined function in photosynthesis. Depending on its redox related oligomeric state, 
2-Cys Prx cycles between a thylakoid-bound and stromal state (Konig et al. 2002). 
In addition to ascorbate peroxidase-mediated detoxification of Mehler reaction-
driven hydrogen peroxide, a redox signaling function of 2-Cys Prx has been pro-
posed in the context of photosynthesis (Dietz et al. 2003, 2005). Sequence compari-
sons of 2-Cys Prx from Synechocystis PCC6803 and the red alga Porphyra, where 
2-Cys Prx is still encoded in the chloroplast genome, and the higher plant 2-Cys Prx 
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(encoded in the nucleus) has led to the hypothesis that 2-Cys Prx originated from a 
former cyanobacterial endosymbiont (Baier and Dietz 1997).

Generally, in bacteria 2 Cys-Prx are suggested to detoxify peroxides generated at 
low rates (Wood et al. 2003). In cyanobacteria, 2-cys prx mRNA levels were highly 
responsive to any type of metabolic disturbance, i.e. light, methylviologen, H2O2, 
NaCl etc. (Stork et al. 2005) which contrasts the constitutively high level expres-
sion in photosynthesizing plant cells. In Synechocystis PCC6803 the essential role 
of 2-Cys Prx in photosynthetic adaptation has been established in a deletion mutant 
that showed increased stress sensitivity and a disturbed peroxide detoxification ca-
pacity (Klughammer et al. 1998; Yamamoto et al. 1999). It uses thioredoxin as re-
ductant, thus its activity is coupled to the photosynthetic electron transport system. 
Moreover, from gene disruption analysis in Synechococcus elongatus PCC7942, it 
was concluded that 2-Cys Prx is also essential for growth during excessive radiation 
and that under such conditions the mutant strain could not compete with the wild-
type (Perelman et al. 2003).

7.4.3.3  Type II Peroxiredoxin

About 40% of cyanobacterial genomes contain one ORF with similarity to type II 
peroxiredoxin (atypical 2-Cys Prx) which can use thioredoxin and glutaredoxin as 
the reductant and can exist in multiple isoforms localized in plants in many subcel-
lular compartments, including one in plastids (Horling et al. 2002). Cyanobacterial 
type II Prx-s contain a fully conserved N-terminal region with one cystein (-LP-
GAFTPTCSS-), however the second (C-terminal) cysteine is not conserved in all 
species. It is absent in the putative type II Prx-s from all Prochlorococcus species, in 
Microcysts aeruginosa, Trichodesmium erythraeum and all Nostocales. However, 
it has been demonstrated recently (Hong et al. 2008) that all the putative type II 
Prx-s of these mentioned species (with exception of Prochlorococcus species and 
Trichodesmium erythraeum) are hybrids with a fused glutaredoxin domain at the C-
terminus that containing the conserved -CXXC- domain. The corresponding fusion 
protein from Nostoc PCC7120 has been expressed heterologously in E. coli and 
was shown to have the highest peroxidase activity toward H2O2 using glutathione as 
electron donor. The calculated kcat and kcat/KM values for H2O2 were reported to be 
48 s−1 and 3.3 × 106 M−1 s−1, respectively (Hong et al. 2008). Immunoblot analysis 
revealed its occurrence in both vegetative cells and heterocysts. Expression of this 
hybrid protein is enhanced during late phase of vegetative and heterocyst growth 
(Hong et al. 2008).

(Non-hybrid) Synechocystis type II Prx has been demonstrated to be strongly 
upregulated upon treatment with methylviologen, hydrogen peroxide and, to a less-
er extent, in response to light, salt, iron and nitrogen deprivation (Li et al. 2004; 
Kobayasgi et al. 2004; Stork et al. 2005). Moreover, it was shown that a Fur-type 
transcription factor plays a regulatory role in the induction of the gene in response 
to oxidative stress (Kobayasgi et al. 2004). Genetic disruption of the gene indicated 
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that the gene product is essential for aerobic phototrophic growth, essential in high 
light (Stork et al. 2005).

7.4.3.4  Peroxiredoxin Q

Peroxiredoxin Q (Prx Q, atypical 2-Cys Prx-s) is found in all cyanobacteria. Inter-
estingly, in contrast to Arabidopsis thaliana that has only a single gene, up to four 
paralogues are found in cyanobacterial genomes (Table 7.1). Thus, this subfamily 
constitutes the largest group of peroxidases in cyanobacteria. Prx-s Q are homo-
logues of the E. coli bacterioferritin co-migrating protein and function as monomer 
(Kong et al. 2000). In typical eukaryotic Prx-s Q two cysteins are spaced by only 
a few amino acids (-CTXXXC-) and this pattern is also followed by about 48% 
of cyanobacterial Prx Q, whereas the other putative proteins lack the second cys-
tein. For example both putative Prx Q from Synechocystis PCC6803 and one (out 
of 4) proteins from Synechococcus elongatus PCC7942 lack this second cysteine 
and thus represent atypical Prx Q-type enzymes. One of the Synechocystis proteins 
was hardly expressed under any condition tested, whereas the four Prx-s Q from 
Synechococcus elongatus PCC7942 genes showed a time dependency and stress-
specific pattern of expression (Stork et al. 2005). Prx-s Q of higher plants function 
in the context of photosynthesis. They are localized in the chloroplast (Lamkemeyer 
et al. 2003), upregulated upon oxidative stress (Horling et al. 2003) and preferen-
tially use thioredoxins as most efficient electron donors. All these data support the 
conclusion that the plant Prx Q functions in the context of antioxidant defence and 
in the redox homeostasis of photosynthesis. A similar role in cyanobacterial me-
tabolism is plausible.

7.4.4  NADPH-Dependent Glutathione Peroxidase-Like Proteins

Glutathione peroxidase (GPx, EC 1.11.1.9 and EC 1.11.1.12) is the general name 
for a family of multiple isozymes that also catalyse the reduction of H2O2 or organic 
hydroperoxides to water or corresponding alcohols (Reaction 7.1) using reduced 
glutathione (GSH) as an electron donor (H2O2 + 2 GSH → GSSG + 2 H2O). In plants 
GPx-s, that are distributed in different subcellular compartments, have been often 
classified as the fifth group of peroxiredoxins because they can reduce peroxide 
with higher efficiency (sometimes exclusively) by the thioredoxin system rather 
than by using GSH as a reducing agent. A recent performed phylogenetic analysis 
demonstrates the occurrence of GPx-s in cyanobacteria as well as their scattered 
distribution inside the group of proteobacteria (Margis et al. 2008). The present 
analysis (Table 7.1) demonstrates that about 70% of all cyanobacterial genomes 
have an ORF with homology to plant GPx-s, with Synechocystis PCC6803 and two 
Synechococcus species having two paralogues.
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At the molecular level plant GPx-s are closely related to animal phospholipid hy-
droperoxide glutathione peroxidase (PHGPx) and the corresponding proteins have 
three widely conserved cysteine residues, which are assumed to be essential for ca-
talysis (Margis et al. 2008). In cyanobacterial putative GPx-s these three cysteines 
are found within the following conserved surroundings (from N- to C-terminus): 
-XCG-, -PCN-, and –FCX-, respectively, with the latter being absent in the Syn-
echocystis PCC6803 and Synechococcus PCC7002 protein. It has to be mentioned 
that the animal enzymes may contain selenocysteine, whereas plant proteins exclu-
sively contain cysteine.

The two GPx-s from Synechocystis PCC6803 were overexpressed in E. coli and 
showed no peroxide-reducing activity with glutathione but were able to use NADPH 
as electron donor (Tichy and Vermaas 1999; Gaber et al. 2001). This fits with the 
fact that Arg and Lys residues conserved in GPx-s are replaced by other amino acids 
and that both proteins contain an NADPH-binding domain. Only unsaturated fatty 
acid hydroperoxides and alkyl peroxides in combination with NADPH could be 
used as substrates but not H2O2, NADH, glutathione, ascorbate and cytochrome c 
(Gaber et al. 2001). This fits with the data reported by Tichy and Vermaas (1999) 
demonstrating that in a Synechocystis ∆katG mutant in the presence of 100 µM mer-
captosuccinate, which is a potent and specific inhibitor of glutathione peroxidase, 
no changes in the peroxidase activity with H2O2 as oxidant and in the growth rate 
were observed.

In crude extracts of Synechocystis, NADPH-dependent GPx-like activity was 
measured using NADPH and α-linolenic acid hydroperide as substrates. Immu-
noblotting showed that both Synechocystis proteins are constitutively expressed. 
These data suggest that GPx-s in cyanobacteria seem to play a role in protection of 
cellular membranes from oxidative damage by reducing unsaturated fatty acids with 
NADPH as electron donor.

7.5  Conclusion

Peroxiredoxins are the only peroxide degrading enzymes found in all so far se-
quenced cyanobacterial genomes. All four classes of plant-type Prx-s are found. 
Apparently these enzymes have acquired specific and indispensible functions in 
these oxygenic phototrophic organisms and are responsible for the detoxification of 
hydrogen peroxide and alkyl peroxides usually produced by the cell under normal 
growth conditions. Additionally, they seem to have a role in stress adaptation. It has 
been demonstrated that their expression is upregulated in response to all kinds of 
metabolic imbalances and that their activity is coupled to the photosynthetic elec-
tron transport (photosynthetic adaptation).

The majority of cyanobacterial species contain also a putative NADPH-depen-
dent glutathione peroxidase-like protein that—in addition to H2O2 and alkyl per-
oxides—can also reduce fatty acid hydroperoxides produced in membranes during 
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oxidative stress. Whether the three other (minor) groups of peroxidases (i.e. primor-
dial heme peroxidase, diheme cytochrome c peroxidase and vanadium-dependent 
iodoperoxidase) found in some species are expressed and play a specific physi-
ological role in metabolism is completely unknown at present.

Genes encoding typical heme catalase are very unusual in cyanobacteria and 
many species (~50%) even lack a gene encoding also alternative H2O2 dismutating 
enzymes. These include bifunctional catalase-peroxidase found primarily in non-di-
azotrophic species and manganese catalase found mainly in nitrogen-fixing organ-
isms. As has been demonstrated at least for KatG, these H2O2 dismutating enzymes 
might have a protective role against higher concentrations of (environmental) H2O2 
and/or when the light-dependent peroxidases have reduced activity due to limited 
availability of electron donor(s).
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8.1  Introduction

Grass and ‘go’ signals are green while blood and ‘stop’ signals are red. This state-
ment not only tells us colour properties of grass, of blood, and of signals; it also 
reminds us of the psychological salience of colour. Grass and green soothe and 
reassure, while blood and red alarm and provoke action. Red is also psychologi-
cally ambivalent. Our primate ancestors’ evolution of trichromatic vision (from the 
dichromatic type in most other mammals), by developing a red-green cone cell pig-
ment, may reflect the usefulness of identifying ripe fruit among the leaves. So red 
can be both exciting and dangerous. But that there were specific pigments (Fig. 8.1) 
involved, in blood and in leaves, and close chemical similarities between these pig-
ments, haems and chlorophylls, was an idea that did not develop until the latter part 
of the nineteenth century. It required the invention of the spectroscope—the high 
dispersion spectroscope for solar and stellar studies (Schellen 1872; Lockyer 1873) 
and the low dispersion microspectroscope for biological studies (Browning 1870; 
Valentin 1863; MacMunn 1880).

Haem and chlorophyll complexes are typically associated with specialised cells, 
organelles or with microorganisms. Chloroplasts, which contain both chlorophyll 
and haem systems, and mitochondria, which use only haems, are both found in 
green plants. Chlorophyll and haem systems, respiratory and photosynthetic are 
also found together in the membranes of several bacterial groups, purple sulphur 
bacteria, purple nonsulphur bacteria, green bacteria and cyanobacteria. Mitochon-
dria are present in all eukaryote groups, were identified as organelles fairly late—
perhaps not until the end of the nineteenth century and even then were not function-
ally characterised as respiratory organelles until the mid-twentieth century. Chloro-
plasts have been known for much longer—perhaps even having been identified by 
Leeuwenhoek—but functional understanding came much later.

G. A. Peschek et al. (eds.), Bioenergetic Processes of Cyanobacteria, 
DOI 10.1007/978-94-007-0388-9_8, © Springer Science+Business Media B.V. 2011
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8.2  The Ubiquity of Chlorophyll

Chlorophyll, both in plant material and as extracted by organic solvents, was a ma-
jor focus of interest in the latter half of the nineteenth century. Extensive studies 
were undertaken by a number of workers, among whom we may note the name of 
Gregor Kraus, whose extensive monograph with numerous spectral plates is amaz-
ingly now completely and freely web accessible (Kraus 1872). MacMunn, the origi-
nal discoverer of the cytochromes (histohaematins), together with his nemesis in the 
haem area, Felix Hoppe-Seyler, were students of many natural pigments including 
chlorophyll derivatives. MacMunn’s major ‘green’ focus was upon chlorophylls in 

Fig. 8.1  Chlorophyll and haem structure. a Chlorophyll a. b Protohaem (haem B). Haem struc-
ture http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=444098 Chlorophyll a structure 
http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=6433192. For other haems and chlo-
rophylls see the indicated pubchem web site
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animal material (MacMunn 1886) the so-called ‘enterochlorophylls’. At that time, 
chlorophylls as well as haems could have been present in a variety of organisms 
other than green plants. The development of chemical understanding of the pig-
ments came more slowly.

The towering and tragic figure who laid the basis for our current knowledge 
of chlorophyll chemistry (Fig. 8.1) was Richard Willstätter (Willstätter and Stoll 
1913, 1928). Willstätter (1872–1942) resigned his university position presciently 
(in 1925) as a protest against antisemitism in German universities long before the 
Nazis’ rise to power. He and Stoll had been able to identify and characterise several 
types of chlorophyll (Fig. 8.1) and examine their chemical behaviour. Unlike the 
haems, free chlorophylls engage in a variety of photochemical processes, some ir-
reversible but some catalytic and reversible, which seemed at one time to be the clue 
to their involvement in the fixation of CO2 in photosynthesis. Willstätter later ex-
amined the catalytic action of enzymes and developed the idea of ‘trager’ and ‘fer-
ment’—the enzyme being the low molecular weight chemically specific ‘ferment’ 
associated with a less specific carrier (trager) protein. In that earlier era chlorophyll 
seemed to be a ‘ferment’ with no need for ‘trager’. Chlorophyll photochemistry 
as an in vitro analogue of natural photosynthesis was further developed in elabo-
rate but ultimately heuristically barren ways by Krasnovsky and coworkers (Kras-
novsky 1972). Liposomal chlorophyll photocatalysis of cytochrome c reduction by 
ascorbate (Nicholls et al. 1974) could still be used as a model system long after the 
distinction between ‘light’ and ‘dark’ processes had eliminated it from chemical 
responsibility for CO2 fixation.

The location of chlorophyll within the chloroplast, and its relationship to pro-
teins, also remained a puzzle for many years after the corresponding properties of 
haems had been clarified. Willstätter and Stoll (1928) thought of leaf chlorophyll 
as a colloidal aggregate, based upon a comparison between the spectral properties 
of chlorophyll in vivo and those of isolated preparations. Later considerations had 
chlorophylls defined as lipids, on the basis of solubility properties and the phytyl 
side chains, and hence located dissolved in the chloroplast membranes (Nicholls 
et al. 1974). Because magnesium was the central metal in chlorophyll, rather than 
iron, and as magnesium’s fifth and sixth coordination positions provide rather 
weak ligand binding, the concept of chlorophyll as prosthetic group was not given 
much attention. Chlorophyll as a clear prosthetic group was first identified in pho-
tosynthetic reaction centers (where the actual photochemical species is a dimer) 
and secondarily in the multiple light harvesting complexes that occur in green 
plants and some bacteria. Cyanobacteria, along with the related anomalous eu-
karyotic red algae, are unique in using phycobilisomes containing the phycocyanin 
pigments as light harvesting systems instead of the peripheral LHCII complexes of 
green plants. Nevertheless the photosynthetic reaction centers, even in cyanobac-
teria, are always fed excitation energy by chlorophyll-containing ‘core’ antenna 
complexes.

Has opinion moved towards all chlorophyll being in complex with proteins of 
some kind? It certainly seems rather undiscriminating in its associations. Both cyto-
chrome b6  f (Wenk et al. 2005; Cramer et al. 2006) and chloroplast ATPase (Varco-
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Merth et al. 2008) contain bound chlorophyll of uncertain function if any. In the 
specialised chlorosome structures of green photosynthetic bacteria there seem to 
be stacked arrays of chlorophylls without nearby proteins (Kakitani et al. 2009; 
Jochum et al. 2008).

Whether other ‘free’ chlorophylls, like low concentrations of free haems, ex-
ist in plant membranes, seems uncertain. But the amount must be small compared 
with the total bound and free; this change in concept (the return of the ‘trager’) has 
changed the analysis of the photochemical process (below).

8.3  The Specificity of Haems

Willstätter’s monograph (Willstätter and Stoll 1913) also treats the chemistry of 
haematin as an analogue of chlorophyll, while pointing out the differences due to 
the different central metal atom. Similar chemical studies on haem and haematin 
were carried out by Hoppe-Seyler (1865) and others (e.g. Kuster 1896a, b) during 
the same critical period at the end of the nineteenth century. The debate between 
Hoppe-Seyler and MacMunn (cf. Nicholls 1999) was in part driven by Hoppe-Sey-
ler’s appreciation of the complexity of haem chemistry contrasted with MacMunn’s 
‘biological’ intuitive assurance of the new haem species as native to the organisms 
under study.

That haems are usually permanent prosthetic groups of a number of oxidative 
enzymes as well as of oxygen carriers took a long time to be established. Willstät-
ter as Hoppe-Seyler’s follow-on twentieth century substitute and world authority 
on haem and chlorin chemistry, failed to show the haematin nature of horse radish 
peroxidase, a recognition left to Keilin and Mann (1937). Haems, before chloro-
phylls, were slowly recognised as essentially always protein associated. Free iron 
and free haem are dangerous in isolation—reacting with molecular oxygen to 
produce reactive oxygen intermediates including superoxide, hydrogen peroxide 
and possibly hydroxyl radicals (Oliveira and Oliveira 2002). ‘Free’ ferrous and 
ferric haems in the blood plasma are sequestered by serum albumin (Rosenfeld 
and Surgenor 1950). Intracellular haems released from (degraded) haem proteins 
are normally metabolized by haem oxygenase, recycling the iron, producing pos-
sibly reactive bile pigments and possible messenger carbon monoxide (Quinlan 
et al. 2008).

Other mechanisms may be needed if large amounts of haem are released during 
hemoprotein degradation. Thus the red cell occupying malarial parasite uses hae-
moglobin as its amino acid source for growth and multiplication (Egan et al. 2002). 
Its intracellular viability is threatened by the consequent haem accumulation. Its 
defence against haem-induced toxicity is an enzymatic process that aggregates the 
free haems into large crystalline arrays termed haemozoin (Egan et al. 2002; Slater 
and Cerami 1992). The protective (for the parasite) formation of haemozoin may 
provide one of the targets for antimalarial drugs such as chloroquine (Slater and 
Cerami 1992).
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8.4  The Respiratory Chain

That the mammalian or other (yeast) cellular respiratory system involves a ‘chain’ 
process had its probable origin in Keilin’s wish to reconcile the oxygen activa-
tion theory of Warburg and the hydrogen activation theory of Wieland. It must be 
remembered that electrons played no part in biological/biochemical mechanistic 
modelling in the first few decades of the twentieth century. The electron had been 
discovered in the 1897–1899 era, primarily by J. J. Thomson (cf. the analysis by 
Pais 1986), but only as part of physics (to explain beta particles and cathode rays). 
Even the physical existence of atoms and molecules was uncertain during the first 
couple of decades of the twentieth century. Establishing the reality of atoms de-
pended upon the work of Einstein and others, especially Perrin (1913, 1923) and 
Boltzmann (cf. Broda 1983).

Warburg’s interpretation (1949) of the relationship between Keilin’s cytochromes 
(Keilin 1966) and his own Atmungsferment specifically conflated electron transfer 
(in terms of the valency change of Fe) and oxygen carriage. And neither he nor 
Keilin seem to have had a respiratory chain concept as we understood it during the 
second half of the twentieth century—as a sequence of specific proteins transferring 
electrons or reducing equivalents ‘down’ a chain from low to higher redox poten-
tials. Such a formulation required the insights of Chance and Williams (1956) and 
Slater (1958) whose single chain models dominated the field for several decades 
(see Nicholls 1963, 1978, 1999). These thermodynamically ‘downhill’ processes 
were not transferred conceptually to an analysis of photosynthetic electron transfer. 
The latter concept is quite recent. The conceptual linkage required the ‘straight’ 
biochemistry of mitochondrial membrane fractionation and the identification of dis-
tinct but multihaem and multicenter respiratory complexes (Green and Hatefi 1961; 
Tzagoloff et al. 1967) and the linking low molecular mass intermediary carriers 
coenzyme Q and cytochrome c.

8.5  The Photosynthetic Chain

Before the Z scheme there had been very little focus on possible electron carrier 
components in green plants and especially in or associated with chloroplasts. Hill 
came to the subject from his initial work with haemoglobin and in consequence 
of his awareness of Keilin (Hill and Scarisbrick 1950). Very few others involved 
in photosynthesis research were interested in electron carriers or chloroplast haem 
proteins. Why was this the case? Firstly the comparative side of photosynthesis, 
especially the behaviour of prokaryotes, including both eubacteria and cyanobac-
teria, was neglected for many years. Secondly there was a conceptual difficulty in 
integrating ideas about energy transfer with ideas about electron transfer.

Warburg, who may have been the first to propose something like a redox respira-
tory chain for cell respiration, never considered adding this to his ideas about pho-
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tosynthesis. This was seen entirely as a matter of energy and his major effort was 
to establish the value of the quantum yield for CO2 fixation—seen as involving a 
direct reaction between chlorophyll and carbon dioxide (Warburg 1951), with either 
a ‘chemical’ stoichiometry of four or a transient stoichiometry as low as one. Others 
with higher measured quantum requirements for CO2 fixation did not link this to a 
mechanism. The discovery of the need for two different lights (Emerson and Lewis 
1941, 1943), which reemphasised the mechanistic complexity of photosynthesis 
and justified the quantum requirement calculations of those led by Emerson and his 
team who obtained the higher (8–10) values, did not immediately lead to an electron 
transfer model.

There could be other interpretations. Franck’s analysis of the energy require-
ments and two light phenomenon retained CO2 fixation events that were driven 
by a single chlorophyll species (Franck 1941, 1949; Franck and Rosenberg 1964; 
Rosenberg 2004). Franck’s photosynthetic model (see Fig. 8.2) is symptomatic. At 
first sight it is a double Z-scheme with four (‘Warburgian’) steps needed for a com-

P. Nicholls
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plete reaction. But these are not electron transfer events but energy transfer events, 
a sequence of energy inputs by light and intervening thermal losses of the trapped 
energy. The final chemical species has retained the energy of four quantum events 
less the thermal costs. But Franck gives no indication as to what the chemical spe-
cies might be or what its relationship to the reduction of CO2. The Nobel prize-
winning physicist did not see the need for chemistry even though the distinctions 
between light and dark processes were concurrently being studied by Calvin and 
Massini (1952). The atomic bomb programme to which both Franck (whose name 
is remembered as the initiating author of the never delivered letter to Truman) and 
Kamen (1985) contributed was responsible for both the focus upon physics as a ba-
sis for understanding photosynthesis and the ‘invention’ of carbon-14 that permitted 
an analysis of the dark chemistry (Kamen 1947). Kamen later took up an interest in 
bacterial cytochromes that helped establish a basis for our current understanding of 
both bacterial respiration and photosynthesis. But the major conceptual contribution 
was that of Van Niel (1949) whose water-splitting model of bacterial photosynthesis 
broke the old photosynthetic mould in two ways—by emphasising the separation of 
photosynthetic biochemistry from the biochemistry of CO2 fixation and by separat-
ing the energetics (light absorption) from the redox (H/oxygen) events. This was 
easier with photosynthetic eubacteria than with chloroplasts because the bacteria 
only catalyse a single photoreaction.

But once the theoretical conceptual apparatus was assembled the two photore-
actions of green plants could be placed in their relative chemical positions. The Z 
scheme was the result (Hill 1954, 1965; Hill and Whittingham 1955). Figure 8.3 
summarises the two steps needed to achieve this. Remarkably enough the litera-
ture tracks the changes in the thinking of Hill and Bendall (1960). Too often the 
process whereby ideas are generated is hidden within the final polished account. 
Here we are able to see the initial representation of two cytochromes dividing 
the redox gap between hydrogen and oxygen (Fig. 8.3a)—a thermodynamic pat-
tern—changed into a kinetic pattern of three steps (Fig. 8.3b and 8.3c). The three 
steps are initially all endergonic and thus each must correspond to a photochemi-
cal event (Fig. 8.3b). But finally the central step is exergonic and thus a thermal 
process flanked by two photochemical processes (Fig. 8.3c). After the Z scheme 
was proposed a rearguard action continued for a while in which other versions 
were canvassed—James Franck still espoused his single site double hit model 
(Franck and Rosenberg 1964) and Dan Arnon and colleagues (who had earlier 
elaborated an even more complex three-light model) remained concerned about 
various inconsistent pieces of evidence that needed assimilating to the Z scheme 
(Arnon 1995).

The Z scheme appeared to validate theoretically the Emersonian higher values 
(8–10) for the quantum requirement of green plant or algal photosynthesis. Each 
reducing equivalent (electron) requires two quanta and therefore the reduction of 
CO2 (via two NADPH molecules) needs a minimum of eight quanta. As the fixa-
tion steady state also requires small amounts of ATP (at least one ATP/CO2 fixed) a 
little extra light may even be needed in excess of 8. However this assumes that no 
reducing equivalents can find their way to the level of NAD(P) by a single photo-
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event. Osborne and Geider (1987), in a careful analysis of published data, find that 
the minimum quantum requirement may be as low as 6 rather than 8. How could 
this arise? Figure 8.3d outlines the possible pathways within an updated Z scheme 
(cf. Fig. 8.5b below). If the chloroplast (or cyanobacterial thylakoid membrane) 
contains a reversible NADH or NADPH dehydrogenase system (the equivalent of 
the respiratory chain’s complex I) then the membrane energisation (reversing the 
‘cyclic’ electron flow pathway in Fig. 8.3d indicated by the dashed arrow) could 
conceivably drive electron transfer uphill from the PQ to the pyridine nucleotide 
level and hence permit the lower quantum requirements calculated by Osborne and 
Geider (1987).

Does such a dehydrogenase exist? The evidence is equivocal. Complex I is a 
widespread enzyme of some antiquity (Friedrich and Scheide 2000) and some chlo-
roplasts show NAD(P)H-PQ reductase activity both in higher plants (Endo et al. 
1997) and green algae (Jans et al. 2008). There are at least three types of NAD(P)
H dehydrogenase (NDH-1) in cyanobacterial ( Synechocystis) membranes, NDH-
1L, large and reportedly definitely involved in both respiration and cyclic electron 
flow around PSI (Battchikova and Aro 2007) and NDH-1 M and NDH-1S (smaller, 
thylakoid-located, and involved in CO2 fixation) (Zhang et al. 2004). Related com-
plexes occur in higher plant chloroplasts (Rumeau et al. 2005; Sirpio et al. 2009). 
Both types of NDH can be visualised in situ by electron microscopy as membrane-
associated particles (Fole et al. 2008). The smaller particles(1 M,1S) markedly in-
crease in number and membrane density at low CO2 levels. The chloroplast b6  f 
complex, unlike the bc1 complex, may contain NDH-active components such as 
ferredoxin-NAD reductase (Zhang et al. 2001). But there is no evidence for proton 
pumping or proton-motive force utilising mechanisms at this level in green plants. 
If however the cyanobacterial respiratory chain is a complete one (with three en-
ergy conserving sites between NADH and oxygen) and if it is directly linked to the 
photosynthetic chain, then reversed electron transfer and the concomitant reduction 
in quantum requirement must be possible for any such organism. Experimental con-
firmation or refutation is awaited.

8.6  Bacterial Photosynthesis

The first membrane-bound electron transfer complex to be structurally analysed 
using X-ray crystallography was the Rhodobacter sphaeroides photoreaction cen-
ter (Deisenhofer et al. 1984), a success that brought a Nobel prize to the three 
major participants. Rhodobacter also expresses an aa3-like cytochrome c oxidase 
whose X-ray crystal structure is also known (Svensson-Ek et al. 2002). Electron 
transfer from the quinol level to the cytochrome c level (the thermodynamic re-
verse of the light reaction) is catalysed by a bc1 complex. The overall pathways 
are illustrated in Fig. 8.4. Figure 8.4a shows the electron transfer pathways in 
a purple non-sulfur bacterium such as Rhodobacter spheroides. Sites of energy 
conservation, both respiratory and photosynthetic, are shown by the dashed red 
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arrows (proton transfer from inside to outside or electron transfer from outside 
to inside). The quinol pool can be reduced either chemically or photochemically. 
But as there is no way of reducing the c cytochromes other than via the bc1 com-
plex the action of the photosynthetic system is pure energisation, formation of a 
proton motive force and thence ATP. If the stoichiometric requirement for proton 
movement through complex I to reverse its redox direction is 2/electron this can 
in principle be generated by a single excitation event followed by the return of the 
electron via the bc1 complex. If all that were required to fix carbon dioxide was 
two molecules of NAD(P)H the consequence would be a Warburgian quantum 
requirement of four. However about three moles of ATP are also needed to fix one 
CO2. The stoichiometry of the Rhodobacter ATPase is uncertain but probably lies 
between 3 and 4 translocated protons per mole ATP requiring an additional 9–12 
charge translocations or 4.5 to 6 excitation events per CO2 fixed. The theoreti-
cal quantum requirement then becomes 8.5 to 10, close to some classical values 
(Larsen et al. 1952).

8.7  Other Photosynthetic Bacteria

Photosynthetic green bacteria such as Chlorobium (Ke 2001) are presumed to be 
directly capable of reducing NAD(P) via FeS centers rather than quinols. The deliv-
ery of reducing equivalents to the P-840 photocenter is via the bc1 complex. Little 

Fig. 8.4  a The relationships between the Rhodobacter electron transfer complexes: purple non-
sulphur bacterial photosynthetic and respiratory pathways. Postulated energy conserving (trans-
membrane charge or proton transfer) sites indicated by the arrows linking H+

in to H+
out or e−out 

to e−in. b The relationships between the Chlorobium electron transfer complexes: green sulphur 
bacterial photosynthetic and possible respiratory(?) pathways. Postulated energy conserving 
(transmembrane charge or proton transfer) sites indicated by the arrows linking H+

in to H+
out or 

e−out to e−in
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is known of the transmembrane charge movements involved but analogy would 
suggest one charge per electron traversing the bc1 complex and one more following 
the excitation process (Fig. 8.4b). Under these conditions all the electrons from the 
donor system will reach NAD(P) each with an associated pair of charge separations 
(‘pumped’ protons). A role for cyclic electron transfer in the green bacteria is uncer-
tain. Figures 8.4a and b illustrate the possible (still putative) differences between the 
green and purple non-S electron transfer pathways.

8.8  Cyanobacterial Membranes

The only major organisms containing a membrane system with both complete (2 
light reactions) photosynthetic (oxygen-evolving) and respiratory (oxygen-absorb-
ing) systems are the cyanobacteria. The cyanobacterial membranes typically occur 
in two forms (Peschek et al. 2004)—the inner or thylakoid membrane (ICM) and 
the outer or plasma membrane (OCM). The thylakoid membrane typically contains 
both photosynthetic and respiratory complexes. The plasma membrane, like that 
of eubacteria and the plant chloroplast outer membrane (Jager-Vottero et al. 1997), 
contains only respiratory complexes with some extra cytochrome c components and 
carotenoids.

Electron transport involves equivalents of all four of the eukaryotic respiratory 
complexes (Paumann et al. 2005; Peschek 1987) but with the normally photosyn-
thetic cytochrome b6   f complex and plastoquinone (Peschek 1983) replacing the 
more usual cytochrome bc1 and ubiquinone (coenzyme Q)—and therefore forming 
a unique respiratory chain (Fig. 8.5a). How much electron transfer takes place from 
the NDH and SDH complexes to oxygen under conditions where respiration pre-
dominates over photosynthesis? Vermaas (2001) estimates that respiratory capacity 
in Synechocystis PCC 6803 is only about 10% that of photosynthesis. Both SDH 
and cytochrome oxidase have lower capacities and of the four respiratory complex-
es only the b6   f complex can transfer electrons and keep pace with the two photo-
systems in the light. NADPH dehydrogenase works even more slowly (about 1–2% 
of the photosynthetic rate). The succinate pool will therefore be the major system 
keeping ATP levels up in the dark. If there is no means of sustaining succinate 
levels outside the operation of the Krebs cycle then this activity will slow as cycle 
intermediates deplete. The other role for b6   f reductants and oxidants is to keep a 
balance between the two photochemical processes. If excitation and charge separa-
tion involving PSI predominates then the dehydrogenase complexes can supply the 
needed electrons. If excitation and charge separation involving PSII predominates 
then the oxidase complexes can remove the extra electrons. Figure 8.5b illustrates 
the possible patterns.

To achieve this the dehydrogenases have to be adapted to reduce plastoquinone. 
More unusually the aa3-type oxidases need to be able to react with the PSI reductant 
cytochrome c6 or plastocyanin (see below). These linking carriers are discussed 
elsewhere in this volume (Bendall et al. 2011; Krogmann 2011). The probable over-

8 Respiratory and Photosynthetic Chains



200

Fig. 8.5  Cyanobacterial chains. a The unique respiratory chain complex sequence. b The combined 
respiratory and photosynthetic chain complexes. Components as in Fig. 8.3d with the addition of 
the respiratory chain components of Fig. 8.5a and the putative energy conserving (transmembrane 
charge or proton transfer) sites as indicated by the arrows linking H+
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all respiratory and photosynthetic redox chain components in the two membranes 
are shown in Fig. 8.5b, which combines the classical if modified respiratory chain 
of Fig. 8.5a with the cyanobacterial Z scheme of Fig. 8.3a, and includes the possible 
sites of energy conservation. The cyanobacterial inner membrane may contain at 
least five complexes capable of transmembrane charge (electron or proton) trans-
fer—the two photosystems and the three energy-conserving respiratory complexes 
(complexes I, III and IV). But we still need to prove energy conservation at some 
of these proposed sites.

8.9  Cyanobacterial Oxidases

The presence and functioning of an aa3-type cytochrome c oxidase in both cyano-
bacterial outer membranes and inner thylakoid membranes was demonstrated con-
clusively in a substantial series of papers by Peschek et al. (1989). Under the usual 
growth conditions expression levels are however low (suggesting a redox control-
ling rather than major bioenergetic role) but appreciable levels of aa3 are seen in the 
specialised heterocyst cells (Wastyn et al. 1988) and the levels in vegetative cells 
are increased under salt stress (Molitor et al. 1986). Spectroscopy in situ is difficult 
due to low expression levels and the presence of perturbing pigments including 
chlorophylls, phycobilins and carotenoids, some of which mimic responses to re-
ductants and oxidants. The kinetic behaviour towards ascorbate-cytochrome c is 
however unmistakable (Nicholls et al. 1991; Moser et al. 1991). Molecular biology 
subsequently showed the presence of at least two sets of cytochrome or ubiquinol 
oxidase genes in all typical cyanobacteria (Peschek 1996; Hart et al. 2005). Syn-
echocystis species may also express a bd-type of terminal oxidase (Hart et al. 2005). 
The three classical subunits I, II and III are all present in a set of genes representing 
the c oxidase while a similar set of an analogous trio represent a ubiquinol or plasto-
quinol oxidase analogous to the bo cytochrome of E. coli. Although the cytochrome 
c6/plastocyanin oxidase has been demonstrated as expressed and its functional prop-
erties studied the conditions for expression of the quinol oxidase have apparently 
not yet been discovered.

Cyanobacterial subunit II—containing the major reductant binding sites and the 
purple binuclear copper center (CuA)—has been expressed separately in E. coli 
(Paumann et al. 2004). It is unique among CuA subunits in containing a lengthy 
extra insert whose function may be to provide the extra binding needed to accom-
modate plastocyanin as well as cytochrome c6. The extra ‘loop’ in Synechocystis is 
rich in methionine and histidine residues which could suggest another metal-bind-
ing site. However there is little sequence homology amongst the cyanobacterial 
family in this part of the subunit II gene (Paumann et al. 2004). The polypeptide 
‘turn’ which seems to interact most closely with bound cytochrome c in eubacteria 
including Paracoccus and Rhodobacter is conserved in the cyanobacterial CuA 
subunits (the WIFTY sequence in Fig. 8.6). The NIR spectrum of the copper dimer 
in the expressed subunit II most closely resembles that of the other thermophile 
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Thermus thermophilus (Fig. 8.7)—the Paracoccus and Rhodobacter spectra are 
red-shifted (Paumann et al. 2004; Slutter et al. 1996; Lappalainen et al. 1993; Zhen 
et al. 1999).

The oxidase as a whole, and the major subunit I which carries the two haems a 
and a3 and the CuB center, have not been expressed independently. The only reli-
able spectra available for the holoenzyme are those from the heterocysts (Wastyn 
et al. 1988) but the derived amino acid sequences show the usual conserved histi-
dines responsible for ligating the three metal centers. However again, like Thermus 
thermophilus, the cyanobacterial genes show a modification of the putative proton-
transferring group close to the cytochrome a3-CuB binuclear center (sequences in 
Fig. 8.6). The sequence YSHPAVY replaces the highly conserved GSHPEVY se-
quence seen elsewhere, in which the glutamate residue seems to be closely associ-
ated with the oxidase proton pump. In the helix involved the replacement tyrosine 
lies almost exactly above the position occupied by glutamate in the other oxidases 
(now replaced by an alanine); it can therefore act as an analogous proton carrier 
from the so-called ‘D’ channel to the intrathylakoid space but at pH values more 
alkaline than those encountered by the eukaryotic mitochondrion and prokaryotes 
such as Paracoccus and Rhodobacter. Despite these differences cyanobacterial, as 
well as thermophilic eubacteria such as Thermus, pump protons like more conven-
tional oxidase systems, as demonstrated using spheroplast preparations (Peschek 
1984). The plasma membrane oxidase appears to be as effective a proton pump as 
the GHPEVY family, and as the thylakoid enzyme seems to be identical the latter 
will be expected to act in the same way (Peschek 1987). We do not however have 
full respiratory chain proton pumping stoichiometries for such spheroplasts (proton 
pumping in complexes I and III). The efficiency of overall cyanobacterial respira-
tion and the possibility of reverse electron flow between plastoquinol and NAD(P)+ 

are thus currently undecided questions.
In Anacystis nidulans (now Synechococcus sp.) and some other cyanobacteria 

(Moser et al. 1991) the expressed cytochrome c oxidase is present in both plas-
ma membrane (OCM) and thylakoid membrane (ICM). It is uncertain whether 
both membrane types contain full respiratory chains of the type discussed above 

Fig. 8.6  Two key amino acid 
sequences in cytochrome c 
oxidases (From Paumann 
et al. 2005; Bernroitner et al. 
2008) Cytochrome c oxidase 
subunit II: the cytochrome 
c electron transfer site 
sequences. Phormidium CtaC 
(subunit II) courtesy of Chris 
Howe. Cytochrome c oxidase 
subunit I: the haem a3 and 
proton transfer site sequences

Cytochrome c oxidase Subunit I –
the haem–linked proton transfer sequence

Cytochrome c oxidase Subunit II –
the cytochrome c interacting sequence

Beef heart residues 236–246
Paracoccus residues 272–282
Synechocystis residues gene a 247–257
Synechocystis residues gene b 251–261

Beef heart residues 103–114
Paracoccus residues 148–159
Synechocystis residues gene a 178–189
Synechocystis residues gene b 162–173
Phormidium* residues 205–216

QWYWSYEYTDYE
QWYWSYEYPNDA
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(Fig. 8.5). The highest activities are often seen in the thylakoid membrane. Remark-
ably the Synechococcus enzyme and some other cyanobacterial oxidases can react 
rapidly with both the strongly basic eukaryotic cytochromes c and with the equally 
strongly acidic cyanobacterial c6 species. In the former case the apparent affinity 
of cytochrome c measured kinetically decreases with increasing ionic strength; in 
the latter case the apparent affinity of cytochrome c6 measured kinetically increases 
with increasing ionic strength (Nicholls et al. 1991; Moser et al. 1991). Figure 8.8 
illustrates the two patterns of ionic strength effect on the apparent (kinetically de-
termined) affinity (as a Km) for the two types of cytochrome c and the Synechococ-
cus oxidase-containing thylakoid membranes. The c6 cytochrome must engage in 
hydrophobic interactions at high ionic strengths when the electrostatic interactions 
have been neutralised. But this interaction is of similar magnitude to the attrac-
tive effect of the electrostatic interactions with cationic (horse heart) cytochrome 

Fig. 8.7  Near infrared and visible spectra of subunit II containing the binuclear ‘purple copper’ 
center: difference spectra of three prokaryotic CuA-containing subunit II samples ( Synechocystis, 
Paracoccus and Thermus) and the NIR spectral region of Rhodobacter sphaeroides holoenzyme, 
digitised and replotted from published spectra in Paumann et al. (2004), Slutter et al. (1996), Lap-
palainen et al. (1993), and Zhen et al. (1999). Neutral pH buffers (pH 7–7.5). Arbitrary approxi-
mate extinction coefficient values adjusted to facilitate comparisons
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c. And the residual (non-electrostatic) cationic cytochrome c affinity is of similar 
magnitude to the residual c6 affinity at low ionic strengths. The two types of inter-
action must represent evolutionarily adaptive responses to the c-oxidase interaction 
requirements. The seemingly anomalous behaviour of the anionic cytochrome c6 
binding also permits ionic strength control of its distribution between photosystem 
I and the oxidase; at low ionic strengths the photosystem with a cationic binding site 
can sequester most of the cytochrome; at high ionic strength the cytochrome will 
be largely oxidase-associated. Whether this can be of physiological significance we 
do not know.

Hart, Howe and coworkers (Hart et al. 2008; Bendall et al. 2011) have been 
able to model the docking of both cytochrome c6 and plastocyanin to the Phor-
midium luminosum oxidase, using the sequence information for the latter and the 
Xray crystal structure information obtained for Paracocccus cytochrome c oxidase, 
plus the structural information available for plastocyanin (Paumann et al. 2005) and 
cytochrome c6 (Worrall et al. 2007). At least two possible docking sites have been 
identified, one of which may be specialised for interaction with plastocyanin, which 
does not react with oxidases other than the cyanobacterial (Bendall et al. 2010; Hart 
et al. 2008). The need for this interaction site may account for the complexity of 
and inserts into the amino acid sequence of the cyanobacterial subunit II (above).  
A structural analysis of the latter is sorely needed.

Fig. 8.8  Cyanobacterial cytochrome c oxidase or plastocyanin oxidase: effect of ionic strength 
on cytochrome c6 binding. Data as from Nicholls et al. (1991) replotted; pH 7.8 phosphate buffers 
at 35°C. Apparent ‘high affinity’ Km is plotted as a function of the square root of ionic strength
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Fig. 8.9  The possible relationships between the respiratory and photosynthetic electron transport 
chains in cyanobacteria and photosynthetic eubacteria. Rhodobacter spp. (non-sulphur purple bac-
teria) have the blue and red systems in the same membrane. Cyanobacteria may have the green 
and red systems in the same membrane. Green plants have the green and red systems in different 
membranes (chloroplast and mitochondria) but some analogous common complexes are present 
in both, including: cyt. bc1 and b6f (quinol-c/PC reductases), including possible complex I equiva-
lents but not complex II or complex IV equivalents
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8.10  The Overall Pattern

Figure 8.9 combines the photosynthetic bacterial, cyanobacterial and green plant 
electron transfer systems (cf. Figs. 8.4a, b and 8.5b) into a complete scheme for a 
virtual organism capable of ‘everything’. No existing organism maintains all these 
pathways. Cyanobacteria are the presumed ancestors of green plant chloroplasts 
and the latter, which also contain mitochondria, have lost some of the capabilities of 
the former, especially the cytochrome c/plastocyanin oxidase capability. If the latter 
provide a ‘release valve’ for excess of reductant at the c level the green plant has 
learned other ways to balance the activities of the two photosystems. The precursor 
of the dark respiration capability is an organism similar to the present day Paracoc-
cus. But the precursors of the two photosystems are the ancestors of the non-sulphur 
purple bacteria and the green bacteria. The typical non-sulphur purple bacterium 
however contains a bc1 rather than a b6   f quinol-c reductase. The two types are anal-
ogous and the b haem component may be evolutionarily homologous but this does 
not apply to the f haem component, which is not homologous with cytochrome c1 
and thus must have arisen independently. The evolutionary as well as the functional 
puzzles remain to be solved.
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9.1  Introduction

Photosynthesis is a light-driven energy conversion reaction from physical energy to 
chemical energy through formation of chemical bonds. It sustains almost all organ-
isms on the earth by supplying two important compounds, i.e. oxygen and carbohy-
drates; the former is the terminal electron acceptor for oxygenic respiration and the 
latter is a high energy compounds for a catabolic reaction through the TCA cycle 
and the respiratory electron transfer system (Blankenship 2001). In this sense, pho-
tosynthesis is called “safety- or fire-net of the earth”.

Photosynthesis consists of a chain of plural reaction systems, and analysis of 
the overall reactions is important for general understanding of the bioenergetics. 
There are plenty of oxygenic photosynthetic organisms, and it is not easy to select a 
limited number of species for analysis. Among those, cyanobacteria are one of suit-
able targets for study, because several useful techniques are available on these or-
ganisms, for example, molecular biology, structure biology, ultrafast spectroscopy, 
physiology, and molecular evolution. Comparative analysis among several species 
of cyanobacteria is also useful. In addition, the whole genome information is avail-
able on many species of cyanobacteria. Even though actual experimental analysis 
cannot be conducted, a comparative genomic analysis will help for the general un-
derstanding by supplying information from various aspects.

We have studied the primary processes of photosynthesis on several species of 
cyanobacteria and understood an importance of comparative study. Recently we 
adopted unique species of cyanobacteria, i.e. Gloeobacter violaceus PCC 7421 and 
Acaryochloris marina MBIC 11017 (Mimuro et al. 2008a). The former lacks thy-
lakoid membranes and the latter contain chlorophyll (Chl) d as a major pigment. 
The machineries for photosynthesis vary in these two organism, and those supply 
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Fig. 9.1  Micrographs of intact cells of Gloeobacter violaceus PCC 7421. a Optical microscope 
image of cells, b an electron micrograph of cells (Rippka et al. 1974), and c an 8-liter culture of 
cells in our laboratory

                  

intriguing view points for the general understanding. In this article, we mainly de-
scribe the properties of G. violaceus, because variations were much more evident 
in G. violaceus.

G. violaceus (Fig. 9.1a) was isolated in the early 1970s in Switzerland (Rippka 
et al. 1974). This species is a unique cyanobacterium that does not have thylakoid 

M. Mimuro et al.
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membranes (Rippka et al. 1974; Guglielmi et al. 1981) (Fig. 9.1b), the locus for 
photosynthesis in other cyanobacteria. Lack of thylakoid membranes in this spe-
cies is the only one exception so far studied in all oxygenic photosynthetic organ-
isms, therefore is attractive in terms of the inherent properties of cyanobacteria 
and evolutionary processes of oxygenic photosynthetic organisms. Usually, a new 
species is used for analysis to convey a new property; however G. violaceus has 
not been used frequently only because it grows very slowly. Furthermore, a mass 
culture is very difficult (Fig. 9.1c), and by this critical difficulty, this species is not 
suitable for biochemical analysis. On the contrary, in 2003 its complete genome 
sequence was reported (Nakamura et al. 2003), and very unique properties were 
suggested by its gene compositions. This can be called “a mine of gold” in terms 
of diversity of genome contents. Even if this species is not used for experimental 
analyses, its genome information is very useful for a comparative genomics and 
for comparative physiology. In this review, we are going to describe unique prop-
erties of G. violaceus for a comprehensive understanding of the bioenergetics of 
cyanobacteria.

9.2  Discovery of the Organism

G. violaceus PCC 7421 was discovered on a calcareous rock in Switzerland 
(Rippka et al. 1974). Since phycoerythrin was the major photosynthetic pigment 
and chlorophyll content was low (Rippka et al. 1974) (Fig. 9.2a), a color of 
cells looked violet. Electron microscopic observation revealed that this species 
is unique in lack of thylakoid membranes. According to phylogenetic analysis 
based on the small subunit (SSU) rDNA sequence (Fig. 9.3), it branched off from 
the main cyanobacterial tree in a very early stage (Nelissen et al. 1995), before 
branching to the species that could be an ancestor of chloroplasts. This sug-
gests that G. violaceus still keeps ancestral properties of cyanobacteria in part. 
The complete genome sequence of this species was reported in 2003 (Nakamura 
et al. 2003); based on the sequence information, many unique properties of this 
species were shown, which leads to an evolutionary approach of photosynthetic 
organisms.

9.3  Genome Information and Features Revealed 
by Genome

The whole genome sequences of G. violaceus PCC 7421 (Nakamura et al. 2003) 
revealed unique properties of this organism, and gave important information in 
terms of comparative genomics, leading to a new idea from the evolutionary 
aspect.

9 Bioenergetics in Gloeobacter
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9.3.1  Structural Feature of the Genome

The genome of G. violaceus was a single circular chromosome and plasmid was not 
detected. A total size of genome was 4,659,019 bp with an average GC content of 
62%, a very high value in cyanobacteria. The chromosome comprises 4,430 poten-
tial protein-coding regions; one additional coding region was annotated afterwards 
(Inoue et al. 2004). Among potential protein-coding regions, 41% (1,836) genes 
showed sequence similarities to genes of known function, 37% (1,635) to hypothet-
ical genes, and remaining 22% (959) has no similarities to reported genes. A frac-
tion of the last component was very high among cyanobacteria, indicating unique 
properties of this organism. As structural RNAs, one copy of rRNA gene cluster, 45 
tRNA genes, and a single gene for tmRNA were assigned. Potential genes for small 
RNAs (B subunit of RNase P, SRP RNA, and 6Sa RNA) were also assigned.

9.3.2  Loss and/or Gain of Genes in Relation to Bioenergetics

Among 4,430 potential protein-coding regions, 158 genes were annotated to photo-
synthesis and respiration, and 102 genes, to energy metabolism (Tables 9.1–9.3). As 
for PS I, there was a set of genes for PsaA, PsaB, PsaC, PsaD, PsaE, PsaF, PsaL, and 
PsaM, but those for PsaI, PsaJ, PsaK, and PsaX were missing (Table 9.1). Recently, 
a novel subunit, PsaZ was discovered in the purified PS I complexes (Inoue et al. 
2004). PsaF is a trans-membrane protein and its N-terminal region is believed to in-
teract with soluble electron transfer catalysts such as plastocyanin (PetE) and cyto-
chrome c553 or cyt c6 (PetJ) (Table 9.1). These two electron transfer components are 
expected to be localized in the periplasmic space, therefore their similarities were 
low to other cyanobacteria. The presumptive product of psaF in G. violaceus (181 
amino acid residues) was longer than those of other cyanobacteria (approximately 
164 amino acid residues), which is attributed to the longer N-terminal region of the 
less conserved sequence.

As for PS II, five psbA genes, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, 
psbK, psbL, psbM, psbN, psbO, psbP, psbT, psbU, two psbV genes, psbX, and two 
psb28 genes were assigned to the genome, but genes for PsbQ, PsbY, PsbZ, and 
Psb27 seemed to be missing (Table 9.1). PsbO, PsbU, and PsbV, components of 
oxygen-evolving complex, are localized in the periplasmic space, and their se-
quence identities to corresponding proteins in other cyanobacteria were very low, 
approximately 31%. On the contrary, among Thermosynechococcus, Synechocystis 
sp. PCC 6803 (hereafter referred to as Synechocystis), and Anabaena, their identi-
ties were kept high (45–62%); this implied that localization of components in cells 
determined the sequence homology probably through the stable structures of those 
proteins.

Genes for the cytochrome b6 f complex, petA, petB, petC, petD, petG, and petN 
were assigned to the genome (Table 9.1). There was another set of petB ( gll1870) 
and petD ( gll1869) with lower sequence similarity. petM and petL could not be de-
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Table 9.1  Genes for photosynthetic reaction centers and electron transfer system in G. violaceus 
PCC 7421

Gene name Gene no. Function/subunit name
PS I complex psaA glr3438 Photosystem I P700 chlorophyll A 

apoprotein A1
psaB glr3439 Photosystem I P700 chlorophyll A 

apoprotein A2
psaC gsl3287 Photosystem I subunit VII
psaD glr3701 Photosystem I reaction center subunit II
psaE gsl3408 Photosystem I protein E
psaF glr2732 Photosystem I subunit III
psaL glr2236 Photosystem I subunit XI
psaM gsl2401 Photosystem I subunit XII
psaZ gsr5001 Novel subunit

PS II complex psbA glr0779, glr1706, 
glr2322, 
glr2656, 
gll3144

Photosystem II protein D1

psbB glr2999 Photosystem II CP47 protein
psbC glr2324 Photosystem II CP43 protein
psbD glr2323 Photosystem II protein D2
psbE gsr0856 Cytochrome b559 alpha-subunit
psbF gsr0857 Cytochrome b559 beta subunit
psbH gsr3002 Photosystem II PsbH protein
psbI gsl3634 Photosystem II PsbI protein
psbJ gsr0859 Photosystem II PsbJ protein
psbK gsr2807 photosystem II PsbK protein
psbL gsr0858 Photosystem II PsbL protein
psbM gsl2997 Photosystem II PsbM protein
psbN gsl3001 Photosystem II PsbN protein
psbO glr3691 Photosystem II manganese-stabilizing 

protein
psbP gll1440 Photosystem II oxygen-evolving com-

plex 23 K protein
psbT gsr3000 Photosystem II PsbT protein
psbU gll2873 Photosystem II 12 kDa extrinsic protein
psbV gll2337, gll2338 Cytochrome c550
psbX gsr1874 Photosystem II PsbX protein
psb28 glr1041, gsl0928 Photosystem II protein W

Cyt b6 f complex petA glr3039 Apocytochrome f
petB gll1870/gll1919 Cytochrome b6
petC glr3038 Plastoquinol-plastocyanin reductase 

(Rieske iron sulfur protein)
petD gll1869/gll1918 Cytochrome b6 f complex subunit 4
petE glr2276/gll2341 Plastocyanin
petF gll3182/gsr3623 Ferredoxin
petG gsl0511 Cytochrome b6 f complex subunit 5
petH gll2295 Ferredoxin-NADP+ reductase 
petJ glr1906/gll1980 Cytochrome c553/cytochrome c6
petN gsl3700 Cytochrome b6 f complex subunit 8
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tected, but this may be due to a low degree of conservation for small polypeptides. 
A low sequence homology of PetJ and PetE has already been described above.

G. violaceus had all genes for Chl biosynthesis only except for gun4 that stim-
ulates Mg chelatase activity (Table 9.2, Chl specific pathway). In Synechocys-
tis, gun4 mutant exhibited the strongly decreased Chl biosynthesis and cannot 
grow under photoautotrophic condition (Sobotka et al. 2008). Although a gene 
( glr3962) for Gun4-like protein was found in the genome, the function of the 
gene is not elucidated. From the viewpoint of evolution, cyanobacteria acquired 
light-dependent protochlorophyllide oxidoreductase (Por) in addition to oxygen-
sensitive protochlorophyllide oxidoreductase (ChlLNB). Gloeobacter had genes 
for both light-independent ( chlLNB) and light-dependent ( por) enzymes for pro-
tochlorophyllide reduction (Table 9.2). This observation indicates that cyanobac-
teria have acquired the light-dependent enzyme in the very early phase of its evo-
lution because G. violaceus is believed to have diverged the earliest within the 
radiation of cyanobacteria.

The candidate genes for carotenoid biosynthesis were summarized in Table 9.2. 
Among them, four genes, crtB ( glr1744), crtI ( glr0867), crtO ( gll0394) and crtW 
( gll1728), were functionally expressed in Escherichia coli (Steiger et al. 2005; 
Tsuchiya et al. 2005). On the other hand, genes corresponding to other known 
carotenoid biosynthetic enzymes, CrtP (phytoene desaturase), CrtQ (ζ-carotene 
desaturase), CrtL (lycopene cyclase), CrtR (β-carotene hydroxylase) and CrtZ 

M. Mimuro et al.

Gene name Gene no. Function/subunit name
Chl biosynthesis chlB glr0215 Protochlorophyllide reductase 

ChlB subunit
chlD glr0870 Magnesium protoporphyrin IX 

chelatase ChlD subunit
chlG glr1809 Chlorophyll a synthase
chlH gll2622, glr3328 Magnesium protoporphyrin IX 

chelatase ChlH subunit
chlI glr1714 Magnesium protoporphyrin IX 

chelatase ChlI subunit
chlL gll2370 Protochlorophyllide reductase 

iron-sulfur ATP-binding protein
chlM glr4402 Mg-protoporphyrin IX methyl 

transferase
chlN gll2369 Protochlorophillide reductase 

ChlN subunit
chlP glr4377 Geranylgeranyl hydrogenase
acsF gll3625 Magnesium-protoporphyrin IX 

monomethyl ester aerobic 
cyclase 

Por glr2486 Protochlorophyllide 
oxidoreductase

gll0878 8-Vinyl reductase

Table 9.2  Genes for synthesis of co-factors, pigments, and lipids in G. violaceus PCC 7421
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Gene name Gene no. Function/subunit name
Carotenoid 

biosynthesis
crtB glr1744 Phytoene synthase
crtD gll2874 3,4-Desaturase like
crtE gll0416 Geranylgeranyl pyrophosphate 

synthase
crtH gll2133 Carotene isomerase like
crtI glr0867 Phytoene desaturase
crtO gll0394 Beta-carotene ketolase
crtW gll1728 Beta-carotene ketolase
cruA gll3598 Lycopene cyclase
cruP gll2484 Lycopene cyclase

Phycobiliprotein 
biosynthesis

cpeA gll1189 Phycoerythrin alpha subunit
cpeB gll1190 Phycoerythrin beta subunit
cpeC glr1263 Linker protein
cpeD glr1264 Linker protein
cpeE glr1265 Linker protein
cpeG glr1262 Novel linker protein 
cpeS glr1192 S/U-type lyase
cpeT glr1193 T-type lyase
cpeY gll1188 Putative lyase subunit
cpeZ gll1187 Putative lyase subunit
cpcA glr1185/glr3218 Phycocyanin alpha subunit
cpcB glr1184/glr3217 Phycocyanin beta subunit
cpcC glr0950/gll3219 Phycocyanin-associated rod linker 

protein
cpcD gsr1266/gsr1267 Rod capping linker protein
cpcE glr1268 E/F-type lyase subunit CpcE
cpcF glr1269 E/F-type lyase subunit CpcF
cpcJ glr2806 Novel rod-core linker
apcA glr1246 Allophycocyanin alpha subunit
apcB glr1247 Allophycocyanin beta subunit
apcC gsr1248 Core linker
apcD glr1181 Allophycocyanin-B
apcE glr1245 Core-membrane linker
apcF glr1930 Core component
pcyA glr2589 Phycocyanobilin:ferredoxin 

oxidoreductase
pebA glr1260 Dihydrobiliverdin:ferredoxin 

oxidoreductase
pebB glr1261 Phycoerythrobilin:ferredoxin 

oxidoreductase
Menaquinone 

biosynthesis
menA gll1578 1,4-Dihydroxy-2-naphtoic acid 

prenyltransferase
menG gll0127 2-Phytyl-1,4-benzoquinone 

methyltransferase

Table 9.2 (continued)
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Table 9.3  Genes for respiration in G. violaceus PCC 7421
Gene name Gene no. Function/subunit name

Complex I 
(NDH-1 
component)

ndhA gll1584 NADH dehydrogenase 
subunit 1

ndhB glr3120 NADH dehydrogenase 
subunit 2

ndhC glr0748 NADH dehydrogenase 
subunit 3

ndhD glr0219/glr1004/gll2082/
gll2536

NADH dehydrogenase 
subunit 4

ndhE gll0652 NADH dehydrogenase 
subunit 4L

ndhF glr0218/glr1003/gll2083/
glr2599

NADH dehydrogenase 
subunit 5

ndhG gll0653 NADH dehydrogenase 
subunit 6

ndhH glr2372/gll2383 NADH dehydrogenase 
subunit 7

ndhI gll0654 NADH dehydrogenase 
subunit I

ndhJ glr0750/glr2380 NADH dehydrogenase 
subunit J

ndhK glr0749/glr2379 NADH dehydrogenase 
subunit K

ndhM glr1522 NADH dehydrogenase 
subunit M

ndhN gll3770 NADH dehydrogenase 
subunit N

Complex II – glr2944 Succinate dehydrogenase 
iron sulfur protein

– glr2945 Succinate dehydrogenase 
chain C

– glr2988 Succinate dehydrogenase 
flavoprotein

bd type quinol 
oxidase

cydA gll1197 Ubiquinol oxidase chain I 
cydB gll1196 Ubiquinol oxidase chain I I

aa3 type cyto-
chrome c 
oxidase

ctaB glr2166 Cytochrome c oxidase 
folding protein

ctaC gll2164/glr0739 Cytochrome c oxidase 
subunit I

ctaD gll2163/glr0740 Cytochrome c oxidase 
subunit II

ctaE gll2162 Cytochrome c oxidase 
subunit III

Cytochrome cM – gll2782 Cytochrome cM
PTOX gll0601 Plasotoquinol terminal 

oxidase

M. Mimuro et al.



221

(β-carotene hydroxylase) were not found. Usually the plant-type desaturases (CrtP 
and CrtQ) are used in cyanobacteria for lycopene synthesis from phytoene, however 
in G. violaceus, CrtI, the bacterial-type phytoene desaturase is functioning instead 
of CrtP and CrtQ (Steiger et al. 2005; Tsuchiya et al. 2005). This is the only one 
exception in carotenoid biosynthesis in cyanobacteria, and assigned to a primordial 
property of this organism. Although echinenone, one of carotenoids in this species, 
can be synthesized by CrtW and CrtO, the function of these two β-carotene keto-
lases in vivo is still controversial (Steiger et al. 2005; Tsuchiya et al. 2005). Thus, 
carotenoid biosynthesis in this species is also unique.

Biosynthesis of phycobiliproteins is carried out by many proteins. In the genome 
of G. violaceus, all known genes for apoproteins, linker proteins, biosynthetic en-
zymes (Frankenberg et al. 2001), and bilin lyases (Scheer and Zhao 2008) were 
found except for CpcG (rod-core linker) (Table 9.2). CpcG forms a multi-gene fam-
ily, and disruption of all cpcG genes caused complete loss of highly assembled PBS 
in Synechocystis (Kondo et al. 2005). On the other hand, PBS prepared from Gloeo-
bacter showed a unique morphology (Guglielmi et al. 1981). Recently, two novel 
linker proteins, CpeG and CpcJ, were discovered (Koyama et al. 2006; Krogmann 
et al. 2007). Other specific feature was found in two CpcC proteins (CpcC1 and 
CpcC2). CpcC proteins had N-terminal extension that was similar to both CpcD2 
and the C-terminal domain of CpeC. In contrast, C-terminal domain of CpcC1 and 
CpcC2 was truncated by comparison with CpcC proteins in other cyanobacteria 
(Gutiérrez-Cirlos et al. 2006). These specific linker proteins may be involved in the 
formation of the unique bundle-shape structure of PBS.

Phylloquinone and menaquinone (MQ) are electron transfer components found 
in not only photosynthetic organisms but also many other bacteria. Especially, phyl-
loquinone is the secondary electron acceptor of PS I in oxygenic phototroph; in the 
case of G. violaceus, phylloquinone is replaced with MQ. These naphtoquinones 
are synthesized from chorismate by seven enzymes (MenA to MenG). However, 
comparative genomic analyses revealed that only two of seven men genes, i.e. menA 
and menG that catalyze last two steps in MQ biosynthetic pathway, were found in 
the G. violaceus genome (Mimuro et al. 2005) (cf. Table 9.2). The lack of several 
men genes was also observed among several bacteria, and recently, an alternative 
MQ biosynthetic pathway was proved (Hiratsuka et al. 2008). Thus, we surveyed 
novel MQ biosynthetic genes in the G. violaceus genome, however no candidate 
genes were found. The MQ biosynthetic pathway in Gloeobacter is still enigmatic.

G. violaceus lacks sulfoquinovosyl diacylglycerol (SQDG) (Selstam and Camp-
bell 1996), one of the major lipids in cyanobacteria. Whereas two genes, sqdB 
and sqdX, are required for SQDG biosynthesis, neither of them was found in the 
G. violaceus genome (Nakamura et al. 2003). These results strongly indicate that 
Gloeobacter does not synthesize SQDG. Although the lack of SQDG in mutant of 
Synechococcus sp. PCC 7942 did affect neither the growth nor photosynthetic activ-
ity under normal condition, reduced growth of the mutant was observed under phos-
phate-limiting condition (Güler et al. 1996). In the case of Gloeobacter, phospha-
tidylglycerol is the only anionic lipid like SQDG mutant. Under normal condition, 
this lipid composition may be enough to grow by photosynthesis for Gloeobacter.
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9.4  Physiological Phenotype

9.4.1  Growth

G. violaceus grows very slowly under the autotrophic condition; its doubling time 
was 73 h at the light intensity of 50 foot candle in the BG 11 medium (Rippka et al. 
1974). During culture, cells tend to stick together and form large aggregates because 
of the formation of multiple sheaths. It can grow under the autotrophic condition 
up to 30 µmol photons m−2 s−1, however a light intensity higher than 10 µmol pho-
tons m−2 s−1 usually inhibits a growth of cells (Koyama et al. 2008). Since a growth 
rate is low, a high concentration of CO2 is not necessary. We usually supply air to 
the medium without any addition of CO2. Since the content of PE is high (Fig. 9.2a), 
a fluorescent lamp is useful for a growth. It was reported that growth inhibition by 
DCMU was not relieved by the addition of the common organic carbon sources 
including glucose (Rippka et al. 1974). Thus, the organism is regarded as obligate 
photoautotroph.

9.4.2  Carbon and Nitrogen Metabolism

It might be expected that this species shows unique carbon metabolic pathways 
however there were almost no reports on this aspect. We are able to trace the carbon 
metabolism based on the genome information.

This species does not grow heterotrophically, suggesting lack of sugar transport-
er such as glcP in Synechocystis ( sll0771). However, artificial uptake of exogenous 
glucose caused metabolic disequilibrium, and introduced gene could not be main-
tained (Zhang et al. 1998). As for carbon metabolism, genes for pentose phosphate 
pathway, Calvin-Benson cycle, and carbon concentration mechanism are basically 
conserved (Fig. 9.4). The lack of a gene for phosphofructokinase in glycolysis was 
observed in the genome of G. violaceus, and a gene for fructose bisphosphatase 
that catalyzes a reverse reaction of phosphofructokinase was found. Although such 
gene constitution is also found not only in certain cyanobacteria but also in certain 
bacteria, glycolysis in G. violaceus is different from that in Synechocystis that has 
both genes. In general, TCA cycle in cyanobacteria was thought to be incomplete 
due to the absence of 2-ketoglutarate dehydrogenase, and genes for the enzyme and 
2-ketoglutarate ferredoxin oxidoreductase were missing (Huynen et al. 1999). The 
lack of these genes was also found in the case of G. violaceus, and fumarate hydra-
tase was also missing.

As for nitrogen metabolism, all genes for nitrogen uptake and enzymes for the 
main metabolism (nitrate reductase, nitrite reductase, glutamine synthetase and glu-
tamate synthase) were found. The genes for nitrogenase were missing. This gene 
constitution is consistent with the observation that G. violaceus is incapable of aero-
bic nitrogen fixation (Rippka et al. 1974).

M. Mimuro et al.



223

9.5  Photosynthesis

Photosynthetic system of G. violaceus is essentially identical to that of other cya-
nobacteria on the basis of whole genome analysis (Nakamura et al. 2003). Four 
complexes, PS I, PS II, cyt b6 f and ATP synthase are present in cell membranes, and 
the electron transfer reactions proceed normally as evidence by the oxygen evolu-
tion. However, cells cannot grow under the high light condition, even though the 
maximum oxygen evolution activity (approximately 230 µmol O2 (mg Chl)−1 hr−1) 
is comparable to other cyanobacteria. Unknown defect(s) is present in its photosyn-
thetic system. Hereafter, characteristics of several photosynthetic components are 
considered.

9.5.1  PS I

PS I complexes purified from G. violaceus are mostly recovered as a trimer; the 
monomer form is present less than 10%, significantly lower than that of other 

Fig. 9.4  A schematic model of the main energetic processes in relation to photosynthesis and 
respiration in G. violaceus. Major protein complexes on cell membranes and metabolic pathways 
in cytoplasm were schematically shown. PTOX plastoquinol terminal oxidase, cyt aa3 terminal 
cytochrome c oxidase, cyt bd cytochrome bd type quinol oxidase, Fd ferredoxin, FNR Fd-NADP+-
oxidoreductase, NDH NAD(P)H dehydrogenase, OEC oxygen evolving complex, PBS phyco-
bilisome, PC plastocyanin, PQ plastoquinone, PS I photosystem I, PS II photosystem II, SDH 
succinate dehydrogenase
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cyanobacteria (Inoue et al. 2004). The complexes consist of nine subunits, PsaA, 
PsaB, PsaC, PsaD, PsaE, PsaF, PsaL, PsaM, and the recently discovered PsaZ 
(Inoue et al. 2004) (Table 9.1). PsaZ is a putative membrane-spanning small poly-
peptide consisting of 35 amino acids. PsaZ was found by a biochemical investiga-
tion; once the whole genome information was obtained, biochemical analysis was 
not necessarily performed, however this attitude was not proper to investigate 
the reaction system. PsaI, PsaJ, and PsaK are generally conserved in oxygenic 
photosynthetic organisms but are absent from this species. PsaZ may function as 
a substitute for one of these missing subunits. PsaB has a long C-terminal exten-
sion that has a putative peptidoglycan-binding domain in eubacteria and localizes 
to the periplasm (Fig. 9.4), but its actual physiological function is still unknown. 
In addition, the purified PS I complexes represented the novel T-shaped morphol-
ogy by electron microscopy (Mangels et al. 2002), this result also supports the 
existence of the peptidoglycan-binding domain in the complexes. Since RC sub-
units possessing this functional domain have not been reported in cyanobacteria 
or photosynthetic bacteria, this feature is unique. These features may be related 
to the functional alterations and/or to the composition of polypeptides specific for 
G. violaceus.

The Chl a/Chl a′ heterodimer is the primary electron donor of PS I in G. 
violaceus (Mimuro et al. 2005), although its redox potential was reported to 
be slightly lower (approximately 400 mV, Kato et al. 2008) than that of other 
cyanobacteria (415–455 mV). This difference might be due to the structure of 
the P700 dimer or to the amino acid environment around P700. The secondary 
electron acceptor of PS I (A1) has been identified as MQ-4, rather than phyl-
loquinone as in most oxygenic photosynthetic organisms (Mimuro et al. 2005). 
Since MQ-4 is frequently found in photosynthetic bacteria, leading to the idea 
that G. violaceus retains a primordial property. This is also the case for a key 
enzyme for carotenoid biosynthesis, phytoene desaturase, which catalyzes the 
conversion of phytoene into lycopene (Tsuchiya et al. 2005). G. violaceus uses 
a bacterial-type desaturase (CrtI) like many purple bacteria for lycopene biosyn-
thesis, whereas other cyanobacteria and plants require two plant-like desaturases 
(CrtP and CrtQ), for which the corresponding genes are not found in the G. 
violaceus genome.

The electron donor for P700 is most probably plastocyanin (PetE). The ami-
no acid sequence of G. violaceus is very different from that of other cyanobac-
teria. The Synechocystis and G. violaceus plastocyanins share 30–35% amino 
acid identity, which might reflect differences in the redox potential of P700 and 
its localization, i.e., in the periplasm in G. violaceus. The ionic environment 
in the periplasm is very different from that of the cytosol, which may have re-
sulted in changes in amino acid sequences to adapt to molecular environment 
in the periplasm. The plastocyanin-docking protein (PsaF) is less conserved, 
which probably reflects its localization. An alternative electron transfer com-
ponent, cyt c6, is also found in the genome sequence, however it is not clear 
whether this component is expressed and functional under the normal growth 
condition.
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9.5.2  PS II

Since almost no biochemical or biophysical analyses have been done on G. vio-
laceus PS II complexes, there is very limited information on the composition and 
reaction processes. PS II complexes are most probably consist of polypeptides that 
have shown by the genome analysis (Table 9.1). Among those, five PsbA genes are 
present in this species; their expression levels are different depending on the growth 
condition (Sicora et al. 2008). On the other hand, only one PsbD gene was found, 
therefore D2 protein was kept the same, irrespective of composition of complexes. 
Another major components of PS II, i.e. PsbB (CP47) and PsbC (CP43), are pres-
ent in the complexes. Three extrinsic proteins for water oxidation, i.e. PsbO, PsbU, 
and PsbV, are present in the periplasmic space; their sequences were less conserved 
among cyanobacteria (Koyama et al. 2008). When their sequences were extensively 
investigated, many differences were found in the regions that were important for 
interactions between two polypeptides in the water oxidation system. For example, 
there were remarkable differences between the PsbO sequences of G. violaceus and 
the other two species, including two deletions (residues 7–11 and 50–60) and a short 
insertion (residues 174–176). In G. violaceus, the N-terminus (residues 1–14) was 
poorly conserved, although this region is known to be functionally significant for 
binding and oxygen-evolving activity in spinach, and is conserved in the other cya-
nobacteria. Residues 56–70 form a β1–β2 loop in other cyanobacteria (De Las Rivas 
and Barber 2004), but residues 56–60 were absent in G. violaceus, probably leading 
to the effect of formation or structure of the β1–β2 loop. In addition, most residues 
in the DPKGR region are involved in binding to D1, D2 and CP47 (De Las Rivas 
and Barber 2004). Nevertheless, there was an insertion (residues 174–176) detected 
within this region in G. violaceus, and in addition, approximately half of the residues 
(13 out of 29) differed from the consensus. Since a one-residue insertion between 
Leu159 and Asp160 had deleterious effects on binding to PS II (Motoki et al. 2002), 
the short insertion (Gln174-Thr176), unique to G. violaceus, should lead to signifi-
cant modifications of the PsbO structure, and possibly reduced binding ability to PS 
II. It has been reported that substitution of Lys162 with Arg reduces binding affinity 
and oxygen evolution (Motoki et al. 2002) and G. violaceus PsbO has Arg162 in 
fact. This residue also would affect the ability of binding to PS II. Corresponding 
alternation in the sequences were found in D1, D2, CP43 and CP47, leading to modi-
fication in the binding patterns (Koyama et al. 2008). Additional feature of PS II is 
incomplete inhibition of oxygen evolution by DCMU. A degree of insensitivity in 
G. violaceus was much enhanced, up to 40% of the total oxygen evolution activity.

9.5.3  Phycobiliproteins and Phycobilisomes

A major phycobiliprotein is phycoerythrin (PE) with three peaks, so-called “R-PE” 
(Fig. 9.2a). This is not common in cyanobacteria, but common in red algae. Other 

9 Bioenergetics in Gloeobacter



226

two molecular species of phycobiliproteins are phycocyanin (PC) and allophycocya-
nin (APC) (Bryant et al. 1981). A relative content of PC to PE was high, showing 
a clear peak in absorption spectrum; it was also the case for APC. Due to a small 
amount of Chl a relative to phycobiliproteins, a color of cells was determined by the 
major PE content, and looked violet in a liquid culture medium. Minor components 
of PBS, i.e. an anchor protein (ApcE) and APC-B (ApcD), are present in genome, 
and at least presence of the former (ApcE) was confirmed by fluorescence spectrum 
of isolated PBS (Koyama et al. 2006). The presence of the latter was suggested by the 
second derivative spectrum of the main fluorescence bands (see Energy transfer); the 
peak of the latter was somewhat shorter than the peak of ApcE (Mimuro et al. 1986).

An overall morphology of PBS in G. violaceus is very different from those well-
known hemi-discoidal shape or hemi-spherical shape (Gantt 1981; Mimuro et al. 
2008b); it is described as a bundle-like shape (Bryant et al. 1981; Koyama et al. 
2006). PBS consists of two parts; one is a pillar consisting of PE and PC, and the 
second part is APC core, as similar to the core in other cyanobacteria containing a 
hemi-discoidal shape of PBS. This unique morphology might be a reflection of a 
relatively abundant content of phycobiliproteins and lack of thylakoid membranes 
in this species as a locus for the PBS attaching site. Phycobiliprotein content per 
unit area of membranes was very limited, thus PBS in hemi-discoidal shape might 
not be realized in this species. Two new linker polypeptides were identified af-
ter isolation of PBS and PMF (peptide mass fingerprinting) method. Those are as-
signed to the products of glr1262 and glr2806; by comparing the gene sequence 
with partial amino acid sequences by PMF, whole amino acid sequences of the two 
were resolved. These two contained a linker motif three in tandem in individual pro-
teins, and the glr1262 product most probably functions as a rod linker (LR) connect-
ing PE and PC, while the glr2806 product may function as a rod-core linker (LRC). 
We have designated the Glr1262 as CpeG and the Glr2806 as CpcJ (Koyama et al. 
2006). Locations and functions of the two new linker polypeptides were consistent 
with a unique morphology of PBS in this species.

9.5.4  Carotenoids

Three carotenoid species were found; β-carotene, (2S,2′S)-oscillol 2,2′-di(α-L-
fucoside) and echinenone (Tsuchiya et al. 2005). Among those, a relative content of 
oscillol-fucoside was high; it was solubilized when cell membranes were isolated, 
indicating that it is loosely bound to membranes. Echinenone is a minor component 
among the three; its localization was not necessarily clear. By the analogy of crys-
tal structure of thermophilic cyanobacteria (Kamiya and Shen 2003; Ferreira et al. 
2004; Loll et al. 2005; Guskov et al. 2009), β-carotene, a major species, is expected 
to be bound to PS I and PS II core, however β-carotene is not involved in the energy 
transfer to PS II Chl a. As for PS I, β-carotene is expected to be functional in energy 
transfer to PS I Chl a, however due to lack of PS I fluorescence at 77 K, this was 
not yet proved.
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9.5.5  Energy Transfer in the Antenna System

Energy transfer processes in this species were monitored by steady-state and time-
resolved fluorescence spectrum. The most prominent feature in fluorescence spec-
trum of this species is lack of PS I Chl a band at −196° C (Koenig and Schmidt 
1995); even by the time-resolved spectroscopy with a time resolution of 3 ps, this 
component was not detected (Mimuro et al. 2002). This property made an analysis 
of energy transfer difficult, because there is no index of PS I. Energy transfer from 
PBS to PS II Chl a in membranes was clearly resolved by the steady-state spectra; 
when PE was excited, we could detect fluorescence from PE, PC, APC and PS II 
Chl a (Fig. 9.2b), indicating a sequential energy transfer from PE to PS II Chl a. On 
the other hand, when Chl a was excited, an additional minor PS II Chl a band was 
observed at 695 nm, indicating that energy flow from the 685-nm component to the 
695-nm component was not necessarily high.

Time-resolved fluorescence spectra and global analysis showed the energy trans-
fer processes in details (Yokono et al. 2008). We resolved four spectral components 
in PE, three in PC, two in APC, and two in PS II Chl a. The bundle-like PBSs of G. 
violaceus showed multiple energy transfer pathways; fast (≈10 ps) and slow (≈100 
and ≈500 ps) pathways were found in rods consisting of PE and PC. Energy transfer 
time from PE to PC was two times slower in G. violaceus than in Fremyella dip-
losiphon grown under green light. In G. violaceus, phycourobilin is present in PE 
and it works as an energy donor with the highest energy level; the energy transfer 
rate from phycourobilin to phycoerythrobilin in PE was very high compared with 
the rate between phycoerythrobilins. On the other hand, energy transfer from PE 
to PC was slow, and this was consistent with a high fluorescence intensity from 
PE in the steady-state spectrum. Energy transfer processes within PC and from PC 
to APC core were similar to those in PBSs of the hemi-discoidal shape. A unique 
morphology of PBS in G. violaceus induced an alternation in the energy transfer in 
PE (Fig. 9.2c, d).

9.5.6  Electron Transfer

A rate of photosynthetic oxygen evolution in this species is potentially comparable 
to other cyanobacteria; under the condition of 300 µmol photon m−2 s−1, an oxygen 
evolution activity was approximately 230 µmol O2 (mg Chl a)−1 h−1 (Koyama et al. 
2008). This was not low however this species cannot grow under this light condi-
tion due to unknown reason(s); there might be the other fatal reasons for a slow 
cell growth under the high light condition. If a partial reaction of photosynthetic 
electron flow is blocked, this oxygen evolution activity is not necessarily realized 
therefore this rate indicates the electron flow from water to NADP+ is sound as that 
in other cyanobacteria.

A partial activity was measured only for PS I, because the complexes were iso-
lated. Under light-saturating conditions (2,600 µmol photon m−2 s−1), the electron 
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transfer activities of the complexes measured by the Mehler reaction were found to 
be 360 ± 35 and 750 ± 70 µmol O2 (mg Chl a)−1 h−1 for Gloeobacter and Synecho-
cystis, respectively (Mimuro et al. 2005). Under light-limiting conditions (130 µmol 
photon m−2 s−1), the activities were 160 and 240 µmol O2 (mg Chl a)−1 h−1, respec-
tively. Even though the activity was almost half of that of Synechocystis, these val-
ues were enough to prove intactness in the structure and function of isolated PS I 
complexes.

On the other hand, there was no data on activity of the isolated PS II complexes. 
Isolation of the complexes has not yet been successful, therefore an activity or a 
property of PS II has not yet been analyzed. Instead, an oxygen-evolving activity 
has been measured on cells; it could be a good index for PS II activity. As men-
tioned above, the activity on cell basis was comparable to that in other cyanobacte-
ria, therefore PS II activity was enough to sustain a full activity of cells.

9.6  Respiration

9.6.1  Components Deduced from Genome Information

The whole genome analysis revealed that there are at least seven components for 
respiration in G. violaceus, i.e. NAD(P)H dehydrogenase (type-1 NDH), succinate 
dehydrogenase (SDH), cyt b6 f, plastocyanin, cyt c6, cyt bd quinol oxidase, and 
cyt c oxidase (cyt aa3) in G. violaceus (Fig. 9.4). Two genes for cyt b6 f, petM and 
petL, could not be detected. Presence of an additional component, i.e. plasotoquinol 
terminal oxidase (PTOX), is also suggested by the genome analysis and the CN−-
insensitive respiration (McDonald and Vanlerberghe 2006). Including PTOX, there 
might be three pathways from NADH to O2 through PQ pool; these are NADH or 
SDH → PQ → cyt b6 f → plastocyanin or cyt c6 → cyt c oxidase → O2, NADH or 
SDH → PQ → PTOX → O2, and NADH or SDH → PQ → cyt bd quinol oxidase 
→ O2 (Paumann et al. 2005). A contribution or electron flows of individual path-
ways will be surveyed more in detail near in future. Presence of the three electron 
transfer pathways is rare in cyanobacteria; Nostoc sp. PCC 7120 was reported to 
contain the three, however other cyanobacteria contain either of cyt bd quinol oxi-
dase or alternative oxidase in addition to cyt c oxidase (Paumann et al. 2005).

9.6.2  Respiratory Electron Transfer Activity

A rate of respiration in G. violaceus is very high (50–100 µmol O2 (mg Chl a)−1 h−1) 
(Koyama et al. 2008); this was at least ten times larger than that of other cyanobac-
terial species. This might be a sum of the three pathways, even though an activity of 
individual pathways is not known. Due to this high rate, a light compensation point 
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raised to 35 µmol photon m−2 s−1, an exceptionally high value in oxygenic photo-
synthetic organisms. This respiration rate indicates that the major energy yielding 
system in this species is the respiration. A unique property in respiration was the 
CN-insensitive respiration. Under the presence of 1 mM KCN, approximately 40% 
of the total respiration was not inhibited, indicating the presence of PTOX (Koyama 
et al. unpublished). Oxygen consumption by cyt bd type quinol oxidase was esti-
mated to be far lower than that by cyt c oxidase in the Synechocystis mutant grown 
heterotrophically (Berry et al. 2002; Mogi and Miyoshi 2009).

9.6.3  Coupling of Respiratory Electron Transfer Chain 
with Photosynthetic Electron Transfer Chain on Cell 
Membranes

Cyanobacteria, in general, have two sites for respiration, i.e. on thylakoid mem-
branes and cell membranes (Schmetterer 1994; Paumann et al. 2005; Peschek 
2008). A respiratory activity is higher in the latter than in the former (Peschek 2008). 
However, since G. violaceus contains only cell membranes, respiratory and photo-
synthetic electron transfer systems are co-localized on cell membranes (Fig. 9.4). 
Therefore it is inferred that at least six complexes are localized on the membranes, 
i.e. PS I, PS II, cyt b6 f, ATP synthase, NDH or SDH, and terminal cyt c oxidase. In 
addition, there are many complexes on the membranes, which are engaged in trans-
port or signal transduction. In this sense, cell membranes might be full of protein-
complexes, which secondary affects a diffusion rate of components in membranes. 
If the attachment site of PBS is assumed to be the localization site of PS II, they are 
distributed uniformly on the membranes based on the electron micrograph observa-
tion (Guglielmi et al. 1981). Unfortunately, there is no direct information on the 
distribution of respiratory components in membranes. However, it is reasonable to 
assume that coupling of respiratory and photosynthetic electron transfer systems is 
a probability-based phenomenon by sharing common components.

The photosynthetic electron flow is perturbed by the respiratory electron flow 
when the two are mutually affected each other (Fig. 9.5). One typical example is 
the oxygen flash yield; it is kept constant under a low repetition rate, but is lowered 
under a high repetition rate, because the turnover of PQ pool will limit the electron 
transfer between the two PSs. In the case of Synechocystis, the oxygen flash yield 
was constant up to 10 Hz, on the other hand, in G. violaceus, it was lowered from 
3 Hz (Koyama et al. 2008). This clearly indicated that a turnover rate of PQ pool 
was much slower in G. violaceus. A probable reason for this slow rate was decrease 
in active PQ molecules by an electron flow from the respiratory pathway. This was 
also shown by the fluorescence induction on cell level.

Coupling of photosynthetic and respiratory electron transfer chain is indirectly 
monitored by a fluorescence induction curve. Since the curve represents the redox 
state of QA molecule in PS II and QA is equilibrated with QB and PQ molecules in 
the pool, a fluorescence induction curve is affected by various factors that deter-
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mine the redox level of PQ pool. Respiration is one of those factors. G. violaceus 
showed an induction curve that is similar to other cyanobacteria (Fig. 9.6a). How-
ever, there was a significant difference, i.e. a low variable fluorescence, suggesting 
a low content of active PQ molecules in a pool and a high PE fluorescence. When 
far-red light is illuminated, a fraction of a variable fluorescence was increased to 
almost twice, whereas the increase was observed only 10% in Synechocystis (Koya-
ma et al. unpublished) (Fig. 9.6). The far-red light preferentially excites PS I and 
accelerates an electron flow to PS I, leading to increase in an oxidized form of PQ 
pool. The observed low variable fluorescence is explained by a low content of an 
oxidized form of PQ molecules in a pool. This also proved an interconnection of the 
two electron transfer systems in the same membrane.

QA
− re-oxidation kinetics also indicates the redox state of PQ pool by monitoring 

a content of QA
− that is equilibrated with other quinone components, i.e. QB and PQ 

pool. The kinetics observed on G. violaceus cells were very similar to that observed 
on Synechocystis cells, but an amplitude was even low in the former. Far-red light 
illumination increased a magnitude of the total decay amplitude, indicating that PQ 
pool was significantly reduced even in the dark-adapted state. This was consistent 
with the observation of the fluorescence induction kinetics, and again indicates a 
supply of electron from the respiratory chain.

M. Mimuro et al.

Fig. 9.5  Interconnection of photosynthetic and respiratory electron transfer systems on cell mem-
branes in G. violaceus. Thick arrows stand for a flow of electron and thin arrows, a flow of quinone 
molecules in the two electron transfer pathways
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Fig. 9.6  Fluorescence induction kinetics of intact cells of G. violaceus at room temperature. Fluo-
rescence induction kinetics of two species of cyanobacteria. Blue lines (Diamonds) show the kinet-
ics of the dark-adapted cells (30-min dark incubation) and red (squares) ones, dark-adapted cells 
followed by far-red light illumination (>700 nm, 15 µmol photon m−2 s−1). Note a difference in 
magnitudes of ordinates
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9.7  Uniqueness of the Organism in the World  
of Cyanobacteria

9.7.1  A Unique Bioenergetic Pathway

Proteorhodopsin is a proteobacterial light-driven proton pump homologous to ar-
chaeal bacteriorhodopsin (Béjà et al. 2000) and it was found that the proteorhodop-
sin-like protein is widely distributed. In the genome of G. violaceus, a gene for pro-
teorhodopsin-like protein ( gll0198) was found, and a recombinant protein showed 
light-driven proton transport activity in vitro (Miranda et al. 2009). Although the ex-
pression level of this novel proton pump in the cells has not been reported, it would 
be worthwhile to evaluate the contribution of the proteorhodopsin-like protein to 
bioenergetics in Gloeobacter, even though absorption peak of proteorhodopsin-like 
protein overlaps with that of phycoerythrin.

9.7.2  Membrane Architecture

The most remarkable feature of the energy-yielding system in G. violaceus is a 
membrane system; it has only cytoplasmic membranes on which two electron trans-
fer systems are co-localized (Fig. 9.4). In general, there has been a long discussion 
on the physical connection between thylakoid membranes and cytoplasmic mem-
branes in cyanobacteria, however this was not detected by the electron microscopic 
observation on G. violaceus. Instead, invagination of cytoplasmic membranes will 
become important to increase the area for photosynthesis, however the electron mi-
croscopic studies did not give any evidence of the invagination of the membranes 
in G. violaceus. The cytoplasmic membranes looked smooth and are arranged along 
with cell walls.

A relative content of phycobiliproteins to Chl a is high in G. violaceus (Fig. 9.2a). 
Since this organism usually grows under a low light intensity, a large antenna size is 
required to absorb photons enough for photosynthesis. A bundle-like shape of PBSs 
(Fig. 9.7) might be an adaptive change for occupation of a relatively small area on 
the membranes with a large amount of chromophores. As shown by the fluores-
cence spectrum (Fig. 9.2b–d), PBSs are physically and energetically attached to PS 
II Chl a, indicating that the locus for PBSs is the locus for PS II RC. Based on the 
sequence similarities of CP47 and CP43 to other cyanobacteria, a dimer structure 
of PS II core complexes is expectable. Even though the protein interaction for con-
nection between PBSs and PS II core complexes is not yet resolved, the anchor 
polypeptide of PBSs is associated with dimeric core complexes to realize energy 
transfer (Fig. 9.2c). This connection might be the same as that of other cyanobacte-
ria through an anchor protein of PBS (ApcE).

As stated before, one of the subunits of PS I core complexes, PsaB, has a long 
extension in its C-terminal (Fig. 9.4); it contains a peptidoglycan-binding motif, 
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however a function of this extension was not yet resolved. It is interesting to note 
that this organism contains the other gene ( glr1828) whose amino acid sequences 
were very similar to those of the C-terminal extension of PsaB; it is expected that 
a gene product of the glr1828 connects the outer layer of cell wall and peptidogly-
can, however its expression and function were not resolved. The ancestral form is 
not clear between these two genes, however these two are probably related to each 
other.

As for biogenesis of the membrane system, G. violaceus shows unique proper-
ties. Synechocystis have two similar genes, pspA for phage shock protein A and 
vipp1 (Westphal et al. 2001), both of which are related to membrane biogenesis. 
Vipp1 is known to be essential for formation of thylakoid membranes in Synecho-
cystis and in a higher plant, Arabidopsis thaliana (Kroll et al. 2001). The C-terminal 
region of Vipp1, approximately 30 amino acid residues, is well conserved and is be-
lieved to encode a domain related to the above function, and PspA lacks this region. 
glr0898 in Gloeobacter showed higher sequence similarity to that of vipp1 than 
pspA, but a region corresponding to the C-terminal conserved region was missing. 
glr0898 may reflect the intermediate state of a gene during the evolutional process 
between vipp1 and pspA.

9.7.3  Evolutionary Aspect

It is suggested that based on the 16S rDNA sequence, G. violaceus branched off at 
the earliest stage of evolutionary pathway in cyanobacteria (Nelissen et al. 1995) 
(Fig. 9.3a). This branching pattern was also obtained when a specific protein was 
used as an index for comparison (Fig. 9.3b). The branching preceded the primary 

Fig. 9.7  A schematic model of phycobilisomes in G. violaceus. ( Left) PBS of G. violaceus and 
( right) PBS of typical hemi-discoidal shape. (Koyama et al. 2006)

CpeG (Glr1262) APC dodecamer

APC hexamer

PC trimer

PE trimer

Rod linker

Rod-core linker

Novel linker

CpcJ (Glr2806)

                  

9 Bioenergetics in Gloeobacter



234

symbiosis, therefore features of this organism were not necessarily inherited to 
chloroplasts. Comparative analysis of the genome of this species revealed dele-
tions, modifications, and sometimes redundancy of genes involved in photochemi-
cal reactions (Nakamura et al. 2003). A combination of this information with bio-
chemical analyses will yield information on reaction processes. However due to its 
slow growth rate, this organism is not particularly suitable for biochemical analysis, 
thus discussion on an evolutionary aspect will be proceeded based on the genome 
information.

It is widely accepted that the major components for RCs are inherited from pho-
tosynthetic bacteria, i.e. PS I components from green-sulfur bacteria and PS II com-
ponents from purple bacteria and/or green-filamentous bacteria (Blankenship 2001; 
Olson and Blankenship 2004). However, origins of other subunits for individual 
RCs are not necessarily determined. Some might be inherited from bacteria, and 
some might be invested or acquired in cyanobacteria. Comparative genomics may 
clearly state the origins or inherit pathways of those components. A comparison 
of the constituents of G. violaceus with those of other cyanobacteria suggests that 
ancestral cyanobacteria had PS I with a simple subunit composition and that they 
acquired small subunits during evolution. It was also the case for PS II. This hy-
pothesis is consistent with the idea of the appearance of an oxygenic photosynthetic 
system because the two PSs were inherited from the RCs of photosynthetic bacteria 
with a simple composition and the number of subunits increased afterwards.

A missing link is an invention of the water oxidation system. Since ancestor 
of cyanobacteria, i.e. photosynthetic bacteria, do not possess the water oxidation 
system, it is reasonable to assume that this system was acquired after cyanobacteria 
were differentiated or evolved. However there was no way to trace this evolutionary 
process(es), because there are no intermediary organisms between photosynthetic 
bacteria and the first cyanobacterial species. G. violaceus might be the first cyano-
bacterial species, and its oxygen evolution system might still keep primordial prop-
erties (Fig. 9.8). However the observed oxygen-evolving properties of G. violaceus 
show that the system is properly established, almost no defect in the system.

The oxygen-evolving system consists of four Mn atoms, Ca2+, Cl−, and several 
peripheral proteins of PS II (PsbO, PsbU, and PsbV). Ligands to the Mn atoms are 
supplied from the two polypeptides consisting of the PS II core, i.e. D1-protein 
and CP43, and this active center for water oxidation is called the oxygen-evolving 
complex (OEC) (Kamiya and Shen 2003; Ferreira et al. 2004; Loll et al. 2005; 
Guskov et al. 2009). Even though an extensive study of the structure of this OEC by 
the crystallographic method, its actual structure is not yet established (Yano et al. 
2006; Yano and Yachandra 2008). This is the main reason for a slow progress of 
analysis of OEC. The electrochemical potential required for water oxidation is high, 
i.e. higher than 1.0 V, and this potential may destroy cellular components if the 
reaction intermediates are not properly sealed from the other parts of the system. 
Components, reaction processes and reaction mechanism(s) of water oxidation are 
still under debate. This reaction is the largest topics to be solved in the field of pho-
tosynthesis. A step-by-step progress is the nearest way to get to the final goal, even 
if we need a little long time to get to that stage.
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9.7.4  Uniqueness of G. violaceus as a Tool for Comprehensive 
Understanding of Bioenergetics of Cyanobacteria

G. violaceus is a unique cyanobacterium in many senses as we have described 
above. These properties are useful for comprehensive understanding of bioenerget-
ics of cyanobacteria, however one important point is not yet satisfied, i.e. transfor-
mation. Since the whole genome information is known on this species, combination 
of genome information and transformation is the minimum requirement for driving 
progress of study. Introduction of plasmid DNA into G. violaceus was once reported 

Fig. 9.8  Changes in photosynthetic components along with evolution from anoxygenic photo-
synthetic bacteria to oxygenic cyanobacteria. Figure was drawn on the assumption that the evolu-
tion from photosynthetic bacteria to current cyanobacteria was brought about by two steps; one 
from anoxygenic photosynthetic bacteria to a primordial cyanobacteria, and the second step, from 
a primordial cyanobacteria to current cyanobacteria. Component(s) or phenomena necessary for 
evolution were described. Rhombus with a dot stands for chlorophyll or bacteriochlorophyll mol-
ecules, and that without a dot, pheophytin molecules. bc1, cytochrome bc1; b6 f, cytochrome b6 f; 
CP43, 43 kDa chlorophyll-protein; CP47, 47 kDa chlorophyll-protein; D1/D2, reaction center 
II; LH1, light-harvesting complex 1; LH2, light-harvesting complex 2; OEC, oxygen-evolving 
complex; PsaA/B, reaction center I; PBS, phycobilisome; PC, plastocyanin; PS I, photosystem I; 
PS II, photosystem II
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(Guo and Xu 2004), however there is no successive report. This point is a break-
through for future progress when it is established.
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10.1  Introduction

Adenosin-triphosphate (ATP) is regarded as the currency of energy in living organ-
isms used for endergonic cellular processes such as transport against concentration 
gradients, biosynthesis of metabolites, or cellular movement. ATP synthase (also 
referred to as FoF1-ATP synthase or FoF1-ATPase) synthesizes ATP from adenosin-
diphosphate (ADP) and inorganic phosphate. It is an evolutionary conserved en-
zyme found in plasma membranes of bacteria, thylakoid membranes in plant or al-
gae chloroplasts and inner membranes of mitochondria. The energy required for the 
ATP synthesis reaction is derived from the flow of coupling ions (mostly protons) 
across the bio-membrane, along the gradient of an electrochemical potential. In the 
case of protons as coupling ions, this potential difference is often referred to as the 
Proton Motive Force (PMF). The difference of electrochemical potentials on both 
sides of the membrane is established by the enzyme complexes of the respiratory 
chain in case of mitochondrial inner membranes or bacterial plasma membranes 
and the photosynthetic electron transport chain in chloroplast thylakoids and photo-
synthetic bacteria. In cyanobacteria, photosynthetic as well as respiratory electron 
transport occur in the same membrane system, the cytoplasmatic membrane, thus 
ATP synthase can utilize the PMF established by both electron transfer systems.

Synthesis of ATP is reversible, under conditions of a low PMF ATP can be hydro-
lyzed and protons can be transported across the membrane. Whereas some bacteria 
use this reversed reaction to maintain the PMF under conditions of low oxygen 
tensions, in ATP synthase from chloroplasts and mitochondria elaborate regulatory 
mechanisms suppress hydrolysis of ATP.

ATP synthase is a multi-subunit enzyme complex of roughly 15 nm length and 
10 nm width with a molecular mass of ~600 kDa (Fig. 10.1), it can be reversibly 
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separated into a membrane-embedded Fo part and a peripheral F1 part. Whereas 
the Fo part acts as a proton channel, the F1 part houses the nucleotide binding sites 
where synthesis or hydrolysis of ATP is carried out. In most bacterial species, the 
Fo part consists of three different subunits: a single subunit a, two subunits b and 
several subunits c (10–15 mer). As an exception to this rule, in cyanobacteria along 
with the plant chloroplast ATP synthase a heterodimeric subunit b is found, made 
up by two homologous subunits called subunit b and subunit b′. The hydrophilic F1 
part consists of five different subunits with the stoichiometry α3β3γδε. ATP synthase 
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from mitochondria comprises, in addition to the eight different core subunits also 
found in bacteria, a number of additional peripheral subunits.

An alternative grouping of ATP synthase subunits is based on the enzyme’s 
mechanism as a rotary molecular machine: during catalytic activity the subunits 
γεc (“rotor”, Fig. 10.1b) rotate relative to subunits αβδab (“stator”). As such, 
ATP synthase is a fascinating molecular machine, which carries out two energy 
conversion steps at nanometer scale: in a first step energy stored in an elec-
trochemical potential difference is converted into mechanical energy of subunit 
motion, which in the second step is again stored as phosphate-group transfer 
potential of ATP.

In the following chapters, structure, function and regulation of ATP synthase 
will be discussed in terms of general features of this enzyme found across domain 
borders as well as specific properties of cyanobacterial ATP synthase.

10.2  Core Structure and Mechanism

10.2.1  Structure of the Catalytic Core

For no ATP synthase holoenzyme any high-resolution structure is available as of 
today. In negative-stained electron microscopy images the enzyme appears as a 
slightly elongated, dumbbell-shaped object (Wilkens and Capaldi 1998; Rubinstein 
et al. 2003). More detailed structural information has been gained for purified sub-
complexes, mostly the F1 part, which due to its hydrophilic properties crystallizes 
more readily. High-resolution structures are now known for F1 from bovine heart 
mitochondria (Abrahams et al. 1993; Gibbons et al. 2000), yeast mitochondria 
(Stock et al. 1999; Kabaleeswaran et al. 2006), rat liver mitochondria (Bianchet 
et al. 1998), spinach chloroplast (Groth and Pohl 2001) and the thermophilic Bacil-
lus PS3 (Shirakihara et al. 1997). As may be expected in view of the high degree of 
sequence similarity, all structures determined so far reveal the same basic construc-
tion principle for the catalytic core of ATP synthase:

As first determined for F1 from bovine heart mitochondria, the three subunits 
α and β are arranged in an alternating manner, like the segments of an orange, 
while subunit γ penetrates into the center of the α3β3 ring (Fig. 10.2, Abrahams et al. 
1993; Gibbons et al. 2000). Both subunits α and β consist of an N-terminal β-barrel 
domain, thought to be important for protein stability, a central nucleotide-binding 
domain and a C-terminal helical bundle, which plays a dynamic role in catalysis. 
The amino- and carboxy-terminal portions of subunit γ form an elongated coil-coil 
that for about half of its length is embedded in the central cavity of the α3β3 ring. 
The other half protrudes in the direction of the Fo part, connecting to the membrane-
bound subunit c (Stock et al. 1999). The central part of subunit γ displays smaller 
β-sheet and helical domains. There are a total of six nucleotide-binding sites located 
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at the six αβ interfaces, however, only three of them, separated by 120° angles, 
are active in catalysis (“catalytic sites”). The nucleotide binding sites at the three 
remaining αβ interfaces sites do not catalyze ATP hydrolysis or synthesis (“non-
catalytic sites”), but play a regulatory role.

In the first crystal structures reported for F1 the three catalytic nucleotide-binding 
sites differ in nucleotide occupancy with one site binding ADP, a second site bind-
ing the ATP analogue AMP-PNP and the third site being empty (Fig. 10.2b, Abra-
hams et al. 1993). Connected with this difference in nucleotide occupancy were 
three distinct conformations of the three subunits β, imposed by the asymmetric 
environment in the presence of subunit γ. In the “empty” site the helical bundle 
domain was swung out, allowing the nucleotide to dissociate. The “ADP” site was 
closed by a hinge-like displacement of the helical bundle, whereas the AMP-PNP 
site was even more tightly closed. As detailed in the following chapter(s), this struc-
tural information supported the “rotary catalysis” mechanism of ATP synthase first 
proposed by P. Boyer.
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Fig. 10.2  Structure of the 
catalytic core of ATP syn-
thase. High-resolution struc-
ture of the F1 part reveals a 
ring made up by subunits-α 
( pink) and subunit β ( yellow) 
with subunit γ ( blue) in the 
center (a), side-view showing 
subunit γ penetrating into 
the α3β3 ring (b), top view 
indicating how the non-
central position of subunit 
γ creates asymmetry in the 
three αβ pairs. (PDB ID 
1E79; Abrahams et al. 1993; 
Gibbons et al. 2000). The 
location of the three catalytic 
sites in the empty (E), ADP 
(DP) and AMP-PNP (TP) 
conformations as well as the 
three non-catalytic sites (NC) 
are indicated
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10.2.2  ATP Synthase as Rotary Motor

A function of ATP synthase as rotary machine was first proposed by Boyer based 
on isotope exchange experiments (for review see Boyer 1993). These data indicated 
that all three subunits β behaved identical and were indistinguishable in spite of the 
asymmetric environment created by the smaller subunits γ, δ, and ε. Boyer postulat-
ed that rotation of subunit γ causes a change of conformation in the three subunits β, 
leading to nucleotide binding and release from the nucleotide binding sites. As stat-
ed above, in the first high-resolution x-ray crystal structure each subunit β displayed 
its own distinct conformation and the whole structure appeared like a snapshot of 
the enzyme active in rotary catalysis. Movement of subunit γ within the α3β3 struc-
ture subsequently was shown for E. coli ATP synthase by cross-linking experiments 
during ATP hydrolysis (Duncan et al. 1995) and ATP synthesis (Zhou et al. 1997). 
Spectroscopic investigation of F1-ATPase from spinach chloroplast immobilized 
on a surface with subunit γ labeled by a single dye molecule provided further evi-
dence for the rotary mechanism (Sabbert et al. 1996). Finally, rotation was directly 
observed by attachment of a fluorescent-labeled actin filament to immobilized F1-
ATPase from the thermophilic Bacillus PS3 (Noji et al. 1997). The filaments were 
found rotating in a unidirectional manner, interrupted by pauses of varying lengths. 
At low ATP concentrations, the quasi-continuous rotational movement of the fila-
ment was resolved into discrete 120° steps, as expected when subunit γ moves from 
one αβ pair to the next (Yasuda et al. 1998). The rotational torque of a single 120° 
step was calculated to about 60–80 pNm, indicating close to 100% efficiency for 
the transformation of the free energy of ATP hydrolysis reaction into the mechanical 
energy of rotary motion. Using polystyrene beads and nano-gold particles as probes 
combined with a high-speed CCD-camera, a single 120° step was resolved into one 
80° and one 40° sub-step. These two sub-steps are thought to represent movement 
of subunit γ upon binding of ATP and release of inorganic phosphate, respectively 
(Yasuda et al. 2001; Nishizaka et al. 2004).

A close connection of the regulatory subunit ε with subunit γ was demonstrated 
for E. coli F1-ATPase by cross-linking experiments (Aggeler et al. 1995). Rotational 
movement of subunit ε along with subunit γ in Bacillus F1-ATPase was shown by 
attachment of fluorescent-labeled actin filaments (Kato-Yamada et al. 1998).

As further component of the “rotor ” part of ATP synthase the oligomeric subunit 
c was identified by the actin filament technique (Sambongi et al. 1999; Pänke et al. 
2001) as well as by cross-linking experiments fixing subunit c to the stator sub-
unit a (Tsunoda et al. 2001b). The existence of a complex rotor extending from the 
nucleotide binding sites all the way down into the membrane is consistent with the 
“Brownian machine” mechanism for coupling of proton transport to torque genera-
tion (Vik and Antonio 1994; Junge et al. 1997). According to this mechanism, pro-
tons enter from the periplasmic space via an entry-channel in subunit a and are then 
transferred to an essential acidic residue in the membrane spanning part of subunit 
c (Asp61 in the E. coli enzyme). After close-to-360° rotation of the cylindrical sub-
unit c oligomer relative to subunits a and b the protons are released on the opposite 
side of the membrane via a second half-channel in subunit a (Fig. 10.3).
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The movement of the ATP synthase rotor has also been demonstrated in a mem-
brane environment by immobilizing the rotor subunit c to a solid support and ob-
serving an actin filament probe attached to the stator subunits α3β3 (Nishio et al. 
2002). Furthermore, in isolated ATP synthase from E. coli incorporated in lipo-
somes Foerster Resonance Energy Transfer (FRET) was measured two organic flu-
orophors bound to the rotor subunit γ and the stator subunit b, respectively (Börsch 
et al. 2002). Three distinct levels of FRET efficiency were observed during ATP 
hydrolysis, consistent with the three distinct distances between the rotor and sta-
tor when subunit γ rotates from one αβ pair to the next. Similarly, periodic FRET 
changes were also detected by confocal microscopy for the ATP synthesis reac-
tion using ATP synthase incorporated in lipsosomes energized by bacteriorhodopsin 
(Diez et al. 2004). However, the order of FRET efficiencies observed was found to 
be reversed compared to the ATP hydrolysis reaction, indicating that the γεc rotor 
actually moves in the opposite, clockwise, direction during synthesis of ATP (Diez 
et al. 2004).

In a landmark experiment, ATP synthesis was even achieved using the isolated 
F1 part, separated from the Fo proton channel that in vivo provides the energy for 
ATP synthesis. F1 from Bacillus PS3 was immobilized in micro-reaction chambers 
on pattered surfaces and magnetic beads were bound to subunit γ. Subsequently, 
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Fig. 10.3  The subunit c 
oligomer. Structure of the 
subunit c oligomer: a side 
view showing the mono-
mers which each forms 
an α-helical hairpin. The 
route of ions crossing the 
membrane via subunit a and 
subunit c is indicated, the 
acidic residue essential for 
ion transport is displayed 
as space-filling model. b 
Top view indicating the the 
rotary movement of the 
oligomer relative to subunit a 
upon flow of ions (subunit c 
oligomer structure PDB ID: 
1YCE). (Meier et al. 2005)
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the beads were actively rotated in a clock-wise manner by external magnetic fields. 
This enforced rotary movement, imposed with magnetic tweezers, provided the 
energy required to synthesize ATP (Itoh et al. 2004). This experiment provides the 
first example of chemical synthesis driven by externally applied mechanical force. 
As a fascinating follow-up, a molecular “wind-up car” was constructed. After syn-
thesis of ATP by enforced, clock-wise rotation of subunit γ, the magnetic fields 
were switched off, leading to counter-clockwise rotational movement due to hy-
drolysis of the produced ATP (Rondelez et al. 2005). Control of energy conversion 
at nanometer scale may prove highly useful for a potential application of nano-
machines for future technological purposes, such as controlled catalysis of chemi-
cal reactions.

10.3  Connecting Ion Flow to ATP Synthesis

10.3.1  Subunit c Stochiometry

Subunit c of ATP synthase is a highly hydrophobic subunit that forms an α-helical 
hairpin, which is nearly completely embedded in the membrane. A conserved acidic 
residue of subunit c located in the central part of the membrane layer is essential 
for ion transport in rotational catalysis (glutamic acid 61 in the E. coli enzyme), 
and ATP synthase activity can be blocked by inhibitors binding to subunit c (von 
Ballmoos et al. 2004; Koul et al. 2007). In all species investigated so far, sub-
units c of ATP synthase form an oligomeric cylinder that constitutes a major part of 
the rotor (Fig. 10.3). However, reports differ considerably concerning how many 
subunits c comprise this oligomer: 10–15 copies of this subunit have been found 
for different species. X-ray analysis and genetic fusion experiments indicated 10 
subunits c in ATP synthase from Saccharomyces cerevesiae (Stock et al. 1999), E. 
coli (Jiang et al. 2001), and Bacillus PS3 (Mitome et al. 2004). Electron micoscopy 
and single-particle analysis showed 11 copies for ATP synthase from Ilyobacter 
tatraricus, Propiogenium modestum and Clostridium paradoxum (Stahlberg et al. 
2001; Meier et al. 2003; Meier et al. 2006). 13 copies were determined in the cyano-
bacterium Synochococcus elongatus and Bacillus sp. strain TA2.A1 complexes by 
Atomic Force Microscopy and Mass Spectrometry (Meier et al. 2007; Pogoryelov 
et al. 2007). In chloroplasts from spinach and Chlamodymonas rheinhardii Atomic 
Force Microscopy revealed 14 subunits c in the oligomer (Seelert et al. 2000; Meier 
zu Tittingdorf et al. 2004). The highest number reported up to now, 15 copies of 
subunit c have been found in ATP synthase from the alkalophilic cyanobacterium 
Arthrospira PCC9438 using Atomic Force Microscopy (Pogoryelov et al. 2005). 
The subunit c oligomer is part of the rotor and closely connected to subunit γ, whose 
rotation from one αβ pair to the next accounts for synthesis of ATP. It can thus be 
speculated that the number of subunits c in the oligomeric ring may be directly 
related to the number of protons flowing across the membrane for synthesis of one 
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molecule of ATP. A single 120° step of subunit γ is thought to lead to synthesis of 
one molecule of ATP (Yasuda et al. 1998) thus a full 360° rotation produces three 
molecules of ATP. On the other hand, rotation of the subunit c oligomer is thought 
to occur in smaller steps of 360° divided by the number of subunits c per oligomer. 
For several species, which display a large number of subunits c in the oligomer, 
indeed also high H+/ATP values have been reported. In the E. coli and Bacillus PS3 
enzymes, with 10 subunits c, the H+/ATP ratio is close to three, whereas for spinach 
chloroplast ATP synthase, with 14 subunits c, a H+/ATP ratio close to four has been 
found (van Walraven et al. 1996; Turina et al. 2003). If this relation between the 
number of subunits c and the H+/ATP ratio turns out to be generally applicable, a 
low number of subunits c would support ATP hydrolysis and active proton trans-
port, whereas a larger number of subunits c would favor passive proton flow and 
synthesis of ATP. It seems thus logical that species/organelles which predominantly 
use ATP synthase to produce ATP, such as chloroplasts, display a larger number of 
subunits c. Furthermore, species living in an alkaline environment may depend on 
a large number of subunits c to survive under conditions of a low PMF. Indeed, the 
alkalophilics Bacillus sp. strain TA2.A1 and Arthrospira PCC9438 display oligo-
mers of 13 and 15 subunits c, respectively (Meier et al. 2007; Pogoryelov et al. 
2007). Many bacteria, on the other hand, can reverse the direction of ATP synthase 
depending on the PMF and cellular energy charge, so a lower number of this sub-
unit may be of advantage. V-type ATPases, whose function purely is to hydrolyse 
ATP and actively transport protons, show only six subunits c in the oligomer. They 
are thought to have originated from a fusion of two subunit c genes followed by 
deletion of one of the proton binding sites in the fusion protein (for review see 
Cipriano et al. 2008).

However, it is not clear yet if the number of subunits c in a given species is 
constant or can change depending on external factors, e.g. the carbon source, as 
reported for the E. coli enzyme (Schemidt et al. 1998). In Bacillus PS3 the num-
ber of subunits c seems to be restricted to 10, as ATP synthase with 10 genetically 
fused copies of subunit c was active in ATP synthesis, but only very activity was 
found for the enzyme with 9, 11 or 12 fused copies (Mitome et al. 2004). Structural 
data indicate that in the case of I. tartraricus, spinach chloroplast and Arthrospira 
subunit c oligomers lacking of one or more monomers do not form a full cylin-
der (Müller et al. 2001). Varying the growth conditions for Chlamydomonas re-
inhardtii did not influence the oligomeric state of subunit c (Meyer zu Tittingdorf 
et al. 2004). Apparently, for these organisms the intrinsic structure of the subunit c 
monomer determines the oligomeric state with little or no flexibility to adapt to dif-
ferent stoichiometries. It is not known which regions of subunit c determine the size 
of the oligomer. A recent comparison of eight cyanobacterial species revealed that, 
although amino acid sequences of the investigated subunits c were highly similar 
with >80% sequence identity, one species displayed a subunit c 13 mer, four species 
14 mers and two species 15 mers (Pogoryelov et al. 2007). Hence, cyanobacterial 
ATP synthase subunit c may prove a valuable model system to pinpoint factors that 
are critical for shaping the oligomer.
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10.3.2  Stator Composition

Rotation of the γδc rotor can only lead to synthesis of ATP if the non-rotating (sta-
tor) subunits are rigidly connected, otherwise transport of protons would cause non-
functional rotation of the whole ATP synthase complex. In the F1 part, the α3β3 ring 
is in contact with subunit γ (Fig. 10.2), whereas in Fo subunit a is in close vicinity of 
the c-ring (Fig. 10.3) (Weber 2007). The stator subunits of the F1 and the Fo part are 
connected by an extended hydrophilic structure observed in electron microscopy 
images of ATP synthase from E. coli (Wilkens et al. 1998), spinach chloroplast 
(Böttcher et al. 1998) and bovine heart (Karrasch et al. 1999). This structure is 
referred to as “stator stalk” or “second stalk”, as opposed to the central stalk made 
up by subunits γ and ε. Compared to the catalytic core of ATP synthase, the stator 
stalk shows considerable variety among species. In bacteria, it consists of subunit 
δ, a predominantly helical subunit bound to the top of the α3β3 ring (Rodgers and 
Capaldi 1998; Wilkens et al. 2005) and two copies of subunit b, forming an extend-
ed dimer (Dunn 1992). In ATP synthase from cyanobacteria, other photosynthetic 
bacteria and chloroplasts, two different, but homologous subunits, substitute for 
the subunit b dimer. These two subunits are called subunit b and subunit b′ in cya-
nobacteria and subunit I and II in chloroplasts (Cozens and Walker 1987; Lill and 
Nelson 1991). In the mitochondrial enzyme, subunit δ is replaced by the homolo-
gous oligomycin-sensitivity-conferring protein (OSCP). In addition, only a single 
subunit b is found, accompanied by two smaller subunits called subunit d and F6 
(Weber et al. 2007).

Recently, an x-ray structure of a “second-stalk-complex” from bovine heart mi-
tochondria, comprising large portions of subunits b, d, and F6 (Dickson et al. 2006), 
revealed the single subunit b as an extended α-helix (Fig. 10.4a). The mitochondria-
specific subunits d and F6 were wrapped around subunit b, in this way probably 

Fig. 10.4  The stator stalk. 
Structure of the “stator stalk” 
complex of ATP synthase 
from bovine heart mito-
chondria: a Subunit b forms 
an extended bent, α-helix, 
around which subunit d and 
F6 are wrapped (PDB ID: 
2CLY). b Suggested location 
of the structure of the stator 
stalk in the ATP synthase 
holoenzyme: the stalk can 
reach from the membrane up 
to the top of F1. (Model made 
by eye based on Dickson 
et al. 2006 and Weber et al. 
2007)
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fulfilling the same function as the second subunit b in the bacterial enzyme. When 
modeled into a low-resolution structure of mitochondrial ATP synthase (Rubinstein 
et al. 2003), the structure of this second stalk complex nicely fits into the region 
attributed to the stator stalk (Dickson et al. 2006). Subunit b can reach from the 
membrane all the way up to the top of the α3β3 ring (Fig. 10.4b).

According to secondary structure prediction models bacterial subunit b is entirely 
helical and anchored in the membrane with a single N-terminal trans-membrane he-
lix. The hydrophilic portion consist of three domains: a tether domain reaching from 
the membrane approximately up to the lower part of the α3β3 ring, a central domain 
responsible for dimerisation of subunit b in solution, and a C-terminal part that is 
essential for contact with subunit δ (Rodgers and Capaldi 1998; Revington et al. 
1999; McLachlin et al. 2000). In E. coli ATP synthase, subunit b tolerates insertions 
of up to 11 residues or deletions of maximal 14 residues in the tether domain with-
out profound effect on ATP synthase activity (Sorgen et al. 1998, 1999). Also, the 
two subunits b may differ in length by up to 14 residues (Grabar and Cain 2003). 
These findings indicate that the subunit b does not function as a rigid rod, but may 
display some flexible, rope-like properties (Sorgen et al. 1999). A crystal structure 
of a monomeric peptide corresponding to the central dimerisation domain revealed 
a linear helical structure (DelRizzo et al. 2002). Amino acid sequence prediction 
and cross-linking data suggest an unusual right-handed coiled-coil structure for this 
domain (DelRizzo et al. 2006). A coiled-coil in the dimerisation domain was also 
predicted by modeling studies based on the heptad-repeat motif typical for coiled-
coils, however, these theoretical studies favored the conventional left-handed coil 
(Wise and Vogel 2008).

For the subunit b′ found in cyanobacterial ATP synthase no high-resolution 
structural data are available, secondary structure prediction models and Circular 
Dicroism studies suggest a helical structure as in subunit b (Lill et al. 1994). Dele-
tion of subunit b′ from Synechocystis PCC6803 was lethal, but its hydrophilic part 
could be truncated down to the membrane spanning α-helical part without affecting 
ATP synthase assembly. This finding indicates no essential structural role of this 
subunit, however, truncation decreased ATP hydrolysis activity (Lill et al. 1994). 
Expressed and purified subunit b and subunit b′ from Synochocystis PCC6803 
formed heterodimers upon chemical crosslinking, but no homodimers, indicating 
a specific interaction between b and b′ in the cyanobacterial enzyme (Dunn et al. 
2001). These heterodimers displayed a coiled-coil structure and an elongated shape, 
similar to the properties expected for subunits bb′ incorporated in ATP synthase 
in vivo (Dunn et al. 2001). In E. coli ATP synthase, nearly one third of one copy 
of subunit b (b39–86) could be substituted by the homologous part of subunit b or 
subunit b′ from Thermosynechococcus elongatus (Claggett et al. 2007). Introduc-
tion of the Thermosynechococcus b′-segments in the hydrophilic region of both E. 
coli subunits b was tolerated, although the resulting chimeric enzyme was clearly 
less stable (Claggett et al. 2007). Recently, a bioinformatics comparison of chloro-
plast ATP synthase subunits I and II indicated a difference in secondary structure 
between these two subunits, especially in the number and lengths of helical parts 
(Poetsch et al. 2007).
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Utilization of two different b-type subunits is not completely restricted to pho-
tosynthetic organisms, as a b′-type subunit recently was also found in the hyper-
thermophilic bacterium Aquifex aeolicus (Peng et al. 2006). It is not clear which 
potential advantages an asymmetric stator stalk may have, but it has been hypoth-
esized that subunit b′ may be an adaptation to optimize binding to F1 or Fo. The 
regions of subunits b and b′, which are not involved in dimer formation, may adopt 
different conformations and in this way improve interaction with the asymmetric 
subunit a and/or δ (Dunn et al. 2001). A similar reason may also account for the 
presence of subunits d and F6, replacing the second copy of subunit b in mito-
chondrial ATP synthase. The availability of purified, stable cyanobacterial ATP 
synthase and its subunits, provided for by new purification methods or by over-
expression systems as reported for Thermosynochococcus elongatus (Konno et al. 
2006; Suhai et al. 2008), may help to shed light on the function of the stator stalk 
in cyanobacteria.

10.3.3  Elastic Power Transmission?

In addition to its function as a connector of the F1 and Fo stator subunit, the stator 
stalk may also serve for intermediate storage of energy during catalysis. For syn-
thesis of ATP, the rotary stepping angles of the c ring in Fo have to align with the 
movement of subunit γ in F1. Whereas subunit γ moves in steps of 120°, divided 
in two sub-steps of 80° and 40° (Yasuda et al. 1998, 2001), the c-ring is thought 
to move in steps of 360° divided by the number of subunits c in the oligomer. For 
all species with 10, 11, 13 or 14 copies of subunit c in the oligomer the step size 
ratio compared to subunit γ is a non-integer value, requiring some elastic property 
of the enzyme complex to effectively couple the two rotors (Cherepanov et al. 
1999; Junge et al. 2001; Weber 2007). The flexible, rope-like properties proposed 
for the subunit b dimer in E. coli based on insertion and deletion mutant studies 
(Sorgen et al. 1998, 1999) make subunit b a promising candidate for this transient 
storage of elastic energy. A kink observed in the N-terminal domain of subunit 
b, directly adjacent to the membrane and close to the tether domain, may act as 
a hinge (Dmitriev et al. 1999), allowing twisting movements of the hydrophilic 
portion. Nucleotide-dependent shortening of the whole ATP synthase complex 
from E. coli was observed by electron microscopy of single particles, consistent 
with a twisting or piston-like motion of the stalk during catalysis (Capaldi et al. 
2000). On the contrary, EPR spectroscopy of two spin-labels, introduced at equal 
height in the tether-domains of both subunits b in E. coli, did not show significant 
nucleotide-dependent changes in distance between the two labels. This result in-
dicates no or only minor structural changes in this region during catalysis (Steig-
miller et al. 2005). However, in case of a twisting or piston-like motion of the 
stator stalk, the most prominent changes in distance can be expected between the 
part of subunit b near to the membrane compared to the C-terminal part located 
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close to the top of F1, only to a lesser extend between to labels introduced at the 
same height.

It may well be possible that parts of the rotor, e.g. the extended coiled-coil found 
in subunit γ, are involved in energy storage as well. Coiled-coils may respond to 
mechanical stress by untwisting or unfolding of several turns and have been in-
vestigated as important determinants for elasticity in a number of proteins, such as 
myosin (Schwaiger et al. 2002), fibrin (Lim et al. 2008) and the DNA repair protein 
RAD50 (van Noort et al. 2003).

10.4  Regulation

10.4.1  Inhibition by Mg-ADP

Living organisms constantly have to adapt their metabolism to environmental needs 
and, as expected for an enzyme of such a central position in metabolism, the activity 
of ATP synthase is subject to a number of regulatory mechanisms. In particular, the 
activity of the enzyme in the presence of a low PMF needs to be tightly controlled 
to prevent excess hydrolysis of ATP.

An intrinsic regulatory mechanisms found in ATP synthase from bacteria, chlo-
roplasts and mitochondria is inhibition by Mg-ADP, which occasionally becomes 
entrapped in a catalytic nucleotide binding site, thus blocking cooperative catalysis 
(Fitin et al. 1979; Drobinskaya et al. 1985; Fromme and Gräber 1990; Milgrom 
and Boyer 1990). Inhibition by Mg-ADP can be relieved by the PMF (Junge 1970; 
Strotmann et al. 1976; Fischer et al. 2000), consequently ATP synthesis is signifi-
cantly less affected than ATP hydrolysis (Syroeshkin et al. 1995; Bald et al. 1998; 
1999). Inhibition by Mg-ADP can arrest subunit γ during rotational catalysis at an 
intermediate position: as each 120° step of subunit γ consists of an 80° sub-step 
(ATP binding) and a subsequent 40° step (Mg-ADP release), entrapped Mg-ADP 
occasionally stops the rotational movement at the intermediate 80° position (Hi-
rono-Hara et al. 2001). It has been suggested that the PMF stimulates the 40° step, 
releasing the bound Mg-ADP and moving subunit γ to the ATP waiting position thus 
allowing ATP to bind again (Feniouk et al. 2007). Consistent with this hypothesis, 
individual molecules of F1-ATPase from Bacillus PS3 were relieved from Mg-ADP 
inhibition by forced rotation of about 40° with magnetic tweezers (Hirono-Hara 
et al. 2005).

Inhibitory Mg-ADP can also be released after binding of ATP to a regulatory 
non-catalytic nucleotide-binding site (Jault et al. 1995; Weber et al. 1995; Matsui 
et al. 1997). The non-catalytic sites lack an acidic residue essential for hydrolysis of 
ATP and for this reason are catalytically inactive (Abrahams et al. 1993). Their main 
function may be the regulation of Mg-ADP inhibition. The underlying mechanism 
of how binding of ATP to the non-catalytic sites can influence the affinity of Mg-
ADP for the catalytic sites remains to be clarified.
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10.4.2  Subunit ε

A second intrinsic mechanism of regulation found in ATP synthase from bacteria 
and chloroplasts, but not from mitochondria, is the inhibition by subunit ε, the 
smallest subunit of the hydrophilic F1 part (reviewed in Feniouk et al. 2007).

Subunit ε is located in the central stalk of the enzyme in close association with 
subunit γ and the oligomeric c-ring. It plays an essential role for the holo-enzyme 
assembly in bacteria (Yoshida et al.1977) and for ATP synthesis activity in chloro-
plasts (Patrie et al. 1984). In mitochondria, a homologous subunit (unfortunately for 
historic reasons called subunit δ) is important for ATP synthase assembly, but ap-
parently not for regulation of activity (Giraud et al. 1997). Subunit ε consists of two 
major domains, an N-terminal β-barrel and two C-terminal α-helices (Fig. 10.5) 
(Wilkens et al. 1995; Uhlin et al. 1997). Whereas the β-barrel is in close contact 
with the membrane-bound oligomeric subunit c, the α-helical domain plays a cru-
cial role in activity regulation. The inhibitory effect is best seen in the isolated F1 
part, where subunit ε decreases activity ~5-fold in case of E. coli F1 (Dunn and 
Tozer 1987) and ~15-fold in case of spinach chloroplast F1 (Richter et al. 1984). In 
the ATP synthase holo-enzymes from Bacillus PS3 and spinach chloroplast, trun-
cated subunit ε deficient of the C-terminal α-helices caused significantly enhanced 

Fig. 10.5  Subunit ε a Struc-
ture of subunit ε of ATP syn-
thase from E. coli, displaying 
the N-terminal β-barrel 
( yellow) and the C-terminal 
helices ( red). The two helices 
from a contracted hairpin 
(PDB ID: 1AQT, Uhlin et al. 
1998). b Structure of a γε 
sub-complex of E. coli ATP 
synthase with the N-terminal 
β-barrel of subunit ε in yel-
low, the C-terminal helices 
in red and subunit γ in grey 
(PDB ID: 1FS0, Rodgers and 
Wilce 2000). c Overlay of the 
two subunit ε structures from 
(a) and (b) with subunit ε in 
the contracted conformation 
in yellow and in the extended 
conformation in blue
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ATP hydrolysis activity. These findings indicate that the role of this domain may 
be to prevent wasteful hydrolysis of ATP (Kato-Yamada et al. 1999; Nowak and 
McCarty 2004).

In spinach chloroplast thylakoids, conformational changes of the C-terminal do-
main of subunit ε were detected on illumination, indicating mobility for this domain 
during catalysis (Richter and McCarty 1987; Komatsu-Takaki 1989). Consistent 
with this result, in E. coli F1, the C-terminal α-helices were crosslinked to the con-
served DELSEED region of subunit β in a nucleotide dependent manner (Aggeler 
and Capaldi 1996). For the Bacillus enzyme, time-dependent activation of ATP hy-
drolysis activity was observed without dissociation of the inhibitory subunit ε, in-
dicating two distinct conformations of this subunit (Kato et al. 1997). The structure 
determined for subunit ε in solution displayed the C-terminal α-helices as a con-
tracted hairpin (Fig. 10.5a) (Wilkens et al. 1995) and the dimensions of the subunit 
were too small to reach all the way from the c-ring up to the DELSEED region of 
subunit β in F1. Furthermore, x-ray structures determined for a large part of bovine 
heart mitochondrial F1 and for an ATP synthase sub-complex from Saccharomyces 
cerevesiae comprising F1 and the subunit c oligomer revealed a similar structure of 
the homologous mitochondrial subunit δ (Stock et al. 1999; Gibbons et al. 2000). 
In these structures, the C-terminal helices were located too far away from subunit β 
to explain the cross-linking results obtained for the bacterial enzyme. In contrast, in 
a subunit γε sub-complex from E. coli ATP synthase, the two C-terminal helices of 
subunit ε displayed an extended conformation, reaching up in the direction of the F1 
part (Fig. 10.5b, c) (Rodgers and Wilce 2000). This conformation can account for 
the observed cross-linking to subunit β as well as for the inhibitory effect. Subse-
quently, cross-linking experiments showed that transition between the two confor-
mations can be induced and trapped by the presence of nucleotides and by the PMF 
in E. coli and Bacillus PS3 (Tsunoda et al. 2001a; Suzuki et al. 2003). Interestingly, 
when the helical domain of subunit ε was fixed in the contracted hairpin conforma-
tion, the enzyme was fully active in both ATP synthesis and ATP hydrolysis, how-
ever, when entrapped in the extended conformation, the ATP hydrolysis activity was 
strongly inhibited without significant influence on ATP synthesis.

Conformational changes of subunit ε related to activation/inactivation of ATP 
synthase were also observed in real-time using a FRET approach. The distances 
measured for two fluorophors introduced in subunit b and subunit ε, respectively, 
differed significantly between ATP synthase molecules actively in catalysis com-
pared to resting enzymes (Zimmermann et al. 2005). Furthermore, two fluorophors 
introduced in N-terminus and C-terminus of subunit ε, respectively, approached 
each other in the presence of ATP, whereas the distance increased again after the 
ATP was hydrolysed (Iino et al. 2005).

Surprisingly, the isolated subunit ε can bind ATP although it does not contain 
standard ATP-binding motifs, suggesting a role for this subunit as ATP sensor (Kato 
et al. 2007) However, it remains an open question if binding of ATP directly to 
subunit ε may account for the conformation transition or if subunit ε can sense oc-
cupancy of the nucleotide binding sites in F1. Single-molecule experiments investi-
gating rotation of F1 from Thermosynechococcus elongatus revealed that inhibition 
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by subunit ε stops the rotary movement of subunit γ at the 80° intermediate position, 
corresponding to a catalytic cycle intermediate with Mg-ADP bound to the catalytic 
sites (Konno et al. 2006). It can be speculated that binding of the extended C-termi-
nal helices of subunit ε to the subunit β DELSEED sequence in this way enhances 
the inhibitory effect of Mg-ADP (Feniouk 2007).

Subunit ε has emerged as a key regulator of ATP synthase activity. Its most sig-
nificant features may be the conformational transition in response the PMF and 
cellular energy charge as well as the ratchet-like inhibition of ATP hydrolysis, but 
not ATP synthesis. Differences between species in primary structure of subunit ε 
may determine the extent of inhibition and allow each species to adapt to its specific 
environmental conditions. Subunit ε in cyanobacteria and chloroplasts, compared to 
its bacterial counterparts, exerts a stronger inhibitory effect and acts independent of 
the ATP concentration (Richter et al. 1984; Konno et al. 2006). This feature may re-
flect the need of photosynthetic organisms to efficiently respond to changes in light 
intensity. The molecular basis for this strong inhibitory effect in the cyanobacterial 
and chloroplast enzymes is not known, but critical residues in the C-terminal helices 
may be responsible (Feniouk 2007). As an example for adaptation to utilizing ATP 
synthase in ATP hydrolysis direction to maintain the PMF, several anaerobic bac-
teria such a Chlorobium lack the C-terminal helical domain of subunit ε (Xie et al. 
1993). In mitochondrial ATP synthase the homologous subunit (δ) appears to be 
kept in the contracted hairpin conformation by the presence of an additional subunit 
(mitochondrial subunit ε), which is not found in the bacterial or chloroplast enzyme 
(Stock et al. 1999; Gibbons et al. 2000). Mitochondrial ATP synthase is regulated 
by the Inhibitor Protein (IF1) that under conditions of low pH forms a dimer, which 
deeply penetrates between a catalytic αβ interface (Harris 1997; Cabezon et al. 
2000, 2003), thus blocking wasteful hydrolysis of ATP.

10.4.3  Redox-Regulation

In photosynthetic organisms the PMF decreases in the dark and ATP synthase may 
act in reverse, hydrolysing ATP and pumping protons across the membrane. As dis-
cussed above, one mechanism to prevent this wasteful consumption of ATP may be 
a strongly inhibitory subunit ε, common to cyanobacteria and plant chloroplasts.

However, plants and green algae have invented an additional regulatory mecha-
nism that allows adaptation to changes in light intensity. The activity of ATP syn-
thase in these organisms is modulated by oxidation/reduction of two cysteine resi-
dues of subunit γ (Nalin and McCarty 1984). These cysteines are located in an 
insert of ~40 amino acid resides in subunit γ, which is not found in the homologous 
bacterial and mitochondrial subunits (Miki et al. 1988). This insert is located in 
the part of subunit γ close to the contact area with the c-ring. Unfortunately, for 
this region of the enzyme no high-resolution structural data are available, as an 
x-ray structure determined for F1 from spinach chloroplast only resolved the α3β3 
hexagon (Groth and Pohl 2001). Cyanobacterial subunit γ displays a similar, al-
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though slightly shorter, insert but not the two specific cysteine residues (Lill and 
Nelson 1991). Consequently cyanobacterial ATP synthase does not show redox-
regulation. Cyanobacteria may not need an additional regulatory mechanism, as the 
PMF across their plasma membranes is not only set-up by the photosynthetic, but 
also by the respiratory electron transport chain.

Formation of a disulfide bond upon oxidation of the cysteines suppresses ATP 
synthesis and ATP hydrolysis activity, cleavage of the bond catalysed by thiore-
doxin leads to activation (Nalin and McCarty 1984). Thioredoxin in turn is reduced 
by Photosystem I via Ferredoxin and the Ferredoxin-NADPH-Oxidoreductase (for 
review: Schürmann and Buchanan 2008). Redox-regulation has been observed for 
the ATP synthesis and ATP hydrolysis activity of the ATP synthase holoenzyme 
as well as for isolated F1-ATPase. The mechanism of inactivation upon disulfide 
bridge formation is unknown, it may be speculated that oxidation leads to a struc-
tural change of the insert, which may then, in analogy to subunit ε, interact with the 
F1 part, thus blocking rotation. Clearly, structural data, especially on the oxidized 
enzyme, are highly desired to gain deeper mechanistic insight.

Genetic introduction of the cysteine residues into ATP synthase of Synechocystis 
PCC6803 yielded an enzyme susceptible to redox–regulation (Werner-Grüne et al. 
1994; Krenn et al. 1997), indicating the basic capability of cyanobacteria to adopt 
redox-regulation for modulation of ATP synthesis activity. In another approach, the 
whole regulatory region of spinach chloroplast ATP synthase subunit γ was geneti-
cally transferred to Bacillus PS3 F1. The resulting enzyme was sensitive to redox-
regulation of activity, indicating that the regulatory region can be regarded as a 
transferrable module, which can be inserted into homologous enzymes (Bald et al. 
2000). Observation of rotation of this redox-sensitive Bacillus enzyme revealed 
long stops of activity that could be reversibly imposed upon oxidation (Bald et al. 
2001). Such a modulation of motor movement by external chemical signals may 
provide an example of how to control a molecular machine for potential applica-
tions in an artificial environment.

Redox-regulation is closely related to the inhibitory action of subunit ε as the 
affinity of subunit ε for F1 strongly decreases upon reduction of subunit γ from spin-
ach chloroplast (Soteropoulos et al. 1992) and upon deletion of the regulatory insert 
from a chimeric F1-ATPase consisting of α3β3 from Bacillus PS3 and subunit γ from 
spinach chloroplast (Hisabori et al. 2002; Konno et al. 2004). Interestingly, dele-
tion of the insert from Thermosynechococcus elongatus F1-ATPase subunit γ also 
decreased inhibition by subunit ε, although this cyanobacterial insert does not con-
fer redox-regulation (Konno et al. 2006). The insert may thus have first developed 
in cyanobacteria as a means to increase inhibition by subunit ε. In a second step 
introduction of the cysteine residues may have refined this regulation mechanism 
(Konno et al. 2006). For the thermophilic cyanobacterium Spirulina platensis two 
cysteine residues were found in the sequence of subunit γ, however, these two resi-
dues were not homologous to the cysteine residues responsible for redox-regulation 
in the plant chloroplast enzyme (Steinemann and Lill 1995). Although the role of 
these cysteine residues in cyanobacterial subunit γ is unclear, they may represent an 
evolutionary intermediate on the way to redox-regulation.
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It is not fully understood yet why different classes of organisms use different 
strategies to regulate ATP synthase activity. It may turn out that inhibition by 
Mg-ADP, susceptible to changes in the PMF and the cellular energy charge, is the 
key intrinsic inhibitory mechanism of ATP synthase. Subunit ε in the extended 
conformation may act as a brake and increase inhibition by Mg-ADP by fixing 
subunit γ in an angular position typical for Mg-ADP binding. The insert of sub-
unit γ found in cyanobacteria may have evolved as a loop to further strengthen 
action of subunit ε. Finally, in chloroplasts, redox-regulation of cysteine residues 
in the insert may in turn have provided a means to control the effect of the insert 
on subunit ε.

Further structural and mechanistic investigations will clarify if regulation by 
Mg-ADP, subunit ε, redox-state and IF1 are just variations of a common theme or 
constitute evolutionary distinct strategies to adapt energy metabolism to changing 
environmental conditions.
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11.1  Introduction

Cyanobacteria are in the nineteenth century referred to as blue-green algae or phy-
cochromaceae, because they are considered to be algae and not bacteria. Cohn 
(1867, 1875) concluded that the blue-green algae and bacteria were closely related 
and proposed that the blue-greens (Schizophyceae) and bacteria (Schizomycetes) 
be grouped in the one division Schizophyta. Although it will be shown that cyano-
bacteria are true bacteria it was proposed by a compromise proposal from August 
1981: Cyanobacteria (blue-green algae) may be described following either the Bo-
tanical or the Bacteriological Code (Staley et al. 1989).

Cyanobacteria are the only members of the domain Bacteria with the ability of 
oxygenic photosynthesis. They are Gram-negative bacteria with peptidoglycan as 
a cell wall constituent. Their photosynthetic apparatus (PSA) contains two photo-
systems (PS I and PS II) each with a unique reaction center (RC) and chlorophyll a 
(Chla) and phycobilisomes (consisting of phycobilins covalently bound to phyco-
biliproteins) as characteristic light-harvesting systems. In contrast to most cyano-
bacteria, prochlorophytes contain Chla and Chlb and lack phycobilins (Partensky 
et al. 1999; Tomitani et al. 1999) and the cyanobacterium Acayochloris marina 
harvests far-red light with Chld for photosynthesis underneath minute coral-reef 
invertebrates (Kühl et al. 2005). Most cyanobacteria fix molecular nitrogen (Zehr 
et al. 2001). Many filamentous but also some unicellular cyanobacteria move by a 
gliding motility directed by light, i.e. phototaxis (Drews and Nultsch 1962; Nultsch 
1962; Nultsch and Häder 1974; Bhaya 2004).

During a long life history, cyanobacteria settled in nearly all habitats on Earth 
that are exposed to light. They thrive from the arctic tundra to the desert, in warm 
springs, and in all marine and freshwater habitats. All species grow under obligate 
or facultative photoautotrophic conditions. They are globally important primary 
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producers today and during much of our planet’s history (Capone et al. 1997). They 
are free living or in symbiosis with fungi (lichens and Geosiphon pyriformis), plants 
(e.g. Cycads), ferns, aquatic ferns (Azolla), mosses ( Anthoceros), or animals (e.g. 
corals, zooxanthelles, ascidians ( Prochloron didemni).

Cyanobacteria are monophyletic but morphologically and physiologically diverse. 
They were one of the earliest organisms on this planet (Fig. 11.1) and there is general 
agreement that they played a key role in the formation of atmospheric oxygen (Knoll 
2003; Bekker et al. 2004). The early occurrence of cyanobacteria on Earth has been con-
cluded from molecular-phylogenetic analyses (Gupta et al. 1999; Cavalier-Smith 2006; 
Tomitani et al. 1999, 2006), studies on the rise of atmospheric oxygen (Bekker et al. 
2004) and micro-paleontological investigations (Schopf and Packer 1987; Schopf 1993; 
Knoll 2003). Recent results in these research fields indicate that oxygenic photosynthe-
sis by cyanobacteria originated about 2,340 million years before present (Ma). Presum-
ably, anoxygenic photosynthesis with one photosystem was a precursor of oxygenic 
photosynthesis with two photosystems. There is, however, no agreement on the first 
anoxygenic bacteria. Three major lineages of bacteria (actinobacteria, Deinococcus, and 
cyanobacteria) contributed to an early colonization of land (Battistuzzi et al. 2004).

11.2  Paleontological History of Cyanobacteria

Microfossil structures in 3.465 billion-year-old rock, the Apex cherts (microcrystal-
line silica) of the Warrawoona Group in Western Australia, that resemble preserved 
cyanobacteria and other bacteria have been considered as the oldest morphological 

Fig. 11.1  The geologic timescale and Eras are indicated which are important for the evolution of 
photosynthesis and cyanobacteria. Ma million years before present. (From Knoll (2003))
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evidence for life on Earth and the beginning of oxygen-producing (oxygenic) pho-
tosynthesis. It has been proposed that the criteria of authentic Archean microfossils 
are met by 11 types of filamentous prokaryotic cells (Schopf and Packer 1987; 
Schopf 1993, 1994, 1999). Carbon isotopes in organic matter from the chert veins 
in Warrawoona sediments and sulfur isotopes in sedimentary pyrite and barite like-
wise suggest that microbial life was present at this time. Filaments of biological 
origin were observed in hydrothermal mineral deposits 3.2-billion-year-old hydro-
thermal mineral deposits (Rasmussen 2000).

Petrographic and geochemical studies on the 3.416-billion-year-old Buck Reef 
Chert, South Africa indicated that most carbonaceous matter was formed by photo-
synthetic mats within the euphotic zone of a stratified early ocean (Tice and Lowe 
2004). However, this carbonaceous matter is nearly a billion years older than puta-
tive cyanobacterial biomarkers, the rise of atmospheric oxygen and molecular-phy-
logenetic data (Summons et al. 1999; Catling et al. 2001; Battistuzzi et al. 2004). 
Serious questions about the presence of cyanobacteria in the 3.465 billion-year-old 
Warrawoona rocks have also been raised in recent studies. The purported micro-
fossil-like structures have been reinterpreted as secondary artifacts formed from 
amorphous graphite within multiple generations of a metalliferous hydrothermal 
chert vein that precipitated from volcanically heated fluids that percolated through 
Warrawoona sediments, replacing original minerals soon after deposition (Brasier 
et al. 2002; Knoll 2003, pp. 59–62). The existence of life 3.5 billion years ago in the 
Warrawoona sediments is still questioned by many geologists (Knoll 2003, p. 64). 
But as Knoll (2003, p. 68) points out “it would be hazardous to interpret the absence 
of evidence as evidence for absence”.

The interpretation of microfossil-like structures in very old rocks is always dif-
ficult because the biological and mineral materials underwent chemical and physi-
cal conversions during the long periods of Earth history. The history of rocks and 
their secondary modification are important in determining the significance of the 
observed microfossils. Moreover, because most cyanobacteria have simple shapes, 
the morphological similarity between ancient and modern forms should not auto-
matically allow conclusions to be made about the physiology of the ancient forms.

Cyanobacterial microfossils have been found encased in chert of the Akademik-
erbreen Group, a thick stack of limestone, formed before the dawn of the Cambrian 
Period (about 800–600 Ma) in coastal environments at the edge of a tropical ocean. 
The Akademikerbreen Group is the backbone of the Spitsbergen rocks, and was 
produced by carbonate sedimentation along a tidal flat that bordered a subtropical 
to tropical climate. Northeastern Spitsbergen drifted by plate tectonic processes 
poleward through the Paleozoic and Mesozoic eras reaching the current latitude 
more than 100 Ma (Knoll 2003, p. 39). These processes exposed the rock beauti-
fully, and the surface is little altered by weathering. The microfossils in the rocks 
consist of small black crusts dotting a tidal flat of lime mud laced with cyano-
bacterial mats. The crusts were formed in the upper part of the intertidal zone, 
built by small spheroidal cyanobacteria that secreted extracellular sheaths (Knoll 
2003, pp. 39–47). The chert, encasing the microfossils, is an extraordinarily hard 
substance made up of microcrystalline silica (SiO2). The chert and the enclosed 
microfossils together form black nodules. Chert in carbonate rocks contains tubes 
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about 10 µm across which are interpreted as the extracellular sheaths of filamen-
tous cyanobacteria.

Fortunately, the ancient process of crust formation by cyanobacteria embedded 
in a tidal flat of lime mud can be observed today on various tropical coasts, such 
as Bahama Banks and the Arabic Sea. These crusts are built by small spheroidal 
cyanobacteria that secreted sheaths. They bore into and lived within ooid grains. 
Fine-scale comparisons between mat-building cyanobacteria found today and fos-
sils formed in comparable environments 2000 Ma show a remarkable similarity. 
The close similarity between the environments of ancient and living cyanobacte-
ria suggests that the microorganisms that distributed across Spitsbergen tidal flats 
were very similar to modern forms in morphology, life style, and physiology. Like 
cyanobacteria living today in coastal habitats the chert nodules in Proterozoic car-
bonates center on coastal environments where silica was precipitated much like 
salt from evaporating seawater (Knoll 2003, pp. 42–44). The Akademikerbreen 
rocks contain conspicuous stromatolites, which are wavy-laminated, domed, and 
candelabrum-like structures. These stromatolites, formed in carbonate rocks in Pre-
cambrian oceans, and their structures can be explained by cyanobacterial movement 
and activities. Cyanobacteria spread across sediment surfaces and form coherent 
mats. They trap and bind fine particles supplied by waves and currents. Accumula-
tion of mud and sand and growth of the population results in an upward curving. 
Biochemical processes deeper in the mat result in carbonate crystallization. Biofilm 
formation, trapping of material, and carbonate precipitation are discontinuous and 
result in fine layers of limestone accretion, one atop the other. In one locality of the 
Spitsbergen tidal flats, the cyanobacterial architects of an offshore stromatolitic reef 
were preserved by fine carbonate cement that encrusted individual filaments (Knoll 
2003, p. 44).

Cyanobacteria, as photosynthetic organisms, leave chemical traces in the car-
bonate minerals and organic matter deposited beneath the sea. When photosynthetic 
organisms take up carbon dioxide for the synthesis of organic molecules they in-
corporate 12CO2 more readily than 13CO2. Organic carbon is depleted in 13C, while 
inorganic carbonate is not. The geological record shows a continuous value of +27 ± 
7‰ for organic carbon and a continuous value of +0.4 ± 2.5‰ for carbonate carbon. 
As a consequence, the ratio of 13C–12C, as determined by isotope fractionation, in 
organic matter made through photosynthesis is lower than in carbonate minerals. 
In the Spitsbergen rocks the ratios of carbon isotopes in carbonates and organic 
matter consistently differ by about 28‰. This record is consistent with biological 
CO2 fixation by photosynthesis, but is also consistent with a non-photosynthetic 
mechanism. Presumably, photosynthesis was active in the Proterozoic sediments 
that formed the Spitsbergen rocks (Knoll 2003, p. 47). These Spitsbergen rocks 
contain no fossils of eukaryotic organisms, such as bones or shells, but do contain 
traces from the Neoproteozoic era that show that cyanobacteria were active about 
600–800 Ma (Knoll 2003, p. 49).

The 3.8-billion-year-old rocks on Akilia island off the coast of south-western 
Greenland have been severely altered metamorphically. Tiny grains of mineral 
phosphate occur within the rocks, and these grains contain inclusions of reduced 
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carbon, i.e. graphite. The isotopic composition of the carbon is greatly depleted in 
13C, consistent with the formation through biological processes. However, some 
researchers believe that the graphite in these grains formed through chemical re-
action of hot metamorphic fluids with iron carbonate in the rock (Knoll 2003, 
pp. 69, 70).

11.3  The Rise of Atmospheric Oxygen

Several lines of geological and geochemical evidence indicate that the level of at-
mospheric oxygen was extremely low before 2450 Ma (Bekker et al. 2004). Sedi-
mentary deposits ≥2.45 billion years old include detrital uraninite, siderite and py-
rite (England et al. 2002), reduced shallow-water facies of iron formations (Beukes 
and Klein 1990), and highly carbonaceous shales that are not enriched in redox-
sensitive elements (Holland 1994; Yang and Holland 2002). The sulfate content of 
the seawater was <200 µM. In contrast, sedimentary layers younger than 2,220 Ma 
contain red beds (Chandler 1980), oxidized iron formations (Beukes and Klein 
1992), and CaSO4-rich evaporated substances (El Tabakh et al. 1999).

These changes indicate an increase of the O2 content of the atmosphere between 
2,450 and 2,220 Ma from about 10−5 to 10−2–10−1 of the present atmospheric level, 
but this may be related to different tectonic settings and post-depositional altera-
tions (Clemmey and Badham 1982; Ohmoto 1996). The method of mass-indepen-
dent fractionation (MIF) of sulfur isotopes is a new tool for tracing changes in 
the oxygen content of the atmosphere. The material for such studies is pyrite from 
highly organic-rich layers, which occurred as nodules, mineralized microbial mats, 
disseminated grains, and laminated seams. Pyrite has been taken from early paleo-
proterozoic sedimentary successions of the 2.32 billion-year-old Rooihoogte and 
Timeball Hill formations in South Africa. The large increase in atmospheric oxygen 
was determined to occur by 2,320 Ma during the great oxidation event (GOE). The 
level of atmospheric oxygen during the depositions of the pyrite was >10−5 times 
that of the present atmospheric level. The presence of sideritic iron formation at the 
base of the Rooihoogte Formation and the ironstone layer consisting of haematitic 
pisolite and oolites in the upper Timeball Hill Formation indicate that atmospheric 
oxygen rose significantly (Bekker et al. 2004).

The time-series history of elemental and isotope variations was investigated in a 
scientific core drilled through the 2.5-billion-year-old Mount McRae organic-rich 
shale of northwestern Australia (Kaufman et al. 2007). Two depositional cycles 
were identified; each sequence starts in carbonate or siliciclastic turbidite or breccia 
and deepens upwards to either pelagic shale or banded iron formation. The succes-
sion has experienced only mild regional metamorphism and minimal deformation. 
Siderite dominates in the lower half of the formation, which is consistent with the 
absence of O2 in deeper depositional environments. Calcite is a primary carbon-
ate phase in the upper Mount McRae shale, which indicates the general absence 
of soluble iron in the shallow water column at this time. Carbonate and total or-
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ganic 13C values increase progressively up the core. The lower half of the Mount 
McRae shale from the Archean drilling project was accumulated in a deep, anoxic 
environment insofar as sediments are dominated by sideritic shale and banded iron 
formation. The dominance of positive Δ33S through this stratigraphic interval is in-
terpreted as indicating the preferential incorporation of atmospheric S into marine 
sediments facilitated by microbial S reduction. The S isotope signatures in the upper 
Mount McRae shale reflect the establishment of a widespread oxidative S cycle. In 
the late Archean ocean O2 would accumulate in highly productive regions along 
continental margins and perhaps to a lesser degree in distal settings where nutrient 
levels were high enough to support oxygenic photosynthesis. To test whether the 
change in atmospheric composition is widespread, S isotope analyses of samples 
from the broadly equivalent Transvaal Basin in South Africa were undertaken. The 
time-series records of mineralogic, elemental and S isotopic change provide clues 
to coupled changes in the redox state of the shallow ocean, largely before the atmo-
sphere became oxygenated, in relation to biological innovation before the Archean/
Proterozoic boundary. Oxygenation of the surface ocean preceded pervasive and 
persistent atmospheric oxygenation by 50 million years or more (Kaufman et al. 
2007). The rapid rise in the partial pressure of atmospheric O2 during the GOE be-
tween 2,450 and 2,220 Ma has been interpreted as an immediate consequence of the 
evolution of oxygenic photosynthesis. Alternatively, the GOE was a consequence 
of an abiotic shift in the balance of oxidants and reductants at the Earth’s surface. 
Oxidative weathering of Mo-bearing sulfide minerals in crustal rocks leads to the 
accumulation of Mo in the ocean, where it is the most abundant transition element 
with MoO4 concentrations of about 105 nM. On an anoxic earth, Mo would be re-
tained in unoxidized crustal sulfide minerals during weathering. Therefore, Mo con-
centrations in the oceans would be low. High-resolution chemostratigraphy reveals 
an episode of enrichment of the redox-sensitive transition metals molybdenum and 
rhenium in the late Archean Mount McRae shale. Correlations with organic carbon 
indicate that these metals were derived from contemporaneous seawater. Rhenium/
osmium geochronology demonstrates that the enrichment in a primary sedimen-
tary feature dates to 2,501 ± 8 Ma. Mo and rhenium were probably supplied to 
the Archean ocean by oxidative weathering of crustal sulfide minerals. It has been 
suggested that low amount of O2 were present in the environment more than 50 Ma 
before the great increase of oxygen in the atmosphere by oxygenic photosynthesis 
(Anbar et al. 2007).

From recent studies on the speciation of Fe in well-preserved Neoproteozoic 
sedimentary rocks it was concluded that through much of the later Neoproteozoic 
(<742 ± 6 Ma) anoxia remained widespread beneath the mixed layer of the oceans 
(Canfield et al. 2008). Deeper water masses were sometimes sulfidic but mainly 
Fe2+-enriched. In the modern world, and through much of the Phanerozoic Eon, 
marine anoxia produces sulfidic conditions. Neoproteozoic ferruginous deep-water 
chemistry may result from either limited S input to the ocean or increased input of 
Fe (Canfield et al. 2008).

Non-photosynthetic filamentous microfossils dated at 3,200 Ma have been found 
in a massive sulfide deposit from the Pilbarra Craton in Australia and show that 
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filamentous structures should not automatically be assumed to be photosynthetic 
(Rasmussen 2000).

The Gunflint Formation in northwestern Ontario include shales, a little bit of car-
bonate, and some sandstone. It most prominently features iron formation. Volcanic 
material near the top of the formation contains zircons dated at 1,878 ± 2 Ma. The 
lowermost layer of the Gunflint Formation contains tiny fossils, iron-coated tubes 
1–2 µm across, in finger-like stromatolites, which are similar to sheaths of iron bac-
teria. Fossilized cyanobacteria have been found in nodules of black chert in carbon-
ate beds from the Belcher Islands near the Hudson Bay. Microbial carbon and sulfur 
cycles operated 2,000 Ma, and iron deposits frequently formed. But 1,800 Ma the 
iron formations were gone (Knoll 2003, pp. 90–93). Iron formations provide geo-
logical evidence for oxygen scarcity in the early-Archean atmosphere and oceans. 
Pyrite is common in sediments enriched in organic matter, formed when H2S pro-
duced by sulfate-reducing bacteria react with iron in oxygen-depleted waters. Py-
rite, siderite (FeCO3) and uraninite (UO2) have been found in deposits older than 
about 2.2 billion years. Exposed in rock faces, they are stripped away by weathering 
and erosion and destroyed by oxygen. When the oxygen-sensitive minerals disap-
peared from the rocks oxygen-requiring rock types increased in prominence. For 
example, when the groundwater that washes surface sands contain oxygen, iron 
oxides form. Iron oxide coats sand grains, giving them red color, as in the red sand-
stone beds in the Grand Canyon. Red beds are common in sedimentary successions 
deposited after about 2,200 Ma (Knoll 2003, pp. 95–98).

Cyanobacterial membranes contain 2-methylbacteriohopanepolyols which can 
be used as specific biomarkers for these organisms. In the sediment these com-
pounds are converted to 2-methylhopanes and persist. indefinitely as molecular 
fingerprints of ancient cyanobacteria. 2-Methylhopanes have been found in 2.7-bil-
lion-year-old shales, which are well preserved deposits and rich in organic matter. 
Thus, cyanobacteria have an Archean origin.

A carbon isotope fractionation as large as 60‰ has been found in late Archean and 
earliest Proterozoic rocks. It is thought that between 2,800 and 2,200 Ma methano-
genic archaea played a prominent role in the global carbon cycle. The oxygen content 
of the atmosphere was very low and CO2 was converted to CH4 by methanogenic 
archaea. The increase in the oxygen content in the atmosphere by cyanobacteria en-
abled methane-oxidizing bacteria to assimilate methane. The archaea diverged most-
ly between 4,100 and 3,100 Ma, and methanogenesis originated probably around 
4,100 and 3,800 Ma, which is compatible with highly depleted carbon isotopic val-
ues found in rocks dated to be 2.6–2.8 billion years old (Battistuzzi et al. 2004).

An early origin of phototrophy is consistent with the earliest bacterial mats and 
structures identified as stromatolites, but a 2,600 Ma origin of cyanobacteria sug-
gests that the Archean structures, if biologically produced, were made by anoxy-
genic photosynthesis (Battistuzzi et al. 2004). Sulfate reducing bacteria emerged 
later, after the reduced sulfur compounds were oxidized. The fractionation level of 
sulfur increased in the Proterozoic Eon (Knoll 2003, pp. 100–103).

The amount of oxygen generated by photosynthesis in the late Archean Eon was 
used up in the ocean to oxidize iron and sulfur salts before it was enriched in the atmo-
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sphere; otherwise hydrogen sulfide might have swept iron from the sea. Besides the 
abiotic processes that reduced the oxygen level in the atmosphere and in the ocean, 
the increase of organic carbon burial and a decrease in reductant input might have trig-
gered the GOE (Goldblatt et al. 2006; Kasting 2006). The geological and geochemical 
data indicate that the cyanobacteria or their ancestors originated in the Archean eon, 
approximately 2,700 Ma. The increase of the oxygen level after the beginning of oxi-
dative photosynthesis remained very low, about 10−5 of the present atmospheric level, 
for about 400 million years (Goldblatt et al. 2006). A significant increase in oxygen to 
≥5 × 10−3 of the present atmospheric level was dated to 2,320 Ma. By 1,800 Ma iron 
formation and oxygen-sensitive minerals disappeared from the rocks, which indicated 
a large increase of oxygen in the atmosphere. The deep ocean was anoxic and ferru-
ginous until 580 Ma and became oxic afterward in the late-Neoproterozoic era, which 
enabled the rise of animal life (Canfield et al. 2007).

11.4  Anoxygenic and Oxygenic Photosynthesis

The oxygenic photosynthetic apparatus (PSA) of cyanobacteria and plants produces 
metabolic power in the form of ATP, reducing equivalents for the synthesis of sugar 
from CO2, and oxygen by the water-splitting complex of photosystem (PS) II at the 
expence of absorbed light energy. The two types of reaction centers (RCs), of PS I 
(plastocyanine:ferredoxin oxidoreductase) and PS II (water:plastoquinone oxido-
reductase), each have their own characteristic structure and cofactors, which have 
been preserved during evolution in cyanobacteria and plants, which indicates that 
they are homologous, i.e. have a common origin. The photosynthetic electron trans-
port of PS II is connected to PS I. But PS I can work independently from PS II to 
equilibrate the formation of ATP and reducing power. PS II and PS I are integrated 
in the cytoplasmic and intracytoplasmic membranes. Both PSs are surrounded by 
light-harvesting or antenna systems that collect light energy and transfers it to an 
RC. Light-harvesting systems characteristic of cyanobacteria and rhodophyta are 
phycobilisomes. They are accessory pigment proteins attached to the PS II. The phy-
cobiliproteins of the phycobilisomes owe their intense visible absorption properties 
to the presence of open-chain tetrapyrroles, the phycobilins, which are covalently 
bound to their apoproteins. The phycobilins are allophycocyanin, phycocyanin and 
phycoerythrin. The light-harvesting systems of the organisms belonging to differ-
ent taxa differ considerably in their absorption spectra, structure, and organization.

Sequence analysis and biophysical measurements of the RC complexes found 
in all classes of organisms indicate that all RCs fall into two basic groups: those 
with pheophytin and a pair of quinones (type II), and those with iron sulfur (type I). 
All anoxygenic phototrophs contain only one RC in their PSA. The sulfur and the 
nonsulfur purple bacteria and the aerobic anoxygenic phototrophs, all are Proteo-
bacteria and have an RC that is similar to that found in Chloroflexaceae (nonsulfur 
filamentous green bacteria). These organisms have an RC whose core is similar 
to the PS II RC of oxygenic organisms but lacks the oxygen-evolving complex. 
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These RCs contain bacteriopheophytin as an intermediate electron acceptor and 
two quinones as terminal electron acceptor. The spectroscopic, kinetic and mag-
netic resonance properties and the protein composition and structure of all these 
pheophytin-quinone type II RCs are very similar which suggests that they share a 
common ancestor. There is also evidence that a similar evolutionary relationship 
exists among the RCs of the Chlorobiaceae (green sulfur bacteria), Heliobacteria 
(Gram-positive bacteria, bacteriochlorophyll g) and the PS I of oxygenic photo-
trophs. These RCs contain low-potential iron-sulfur centers as early electron accep-
tor (Fe-S type; Blankenship 1992).

The antenna system collects light energy and transfers it to an RC, where the 
excitation energy is transformed into charge separation and a redox potential dif-
ference across the membrane. A cyclic electron transport via the cytochrome b/c1 
complex contributes to the generation of an electrochemical proton gradient across 
the membrane. This proton gradient is used to produce ATP at the ATP synthase. In 
the photoautotrophic green bacteria reducing equivalents are formed by a noncyclic 
electron transport.

PS II has a modular structure comparable to that of PS I. Apart from a similar set 
of constituent cofactors of the electron transfer system, the analogous features in-
clude a comparable cofactor arrangement and a corresponding secondary structure 
motif of the RC cores. Despite differences in distances and orientation of individual 
cofactors and protein composition, the great significance of analogous structures 
and functional similarities support the hypothesis that RC types I and II share a 
common evolutionary origin (Schubert et al. 1998; Heathcote et al. 2002).

11.5  Molecular Phylogenetics of the Evolution 
of Cyanobacteria and Photosynthesis

A remarkable variety of both eukaryotic and prokaryotic photosynthetic organisms 
are known to day. The photosynthetic processes in all these organisms have many 
similarities, and there is some comparative biochemical evidence that all (bacterio)
chlorophyll-based photosynthesis is ultimately derived from a single photosynthetic 
ancestor. The only other group of organisms with a system completely different 
from the chlorophyll-based photosynthetic systems are the halobacteria, in which 
the retinal-containing protein bacteriorhodopsin pumps protons across a membrane 
upon light excitation. This system represents an independent evolutionary develop-
ment (Blankenship 1992).

The photosynthetic bacteria have traditionally been divided into families and 
genera based on pigment content, morphology and metabolic capabilities (Staley 
et al. 1989). A phylogenetic classification based on sequence similarities of the 16S 
ribosomal RNA has been introduced by Woese (1987). The rRNA genes appar-
ently have not undergone lateral transfers. Other widely conserved genes of the 
nucleic-acid-based information processing system also track with the rRNA tree. 
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Consequently, the rRNA-based tree represents the evolutionary flow of the genetic 
machinery (Pace 2006). The results of 16S rRNA analyses have led to the proposal 
that all organisms can be grouped into three kingdoms, the Eukarya, the Bacteria 
and the Archaea.

All available evidence suggests that (bacterio)chlorophyll-based photosynthe-
sis arose in the kingdom Bacteria and was followed by subsequent endosymbiotic 
transfer from cyanobacteria into eukaryotic organisms (Raymond et al. 2002). On 
the basis of phylogenetic analyses and the complexity of the PSAs of present-day 
photosynthetic organisms it was concluded that mechanistically and structurally 
simpler anoxygenic photosynthesis preceded and was ancestral to oxygenic photo-
synthesis (Xiong et al. 2000; Blankenship 2002). Therefore the cyanobacteria were 
probably preceded by more primitive anoxygenic phototrophs. The extant anoxy-
genic phototrophs belong to various subgroups of the α-Proteobacteria and Gram-
positive bacteria but never to the archaea. There is some evidence that core compo-
nents of photosynthesis have been subject to lateral gene transfer over the course of 
evolution (Blankenship 1992; Raymond et al. 2002; Sato 2002; Olson and Blanken-
ship 2004; Zhaxybayeva et al. 2004; Mix et al. 2005). Different components of the 
PSA might therefore have different original sources, making reliable conclusions on 
the revolutionary pathway problematic (Blankenship 1992).

A comparative analysis of gene maps of representatives from the five bacterial 
phyla cyanobacteria, proteobacteria (purple bacteria), green sulfur bacteria, green 
filamentous bacteria and Gram-positive heliobacteria have revealed 188 orthologs 
common to the genomes of Synechocystis sp., Rhodobacter capsulatus, Chlorobium 
tepidum, Chloroflexus aurantiacus and Heliobacillus mobilis. These genes include 
housekeeping genes involved in protein synthesis, DNA replication, transcription 
and components of various metabolic pathways. A comparison of photosynthetic 
genes supports the idea that the evolution of these genes has been disconnected 
from divergence and speciation in these organisms. Genetic components of the PSA 
have crossed species lines nonvertically, confirming the extensive role that horizon-
tal gene transfer has played in bacterial evolution (Raymond et al. 2002). However, 
horizontal gene transfer does not occur with equal probability for all genes. Those 
genes involved in transcription, translation, and related processes thought to have 
more macromolecular interactions than operational genes for housekeeping are pos-
tulated to be seldom transferred (Jain et al. 1999). Identification of core genes that 
are resistant to horizontal gene transfer allows the separation of true phylogenetic 
signals from “noise”. For example 359 of 682 orthologs from 13 cyanobacterial 
genomes (≥52%) are susceptible to horizontal gene transfer within the cyanobacte-
rial phylum (Shi and Falkowki 2008). The remaining 323 orthologs show broad 
phylogenetic agreement. This core set is comprised of key photosynthetic and ribo-
somal proteins. Many of the key proteins are encoded by small gene clusters, which 
often are indicative of protein-protein, protein-prosthetic group, and protein-lipid 
interactions. These macromolecular interactions in complex protein structures re-
tard the tempo of evolution of the core genes and restrict horizontal gene transfer 
of components of the core. Analysis of the core gene set suggests that the ancestral 
cyanobacterium did not fix nitrogen and probably was a thermophilic organism (Shi 
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and Falkowki 2008). A new approach of analysis integrates clustering and sequence 
analysis with resolution of an integrated phylogeny of 24 cyanobacterial genomes 
spanning multiple taxonomic levels occupying a wide variety of environmental 
niches (Swingley et al. 2008). Following the initial clustering, 613 protein families 
fit the criterion of being absent in not more than two cyanobacteria and having not 
more than a total of two paralogs in all organisms. The common ancestor of all cya-
nobacteria is inferred to have had a conserved core of 361 protein families as these 
are present in the full set of 26 genomes analyzed. Other proteins are also common 
to all analyzed genomes but they contain paralogs and therefore were excluded. 
These families represent a widely conserved core of housekeeping proteins com-
mon not only across all known cyanobacterial lineages but also present to some 
extent in other bacterial genomes. The core genome at the base of the cyanobacterial 
phylum encompasses most of the major proteins of the PSA, which suggests that 
oxygenic photosynthesis evolved prior to or early in the cyanobacterial radiation. 
In contrast, the ability to fix nitrogen is found paraphyletically throughout the cya-
nobacterial tree. Gene loss, horizontal gene transfer or some combination of these 
processes may be responsible for this distribution of nitrogen fixation (Raymond 
et al. 2004). The NifD (nitrogen fixation catalytic subunit) tree shows evidence for 
several gene duplications and horizontal gene transfer, as suggested by the position 
of Trichodesmium erythraeum comprising the earliest cyanobacterial branch among 
NifD proteins (Swingley et al. 2008). It has been concluded that the core compo-
nents of photosynthesis represent mosaic genes with very different evolutionary 
histories (Raymond et al. 2002; Zhaxybayeva et al. 2004).

Proteins encoded in 15 complete cyanobacterial and Prochlorococcus genomes 
have been compared to define the minimal set of genes common to all cyanobacte-
ria and Prochlorococcus and to trace the conservation of these genes among other 
taxa (Mulkidjanian et al. 2006). It has been shown that cyanobacteria and plants 
share numerous photosynthesis-related genes that are lacking in genomes of other 
phototrophs. Of 3,188 cyanobacterial clusters of orthologous groups of proteins 
(CyOGs) 892 are encoded in each cyanobacterial genome and an additional 162 
are encoded in 14 of 15 genomes. The combined set of 1,054 CyOGs that are lack-
ing in no more than one cyanobacterial genome is referred to as the coreCyOGs. 
Certain components of PS I and PS II as well as many other polypeptides are not 
within the core set. Core RC 1 subunit PsaA/PsaB is found in all cyanobacteria, in 
plants, in Chlorobium tepidum and Heliobacillus mobilis, but not in the genomes of 
Rhodopseudomonas palustris and Chloroflexus aurantiacus. The enzymes for the 
chlorophyll biosynthesis (ChlB, ChlN, ChlD, ChlH, ChlI, ChlM, ChlG, and ChlP) 
are present in all of these photosynthetic organisms.

The evolution of the tetrapyrrol biosynthesis resulting in the formation of (bac-
terio)chlorophylls (BChl) is described by the Granick hypothesis, which proposes 
that biosynthetic pathways recapitulate their evolution (Granick 1957; Mauzerall 
1992). It is speculated that each step fulfils a useful function. Thus, in a primitive 
RC, protochlorophyll a might have functioned at some time before chlorophyll a 
existed (Olson and Pierson 1987a, b), and protoporphyrin IX and Mg protoporphy-
rin IX might have served as RC pigments before protochlorophyll a existed (Xiong 
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et al. 1998, 2000). The proteobacterial lineage of BChl α is more deeply rooted 
than either the heliobacterial lineage (BChl g) or the cyanbacterial lineage (Chl a) 
(Xiong et al. 1998, 2000). The genes encoding the protochlorophyllide and chlo-
rine reductases originated by an ancient gene duplication (Raymond et al. 2003). 
The pathway for the synthesis of protoporphyrin IX probably evolved in response 
to evolutionary pressure for efficient electron transport cofactors such as heme in 
cytochrome b (Olson and Blankenship 2004).

The evolution of photosynthesis and RCs was proposed to begin in the prebiotic 
phase, using the water soluble uroporphyrin in a cyclic photoreaction and form-
ing hydrogen from various electron donors (Mauzerall 1992; Hartman 1998). The 
evolution of a primitive cytochrome b/Fe–S complex might have occurred in a 
common ancestor of bacteria and archaea before the evolution of photosynthesis 
in bacteria (Nitschke et al. 1998). The first photochemical RC would have been 
integrated into an existing respiratory electron transport chain. The cytochrome b 
subunit of the cytochrome b/c1 complex and the core polypeptides L and M of the 
RC 2 show sequence and structural similarity in the membrane-spanning region 
that contains ligands for binding of the cofactors heme and quinone (cytochrome b) 
and BChl, bacteriopheophytin and non-heme iron (RC 2), respectively (Xiong and 
Bauer 2002a, b).

The RC 2 subunit PsbN is found in the genomes of all plants and cyanobacteria 
with the exception of one Prochlorococcus marinus, but is lacking in all anoxy-
genic phototrophs. Of the 1,054 coreCyOGs genes, 936 are found in other bacte-
ria: these genes include those encoding housekeeping proteins involved in DNA 
replication and repair, transcription, translation, key metabolic pathways and en-
ergy metabolism. But the vast majority of cyanobacterial photosynthetic genes 
have no detectable homologs in anoxygenic phototrophic bacteria (Mulkidjanian 
et al. 2006). As mentioned in Sect. 4 anoxygenic photosynthesis is found in the 
Chlorobi group (e.g. Chlorobium tepidum), Firmicutes (e.g. Helicobacillus mobi-
lis), α-Proteobacteria (e.g. Rhodopseudomonas palustris), β-Proteobacteria (e.g. 
Rubrivivax gelatinosum), γ-Proteobacteria (e.g. Chromatium vinosum), and Chlo-
roflexi (e.g. Chloroflexus aurantiacus). The Chlorobi group and Firmicutes have 
type 1 RCs, the Proteobacteria and Chloroflexi have type 2 RCs. It is generally 
accepted that the evolution of photosynthetic genes was accompanied by their dis-
semination by way of horizontal gene transfer between different groups of bacteria. 
This idea is supported by the apparent presence of non-photosynthetic organisms in 
all of these phyla except for cyanobacteria and the observation that photosynthetic 
genes are often localized on a single contiguous chromosomal region (superoperon) 
(Choudhary and Kaplan 2000; Xiong et al. 2000). In addition to enzymes involved 
in (bacterio)chlorophyll synthesis, an extremely small number of photosynthetic 
proteins are found in different photosynthetic bacteria. Therefore a phylogenetic 
tree based on the (bacterio)chlorophyll biosynthesis enzymes is not representative 
of the evolution of the photosynthetic machinery as a whole, although the biosyn-
thetic pathway of (bacterio)chlorophyll seems to be monophyletic and a connecting 
link in the evolution of photosynthesis.
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As mentioned above, all photosynthetic RCs can be placed into one of two 
groups. These two groups share a comparable cofactor arrangement and a corre-
sponding secondary structure motif of their core. It seems likely that a primordial 
RC existed, which subsequently diverged into the ancestors of the two classes of 
contemporary RCs. However, there are no clear indications of any intermediate 
stages in the development of the oxygen-evolving system. Similarities between core 
antenna proteins of PS II of cyanobacteria and chloroplasts and RCs and light-
harvesting polypeptides of RC 2 and RC 1 suggest that a small number of one-helix 
ancestral proteins may have given rise to the various RC and antenna proteins (Ver-
maas 1994; Mulkidjanian and Junge 1997; Schubert et al. 1998). It is speculated that 
the first major evolutionary accomplishment was the creation of a homodimeric RC 
1 in which the two chlorophylls could join to form a special pair and four cysteines 
could bind a single Fe–S center. This RC 1 is assumed to be the ancestral RC for all 
subsequent forms (Olson and Pierson 1987a, b, Vermaas 1994; Olson and Blanken-
ship 2004). The next major step was a gene duplication, the loss of the Fe–S center, 
and the splitting of one large subunit gene into two smaller genes, one coding for 
the core protein of PS and the other for the homodimeric RC 2. In the next steps, 
gene duplication and divergence resulted in light-harvesting core proteins and het-
erodimeric RC 1 and RC 2 and PS I and PS II, respectively. The homodimeric RC 1 
of heliobacteria and green sulfur bacteria may have evolved from the ancestral RC 
1. The heterodimeric RC 2 of proteobacteria and green filamentous bacteria may 
have evolved from the ancestral RC 2. The light-harvesting complexes of proteo-
bacteria are not related to the core proteins of PS II but are thought to have evolved 
from helix D of RC 2 together with the loss of photochemical activity (Fig. 2 in 
Olson and Blankenship 2004). The ancestral RC 1 was adapted to photoautotrophic 
photosynthesis in a low redox environment functional in a phototrophic bacterium 
using reduced sulfur compounds as electron donor for CO2 fixation. The evolu-
tion of RC 2 was a response to the increase in the redox level of the environment 
as the best electron donors for CO2 fixation were used up (Olson and Blankenship 
2004). The branching sequence for the evolution of chlorophyll synthesis has been 
proposed to be proteobacteria → green bacteria → heliobacteria + cyanobacteria 
(Xiong et al 2000). Another proposed branching sequence for photosynthetic or-
ganisms is: heliobacteria → green filamentous bacteria → cyanobacteria → green 
sulfur bacteria → proteobacteria (Gupta 2003). In spite of the good evidence that 
RC 1 and RC 2 have a common origin, several authors propose an independent evo-
lution of RC 1 and RC 2 in different organisms and that they were brought together 
in the cyanobacterial line of photosynthesis with photosystems in series (Mathis 
1990; Blankenship 1992; Meyer 1994; Meyer et al. 1996; Xiong et al. 1998; Xiong 
and Bauer 2002a, b). Thus, the cyanobacteria are the descendants of the fusion 
organism, and the proteobacteria are the descendants of the line containing RC 2. 
The green sulfur bacteria and heliobacteria are descended from the line containing 
RC 1. The fusion model might be rational from a genetic point of view but does 
not take into consideration the evolutionary pressures driving the various steps. 
Independent from the different hypotheses about the origin of the PSA the genetic 
data suggest that the evolutionary history of RC proteins differs from the history of 
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pigment-synthesizing enzymes (Raymond et al. 2002, 2003;  Mulkidjanian et al. 
2006). The phycobiliproteins are pigment proteins that have evolved by multiple 
gene duplications and divergences from an ancestral structure that could form short 
rods (Grossman et al. 1995).

11.6  What was the First Photosynthetic Organism?

The process of photosynthesis is extremely complex and it is difficult to envisage 
how natural selection could have produced the intermediate stages in its evolution. 
In a model based on the premise that pre-photosynthetic life was associated with 
hydrothermal systems, certain early organisms developed phototaxis using near-
infrared radiation, and that photosynthesis arose subsequently from bacteriochlo-
rophyll-like molecules used for phototaxis (Nisbet et al. 1995). The results of com-
parative phylogenetic analysis of photosynthetic and non-photosynthetic organisms 
bolster the idea that the evolution of photosynthetic genes has been disconnected 
from divergence and speciation in these organisms, confirming the extensive role 
that horizontal gene flow has played in bacterial evolution.

The placement of Chloroflexus at the base of the bacterial radiation using 16S 
ribosomal RNA has been the reason for its designation as the earliest phototroph 
(Woese 1987; Oyaizu et al. 1987; Valadez 2000; Cavalier-Smith 2006). Consider-
ing the importance of horizontal gene transfer it is possible that Chloroflexus has 
acquired phototrophy largely through lateral gene transfer (Raymond et al. 2002).

Despite the variety of accessory pigments in photosynthetic organisms, it is 
generally accepted that all chloroplasts are derived from a single cyanobacterial 
ancestor (Wolfe et al. 1994; Bhattacharya and Medlin 1998). Prochlorophytes are 
bacteria that perform oxygenic photosynthesis using chlorophyll b and have been 
proposed to be the ancestors of chlorophyte chloroplasts (Lewin 1976). However, 
three prochlorophytes have been shown not to be the specific ancestors of chloro-
plasts, but only diverged members of the cyanobacteria, that contain phycobilins 
and lack chlorophyll b (Palenik and Haselkorn 1992; Urbach et al. 1992). Phylo-
genetic analyses show that the genes for chlorophyll b synthesis share a common 
evolutionary origin. This indicates that the progenitors of oxygenic photosynthetic 
bacteria, including the ancestors of chloroplasts, had both chlorophyll b and phy-
cobilins (Tomitani et al. 1999). The members of the Heliobacteriaceae containing 
an Fe–S type RC 1 and represent the sole photosynthetic phylum from the Gram-
positive bacteria. They are thought to be the most ancestral of the photosynthetic 
lineages on the basis of Hsp60, Hsp70, and other protein genes (Gupta et al. 1999; 
Gupta 2003; Vermaas 1994). In addition to Heliobacillus, Chloroflexus and pro-
teobacterial lineages Chlorobium has been proposed to be the first photosynthetic 
organism (Buttner et al. 1992). Cyanobacteria are usually not explicitly considered 
as a lineage in which photosynthesis could have emerged because of the far greater 
complexity of their PSA and the higher number of photosynthetic genes. But ances-
tors of cyanobacteria, the procyanobacteria, should also be considered as candidates 
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for the role of the first phototrophs. Sequence data alone do not allow the first 
phototroph to be determined. Geological data have shown that partially filamentous 
cyanobacteria were present in the Archean Eon or at least in the Paleoprotozoic 
Era, which, according to the carbon isotope composition, used the Calvin cycle to 
fix CO2. Because the Calvin cycle is absent in Heliobacillus and Chlorobium it is 
unlikely that their ancestors were the phototrophic inhabitants of the Buck Reef 
Chert (South Africa). The absence of oxidized iron (II) and sulfur in the 3.4 billion-
year-old Buck Reef Chert indicated that neither iron (II) nor sulfide but possibly 
atmospheric hydrogen had been used as electron donors (Tice and Lowe 2006). RC 
type 2, which is the only RC type in purple bacteria and Chloroflexi, would hardly 
be useful in a hydrogen-driven metabolism. It would be over-reduced and kineti-
cally incompetent under these conditions. Because there is sufficient evidence that 
anoxygenic photosynthesis preceded oxygenic photosynthesis and was already tak-
ing place in the period between 3,500 and 2,300 Ma, it was proposed that the first 
phototrophs were procyanobacteria, i.e. anoxygenic ancestors of the extant cyano-
bacteria: these organisms would be responsible for the presence of the 2-methyl-
hopanoid biomarkers in the 2.7-billion-year-old sediments (Summons et al. 1999; 
Mulkidjanian et al. 2006). These anoxygenic procyanobacteria might have relied on 
RC I to reduce NADP+. It is speculated that in an early phase, the anoxygenic pho-
totrophs pro-Heliobacillus and pro-Chlorobi received the photosynthetic genes of 
PS 1 and pigments by lateral gene transfer from the procyanobacteria and in a later 
stage when PS 2 was developed, the genes of PS 2 and cofactors were transferred 
to Chloroflexus and purple bacteria. In this hypothesis, modern cyanobacteria in-
herited their photosynthetic apparatus from ancestral phototrophs (Procyanobacte-
ria), whereas other bacterial lineages obtained theirs by way of lateral gene transfer 
(Mulkidjanian et al. 2006).

Phylogenetic analyses support the hypothesis that cyanobacteria are monophy-
letic. They are morphologically diverse, and these morphological differences have 
been used to divide the group into five subsections: (I) the Chroococcales which 
are unicellular coccoids that divide by binary fission; (II) the Pleurocapsales which 
are also unicellular but undergo multiple fission to produce small, easily dispersed 
cells, called baeocytes; (III) the Oscillatoriales, which are filaments that have only 
vegetative cells; (IV) the Nostacales, which are also filaments in which vegetative 
cells differentiate into heterocysts, specialized in nitrogen fixation, or akinetes, rest-
ing cells that survive environmental stresses; (V) the Stigonematales, which are fila-
ments with complicated branching patterns and in which vegetative cells differenti-
ate into heterocysts or akinetes. Akinete fossils have been identified in 1.65–1.4-bil-
lion-year-old cherts from Siberia, China, and Australia. The earliest known akinetes 
are preserved in approximately 2.1 billion-year-old chert from West Africa. Putative 
microfossils of subsection V microfossils with complex branching filaments and 
possible heterocysts are preserved in the lower Devonian (approximately 400 Ma). 
Heterocyst fossils have not been reliable identified in Precambriam rocks. Akinetes 
can be traced back into the Paleoproterozoic Era. Oxygen first reached levels that 
would compromise nitrogen fixation and hence select for heterocyst differentiation 
2,300 Ma. Cyanobacterial 16S rRNA genes, rbcL (gene encoding the large subunit 
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of ribulose 1,5-biphosphate carboxylase/oxygenase) and hetR (gene essential for 
heterocyst differentiation) have been phyllogenetically analyzed. 16S rRNA gene 
sequence analyses of 20 cyanobacterial strains distributed among 16 genera show 
that cyanobacteria of groups I–III are mixed, but heterocyst- and akinete-bearing 
taxa (IV and V) form a monophyletic clade. Phylogenetic trees based on the rbcL 
genes support the monophyly of heterocystous cyanobacteria. The members of sub-
section V form a monophyletic clade in the hetR tree. It has been suggested that the 
clade of cyanobacteria marked by cell differentiation diverged between 2,450 and 
2,100 Ma ago (Tomitani et al. 2006). The genomes from 24 strains of 10 genera of 
cyanobacteria living in freshwater, marine environments and hot springs have been 
analyzed by different methods to reconstruct an evolutionary history of the phylum 
(Swingley et al. 2008): 583 protein families of orthologs were selected and phylog-
enies were constructed.

11.7  Discussion

There is no doubt that the origin and subsequent evolution of the complex oxy-
genic photosynthetic apparatus of present-day cyanobacteria must have occurred 
in multiple steps under constant selective pressure. The selective pressure could 
come from the necessity of cells to gain energy in an environment of decreasing 
atmospheric hydrogen and other substrates and damaging effects of solar UV. 
RC 1 could have evolved by way of multiple duplication events from simpler 
chlorophyll-binding membrane proteins (Mulkidjanian and Junge 1997; Olson 
and Blankenship 2004). Upon gradual oxidation of the atmosphere, the need for 
further sources of redox equivalents could have driven the formation of the small, 
high-potential RC 2. Further depletion of electron donors upon oxidation of the 
available Fe(II) could have driven the evolution of RC 2 into the water-oxidizing 
PS II (Mulkidjanian et al. 2006). The first steps in the evolution of photosynthesis 
and cyanobacteria remains a topic of speculation. The formation of the pigment 
molecules carotenoids and (bacterio)chlorophylls, generally speaking tetrapyr-
rols, which are light absorbers with a very high absorption cross section owing 
to their network of alternating single and double bonds may have been selected 
as sensory molecules (Nisbet et al. 1995) or protector molecules. Model experi-
ments with tetrapyrrols inserted in artificial membranes resulted in formation of 
potential differences across the membrane (Steinberg-Yfrach et al. 1997). Similar 
arrangements may have been formed in earlier times as a first system for produc-
ing energy. The large increase in the oxygen content of the atmosphere about 
2,300 Ma was traced back to the oxygenic photosynthesis of cyanobacteria. The 
existence of cyanobacteria at this time is demonstrated by microfossils, biomark-
ers, the decreased 13C/12C isotope ratio and geochemical data. The ancestors of 
these oxygenic phototrophs were presumably present in the Archean Eon. Micro-
fossils in rocks 2.7-billion years old and older were postulated to be remainders 
of cyanobacteria (Schopf 1999). It might be possible that these structures are the 
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remains of the anoxygenic procyanobacteria. Heterocyst differentiation diverged 
once between 2,450 and 2,100 Ma, and akinete fossils have been identified in 
1.65- to 1.4-billion-year-old cherts from Siberia, China, and Australia (Tomitani 
et al. 2006).
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12.1  Overview of the Function of Photosystem I and II

Photosystem I and II are the key players in the energy conversion from the light 
of the sun into chemical energy. They have changed the atmosphere of our planet 
Earth from anoxygenic to oxygenic. Photosystem II (PS II) is unique and of global 
importance for the biosphere. All molecular dioxygen that can be presently found 
on Earth was produced by this protein complex with dramatic consequences for life 
on this planet due to formation of the oxygenic atmosphere about 2.5 billion years 
ago. (Lane 2003; Larkum 2008). The oxygenic respiration provides the main energy 
source for all higher heterotrophic organisms, including human beings. The oxygen 
that we breathe is exclusively produced by oxygenic photosynthesis.

Plant, algae and cyanobacteria also have a respiratory chain. The great advantage 
of O2 as substrate for highly efficient Gibbs free energy extraction from food is 
only one side of the “coin”, the other is the inherent danger for the cells due to its 
potential to cause oxidative degradation of biological material (see Sect. 12.2.2.1 
and chapter by Renger and Ludwig).

Photosystem I and II are large multi-subunit membrane proteins located in the 
photosynthetic membrane (thylakoid membrane) of higher plants, green and red 
algae, and cyanobacteria. Ancestors of the current cyanobacteria have “invented” 
oxygenic photosynthesis and the cores of both Photosystem I and II are still very 
similar in all oxygenic photosynthetic organisms. Photosystem I (PS I) and II (PS II)  
catalyze the light-induced charge separation across the photosynthetic membrane. 
PS I and PS II capture the solar radiation by pigment protein complexes which 
act as antenna systems and funnel the electronic excitation energy to the reaction 
centers (RCs) where it drives charge separation. The anisotropic arrangement of the 
RCs within the thylakoid membrane gives rise to a vectorial electron transfer from 
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the lumenal to the cytosolic/stroma side1. The antenna systems consist of a periph-
eral/proximal antenna system, which was drastically changed, and a core antenna, 
which remained virtually invariant during evolution from the level of cyanobac-
teria up to higher plants. In cyanobacteria, large membrane associated peripheral 
antenna complexes called phycobilisomes serve as peripheral antenna complexes. 
They contain covalently bound phycobilines (open chain tetrapyrroles) as major 
pigments. On the contrary, green algae and higher plants lack phycobilisomes but 
contain membrane-integral light harvesting complexes (LHCs) (for reviews, see 
chapters in Green and Parson 2003). Red algae contain in addition also phycobili-
somes, and this fact is one indication that they may have emerged from a second 
endosymbiotic event. In marine cyanobacteria (prochlorophytes), membrane intrin-
sic antenna complexes, the Pcb proteins (LaRoche et al. 1996), can be found. Under 
iron deficiency, the cyanobacterial protein IsiA surrounds PS I in the membrane 
and serves as its peripheral antenna (Leonhardt and Straus 1992, 1994; Boekema 
et al. 2001).

In PS II of all oxygen evolving organisms the electronic excitation energy cap-
tured by the peripheral/proximal antenna is transferred to the core complex, which 
harbors the RC with the photoactive pigment P680. The subsequent charge sepa-
ration leads to formation of the stable radical ion pair P680+• Q−•

A  (for a recent 
review, see Renger and Renger 2008). Four sequential steps driven by P680+•

give rise to the extraction of four electrons from two water molecules at the water 
oxidizing complex (WOC)2, resulting in the formation of molecular dioxygen and 
the release of four protons into the thylakoid lumen, thus contributing to the electro-
chemical potential difference of protons across the membrane. It should be noticed 
that cyanobacteria also contain a respiratory chain, located in the plasma membrane 
(see Chap. 20) so that they can also utilize the oxygen for respiration.

Two sequential electron transfer steps with Q−•
A  as reductant lead to formation 

of plastoquinol (PQH2) at the QB
− site. This reaction is coupled with the uptake of 

two protons from the cytosolic/stroma side. The PQH2 is replaced by a plastoqui-
none molecule from the PQ pool. The most recent crystal structure of PS II (Guskov 
et al. 2009) revealed that the QB binding site is connected to the pool of plastoqui-
nones in the membrane by two channels (see Sect. 12.2.3.1).

PS I catalyzes the light driven transmembrane electron transfer from plasto-
cyanin (PC) or cytochrome c6 (Cyt c6) at the lumenal side to the soluble electron 
carrier ferredoxin or flavodoxin at the cytosolic/stromal side of the membrane. It 
thereby finally provides the electrons for the reduction of protons to hydrogen in 
form of NADPH by the ferredoxin: NADP+ reductase (FNR). PS I contains a much 
larger internal core antenna system than PS II. The structure of cyanobacterial PS I 
(Jordan et al. 2001) reveals that 96 Chlorophylls (Chls) and 22 carotenoids (Cars) 
capture the sunlight and transfer the electronic excitation energy to the center of the  

1 The outer aqueous phase of thylakoids is the cytosol in cyanobacteria and the stroma of chloro-
plasts on algae and higher plants.
2 The water oxidizing complex is also designated oxygen evolving complex (OEC). In this book 
the symbol WOC will be used.
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complex, where charge separation takes place at P700. After the primary charge 
separation, one electron is transported across the membrane by a chain of electron 
carriers. The organic cofactors of the ET chain (6 chlorophylls, 2 phylloquinones) 
are arranged in two branches, followed by three 4Fe4S clusters: FX, FA and FB. From 
FB the electron is transferred to ferredoxin, which docks to Photosystem I at the 
stromal hump that protrudes into the cytosol/stroma by approximately 40 Å. Flavo-
doxin replaces ferredoxin as mobile electron carrier under iron deficiency (Sand-
mann and Malkin 1983; Goni et al. 2009). Ferredoxin or Flavodoxin finally transfer 
the electron to FNR, which reduces NADP+ to NADPH.

PS I and PS II are functionally coupled by the cytochrome b6f (Cyt b6f) com-
plex, which releases 2 protons to the inside of the thylakoids (lumen), and subse-
quently reduces 2 molecules of plastocyanin or Cyt c6 which act as electron donors 
to P700+• .

In addition to the 2 protons released upon PQH2 oxidation, the Cyt b6f complex 
pumps an additional proton across the membrane, which thereby further contributes 
to the extent of the electrochemical potential difference of protons across the pho-
tosynthetic membrane. The structure of the Cyt b6f complex has been determined 
both from green algae (Stroebel et al. 2003) and cyanobacteria (Kurisu et al. 2003; 
Yamashita et al. 2007). For details on the Cyt b6f complex, see chapter of Bernát 
and Rögner.

The photosynthetic electron transport chain, driven by the charge separation 
events in Photosystem I and II, establishes an electrochemical potential difference 
(∆pH + ∆ψ) across the membrane (pmf) which drives synthesis of ATP by the ATP-
Synthase (Mitchell 1961; Jagendorf 2002).

This chapter is focused on the structures of cyanobacterial Photosystem I and 
II and therefore the function will be only briefly described, in particular for PS II 
which is a major topic of the chapter by Renger and Ludwig.

12.2  Photosystem II

12.2.1  Overview of the Structure and Function 
of Photosystem II

PS II is a large multimeric membrane protein complex that catalyzes the light driven 
electron transfer from water to plastoquinone.

The photosynthetic process is initiated by the capture of light which leads to 
population of electronically excited singlet states. This excitation energy is trans-
ferred to the reaction center (RC), where the electron transfer chain (ETC) is located 
that performs the charge separation. Both Photosystems contain a core antenna. The 
pigment content of the PS II core antenna system is less than half in size compared 
to the antenna of PS I. The linear ETC of PS II is more complex than the electron 
transfer chain of PS I (see Sects. 12.2.3 and 12.3.3)

12 Structure of Cyanobacterial Photosystems I and II
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One major problem that PS II has to cope with is photodamage. Mechanistic and 
molecular details of photodamage in PS II are topics of current research activities 
(see Sect. 12.2.2.1).

In the native membrane of plants, algae, and cyanobacteria, PS II is probably 
a dimer (but see Takahashi et al. 2009). The monomer of PS II consists of 19–20 
protein subunits in cyanobacteria.

PS I and PS II were identified in the 1950s and 1960s by their spectroscopic 
properties. It was concluded that there are two photosynthetically active Photosys-
tems in the thylakoid membrane, shown to be anisotropically incorporated into the 
thylakoid membrane [for review, see (Witt 1971) and references therein]. It was 
concluded that the photoactive pigment P680 of PS II is located near to lumenal side 
and the acceptor QA on the stroma side of thylakoids in chloroplasts. Progress in the 
preparative methodology led to isolation of PS II core (Franzen et al. 1986; Haag 
et al. 1990; Tsiotis et al. 1999) and D1/D2/cytb-559 complexes (Nanba et al. 1987). 
These achievements were the prerequisite for advanced studies on the structure of 
PS II by image analyses of EM micrographs (Rögner et al. 1987; Dekker et al. 
1988). As a result, the overall shape of PS II core complexes was resolved and a first 
crude picture obtained on the extrusion due to extrinsic PsbO protein (Haag et al. 
1990). More structural details could be gathered from using the method of electron 
diffraction on two dimensional crystal lattices of D1/D2/CP47/cytb-559 prepara-
tion (Nakazato et al. 1996; Rhee 2001). For a detailed discussion of the history of 
structural analysis of Photosystems I and II, see Witt (2004) and references therein.

The first crystals of PS II that were able to split water had been grown from 
the thermophilic cyanobacterium Thermosynechococcus( T.) elongatus (Zouni et al. 
2000) and led to the first X-ray structural model of the intact PS II complex at 3.8 Å 
resolution (Zouni et al. 2001). This model provided a deeper insight into the struc-
ture of PS II and revealed the 3 + 1 organization of the four manganese in the WOC. 
All further improved crystal structures and refinements were based on this type of 
crystals from T. elongatus, but one exception, i.e. the 3.7 Å crystal structure, which 
was determined from T. vulcanus (Kamiya and Shen 2003).

12.2.2  Arrangement of Protein Subunits in Cyanobacterial PS II

23 protein subunits have been assigned in structures of PS II from T. elongatus: 
PsbA to PsbF, PsbH to PsbO, PsbT to PsbZ, as well as the PsbZ like protein Psb27 
and subunit ycf12 (Psb30). At least 20 proteins of these subunits have been identi-
fied in the PS II crystals by detailed mass spectroscopic analysis (Kern et al. 2005, 
Guskov et al. 2009). Seventeen subunits are integral membrane proteins, whereas 
PsbO, PsbU and PsbV do not contain transmembrane α-helices and are located at 
the lumenal side of the complex. In the first structural model of the intact PS II at 
3.8 Å resolution (Zouni et al. 2001), 36 transmembrane helices were identified. 
Later structures of PS II have been published at 3.7 to 2.9 Å resolution, reveal-
ing more details. These include assignments of most of the amino acid side chains 
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and identification of the small membrane intrinsic subunits. The initial number and 
location of the 36 transmembrane helices in PS II were confirmed by the recent 
crystal structure of PS II at 3.0 Å resolution (Loll et al. 2005), whereas one helix is 
missing in the 3.5 Å structure of PS II (Ferreira et al. 2004). The general arrange-
ment of subunits in PS II is shown in Figs. 12.1 and 12.2, based on the structural 
model of PS II at 2.9 Å structure of PS II (Guskov et al. 2009).

In analogy to the RCs of anoxygenic purple bacteria (PBRCs), the heterodimer 
consisting of subunits D1 (PsbA) and D2 (PsbD) is often called reaction center 
but this assignment should be considered with care (for a discussion, see Renger 
2008). The D1/D2 heterodimer is flanked on both sides by the core antenna proteins 
CP47 (PsbB) and CP43 (PsbD). This core of PS II shows strong similarities to the 

Fig. 12.1  Dimeric photosystem II from Thermosynechococcus elongatus. a View from inside the 
membrane plane. All extrinsic subunits of PS II can be found on the lumenal side, where the pro-
tein complex extends 90 Å out of the membrane, whereas loops reach maximally 15 Å into the 
cytosol. b View of the dimer from the cytosolic side. This face of the protein complex is mostly 
flat. All Photosystem II models in this chapter were made from pdb files 3bz1 and 3bz2. All images 
in this chapter were made with the program VMD (Humphrey et al. 1996)
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arrangement of the transmembrane helices in the two major proteins in PS I (PsaA 
and PsaB), indicating that PS I and PS II have evolved from a common ancestor, as 
suggested by Schubert and coworkers (Schubert et al. 1998). None of the extrinsic 
or small integral subunits of PS I and PS II exhibit any similarities, which suggests 
that they became part of PS I and PS II after the evolutionary split between the two 
Photosystems had occurred. As evident from Figs. 12.1a and 12.3a, the most strik-
ing difference between both Photosystems is the location of the membrane extrinsic 

Fig. 12.2  Dimeric photosystem II from Thermosynechococcus elongatus as seen from the lumenal 
side. a All subunits and co-factors. The extrinsic subunits, PsbO, PsbU, and PsbV, are labeled. The 
prefix “Psb” has been omitted from all names for brevity. b Same view, with the extrinsic subunits 
removed. The reaction center core and core antenna subunits are labeled. The oxygen-evolving 
complex is now openly visible. c The extrinsic subunits on their own. The heme-containing PsbV 
is also called Cytochrome c550. d All membrane-intrinsic small protein subunits. The core proteins 
(A, B, C, D) and the extrinsic subunits (O, V, U) have been omitted, but all other cofactors are 
still shown. e All non-protein cofactors. Chlorophylls are green and not labeled. Pheo pheophytin, 
PQ plastoquinone, Car carotenoid, DGDG  digalactosyldiacylglycerole, MGDG  monogalactosyl-
diacylglycerole, SQDG   sulfoquinovosyldiacylglycerole, PG phosphatidylglycerole; WOC water-
oxidizing complex, Cl− chloride, Fe iron, Ca calcium. Although technically no cofactors, tightly 
bound detergent molecules are also shown, as they might replace other tightly bound lipids: DDM 
Dodecyl-β-D-maltoside
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29112 Structure of Cyanobacterial Photosystems I and II

Fig. 12.3  Trimeric photosystem I from Thermosynechococcus elongatus. a View from inside the 
membrane plane. All extrinsic subunits of PS I can be found on the cytosolic side, where the pro-
tein complex extends 40 Å out of the membrane, whereas loops reach maximally 10 Å into the 
lumen. b View of the trimer from the lumenal side. This face of the protein complex is mostly flat. 
One of the central P700 chlorophyll dimers is marked. This is also the binding site for cytochrome 
c6. All Photosystem I models in this chapter were made from pdb file 1jb0
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proteins. Whereas PS I contains three extrinsic proteins at the cytrosolic/stromal 
side, which are involved in the docking of ferredoxin/flavodoxin, PS II does not 
extend more than 10 Å into the stroma. Most of the extrinsic mass of PS II is located 
at the lumenal site. Here, the large lumenal loops of CP43, CP47, which are unique 
and essential structural motifs (Glu 354 of CP 43 is a direct ligand to the Mn4OxCa 
cluster, see Sect. 12.2.3.2), and the 3 lumenal proteins PsbO, PsbU and PsbV stabi-
lize the WOC in PS II.

12.2.2.1  Subunits D1 and D2

The subunits D1 and D2 were identified in gel electrophoresis as diffusive bands 
(see Baumgartner et al. 1993 and references therein) and later shown to bind Chl (Ir-
rgang et al. 1986). D1 and D2 form a heterodimer which binds the cofactors of the 
ETC of the water-plastoquinone:oxido-reductase (for details of cofactor arrange-
ment, see Fig. 12.4 of this chapter and also Fig. 12.2 in chapter of Renger and Lud-
wig). PS II crystal structure analyses revealed that subunits D1 (PsbA) (depicted in 
blue) and D2 (PsbD) (red) form a cluster of 2 × 5 transmembrane helices (TMHs) 
in an S-type arrangement (see Fig. 12.2b). This motif resembles the structure of the 
L and M subunits of the reaction center of purple bacteria (PBRC) (Deisenhofer 
et al. 1985; Deisenhofer and Michel 1991). A structural and functional comparison 
between PS II and PBRC suggests that the D1 protein is related to the L subunit, 
while the D2 protein is related to the M subunit of the PBRC. The overall structure 
of the D1 and D2 proteins resembles to a less pronounced extent also the C-terminal 
domains of the large subunits PsaA and PsaB of Photosystem I (Jordan et al. 2001). 
This similarity reveals that all existing RCs might have evolved from a common an-
cestor, as previously proposed (Blankenship and Kindle 1992; Schubert et al. 1998).

In contrast to PS I, where the C-terminal parts of PsaA and PsaB coordinate 
28 antenna Chls, the hetrodimer of D1 and D2, coordinates only two “antenna” 
chlorophylls: ChlZD1 and ChlZD2 which probably play a protective role (see Lince 
and Vermaas 1998). Furthermore, two Cars are bound, forming hydrophobic in-
teractions with the outermost transmembrane helix of D1 and D2 (helix a). The 
carotenoids (Cars) are located in close proximity to ChlZD1 and ChlZD2. A role of 
these Cars in the non-photochemical quenching process in PS II was proposed for 
the Cars associated to D2 (Telfer 2002, 2005; Telfer et al. 2003).

The D1 protein has to pay a high price for coordinating most of the ETC cofac-
tors. It is subject to photodamage and exhibits a half-life of only 30 minutes: in 
plants in bright sunlight. Therefore D1 has to be constantly replaced via a repair 
mechanism (see Sect. 12.2.3 and Fig. 12.4).

The cyanobacterial genome contains three copies of the D1 gene, called psbA1, 
psbA2 and psbA3. While expression of psbA1 has not been shown so far, the 
expression patterns of psbA2 and psbA3 suggest an adaptation mechanism to dif-
ferent environmental conditions (Soitamo et al. 1998; Salih and Jansson 1997; 
Sippola and Aro 2000). The photodamage of the D1 protein leads to a complex 
degradation and replacement cycle. This complicated process is the subject of a 

P. Fromme and I. Grotjohann



293

very active field of current research on PS II and has been best studied in plants so 
far [see Baena-Gonzalez and Aro 2002; Rokka et al. 2005; Nowaczyk et al. 2006; 
Mohanty et al. 2007; Vass et al. 2007; Vass and Aro 2008 and references therein]. 
It includes phosphorylation of the damaged D1 protein, monomerization of the 
PS II dimer, de-attachment of the CP43 protein and the three lumenal proteins, 
proteolytic degradation of D1, synthesis of D1 by membrane-bound ribosomes, 
cleavage of the N-terminal signal sequence of D1 in the lumen, assembly of the 
Mn cluster by photo-activation, and assembly of all subunits and the re-formation 
of PS II dimers. To illustrate the central role and location of the D1 protein this 
repair cycle could be compared to a heart transplantation taking place every half 
an hour.

Fig. 12.4  The electron trans-
fer chain of PS II and nearby 
cofactors. a The electron 
transfer chain itself. Included 
are four chlorophylls P1–P4, 
two pheophytins, three 
plastoquinones (including 
the newly discovered QC), 
the redox-active tyrosine 
TyrZ, and the water-oxidizing 
complex (WOC) with its four 
manganese and one calcium 
atoms, plus the associated 
chloride ion. The iron (Fe) is 
shown for orientation. b In 
addition to all components 
from a, all molecules within 
15 Å from the central chloro-
phyll head groups are shown. 
This includes the inactive 
TyrD, the only two other 
chlorophylls coordinated 
by the subunits D1 and D2 
(ChlzD1, ChlzD2), two carot-
enoids and several lipids (see 
Fig. 12.2 for abbreviations). 
In case of photodamage, the 
triplet state is localized on 
Chl P3 (accessory Chl on the 
D1 side), and this chlorophyll 
has a distance of 21 Å to the 
next carotenoid, which is 
CarD1. On the other side Chl 
P4 has a much shorter dis-
tance to CarD2 of only 11.6 Å. 
c Same as b, as seen from the 
lumenal side
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12.2.2.2  CP47 and CP43

The polypeptides of CP47 and CP43 are PsbB and PsbC, respectively, which are the 
two largest subunits of PS II. They bind the pigments thus forming the core antenna 
of PS II and are in addition indispensable for stabilizing the Mn4OxCa cluster (see 
Sect. 12.2.3). These subunits are located on both sides of the central D1/D2 core of 
PS II, with CP47 flanking the D2 protein and CP43 being located in close proxim-
ity to D1. Each of these subunits consists of six transmembrane helices which form 
three pairs of dimers, consisting of helices 1/2, 3/4 and 5/6. CP47 is located close 
to the dimer-dimer interface, while CP43 is located at the periphery of the PS II 
dimer. This arrangement explains why CP43 can be more easily removed from the 
PS II core than CP47 (Bricker and Frankel 2002). The peripheral location of CP43 
allows disassembly of this subunit from PS II in the process of D1 turnover during 
the photodamage repair cycle (see Sect. 12.2.3).

The arrangement of the transmembrane helices in CP47 and CP43 is very similar 
to the arrangement of the transmembrane helices in the N-terminal part of the PsaA/
PsaB in Photosystem I (see Figs. 12.2 and 12.5) (Grotjohann et al. 2004).

CP43 and CP47 coordinate 13 and 16 chlorophylls, respectively. While the struc-
tures at 3.7 Å and 3.5 Å reported a 14th chlorophyll in CP43, the 3.0 Å and 2.9 Å 
structures identified a lipid (DGDG2, a digalactosyl diacylglycerol) at this site.

One of the striking differences between the N-terminal region of the PsaA/B 
subunits in PS I and CP47 and CP43 is the existence of extended loops at the 
lumenal side in case of the PS II subunits. The large loop of CP 47 interacts with 
loops of the D2 protein, the PsbO protein and the PsbU protein, thereby stabiliz-
ing the manganese cluster. The long loop of CP 43 interacts with loops of the D1 
protein and all three extrinsic proteins, PsbO, PsbU and PsbV. Furthermore, amino 
acid Glu 354 provides a ligand for one manganese of the Mn4OxCa cluster (see 
Sect. 12.2.3).

12.2.2.3  Small Integral Subunits

Small integral proteins of PS II have been assigned to 14 transmembrane helices 
that are located peripherally to the central core. They can be subdivided into two 
groups, consisting of subunits located at the dimerization domain and subunits 
located at the periphery of the PS II dimer. Three helices are located close to the 
local twofold symmetry axis between the dimers, representing PsbM, PsbT and 
PsbL. One helix is sandwiched between D1 and CP43, which is assigned to PsbI. 
A field of 10 helices is located at the membrane-exposed periphery of PS II, which 
constitutes of PsbE, PsbF, PsbH, PsbJ, PsbK, PsbX, PsbY, PsbZ, and ycf12. The 
electron density is much better defined at the dimer interface than at the periph-
ery of PS II, with the consequence that the subunit-assignment of three of the 
peripheral helices was ambiguous until recently (Loll et al. 2005). This question 
could be finally settled with the 2.9 Å structure published in 2009 (Guskov et al. 
2009). One of these transmembrane helices, ycf12, had been erronously assigned 
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Fig. 12.5  Trimeric photosystem I from Thermosynechococcus elongatus as seen from the cyto-
solic side. a All subunits and co-factors. The extrinsic subunits, PsaC, PsaD, and PsaE, are labeled. 
The prefix “Psa” has been omitted from all names for brevity. b Same view, with the extrinsic sub-
units removed. The reaction center subunits are labeled, and some of the electron transfer chain, 
sandwiched between subunits PsaA and PsaB, becomes visible. c The extrinsic subunits on their 
own. Subunit PsaC contains the iron sulfur clusters FA and FB, which are the last molecules of the 
electron transfer chain. d All membrane-intrinsic small protein subunits. L, I, and M are found in 
the trimerization domain, J, F, and X are a group at the outermost edge of the protein complex, 
and subunit K can be found at the outer end of the monomer-monomer interface. e All non-protein 
cofactors. Chlorophylls are green and not labeled. Car carotenoids, MGDG  monogalactosyldiac-
ylglycerole, PG phophatidylglycerole. The carotenoids build an extensive protective network for 
the chlorophylls
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to PsbN before (Ferreira et al. 2004), but MS data showed that this subunit is not 
present in PS II crystals (for a recent review on the small integral subunits, see 
Müh et al. 2008).

Subunits at the Periphery of PS II

Cytochrome b559 (PsbE and PsbF)

Cytochrome b559 (Cyt b559) consists of two subunits: PsbE and PsbF which form a 
cross-shaped heterodimer where the heme group is coordinated by His 34 of PsbE 
and His 24 of PsbF. The cytochrome is located in close vicinity to helix 1 of D2. 
Cytb559 is an essential constituent of PS II because a deletion of either PsbE or PsbF 
is lethal for the assembly of a functionally competent PS II (Suorsa et al. 2004). The 
heme group can attain at least three different forms which are characterized by mid-
point potentials of +50 to +120 mV (low potential LP form), + 230 to +260 mV (in-
termediate IP form) and +385 to +400 mV (the unusual high potential HP form). The 
population probability of these forms is variable in both cyanobacteria and higher 
plants and also depends on the type of sample preparation (Stewart and Brudwig 
1998; Kaminskaya et al. 1999, 2005; Roncel et al. 2003). The functional role of this 
cytochrome and its heme cofactor is still under investigation. The structure implies 
that the heme might be involved in the non-radiative charge recombination pathway 
between the singly reduced Q −•

B  and P680+•  as part of a prevention of excessive 
photodamage, with the help of CarD2 that is placed between the D2 protein and cy-
tochrome b559 (Bondarava et al. 2003; Vasil’ev et al. 2003; Lakshmi et al. 2003). A 
redox active role of Cars has also been proposed by (Tracewell and Brudvig 2003). 
It is a constituent of one side of the putative quinone diffusion channel in PS II, as 
suggested by Loll et al. (2005).

The midpoint potential was recently shown to be affected by several compounds 
and a new binding site Qc proposed for PQ/PQH2 in the neighbourhood of Cyt b559 
(Kaminskaya et al. 2007). This idea has been confirmed by the recent crystal struc-
ture data (Guskov et al. 2009) (see Sect. 12.2.3.1).

Subunits Close to Cytochrome b559

Two further helices are located in the close vicinity of PsbE and PsbF. The he-
lix closest to PsbF has been assigned to PsbJ, which seems to act in tandem with 
Cytb559 in forming an access gate to the putative quinone channel in PS II (Loll et al. 
2005; Guskov et al. 2009). The helix close to PsaE [named X2 in (Loll et al. 2005)] 
was present in the 3.7 Å model (Kamiya and Shen 2003) and the 3.2 Å model 
(Biesiadka et al. 2004) of PS II, but is missing in the 3.5 Å model (Ferreira et al. 
2004). Because of its characteristic break predicted from its secondary structure, 
this helix could finally be unambigously assigned to PsbY (Guskov et al. 2009). The 
loss of this subunit in the 3.5 Å model may have been caused by the higher detergent 
concentration used for the isolation of PS II in the work of Ferreira et al. (2004), and 
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its poor electron density even in the 2.9 Å model suggests that this subunit is only 
loosely bound to the PS II core.

Small Subunits Close to CP 43

A group of four transmembrane helices is located at the periphery of PS II in close 
vicinity to CP43. The helix closest to the interface between CP43 and PsbJ has 
been assigned to PsbK, while two transmembrane helices that are in the vicinity 
of the N-terminal region of CP43 have been assigned to PsbZ. One further helix in 
between PsbZ and PsbK has been assigned to PsbN in the 3.5 Å structure. However, 
this assignment has not been confirmed at 3.0 Å resolution and PsbN could not be 
identified in the crystals by mass spectrometry (Kern et al. 2005). The 2.9 Å model 
finally allowed for assignment of the unknown helix to the protein ycf12. The sub-
units PsbJ and PsbK shield a field of lipids between the D1 protein and CP43 from 
the membrane, which in turn shield the cofactors of the D2 branch, including QA. 
The important role of PsbJ has been shown in biochemical studies: A psbJ dele-
tion mutant is impaired in PS II electron flow to plastoquinone (Regel et al. 2001), 
which is in accordance with its suggested role as one of the gate posts of the putative 
quinone diffusion channel (Loll et al. 2005). PsbK may stablilize a cluster of chlo-
rophylls in CP43. A tight interaction of CP43 with PsbK has also been shown by 
biochemical studies, where PsbK was co-purified with CP43 during ion exchange 
chromatography (Sugimoto and Takahashi 2003). The stabilization effect may be 
further enhanced by the interaction with a Car.

Small Subunits Close to CP47

Only one helix is in close contact to chlorophylls of CP 47 at the membrane-exposed 
periphery, and this helix has been assigned to PsbH. It forms hydrophobic contacts 
with several chlorophylls in CP47 and with one carotenoid, thereby stabilizing the 
antenna system of CP 47. PsbH seems to play a role in the repair of photodamage 
(Komenda et al. 2005) because it has the second highest turnover rate of all PS II 
subunits under illumination (Rokka et al. 2005). The exact nature of its role is un-
known so far.

Small Subunits Close to ChlZD1 and ChlZD2

Close to ChlZD1 and ChlZD2, two symmetry-related single helices can be found. The 
helix close to ChlZD1 has been assigned to PsbI, while the helix close to ChlZD2 has 
been identified as PsbX which was previously tentatively assigned to PsbZ in the 
3.5 Å structure, but this assignment was not confirmed at 2.9 Å resolution.

Deletion mutants of PsbI are strongly affected. They are still able to grow photo-
autotrophically in dim light, but not in high light, and the amounts of PS II complex-
es and the oxygen evolving activity are both reduced to 10–20% of wild-type levels 
(Kunstner et al. 1995). Similar to PsbH, PsbI seems to play a role in D1 turnover, 
and furthermore in CP43 stability (Dobakova et al. 2007). Deletion of PsbI leads to 
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increased D1 turnover, but to decreased efficiency of the repair process, probably 
due to destabilization of CP43.

Subunits of the Dimerization Domain

In the dimerization domain, three helices are located, which are assigned to the 
subunits PsbL, PsbM and PsbT. PsbM is closest to the dimerization domain and 
forms interactions with the PsbM subunit of the neighboring dimer. This is the only 
protein to protein interaction known within homodimeric PS II. PsbT is also close 
to the dimer-dimer interface and to the first transmembrane helix of the D1 protein. 
PsbL is located between PsbM and PsbT. All three subunits form contacts with 
several lipids that fill the space between the dimerization domain and the opening 
between D1 and D2 protein. This means that all three subunits and the lipids are in 
close vicinity to the ETC and may even stabilize the QA binding site. The deletion of 
each of the three subunits has severe effects on the function of PS II, which are not 
all in agreement with the proposed location of these subunits. Deletion of PsbM in 
tobacco leads to high-light sensitivity of PS II, reduced phosphorylation of D1 and 
D2 and alteration of the QB site properties. The latter finding is difficult to under-
stand with the present assignment of PsbM in T. elongatus. In this mutant the PS II 
repair may be impaired (Umate et al. 2007).

Mutants lacking PsbL are highly sensitive to photoinhibition and it was sug-
gested that PsbL may be important to prevent reduction of PS II by back electron 
flow from plastoquinol (Ohad et al. 2004). A possible explanation for this discrep-
ancy between biochemical and structural evidence might be that deletion of one of 
the subunits PsbM, PsbL, or PsbT could result in the loss of all three subunits, as 
they form a helix bundle, so the effect might be indirect or generally disturb the  
PS II structure.

In the case of PsbT, its location in the dimerization domain is also strongly sup-
ported by biochemical evidence, as results from a deletion mutant of PsbT suggest. 
PsbT seems to be involved in the stabilization and repair of the primary electron ac-
ceptor QA of PS II during photoinhibition. Furthermore, it may structurally stabilize 
the QA binding site, since half of the QA was lost during purification from the PS II 
core complex that lacks PsbT (Ohnishi et al. 2007).

A general problem that has to be taken into consideration is the possibility that 
slight differences exist in the polypeptide pattern of cyanobacteria and higher plants. 
Therefore a comparison of results from different species does not always permit to 
draw straightforward conclusions.

12.2.2.4  Lumenal Subunits PsbO, PsbV and PsbU

Cyanobacterial PS II contains three extrinsic subunits that are located at the lumenal 
side of the core complex: the 33 kDa protein (PsbO), the 12 kDa protein (PsbU) and 
the cytochrome c550 (PsbV) (see Fig. 12.4b).
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PsbU and PsbV are unique to cyanobacteria, whereas PsbO is an essential con-
stituent of all PS II complexes (cyanobacteria, algae, higher plants; for review, see 
(Bricker and Burnap 2005)). In the structure at 3.8 Å resolution, the main body of 
PsbO was identified as a ß-barrel structure, which was confirmed in all later struc-
tures. PsbO forms various contacts with CP43, CP47, D1 and D2 and is thereby 
important for the stabilization of the Mn4OxCa cluster, even if it does not provide 
a direct metal ligand. The protein subunit PsbV (Cyt c550) is located at the side of 
the lumenal hump that faces away from the dimerization domain and is in close 
contact to the lumenal loops of CP43. It contains a heme with a midpoint potential 
of -80–90 mV (Roncel et al. 2003; Kaminskaya et al. 2005), but its function is un-
clear, as the reduction of the heme has not been reported. PsbV has strong structural 
similarity to Cyt c6, the electron donor to PS I, and might represent the old electron 
donor to the non-oxygenic ancestor of PS II, which was trapped during evolution 
and became an extrinsic subunit of PS II that now stabilizes the oxygen evolving 
complex (Grotjohann et al. 2004). PsbU is a small protein that is located at the out-
ermost lumenal tip of PS II. It may further stabilize the PS II complex.

12.2.3  Electron Transport Chain of PS II

The electron transfer chain of PS I contains the following cofactors (from the lumen 
to the cytosol/stroma): the 4MnCa cluster, two redox active tyrosines (TyrZ and 
TyrD), the primary electron donor P680, two accessory chlorophylls, 2 pheophytins, 
a tightly bound plastoquinone (QA) and a mobile plastoquinone (QB). PS II be-
longs to the larger class of type II RCs, where a mobile quinone serves as terminal 
electron acceptor of the ETC and the electron transfer is unidirectional in spite of 
a rather symmetric array of the pigments and quinones within the heterodimeric 
protein matrix. In PS II this heterodimer consists of the two central core proteins D1 
(PsbA) and D2 (PsbD). The D1 subunit binds the Mn4OxCa cluster, TyrZ, PD1, ChlD1, 
Pheo D1 and harbors the QB site of the mobile quinone QB. It also forms the quinone 
exchange pocket where QC is located. The protein D2 coordinates the Chls PD2 and 
ChlD2, Pheo D2 and the tightly bound quinone QA. ChlD2 and Pheo D2 are located in 
the “inactive” branch and are not directly involved in the forward electron transfer.

12.2.3.1  Acceptor Side of PS II

The acceptor side of PS II is remarkably similar in all type II RCs.. The electron is 
transferred through the active branch from 1P680* to the tightly bound plastoqui-
none QA via pheophytin at the D1 site (PheoD1). From QA the electron is transferred 
to the mobile quinone QB. A non-heme iron is located between QA and QB, that has 
been shown not to be directly involved in electron transfer from Q−•

A  to QB/Q−•
B  

but probably playing a structural function (for a discussion, see Renger and Renger 
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2008). Two sequential electron transfer steps with Q −•
A  as donor lead to double 

reduction of QB, followed by the binding of two protons (from the cytosolic/stroma 
side) to form PQH2 which then leaves the binding pocket in exchange with a PQ 
molecule. The proposed existence of a third quinone binding site QC (Kaminskaya 
et al. 2007) was confirmed by the most recent X-ray structure (Guskov et al. 2009).

The head group of QC is located at a 17 Å distance to QB’s head group. Eight 
lipids, which are forming a “mini-bilayer”, are located in close vicinity to the QB 
and QC sites. The surrounding of these two quinones is shown in Figs. 12.4b, c. 
Two access portals have been proposed for exchange of the quinones with PQ pool. 
Based on the structure three different models have been discussed for the function 
of the quinone QC and the mechanism of the exchange of PQH2 for a quinone from 
the PQ pool: the alternating, wriggling, and the single channel scenario.

In the alternating channel scenario, PQH2 and PQ enter into the QB site via al-
ternating pathways: PQH2 leaves PS II through channel II, and the “waiting” plas-
toquinone in channel I takes its place in the QB binding site. This scenario would 
predict that the isoprenoid tail would still reside in channel I, while at the same time 
another PQ from the PQ pool moves into the channel II, waiting for the next turn-
overs where then PQH2 leaves the QB site now via channel I. The fact that the tails 
of the QB and QC are well defined and QB is located in both monomers of PS II in 
channel II makes this scenario relatively unlikely, as it would require that all PS II 
molecules in the crystal have been trapped in the same conformation.

The second mechanism discussed is the wriggling mechanism. In this scenario, 
channel I is the entry channel and channel II is the exit channel. This means that 
plastoquinone PQ always enters through channel I and plastoquinol PQH2 always 
leaves the QB site through channel II. This scenario would require the movement 
of the isoprenoid tail from channel I to channel II, and consequently the tail has to 
wriggle around two MGDG lipids and the phytyl tail of ChlD1.

The third, “single channel” mechanism excludes the quinone in the QC site from 
PQH2/PQ exchange. Only channel II is active and a single PQ enters the channel II 
after PQH2 has left. This scenario is possible but does not provide a function for QC 
and channel I in PQH2/PQ exchange. However it is in line with a regulatory role of 
Cyt b559 proposed by Kaminskaya et al. (2007).

At the moment one can not decide unambiguously between the 3 scenarios. Site 
directed mutagenesis in combination with functional studies may provide the results 
to unravel the mechanism of the PQH2/PQ exchange.

12.2.3.2  Donor Site of Photosystem II

While the acceptor site of PS II is homologous in all type II RCs, the ability to use 
water as a donor for the electron transport chain makes the ETC of the PS II donor 
site unique among all enzymes on earth.

The current state of knowledge on the donor side of PS II has been described in 
several recent reviews (see Renger and Renger 2008 and references therein) and 
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book chapters in Bricker and Burnap (2005) and Renger (2008). Therefore we will 
here only briefly summarize the general function and the structural features of the 
PS II donor side (for further details, see chapter of Renger and Ludwig).

P680

The cation radical of the primary donor in PS II, P680+•  is one of the most oxidizing 
cofactors found in biological systems (Ishikita et al. 2006) and the indispensable en-
ergetic prerequisite for the unique function of PS II: the oxidative water splitting. The 
midpoint potential of P680/P680+•  cannot be directly determined by redox titration. 
Therefore its value has been estimated by indirect methods and recently numbers of 
about +1.25 V were reported (Rappaport and Diner 2009). PS II has to pay a very 
high price for this high midpoint potential: the D1 protein in Photosystem II is eas-
ily damaged and has to be degraded and replaced in a plant in bright sunshine every 
half an hour. It is remarkable that Nature has not been able to solve this photodamage 
problem of PS II in the 2.5 billion years since PS II has been performing its function 
on our planet. Most of the current evidence points in the direction of the triplet state 
of 3P680 being the major contributor to the photodamage problem. Chl triplet states 
can be most efficiently quenched by carotenoids (Cars) (<1 ns) as nicely illustrated 
for the LHC II complex of plants (Schödel et al. 1998). This unique mechanism re-
quires close proximity between P680 and Car. In the PS II RCs, however, the Cars 
have to be sufficiently far apart from P680+•  in order to prevent very rapid and dissi-
pative oxidation. As a consequence quenching of 3P680 is significantly less efficient.

When looking at the structure of four Chls in PS II, the question arises which of 
the four chlorophylls represent(s) 1P680*, P680+•  and 3P680?

Based on our current state of knowledge it is most likely that 1P680* is delocal-
ized over the ensemble of the four Chls and two Pheo’s, while P680+•  attains two 
different states, i.e. the inially formed Chl+•

D1  followed by very rapid electron trans-
fer from PD1 (Barber 2002; Fromme et al. 2002; see also Di Donato et al. 2008).

We discussed above that 3P680 may be the primary cause of the photodamage of 
the D1 protein in PS II. Therefore it is interesting to know on which of the chloro-
phylls the triplet state of P680 is located. Spectroscopic evidence revealed that the 
triplet state of the primary donor 3P680 is located on a Chl that is tilted 30° against the 
membrane plane (van Mieghem et al. 1995 and references therein). This condition is 
only satisfied for ChlD1 and ChlD2. As the triplet state is formed by recombination of 
the electron from one of the quinones to P680+•  and location of P680+•  has been 
shown to be on PD1, the ChlD2 can be excluded, thus restricting the location of 3P680 
on ChlD1. It should be noted that no central ligand for this chlorophyll is visible in any 
of the X-ray structures, which makes it very likely that ChlD1 is coordinated by a water 
molecule.

The four chlorophylls are arranged in two symmetrically related pairs, PD1/PD2 
and ChlD1/ChlD2. The dimer PD1/PD2 is oriented perpendicular to the membrane plane. 
A finding that confuses non-crystallographers is that the center-to-center distance 
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between PD1 and PD2 as determined from the X-ray structures of PS II has decreased 
from 10 Å in the first structure of PS II at 3.8 Å resolution (Zouni et al. 2001), to 
9.56 Å in the 3.7 Å structure (Kamiya and Shen 2003), to 8.6 Å in the 3.6 Å structure 
(Fromme et al. 2002). This value further reduced to 8.2 Å in the 3.5 Å structure (Fer-
reira et al. 2004) and 8.3 Å in the 3.2 Å (Biesiadka et al. 2004) structure and 8.0 Å in 
the structure at 3.0 Å resolution (Loll et al. 2005). The recent 2.9 Å structure of PS II 
showed 8.13 Å in monomer 1 (pdb code 3BZ1) and 8.11 in monomer 2 (pdb code 
3BZ2) (Guskov et al. 2009). The decrease in distance with increase in resolution 
may be caused by a clearer assignment of the chlorin system at higher resolution, so 
that the center-to-center distance of 8.1 Å can now be stated with great confidence. It 
is very interesting to note that the chlorophylls PD1/PD2 are more separated from each 
other in PS II than the Chls in P700 or the BChls in the special pair of PBRC. This 
larger distance implies a weaker excitonic coupling, so the Chls in PD1/PD2 of PS II 
may have more “monomeric” character than the two Chls in P700 or the two BChls 
in P870 in the PBRC (for a review, see Renger and Renger 2008).

Water-Oxidizing Complex

Oxidative water splitting is catalyzed by the Mn4OxCa cluster which is bound to the 
protein D1. The PS II structure at 3.8 Å resolution unravelled for the first time the 
location of the manganese cluster and the arrangement of the four manganese in a 
3 + 1 organization. This 3 + 1 arrangement of the four manganese was confirmed by 
all further improved crystal structures (Fromme et al. 2002; Kamiya and Shen 2003; 
Ferreira et al. 2004; Loll et al. 2005; Guskov et al. 2009) and is also in agreement 
with EPR and EXAFS studies (Kern et al. 2007; Peloquin and Britt 2001; Haddy 
2007; Sauer and Yachandra 2004; Britt et al. 2004; see also Yano and Yachandra 
2009 and references therein). The first evidence for the location of the Ca was pro-
vided by the 3.5 Å structure (Ferreira et al. 2004). Three manganese and the Ca2+ 
form a distorted cubane with the fourth manganese being more distal to the distorted 
cubane. The general structural arrangement of the Mn4OxCa cluster is in agreement 
with conclusions gathered from EPR and EXAFS data [for a more detailed discus-
sion see (Sauer and Yachandra 2004; Yano and Yachandra 2009; Haddy 2007) and 
references therein]. The arrangement of the metal cluster based on the 2.9 Å struc-
ture (Guskov et al. 2009) is shown in Fig. 12.4.

Chloride has long time been suggested to be an essential part of the WOC (for a 
review, see van Gorkom and Yocum 2005) but is has only recently been identified 
in the X-ray structures of PS II (Murray et al. 2008; Kawakami et al. 2009; Guskov 
et al. 2009). These studies revealed that Cl− is not a direct ligand to manganese but 
probably part of a functionally relevant hydrgen bond network, as originally pro-
posed by Olesen and Andréasson (2003).

Despite marked improvements in the overall resolution of the PS II structure 
and the protein environment, the resolution of the electron density of the Mn4OxCa 
cluster has not significantly improved since the very first crystal structure of PS II 
at 3.8 Å resolution in 2001. It should also be noted that an omit map with the model 
of the centers of the Mn4OxCa cluster, published in the supplement info of the 3.5 Å 
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structure of PS II, implies an accuracy of the position of the Mn atoms which is 
strongly misleading. At this resolution any atom placed in the electron density (ED) 
map of the Mn4OxCa cluster at totally arbitrary position will show up as a spherical 
density in the omit map (Berry, personal communication). Therefore interpretations 
of the omit maps at this resolution should be considered with great caution and nei-
ther be published nor be used for any modeling.

The limited resolution of the crystal structure, however, is only one part of the 
problem of the still fragmentary knowledge on the structural details of the Mn4OxCa 
cluster. Even more important are the effects due to damage of the Mn4OxCa cluster 
by X-rays during data collection. It has been shown that the manganese in the clus-
ter becomes rapidly damaged and reduced to Mn2+ during X-ray exposure (Yano 
et al. 2005). The distal Mn4 (often also designed MnA) might be the most sensitive 
manganese to disassemble from the cluster during X-ray damage, as it shows less 
than 30% occupancy in the 3.0 Å X-ray structure (Loll et al. 2005).

The determination of an undisturbed structure of the cluster by overcoming 
the X-ray damage problem and further improvement in resolution is absolutely 
essential for the determination of the structure of the Mn4OxCa cluster to levels 
that permit reliable mechanistic considerations. It must be clearly stated that none 
of the current structures resolves the position of individual manganese centers or 
provides evidence for their mode of bridging by oxygen. Likewise, the mechanis-
tically most important ligation by water molecules is not visible in any of the X-
ray structures, except of one water molecule which has so far been identified in the 
neighbourhood of Cl− and Mn4 in the 2.9 Å structure of PS II (Guskov et al. 2009).

Potential ligands to the Mn4OxCa cluster include Asp 170, Glu 189, His 190, 
Asp 342, His 332, Glu 333 and the N-terminus of D1 (Ala 344). In addition Glu 
354 of CP43 also provides a ligand to the cluster. Although similar amino acids are 
close to the Mn4OxCa cluster in all structures, the positioning of the amino acids 
differs slightly. Recently, FTIR spectroscopy studies have been performed on mu-
tants where nearly all putative ligands to the Mn4OxCa cluster are replaced by other 
amino acid residues. Almost all mutants remained still functionally competent and 
showed no significant difference in the FTIR spectra (Strickler et al. 2006, 2007; 
Debus 2008), except the mutation CP43-Glu 354 to Gln (Strickler et al. 2008). 
This finding caused a lot of confusion. One reasonable explanation for this puzzle 
might be offered by the recent resonant inelastic X-ray scattering (RIXS) results 
which show that the charge is likely to be delocalized over the cluster (Yano and 
Yachandra 2008). Therefore, the change of one of the ligands may cause only a 
slight redistribution of charge and spin among the manganese centers of the cluster.

The mechanism of water splitting and the oxidation states of the Mn4OxCa clus-
ter are a very hot topic of discussion and so far no model exists that can explain all 
experimental data. A more detailed description of current models on the mechanism 
is presented in chapter Renger and Ludwig. It is the hope that a higher resolution 
X-ray structure of the undamaged Mn4OxCa cluster in combination with spectro-
scopic results and computational modelling may be able to solve the secrets of the 
process of light-driven oxidative water splitting leading to formation of molecular 
dioxygen. This mechanism is still the “holy grail” of photosynthesis that waits to 
be fully discovered.
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12.2.4  Antenna System of PS II

The core antenna system of the PS II monomer from T.elongatus contains 29 Chl 
a and 10 Car molecules in CP43/CP47. The antenna system is very well separated 
from the reaction center domain. There is no clear “entrance gate” of the excitation 
energy transfer into the PS II core. Six Chls are located in moderate distance of 
about 18–22 Å to the Chls of the electron transfer chain. Interestingly the two Chls 
coordinated by D1 and D2, ChlZD1 and ChlZD2, are not the Chls that are located at 
the closest distance to the electron transfer chain. Indeed they are quite isolated and 
may not interact strongly with the clusters of Chls coordinated by CP43 and CP47. 
The clear spatial separation between the pigments of the antenna system and the RC 
core, which is necessary to prevent rapid oxidation by P680+• , explains why exci-
tation energy transfer in the PS II antenna system is probably “transfer to the trap” 
limited. However, this question is still a matter of controversial discussion (Milo-
slavina et al. 2006; Broess et al. 2008; for a review, see Renger and Renger 2008).

12.2.4.1  Chlorophylls

The PS II core complex of T.elongatus contains 35 structurally identified Chls; 29 
of these are coordinated by the proteins PsbB and PsbC which provide the axial 
ligands for 16 and 13 Chl a molecules, respectively (Loll et al. 2005; Müh et al. 
2008)]. Position and location of these Chls is very well defined in the X-ray struc-
tures and all except three of them had already been identified in the first 3.8 Å 
resolution structure of PS II (Zouni et al. 2001).

The 16 Chls bound to CP47 and the 13 Chls bound to CP43 are arranged in two 
layers, close to the stromal and lumenal side of the membrane. This layer structure 
can also be found in the peripheral part of the PS I antenna (see Fig. 12.6). Thirteen 
of the 16 Chls assigned to CP47 are coordinated by His ligands, one is coordinated 
by the backbone carbonyl atom of a tryptophan residue, one is coordinated by the 
ester carbonyl group of a lipid (MGDG) via a potential water molecule, for one Chl 
no ligand has been assigned and it is assumed that it is coordinated by a water mol-
ecule (Müh et al. 2008). Of the 13 chlorophylls bound to CP43, 10 are coordinated 
by His ligands, one is coordinated by a Ser residue (possibly involving a water 
molecule), one is coordinated by the carbonyl side chain group of an Asn residue, 
and one chlorophyll is coordinated by the ester carbonyl group of a lipid (DGDG) 
(Müh et al. 2008). It is very astonishing that—in contrast to PS I—none of the 
small membrane intrinsic subunits of PS II directly coordinates any of the antenna 
chlorophylls.

PS I and PS II exhibit some homologies of the position and location of the Chls 
bound by CP47 and CP43, confirming the suggestion that the N-terminal part of 
PS I and CP47/CP43 may have evolved from a common ancestor (Schubert et al. 
1998). The major difference of the antenna systems in PS II and PS I is the lack of 
the central antenna in PS II (see Fig. 12.6 for comparison of the antenna systems in 
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PS I and PS II). In PS I, 50 antenna Chls are located in this central domain surround-
ing the ET chain. In contrast, the central PS II core contains only two chlorophylls 
(ChlZD1 and ChlZD2), which are coordinated by the D1 and D2 proteins.

The lower efficiency of the excitation energy transfer in PS II compared to PS I 
is caused by the lack of the central antenna. In PS II, the quantum efficiency of 
excitation energy transfer is only ~90% (Hou et al. 2001; Vasil’ev et al. 2004) com-
pared to >97% efficiency of excitation energy transfer and trapping in PS I (Gobets 
et al. 2001; Damjanovic et al. 2002; Sener et al. 2002). The lower efficiency of the 
antenna system in PS II is the reason for the observation that the chlorophyll fluo-

Fig. 12.6  Comparison of the 
antenna systems of mono-
meric photosystems I and II 
from TS elongatus. a, c Pho-
tosystem II; b, d Photosystem 
I; a, b views from within the 
membrane plane; c, d views 
from the lumenal side. Only 
chlorophylls are shown, with 
the PS II non-heme iron and 
the PS I iron sulfur clusters 
included to facilitate orienta-
tion. Chlorophylls in electron 
transfer chains are red, so-
called “connecting chloro-
phylls” in PS I and ChlzD1 
and ChlzD2 in PS II are cyan, 
“connecting dimers” in 
PS I blue. The comparison 
shows that PS I contains 
an extensive, uninterrupted 
chlorophyll network, whereas 
the electron transfer chain of 
PS II is isolated by a big gap, 
possibly to prevent the high 
redox potential of P680 from 
damaging other chlorophylls. 
In both protein complexes, 
the chlorophylls are clearly 
organized in two layers near 
the membrane surfaces, 
bridged by only a few chlo-
rophylls and of course the 
ETC’s
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rescence spectrum of photosynthetic organisms at room temperature is dominated 
by fluorescence from PS II (for a review, see Papageorgiou and Govindjee 2004).

Why does PS II not contain a central antenna domain? Concerning the antenna 
system, PS II may represent an earlier evolutionary state, where antenna and re-
action center were not tightly coupled. In PS I the antenna domain and the reac-
tion center domains are fused to form a more efficiently joint reaction center and 
antenna system. The reason why PS II has not developed a core antenna system 
analogous to PS I is very likely due to the process of photodamage and repair. PS II 
has to pay a high price for its ability to use water as an unlimited electron source, 
as it is sensitive to photodamage (see Sect. 12.2.3.2). The photodamage of the D1 
protein requires the frequent replacement of the protein in a complex process that 
involves monomerization of the PS II dimer, phosphorylation of the D1 protein, 
plus disassembly of CP43, all three membrane extrinsic proteins, as well as several 
of the small intrinsic membrane proteins of the PS II core complex. This constant 
need for repair of the D1 protein may have hindered the development of a closely 
coupled core antenna system in PS II. At present, nothing is known about the fate 
of the Chls bound to D1 during the repair cycle, but if PS II would contain a cen-
tral antenna domain, all central Chls bound to D1 would have also to be replaced 
together with the D1 protein.

The repair cycle of D1 is one, but not the only possible explanation for the lack 
of a tightly coupled antenna system. Another important reason for a clear separa-
tion of the antenna and reaction center domain is the high midpoint potential of 
P680/P680+•. The location of many antenna chlorophylls close to the highly oxi-
dizing P680 could potentially caused severe damage of the antenna pigments.

12.2.4.2  Carotenoids

The 3.0 Å structure of Photosystem II (Loll et al. 2005; Müh et al. 2008) unravelled 
the position and location of 11 Cars, and one additional Car has been located at the 
D2 site of PS II in the 2.9 Å structure of PS II (Guskov et al. 2009). All Cars were 
modeled as β-Car, which do not mean that all carotenoids in PS II are ß-Car mol-
ecule. They were only modelled as β-car molecules due to the limitations in resolu-
tion of the X-ray structure. The same is true for PS I, where so far all Cars have been 
modelled as β-Car. There are no striking homologies between the arrangements of 
the carotenoids in PS I and PS II. In PS II, the arrangement of Cars is much more 
symmetrical than in PS I.

All Cars in PS II are located in the antenna domain of PS II and only two Cars 
are associated with the D1 and D2 core proteins. The top view of the cofactor ar-
rangement (Fig. 12.2e) shows that none of the Cars is in close distance to any of 
the Chls of the ETC. This lack of Cars in the RC domain is in clear contrast to the 
PBRC, where a carotenoid molecule is located in close distance to the primary do-
nor (Deisenhofer et al. 1995) so that it can efficiently quench dangerous 3P triplet 
states. PS I also contains Cars in the central RC domain (Jordan et al. 2001), see 
also Fig. 12.5e. The lack of any Cars in the central RC domain of PS II may be 
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the reason for the photodamage of PS II caused by 3P680. This raises the question 
why PS II lost these essential Cars during evolution, a lack which makes it now so 
vulnerable to photodamage. The reason for the lack of Cars in the RC of PS II is 
very likely caused by the high midpoint potential of P680/P680+•  as outlined in 
Sect. 12.2.3.2.

Most of the Cars in the antenna system of PS II are oriented roughly perpendicu-
lar to the membrane plane, only three are oriented parallel to the membrane plane 
(Müh et al. 2008; Guskov et al. 2009). The Cars thereby may serve in the functional 
connection of the lumenal and cytosolic/stromal layers of the antenna system.

Quenching of Chl triplet states is one of the main functions of carotenoids in 
PS II. They can also function as an additional antenna pigments. In addition Cars 
may also serve as stabilizing elements in PS II together with the lipids. Carotenoids 
bridge CP43 with the cluster of small subunits at the periphery of PS II (PsbK 
and PsbZ) as well as PsbI at the inner site of the PS II dimer. Carotenoids at the 
monomer-monomer interface may contribute to the stabilization of the dimer by 
“bridging” CP 47 with PsbT and the first transmembrane helix of the D1 protein 
from the other monomer.

The two Cars that are associated with D1 and D2 are at symmetry-related posi-
tions, but have opposite orientations. CarD1 is located between helix 1 of the D1 
protein and the dimer-dimer interface. It is orientated nearly perpendicular to the 
membrane plane. CarD2, is located between helix 1 and the Cyt b559, in close vicinity 
to ChlZD2, and is orientated nearly parallel to the membrane plane. These two Chls 
may represent the species that have been spectroscopically identified by (Kwa et al. 
1992). Based on the 3.0 Å structure of PS II (Loll et al. 2005), the authors proposed 
that CarD1 may represent Car489 and CarD2 may correspond to Car507. It has been 
speculated that CarD1 may have the function of quenching triplet states of ChlZD1.

Cars cannot only quench Chl triplets but also reactive singlet dioxygen which is 
formed via their sensitized reaction with triplet ground state dioxygen.

Furthermore, CarD2 was also proposed to play a role in the photoprotective pro-
cesses of charge recombination between singly reduced QB and P680; however this 
hypothesis may be questioned due to the large distance to the Chls of the RC core.

12.2.4.3  Lipids

Photosystem II has the highest lipid content from any of the membrane proteins, 
for which a structure has been determined so far (Guskov et al. 2009). Already the 
3.0 Å structure revealed that lipids are constituents of PS II. The lipids are bound at 
the interface between the D1/D2 core, the antenna proteins CP43 and CP 47 and two 
domains of transmembrane helices from small subunits (PsbM, L and T at the di-
merization domain) and (PsbF, J and K) at the membrane exposed surface of PS II. 
They may provide the lubricant for the smooth replacement of the D1 protein (Loll 
et al. 2005, 2007). The removal of damaged D1 proteins and subsequent insertion 
of the newly synthesized D1 proteins may be facilitated by allowing them to slide 
easily in and out of their place.
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The extremely high lipid content of PS II is one of the most important differ-
ences between PS I and PS II. 25 lipid molecules have been identified in the 2.9 Å 
structure of PS II (Guskov et al. 2009), i.e. 11 molecules in addition to the 14 lipids 
identified in the structure of PS II at 3.0 Å resolution (Loll et al. 2005). So far only 
four lipids have been identified in PS I, based on the structure at 2.5 Å resolution, 
even if it cannot be excluded that more lipids might be visible in an X-ray structure 
of PS I at higher resolution.

The role of lipids as essential cofactors in PS II has been known for a long time 
and lipids have been assigned to play a vital role in the function and structure of 
PS II (Dörmann and Hölzl 2009; Wada and Mizusawa 2009). It was shown by muta-
genesis studies that phosphoglycerol (PG) plays a role in electron transfer between 
QA and QB (Gombos et al. 2002) and digalactosyldiacylglycerol (DGDG) affects the 
reactions on the donor side of PS II (Steffen et al. 2005). Furthermore, lipids were 
also found to be absolutely essential for the dimerization of PS II (see Jones 2007; 
Fyfe and Jones 2005 and references therein).

The most recent structure of PS II at 2.9 Å resolution unveiled that the most 
prominent lipids in PS II are the glycolipids MGDG and DGDG (Guskov et al. 
2009). PS II contains 11 MGDG molecules, and 7 DGDG molecules. All the head 
groups of the 7 DGDG molecules are located at the lumenal side of PS II, while the 
head groups of MGDG are found to be localized on both sides of the membrane. In 
addition to the glycoclipids, PS II contains 7 charged lipids, 5 of them are the sul-
folipid sulfoquinovosyldiacylglycerol (SQDG) and only 2 are phospholipids. The 
head groups are located at the stromal side of the membrane for all seven charged 
lipids.

The lipid composition of PS II roughly reflects the distribution of lipids in the 
native membrane of the closely related thermophilic cyanobacterium T. vulcanus, 
which contain 45% MDGD, 25% DGDG, 15–25% SQDG and 1–15% PG (Sakurai 
et al. 2006). It is remarkable that the lipids are not interchangeable as they can be 
unambiguously identified at unique positions in the X-ray structure.

The lipids form 2 clusters at the monomer-monomer interface and a large cluster 
at the QB/QC binding pockets, which may represent the PQ/PQH2 exchange pocket. 
Other lipid clusters fill a pocket at the interface between CP47 and D2/PsbH/PsbX 
and a pocket at the interface between CP43 and PsbJ/K. Another cluster is located 
at the periphery of PS II at the interface between PsbX, PsbY, and Cyt559 (PsbE/F). 
The most remarkable feature of all lipid clusters can be found for the cluster of 8 
lipids that is located at the PQ-PQH2 exchange pocket. This cluster forms a mem-
brane like arrangement, which may be very important for the PQ-PQH2 exchange 
in the catalytic cycle of PS II.

As the lipids of the thylakoid membrane play an important role in the repair 
cycle of PS II (Kanervo et al. 1995, 1997), the lipids at the interface to CP43 and 
at the monomer to monomer interface may have a similar function, as they may 
provide a “lubricant” that allows for fast disassembly/assembly of PS II during the 
repair cycle. This repair cycle involves monomerization and detachment of CP43 
and peripheral subunits from the core of PS II to allow for degradation of the dam-
aged D1 protein and the co-translational re-insertion of a new D1 protein into the 
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D2-CP47-Cyt559 core complex of PS II. The importance of lipids for the PQ/PQH2 
exchange of PS II and the repair process would also explain the much lower lipid 
content of PS I, as PS I does not have to undergo excessive repair in the living cell 
and the electron transfer is mediated by tightly bound quinones that do not exchange 
during the catalytic cycle.

12.3  Photosystem I

12.3.1  Overview of the Structure of Cyanobacterial 
Photosystem I 3

The prevalent oligomeric form of PS I in cyanobacteria is a trimer (Ford and Hol-
zenburg 1988; Rögner et al. 1990), but under high light intensities or stress, PS I can 
also monomerize in the membrane. In plants PS I is always monomeric connected 
with four LHC I complexes serving as the peripheral antenna (Amunts et al. 2007).

It has been argued that the trimeric PS I of cyanobacteria is the “ur” form of PS 
I and the trimeric structure has been disrupted later in plants to allow the attach-
ment of the LHCs (Amunts and Nelson 2008; Nelson 2009). An alternate scenario 
might be more likely, where the “ur” PS I in ancient cyanobacteria was monomeric 
and the trimeric form is a more recent evolutionary “improvement” that allows the 
cyanobacterial PS I to establish a larger coupled antenna system. An indication for 
this idea comes from the recent findings on PS I from an ancient thermophilic and 
acidophilic red alga. This red alga contains a monomeric PS I that shows chimerical 
features of both, cyanobacterial and plant PS I (Vanselow et al. 2009).

So far, the structure of cyanobacterial PS I has only been determined from one or-
ganism, the thermophilic cyanobacterium T. elongatus (Jordan et al. 2001; Fromme 
et al. 2001). The trimeric PS I has a molecular weight of 1,080,000 Da and, thereby, 
is the largest and most complex membrane protein that has been crystallized so far 
(Fromme 1998). The structure has been improved from the first model at 6 Å reso-
lution (Krauss et al. 1993) to 4 Å resolution (Krauss et al. 1996; Klukas et al. 1999a, 
b). The currently best model is based on the structure of PS I at 2.5 Å resolution 
(Jordan et al. 2001; Fromme et al. 2001). The structure of PS I can be described as 
a clover leaf with a diameter of 220 Å. This structural model in a top view from the 
lumenal side is shown in Fig. 12.3b and from the stromal side in Fig. 12.5a. Each 
monomer “leaflet” contains one electron transport chain and consists of 12 proteins, 
9 of which are membrane intrinsic. Three peripheral protein subunits extend the sur-
face of PS I by 40 Å at the stromal side and provide the docking site for ferredoxin/
flavodoxin. At its lumenal side, PS I is relatively “flat” and extends the membrane 
by only about 15 Å. An indentation at the lumenal side in close proximity to P700 

3 For a historical review of structural investigations of Photosystem I that precede the X-ray struc-
ture, see Witt (2004).
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provides the docking site for PC or Cyt c6. A unique feature of PS I is its high co-
factor content: one monomeric unit of PS I contains 127 cofactors, which thereby 
contribute approx 30% to the total mass of PS I. All cofactors are non-covalently 
bound to the protein subunits.

PS I can be regarded as a joint form of a reaction center and core antenna complex. 
The core of PS I formed by PsaA/B heterodimer is surrounded by 7 small membrane 
intrinsic proteins (PsaF, PsaI, PsaJ, PsaK, PsaL, PsaM and PsaX), which contain 
only 1–3 transmembrane helices each. The stromal hump is built by three subunits 
(PsaC, PsaD and PsaE) that provide the docking site for ferredoxin/flavodoxin.

12.3.2  Protein Subunits of PS I

12.3.2.1  Large Subunits PsaA and PsaB

PsaA and PsaB bind the organic cofactors of the ETC and 79 of the 90 antenna 
Chls. While all type II RCs (including PBRCs, non green sulphur bacterial RCs and 
PS II) are hetero-dimeric, type I RCs in non-oxygenic bacteria (heliobacteria and 
green sulphur bacteria) are all homodimeric (Raymond et al. 2006). This leads to 
the conclusion that the hetero-dimeric nature of PS I is very likely a relatively recent 
evolutionary event (Mix et al. 2005). PsaA and PsaB show a large sequence homol-
ogy to each other, and the membrane intrinsic core of PsaA/PsaB is very symmetric, 
while larger differences are found in the loop regions.

PsaA and PsaB form 11 transmembrane helices (TMHs) each (see Figs. 12.3b 
and 12.5b). The majority of the cofactors of the electron transport chain (P700, A0, 
A1, and FX) are coordinated by PsaA and PsaB. In addition, they provide the central 
ligand for 79 of the 90 antenna chlorophylls in PS I and form hydrophobic interac-
tions with most of the Cars. PsaA and PsaB can be structurally divided into two dis-
tinct domains: The c-terminal domain of PsaA and PsaB consist of 5 transmembrane 
helices each and encircles the electron transport chain like a fence (see Figs. 12.3b 
and 12.5b). The N-terminal domains of PsaA/PsaB consist of six transmembrane 
helices each. This twinned pair of six helices each flanks the core of the reaction 
center on both sides and provide the core antenna system of PS I. The arrangement 
of the C-terminal domain resembles the D1/D2 core of PS II (see Sect. 12.2.2.1), 
while the N-terminal 6 helices of PsaA and PsaB show structural and functional ho-
mologies to the CP43 and CP47 antenna proteins of PS II (see Sect. 12.2.2.2). The 
similarity of the helix arrangements strongly supports the hypothesis that PS I and 
PS II have evolved from a common ancestor (Schubert et al. 1998).

C-terminal Domain of PsaA/PsaB

The 5 transmembrane helices of the C-terminal domain surround the cofactors of 
the ETC. The C-terminal domain coordinates the 6 chlorophylls of the ETC as well 
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as the two phylloquinones and the first FeS center, FX. The helices of the C-terminal 
domain of PsaA and PsaB are arranged in two semi-circles. The TMH 10 is located 
in the center of the complex and provides the central ligands for the primary donor 
P700 and the first stable electron acceptor A0, located in the middle of the mem-
brane. Following the semi-circle from the center to the periphery the next helix in 
line is TMH 11, followed by TMHs 9, 8 and 7. The phylloquinones are bound in 
two hydrophobic pockets formed by the loops between TMHs 10 and 11. The co-
ordination of the first FeS cluster FX is provided by four cysteines, two from PsaA 
and two from PsaB. FX is thereby a rare example of an inter-protein FeS cluster. The 
loop region that coordinates FX is located between TMHs 8 and 9 and represents the 
region with the highest sequence conservation between PsaA and PsaB.

Antenna Domain of PsaA/PsaB

A unique feature of PS I that also differs from PS II is the tight structural and func-
tional coupling of the reaction center core and the integral antenna system, which 
indicates that PsaA/PsaB in PS I form a joint entity of RC and core antenna system. 
The six N-terminal TMHs of PS I coordinate the 40 Chls in the peripheral part of 
the core antenna domain of PS I. The six helices are arranged in form of a “trimer of 
dimers” where pairs of helices are formed by TMHs 1/2, TMHs 3/4, and TMHs 5/6. 
The helix pair 5/6 provides protein-protein interactions with the C-terminal core 
domain of PS I, and the helix pair 1/2 is located at the periphery of PS I. This ar-
rangement of helices is very similar to PsbC and PsbB in PS II (see Figs. 12.1b and 
12.2b). The N-terminal domain of PS I also shows interactions with Cars and four 
lipids. A second function of the N-terminal domain is the interaction with the small 
membrane intrinsic subunits. However, most of these interactions do not involve 
direct protein-protein contacts, but are pigment-mediated, thereby better described 
as protein-cofactor-protein interactions. The C-terminal domain is also involved in 
the antenna function of PS I. It has a dual function: in addition to the coordination 
of most cofactors of the ETC, it also coordinates 25 out of 90 antenna chlorophylls 
in PS I. A further unique feature is that also the lumenal and stromal loops of PsaA 
and PsaB contribute to the coordination of chlorophylls in PS I.

Loop Regions of PsaA/PsaB

The TMHs of PsaA and PsaB are highly homologous between PsaA and PsaB and 
show a nearly perfect two-fold symmetry. The center of this symmetry is located at 
an axis that crosses the first FeS cluster FX, which indicates that FX may also play an 
important role in the assembly of the core of PS I. The high symmetry of the trans-
membrane part of PsaA and PsaB is contrasted by large deviations from the twofold 
symmetry in cytosolic/stromal and lumenal loop regions of PsaA and PsaB, which 
differ in sequence, length and also contain varying secondary structural elements. 
Thereby, the loops induce elements of asymmetry into the system. These differ-
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ences are especially important for the docking of the three stromal subunits, PsaC, 
PsaD and PsaE. Simulations of the docking of PsaC to the PS I core have indicated 
that they might provide the clue for the unique orientation of PsaC with regard to the 
core of PS I (Jolley et al. 2006; Jagannathan and Golbeck 2009a, b).

PsaA and PsaB also play a key role in the docking of the soluble electron donors 
to PS I. The docking site for plastocyanin and Cyt c6 is located at the lumenal site 
of PS I at a shallow cleft, which allows access of the electron donor to P700. The 
major interaction site of PS I with PC/Cyt c6 is provided by two helices in the loop 
between TMHs 9 and 10 (Grotjohann et al. 2004). The helices are the only barrier 
between P700 and the aqueous surface. They are mainly hydrophobic and contain 
two tryptophan residues that “stick out” into the aqueous phase and may directly 
interact with the soluble electron carriers PC/Cyt c6 (Sommer et al. 2004). Whether 
they are directly involved in electron transfer is still under discussion. In cyano-
bacteria, only PsaA and PsaB are involved in the docking of PC/Cyt c6, however 
in plants also PsaF interacts electrostatically with PC (Hippler et al. 1996, 1998; 
Ben-Shem et al. 2003).

12.3.2.2  Peripheral Integral Small Subunits in PS I

PS I contains seven small membrane intrinsic subunits. These protein subunits con-
tain between one and three TMHs and surround the core of the transmembrane 
domain of Photosystem I.

The arrangement of the small subunits in PS I and PS II show no homology. 
The three subunits PsaI, PsaL and PsaM are located in vicinity to the center of the 
PS I trimer, thereby shielded from the membrane in the PS I trimer and form the 
trimerization domain at the monomer-momomer interface. These subunits are eas-
ily lost when PS I monomerizes and are present in sub-stochiometric amounts in PS 
I monomers (Jekow et al. 1995, 1996). Four subunits, PsaF, PsaJ, PsaK and PsaX, 
are located at the membrane exposed surface of the trimeric PS I.

Monomer-Monomer Interface Subunits: PsaL, PsaI and PsaM

PsaL is located at the center of the trimerization domain and forms most of the con-
tacts between the monomers. There are some hydrophobic interactions involved, 
but the majority of the contact sites between the monomers in the trimerization do-
main are provided by hydrogen bonds and electrostatic interactions within the loop 
regions of the three adjunct PsaL subunits. In addition, three Ca2+ binding sites are 
located at the trimer interface. The ligands for Ca2+ are provided by PsaL subunits 
from neighbouring monomers and PsaA. The Ca2+ binding may further stabilize 
the PS I trimer. The protein interactions in the trimerization domain of PS I are 
completely different from protein interactions in the dimerization domain of PS II, 
where a leucine/isoleucine “zipper” is formed by the two PsbM subunits of adjunct 
monomers and provides the only protein-protein interaction in the dimerization do-
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main of PS II (see section “Subunits of the Dimerization Domain”). The further 
stabilization of the trimerization domain in PS I by electrostatic interactions and 
H-bonds may contribute to the much higher stability of the PS I trimer compared to 
the PS II dimer in cyanobacteria.

PsaI is involved in stabilization of the PS I trimer (Schluchter et al. 1996). It 
contains only one TMH and is located between PsaL and PsaM. It has been shown 
that the deletion of PsaI destabilizes the trimer, but the deletion does not complete-
ly hinder the trimer formation (Schluchter et al. 1996), which is supported by the 
structure, which shows that it forms few contacts with the adjacent monomer. PsaI 
does not coordinate Chl a, but forms hydrophobic interactions with carotenoid 
molecules.

PsaM contains only one transmembrane α-helix. With a MW of 3.4 kDa, it is 
the smallest subunit of PS I. It is located at the monomer/monomer interface, and 
forms interactions with PsaI and PsaB. PsaM coordinates one Chl that belongs 
functionally to the next monomer and may be important for the excitation energy 
transfer between monomers (Sener et al. 2004). Until recently, PsaM was regard-
ed to be a protein subunit that is unique to cyanobacteria. Some plants contain an 
open reading frame for PsaM, but the protein was not expressed and has not been 
identified in protein preparations of PS I from plants or green algae. However, 
PsaM was recently indentified in the thermophilic, acidophilic red alga Galdieria 
sulphuraria and is present in the PS I-LHC I complex from this organism (Than-
garaj et al. 2011), which indicates that PsaM can also be found in eukaryotic PS I 
complexes.

It is interesting to note that PsaI and PsaL are also present in plant PS I (Amunts 
et al. 2007). They are located at the same position in plant and cyanobacterial PS I, 
despite the fact that they show only moderate sequence homology. This indicates 
that the arrangement of the small subunits is a motif that was conserved during evo-
lution (Andersen and Scheller 1993; Janson et al. 1996), despite the fact that they 
serve different functions in plants and cyanobacteria. While PsaL forms the trimer-
ization domain in cyanobacteria, in higher plants, PsaI and PsaL interact with PsaH 
and may form interactions with the Light Harvesting Complex II (LHC II) under 
favorable light conditions (Andersen and Scheller 1993; Janson et al. 1996; Scheller 
et al. 2001; Kouril et al. 2005a, c). In the red alga Galdieria sulphuraria, PsaL and 
PsaI exhibit a chimeric structure that lacks the C-terminal helix which contributes to 
the interactions between the PsaL subunits in the trimer, and it also lacks any con-
servation of the subunits that interact with PsaH in plant PS I (Vanselow et al. 2009). 
These findings further support the idea that the “ur” from of cyanobacterial PS I was 
a monomer and that PS I in the red alaga Galdieria may represent one of the most 
ancient forms of PS I that still exist today on Earth. In this scenario, the PS I-LHC 
complex found still in plants today would be more ancient than the PS I trimer that is 
dominant in the present cyanobacteria. PsaI, PsaL, and PsaM may have just served 
in the stabilization of the antenna system in the ancestor of the current cyanobacteria 
and have resumed their function in the trimerization domain. The trimerization do-
main might have evolved at a time when cyanobacteria had to fight competition by 
eukaryotic green and red algae and plants in the aquatic environment.
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Membrane Exposed Integral Subunits: PsaF, PsaJ, PsaK and PsaX

Four small hydrophobic protein subunits (PsaF, PsaJ, PsaK and PsaX) are located 
at the detergent exposed surface of PS I (see Fig. 12.5a, d). These four proteins may 
have two functions: stabilization of the core antenna system of PS I and formation 
of interactions with the integral peripheral antenna system, the IsiA ring (Kouril 
et al. 2005a, b; Bibby et al. 2001; Boekema 2001). PsaF may also be involved in 
the interaction with the phycobilisomes, and deletion of PsaF may alter the redox 
potential and oxidation kinetics of the phylloquinone at the A-branch (Yang et al. 
1998; Van der Est et al. 2004).

PsaF, PsaJ and PsaK are present in PS I from all oxygenic phototrophic organ-
isms, but PsaX is unique to thermophilic cyanobacteria. The gene for PsaX has so 
far only been identified in thermophilic cyanobacteria. PsaF and PsaJ are located 
at the periphery of the PS I trimer at the opposite side of the trimerization domain. 
PsaK is only loosely bound to the PS I core and is located at the “peripheral tip” of 
the PS I monomer at the site of PsaA.

PsaF is the largest of the small membrane intrinsic subunits. It can be structur-
ally divided into three domains: an N-terminal region that is membrane extrinsic 
and located in the lumen, the transmembrane domain, and the C-terminal region 
that is located in the cytosol/stroma and forms interactions with PsaA and the sub-
unit PsaE.

The N-terminal domain undergoes processing, as the primary sequence contains 
the target sequence for the thylakoid lumen. This domain contains two α-helices, 
which are hydrophilic and are oriented parallel to the membrane plane. In plants, 
these helices are extended by 25 amino acids and are actively involved in dock-
ing of plastocyanin via electrostatic interactions (Fischer et al. 1998). It is very 
interesting to notice that the red alga Galdieria sulphuraria contains this plant 
type extra domain despite the fact that it uses Cyt c6 as the sole electron carrier. In 
contrast to higher plants and green algae, where the gene for PsaF is located in the 
nucleus, the psaF gene is located in the chloroplast in Galdieria. This finding im-
plies that this domain may have already been developed in cyanobacteria for the 
Cyt c6 interaction and is not really a “plastocyanin binding domain”, but may have 
originally been introduced by cyanobacteria for Cyt c6 docking before or shortly 
after the second endosymbiotic event that led to the development of red algae.

However, in all currently identified cyanobacteria, PsaF plays no role in docking 
of cytochrome c6 or plastocyanin, because the large distance of 15 Å to the putative 
docking site of cytochrome c6 does not favour a direct role of PsaF in the docking 
process of the lumenal electron carriers. Site directed mutagenesis also supports this 
conclusion, as deletion of PsaF has no influence on the electron transfer between PC 
and PS I (Xu et al. 1994; Hippler et al. 1999).

The transmembrane part of PsaF has a very unusual fold, consisting of a single 
transmembrane helix and two short hydrophobic helices forming a V-shaped struc-
ture that penetrates the membrane by 10 Å. The two V-shaped helices are the most 
peripheral part of PS I; they are embedded into the outer leaflet of the membrane. 
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It is very remarkable that they contain 2 lysine residues which stick into the mem-
brane. PsaF is in contact with 6 Cars and 10 Chls via hydrophobic interactions, but 
does not provide a central ligand for Chl. There is evidence that PsaF may also play 
a role in the coupling of peripheral antenna systems to PS I both in cyanobacteria 
and in plants. A T. elongatus mutant deficient in PsaF (Muhlenhoff and Chauvat 
1996) was not able to grow under low light (P.Fromme unpublished). This mutant 
expressed large amounts of allophycocyanin under low light conditions, which gave 
indications for the speculation that PsaF is important for docking of phycobilisomes 
to PS I (Fromme et al. 2003). PsaF may also be important but is not absolutely es-
sential for the interaction with the IsiA complex, as the PS I-IsiA supercomplex is 
less stable in the PsaF deletion mutants and comprises 17 instead of 18 IsiA subunits 
(Kouril et al. 2005a, b). The crystal structure of plant PsaF shows that it interacts 
with the LHC I proteins (Ben-Shem et al. 2003; Amunts et al. 2007) and it has also 
been shown that it can be isolated as a Chl–protein complex with LHC I proteins 
(Anandan et al. 1989).

PsaJ contains only one transmembrane α-helix and is located in close vicinity to 
PsaF at the periphery of the PS I trimer. It coordinates three Chls and is in hydro-
phobic contact with several Cars. PsaJ is important for the stabilization of the pig-
ment clusters, located at the interface between PsaJ/PsaF and the PsaA/PsaB core. 
Furthermore, the Chls coordinated by PsaJ may directly couple with IsiA proteins 
under iron deficiency.

PsaK contains 2 transmembrane helices. It is located at the periphery of the PS I 
complex, in close vicinity to PsaA. The two transmembrane α-helices are con-
nected in the stroma, so that both the C- and N-terminus point into the lumen. PsaK 
coordinates two Chls and forms various contacts with Cars. PsaK is loosely bound 
to the PS I core and may even shift its position to facilitate the interaction with 
IsiA in the IsiA-PS I complex formed under iron deficiency (Chauhan et al. 2011).

PsaX contains only one transmembrane helix. It may be unique to thermophilic 
cyanobacteria (Koike et al. 1989). No gene for PsaX has been identified in me-
sophilic cyanobacteria yet. PsaX is located in close vicinity to one lipid, which 
forms various hydrophobic contacts with PsaX. In addition, PsaX coordinates one 
chlorophyll and forms hydrophobic contacts with several Car molecules. Potential 
roles for PsaX may include the stabilization of thermophilic PS I and it may also 
play a role in the interaction of PS I with the IsiA antenna ring in thermophilic 
cyanobacteria.

12.3.2.3  Cytosolic/Stromal Subunits of PS I: PsaC, PsaD and PsaE

PS I contains three cytosolic/stromal subunits, PsaC, PsaD and PsaE, which form 
the docking site for ferredoxin and flavodoxin.

PsaC is the most important small subunit of PS I, as it coordinates the two ter-
minal FeS clusters FA and FB. PsaC is the best conserved protein subunit in PS I, 
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with high sequence homology in all oxygenic photosynthetic organisms. The struc-
ture of PsaC is identical in plants and cyanobacteria (Jordan et al. 2001; Ben-Shem 
et al. 2003; Jolley et al. 2005). The functionally important core of PsaC contains 
two 4Fe4S clusters, which are coordinated by 8 cysteine residues from two con-
served sequence motives CXXCXXCXXXC. Structurally, the two FeS clusters are 
connected by two short α-helices. PsaC shows striking structural homologies with 
bacterial ferredoxins, which indicates that PsaC may have evolved from a soluble 
ferredoxin that already contained 2 4Fe4S clusters. EPR spectroscopy in combina-
tion with site directed mutagenesis has shown that FA is proximal to the membrane 
and FX, while FB is the terminal FeS cluster that transfers the electron to ferredoxin 
(Fischer et al. 1999).

The unique parts of PsaC, which do not exhibit homologies to ferredoxins, are 
the C- and N-terminus of PsaC. They are providing a very important symmetry-
breaking feature that might be essential for the selection of a unique conformation 
for the docking of PsaC to the PS I core formed by PsaA/PsaB (Antonkine et al. 
2003; Jolley et al. 2006).

PsaD is essential for the proper orientation of PsaC and, thereby, important for 
the tuning of the electron transfer from PS I to ferredoxin (Setif 2001; Setif et al. 
2002). It is located at the “inner part” of the cytosolic/stromal hump, close to the 
“connecting domain”.

Co-crystals between PS I and ferredoxin (Fromme et al. 2002) serve as a basis 
for a structure of the PS I ferredoxin complex. The cocrystal structure of PS I with 
ferredoxin has been determined recently and unveiled that ferredoxin docks directly 
to PsaD (H. Q. Yu, R. Fromme, H. Bottin, P. Setif and P. Fromme, unpublished).

In the N-terminal domain, PsaD contains a large antiparallel four stranded ß-
sheet. An α-helix follows in the sequence, which forms interactions with PsaC and 
with PsaA. A unique feature of PsaD is a clamp that wraps around PsaC and stabi-
lizes the electron acceptor site in PS I (Li et al. 1991; Hanley et al. 1996) by forming 
numerous contacts between PsaD, PsaC and PsaE.

PsaE consists of five anti-parallel stranded ß-sheets. It should be noticed that it 
was the first subunit of PS I for which a solution structure had been determined by 
NMR (Falzone et al. 1994). PsaE stabilizes the stromal hump and plays a role in 
cyclic electron transport (Yu and Vermaas 1993). Functional studies indicate that 
it may be involved in anchoring the ferredoxin (Sonoike et al. 1993; Strotmann 
and Weber 1993; Rousseau et al. 1993). The role of PsaE in the docking of fer-
redoxin and flavodoxin, (Meimberg et al. 1998; Muhlenhoff and Chauvat 1996) 
was questioned by the finding that PsaE deletion mutants were still able to grow 
photoautotrophically. van Thor et al. (1999) showed that PsaE deletion mutants 
increased the level of ferredoxin in the cells by orders of magnitude to compensate 
for deficits caused by the lack of PsaE. However the role of PsaE in ferredoxin 
docking is very likely indirect by stabilization of the cytosolic/stromal hump, as 
no direct contacts between PsaE and ferredoxin have been detected in the recent 
cocrystal structure.
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12.3.3  The Electron Transfer Chain in Photosystem I

The ETC of PS I is located in the center of the PS I monomer. It is arranged in 
two branches and consists of six chlorophylls, two phylloquinones and three 4Fe4S 
clusters, FX, FA and FB. FX is located at the twofold symmetry axis while FA and 
FB are coordinated by PsaC and break the twofold symmetry of the ET chain. The 
reaction sequence of photochemical charge separation leads to oxidation of the pig-
ment dimer P700 and reduction of FB. It is now well established by the structure and 
spectroscopy that FB serves as the terminal FeS cluster and transfers the electron to 
ferredoxin.

12.3.3.1  P700

P700 is a pigment pair which consists of two chemically distinct Chl molecules and 
is located close to the lumenal surface of PS I. A Chl a molecule is present at the 
B-branch, while the A-Branch contains the C13 epimer of Chl a, a Chl a’ molecule. 
The existence of at least one Chl a’ molecule was first suggested by Watanabe and 
co-workers (Watanabe et al. 1985) on the basis of Chl extraction experiments and 
it has now been well established that in PS I complexes from all oxygenic photo-
synthetic kingdoms, P700 is represented by a Chl a/Chl a’ dimer (Watanabe et al. 
1985; Yoshida et al. 2003). In addition to the chemical differences, strong differ-
ences in the hydrogen bonding network of the two Chls are also evident. While the 
B-branch Chl a does not form hydrogen bonds with the protein, three hydrogen 
bonds are formed between the A-branch Chl a’ and the protein. The distance be-
tween the central Mg2+ ions of the two chlorophylls in P700 is 6.3 Å, which is much 
shorter than the distance between the two corresponding Chls of P680 in PS II (see 
Sect. 12.2.3.2). The two Chls in P700 are tightly coupled, as revealed by molecular 
orbital studies (Plato et al. 2003). Despite the tight coupling the spin density on the 
cation radical is unevenly distributed between the two Chl s moieties in P700+• as 
unravelled by ENDOR studies showing that more than 85% of the spin density is 
located on the B-branch Chl a (Käss et al. 2001). The question of the functional and 
structural reason for the asymmetry in P700 is still open.

The fact that Chl a’ is a constituent in cyanobacterial, algal and plant PS I gives 
an indication that Chl a’ may play a key role for the function of PS I. One possible 
role might be the “gating” of the electron along the two cofactor branches. However 
site directed mutagenesis of the side chains that mediate the H-bonding to the Chl a’ 
showed no strong influence on the PS I function, nor did these mutations lead to a 
replacement of the Chl a’ by Chl a (Wang et al. 2003; Li et al. 2004; Petrenko et al. 
2004). It is also unknown how Chl a’ is synthesized and what guides the assembly 
of the Chl a’ into the binding site at the A-branch. To answer these questions more 
research results are needed.

For a long time P700 has been assumed to be the primary electron donor but 
recent studies suggest that the charge separation may start from the electronically 
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excited singlet state of the first monomeric Chl at the B branch rather than from 
1P700* (Müller et al. 2003; Giera et al. 2010).

12.3.3.2  Primary Electron Acceptor A

It is generally assumed that the second pair of Chls of the ET chain serves as the 
initial electron acceptor. These two chlorophylls are not ligated by a protein side 
chain, but water provides the fifth ligand to the central Mg2+ ion. However, this pair 
of Chls is difficult to detect by spectroscopy, as the first steps of electron transport 
occur in less than 3 ps.

12.3.3.3  First Stable Electron Acceptor A0

The first stable electron acceptor A0 is probably one of the two Chls of the third 
pair of Chls. These two Chl molecules are located in the middle of the membrane 
and their position mirrors the position of the two pheophytins in Photosystem II 
(Ferreira et al. 2004) and the PbRC (Deisenhofer and Michel 1991). The third pair 
of Chls in PS I has very unusual ligands, as sulphur atoms of two methionine resi-
dues provide the fifth ligand to the Mg2+ ion. Methionine ligandation is common 
in heme-proteins but is unusual for Chl coordination. Met is an extremely weak 
ligand as only weak interactions can be established between the hard acid Mg2+ and 
methionine sulphur, which is a soft base. It has been suggested that weak interaction 
might be important for the tuning of the very negative redox potential of A0. Site 
directed mutagenesis experiments of the methionine have shown that the replace-
ment of the Met by strong ligands like His slow down the electron transfer chain 
along the corresponding branches (Fairclough et al. 2003; Santabarbara et al. 2005; 
Ramesh et al. 2004, 2007)

The question is still open if A0 is really only formed by the third pair of Chls. The 
two Chls of the third pair of Chls may form strong interactions with the Chls of the 
second pair of chlorophylls (Hastings et al. 1995a, b), which leads to the suggestion 
that all four Chls of the second and third pair contribute to the physical-chemical prop-
erties of the electron acceptor A0 (but see former note on the possible role of P700).

12.3.3.4  Phylloquinone A1

Two phylloquinones QKA and QKB represent the electron acceptor “A1”. The phyl-
loquinones are located in a hydrophobic pocket at the stromal side of the membrane. 
They are π-stacked with a tryptophan residue. Only one oxygen atom in the quinone 
is involved in H-bonding. The unique H-bond is formed to an NH backbone group 
(from a Ser) in both PsaA and PsaB. The asymmetric H-bonding leads to an asym-
metry in the distribution of the unpaired electron in the radical state A1

−• (Srinivasan 
et al. 2009) and may be responsible for the extremely negative reduction potential 
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(−770 mV) of A1. Weakening of the H-bond by replacement of the Leu722 with a 
bulky tryptophan side chain leads to a weakening of the H-bond and a significant 
double reduction of the phylloquinone at the A-branch, thereby blocking ET be-
yond A1. These results show that the H-bond is absolutely essential for the electron 
transfer in PS I. It prevents the protonation and lowers the probability of double 
reduction during periods of high light intensity (Srinivasan et al. 2009). The elec-
tron transfer from A1 to the FeS cluster, FX, is the rate limiting step of the electron 
transfer in PS I. The rate of electron transfer from QKA and QKB to FX may depend 
on the organism. In the green alga Chlamydomonas reinhardtii, the electron trans-
fer proceeds along both branches of the ET chain (Guergova-Kuras et al. 2001). 
The electron transfer is about a factor of 50 slower on the A- than on the B-branch 
(Guergova-Kuras et al. 2001), indicating that there might be a higher activation 
energy barrier on the A- compared to the B-branch. In cyanobacteria the picture is 
more complex, and most evidence points in the direction that most of the electrons 
follow the slower A-branch (Dashdorj et al. 2005).

What is the origin of this asymmetry in the rates of electron transfer from QKA 
and QKB? The direct protein environment of both phylloquinones is very similar, but 
two lipid molecules, which are located close to the phylloquinones, could contribute 
to the asymmetry. One hypothesis assumes that the negatively charged phospho-
lipid, which is located on the slower A-branch, increases the reorganisation en-
ergy on this branch. At the B-branch, a neutral galactolipid is present instead of the 
phospholipid, which may lower the reorganization energy on the B-branch (Ishikita 
and Knapp 2003). The question of the involvement and the gating along the two 
branches is still a controversial topic and more experiments are needed to clearly 
demonstrate what factors determine the gating and speed of the ET along the two 
branches.

12.3.3.5  First FeS Cluster FX

FX is the first of the three 4Fe4S clusters. FX is a rare example of an inter-protein 
FeS cluster; it is formed by 2 cysteines from PsaA and 2 cysteines from PsaB, which 
are located in the loop between the transmembrane helices 8 and 9. The FX binding 
motif is highly conserved between plants, algae and cyanobacteria.

FX is not only an essential cofactor of the electron transfer chain, but it also plays 
an important role in the assembly of the PS I complex. The stromal subunits PsaC, 
PsaD and PsaE can only be assembled on the PsaA/PsaB core of PS I after FX has 
been assembled. Several proteins including rubredoxin are involved in the assembly 
of FX (Shen et al. 2002a, b).

12.3.3.6  The Terminal FeS Clusters FA and FB

The two terminal FeS clusters, FA and FB, are the only cofactors of the electron 
transfer chain that are not coordinated by PsaA/PsaB. FA and FB are embedded in 
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the extrinsic subunit PsaC, which is located at the center of the stromal hump of PS 
I. The cluster in close proximity to FX has been assigned to FA by EPR and muta-
genesis studies (Zhao et al. 1992; Mehari et al. 1995), while the distal cluster, which 
transfers the electrons to ferredoxin, is FB (Kanervo et al. 1995; Yu et al. 1995a, b; 
Fischer et al. 1999; Golbeck 1999; Lakshmi et al. 1999).

FA and FB exhibit the same distance and orientation as the three 4Fe4S clus-
ters in ferredoxin, which further supports the hypothesis that PsaC evolved from a 
soluble bacterial ferredoxin (Fromme et al. 2001). FB is the terminal FeS cluster in 
Photosystem I and might therefore play an important role in the future for the use 
of Photosystem I as a building block for devices for solar energy conversion. In a 
recent, elegant work, Golbeck and coworkers have directly “wired” the FB cluster to 
carbon-nanotubes and Platinum nano-balls (Grimme et al. 2008), using the original 
cysteine mutant that has been used for identification of the FB cluster in 1995 (Yu 
et al. 1995a, b). The wired complexes showed very promising rates of H2 produc-
tion and might form the basis for new technologies for bioenergy production in the 
future.

12.3.4  Antenna System of PS I

Photosystem I contains the largest core antenna system of all photosynthetic reac-
tion centers. One monomeric unit contains 90 antenna Chl a molecules and 22 Cars, 
i.e. more than twice as many Chls compared to the PS II core (see Sect. 12.2.4.1). 
This implies that the antenna system is much more tightly coupled to the ETC in 
PS I than in PS II. The excitation energy is transferred from the antenna pigments 
to P700, with a quantum yield of 99.5% at room temperature, while the quantum 
efficiency of the excitation energy transfer in PS II is only about 80%. The Cars 
serve dual functions in PS I: they act as additional light harvesting pigments and 
also play an important role in photo-protection, as they can quench dangerous Chl 
triplet states.

12.3.4.1  Antenna Chls and Mechanism of Excitation Energy  
Transfer in PS I

The arrangement of antenna Chls in PS I is complex (see Fig. 12.7e). The Chls are 
densely packed and form a clustered network to allow very fast and efficient excita-
tion energy transfer. This arrangement shows no homologies to the ring of LH1 pro-
teins that surround the RC core in purple bacteria (McDermott et al. 1995; Roszak 
et al. 2003). One analogy is the comparison of the Chl arrangement in PS I with 
the network of neurons in the brain where fast interconnections of the neurons in a 
clustered network allows very fast signal transduction. In PS I, the average center to 
center distance between the Chls is less than 15 Å, and each of the Chls has several 
neighbors that can mediate fast excitation energy transfer, which explains the high 
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efficiency and robustness of the energy transfer in the core antenna of PS I (Sener 
et al. 2002, 2003). This system does not require all Chls to be highly optimized con-
cerning the orientation and transition dipole moments, but the antenna chlorophylls 
that come closest to the RC core must be highly optimized. The antenna system of 
PS I may look at the first glance arbitrary, but the comparison of the plant and cya-
nobacterial core antenna system of PS I shows that the position and orientation of 
85 out of the 90 antenna Chls have been conserved over 1.5 Billion years of evolu-
tion (Jordan et al. 2001; Amunts et al. 2007).

The very fast excitation energy transfer in PS I cannot be described by random 
“hopping” from one Chl to the next and is best explained by the mechanism of 
“quantum beating” which has been proposed based on the experimental results from 
ultrafast spectroscopy of the soluble FMO protein, which contains 7 bacteriochlo-
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Fig. 12.7  The electron 
transfer chain of photosystem 
I from Thermosynechococcus 
elongatus. a The compo-
nents of the electron transfer 
chain. This includes six 
chlorophylls, two phyllo-
quinones, and 3 4Fe4S iron 
sulfur clusters. b Molecules 
in the vicinity of the electron 
transfer chain. The so-called 
“connecting chlorophylls” are 
shown in cyan, the “connect-
ing dimers” in blue. Carot-
enoids Car 14 and Car 17 are 
near enough to play a protect-
ing role for the chlorophylls 
in the electron transfer chain, 
a feature that is missing in 
PS II. Furthermore, two lipids 
in the vicinity of FX and the 
phylloquinones are shown, 
with one side having a neu-
tral lipid (MGDG), whereas 
the other side contains the 
charged lipid PG, which 
might have functional impli-
cations. c Same as b, but seen 
from the cytosolic side
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rophylls (Engel et al. 2007; Savikhin et al. 1998). The idea of the quantum beating 
is that the excitation energy moves in the antenna system in form of a wave, which 
is partially delocalized over several antenna pigments. The movement of the ex-
citation energy in form of a wave allows the exploration of the energy of a large 
number of Chls in a very short time scale, which may allow for a more directed 
energy transfer from the antenna Chls to P700. It would also solve the problem of 
the finding that excitation energy transfer is trap-limited in PS I. It has been shown 
that the excitation energy reaches P700 in about 10 ps, but charge separation takes 
place only in about 20–30% of the events, which increases the time frame for trap-
ping to 30–50 ps. This means that the exciton must “visit” P700 on the average 
3–4 times before charge separation takes place. The quantum beating mechanisms 
would nicely explain how the system could reach the 99.99% quantum efficiency 
of excitation energy transfer and trapping despite the fact that P700 is perform-
ing charge separation only in 25% of the excitation events. Just assume we would 
be able to follow the way of the excitation energy after an unsuccessful “visit” to 
P700 in the random walk and the quantum beating mechanism. In the mechanism 
of random walk from Chl to Chl, the excitation energy could easily be moving back 
to the peripheral antenna pigments, from where they would require another long 
random walk to P700, which would increase the chance of the excitation being lost 
by fluorescence. However, this is not observed. In contrast, the quantum beating 
mechanism is able to explain the fast and highly efficient excitation energy transfer 
that is experimentally observed, as the wave is always delocalized over several 
chlorophylls and goes back and forth between the lowest energy Chls in a fashion 
that can be compared to a heart beating (therefore the name “quantum beating”). 
Thereby the excitation energy wave would just “wobble” back and forward between 
P700 and its nearest neighbour Chls until charge separation occurs.

The core antenna system of PS I can be structurally divided into two domains: 
the central domain surrounds the ETC, while the peripheral domains flank the 
core of PS I on both sides. The antenna Chls of the peripheral domains show some 
similarities to the core antenna system of the Chls in the antenna proteins CP47 
and CP43 in PS II. Most of the Chls at the periphery are arranged in two layers. 
One layer is located close to the cytosolic/stromal surface of the membrane while 
the other layer is more closely located to the lumenal surface of the membrane. 
In contrast, the Chls in the central domain are distributed over the full depth of 
the membrane and may thereby be able to facilitate the excitation energy transfer 
between the two layers.

A unique feature of PS I is that it contains two Chls (named “connecting chloro-
phylls”), which are located in the semi-circle of 2 × 5 TMHs surrounding the elec-
tron transfer chain. Mutagenesis experiments on the His ligand of these two Chls 
showed an increase of the time for trapping of the excitation energy. The authors 
estimated that about 30% of the excitation energy is transferred in the WT PS I via 
the connecting Chls, however the mutants were still highly efficient in excitation 
energy transfer (Gibasiewicz et al. 2003). This shows the high robustness of the 
antenna system in PS I, where even the alteration of antenna Chls in closest vicinity 
of P700 does not greatly diminish the efficiency of PS I.
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Another unique feature of PS I is the existence of “red” Chls that absorb at 
wavelengths λ > 700  nm in PS I. These red Chls have even led to the discovery of 
the existence of two light reactions [see (Rumberg et al. 1964; Allen et al. 1961; 
Bertsch 1962) and references therein]. The number of long wavelength Chls is not 
identical in PS I from all cyanobacteria. For example, PS I from Synechocystis PCC 
6804 has only a small pool of long wavelength Chls, compared to T. elongatus. Why 
does PS I, in contrast to PS II, contain long-wavelength Chls? The most compel-
ling reason is that they are increasing the spectral width of the light absorbed by 
PS I. Another explanation would be that they may be involved in the funneling of 
the excitation energy to the center of the complex. There is so far not a complete 
agreement on the exact location of the red Chls, and this topic is still controversially 
discussed (Byrdin et al. 2002; Damjanovic et al. 2002; Vasil’ev and Bruce 2004).

12.3.4.2  Carotenoids

PS I contains 22 Cars and thereby nearly twice as many Cars as PS II, where one 
monomer contains only 12 Cars. The major role of the Cars is photo-protection, but 
they also play a structural role and may function as additional antenna pigments.

Prevention from photodamage is essential for the function of the system as 
over-excitation caused by excess light can lead to photoinhibition. The photo-
protective role is critical to the function of PS I, and the higher Car content of 
PS I compared to PS II might also contribute to the much higher stability of PS I 
compared to PS II.

The major function of the carotenoids in PS I is to quench Chl triplet states 3Chl. 
Chl triplet states are very dangerous and can lead to severe damage of the proteins 
and other biomolecules in the cell. Triplet Chls can easily interact with oxygen, 
which is in the ground state in the triplet state, to form singlet oxygen 1∆g O2 that 
acts as a very potent cell poison. The Cars in PS I are in close vicinity to the Chls, 
and they are distributed over the whole antenna system, to allow transfer of the 
energy from the triplet Chls to the Cars. The Car triplet state, 3Car, which is formed 
by this process, dissipates the excess energy as heat, thereby acting essentially as a 
“sunscreen” for PS I and PS II. We want to mention that a common misconception 
can be found now even in textbooks about the chemical nature of the Cars in PS I. 
All Cars were modeled as β-carotene in the 2.5 Å crystal structure of PS I only 
because detailed features of the ring head groups were not visible at this resolution. 
Biochemical evidence shows that PS I (and the crystals) contains xanthophylls, but 
a crystal structure of PS I at higher resolution is essential to unveil the nature of the 
individual Cars in PS I.

12.3.4.3  Lipids

PS I has with four lipids much a smaller lipid content than PS II. The PS I struc-
ture at 2.5 Å resolution unravelled the position of 3 molecules of phosphatidyl-
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glycerol (PG) and one molecule of monogalactosyldiacylglycerol (MGDG), which 
confirmed the lipid content determined by previous biochemical studies (Kruse and 
Schmid 1995; Kruse et al. 2000). Two of the lipids (one PG and the MGDG) are 
located in the vicinity of the phylloquinones of the electron transfer chain, and it has 
been speculated that they may play an important role in the difference in the rates of 
electron transfer between the two different branches (Fromme et al. 2001; Ishikita 
and Knapp 2003).

The head groups of these two lipids are deeply embedded into the PS I complex 
and form specific interactions with the stromal loops of PsaA and PsaB as well as 
the stromal subunits PsaC, PsaD and PsaE. Their location and interactions sug-
gest that they must be incorporated into PS I at a very early stage of the assembly 
process.

12.4  Concluding Remarks and Future Perspectives

The first decade of this century saw a vast increase in our understanding of both, 
Photosystems I and II, with the advent of crystal structures with up to 2.5 Å and 
2.9 Å resolution, respectively. In both protein complexes, this allowed to see the 
positions of the molecules participating in the respective electron transfer chains, 
the Chls and Cars of the inner antennas, and of many other cofactors, like lipids 
or metal ions. This structural information allowed explanations of kinetic data and 
construction of better models for the many different physico-chemical processes 
that take place during excitation, charge separation, or electron transfer.

However, many open questions remain. In PS I, we still do not know with ab-
solute certainty where the initial charge separation takes place, what exactly the 
role of the Chl a’ epimer is, which role the A and B branches play, where the phy-
cobilisomes bind, how these actually look like on a molecular level, whether there 
are more lipids in the molecule and what their functional role is, to name just a few 
points. For solving all these questions, better structural models with even higher 
resolution would be very helpful.

For PS II, this problem is even more severe, because the “heart” of the com-
plex is still awfully under-determined. The exact structure of the water-oxidizing 
complex, the position of the manganese atoms, the mode of the oxygen bridging, 
and the important water ligation are at the current resolution still mostly based on 
speculation. In order to shine light into this central question, new methods of data 
acquisition might have to be developed. Whatever the solution will be, we can be 
sure that there will still be structural revelations to come within the coming years.
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13.1  Introduction

In terms of thermodynamics all biological organisms represent open systems that 
are far from equilibrium by an estimated average value of 20–25 kJ/mol (Morowitz 
1978). Therefore the development and sustenance of living matter requires fluxes 
of Gibbs free energy1 as indispensable prerequisite (Nicolls and Prigogine 1977; 
Morowitz 1978). This condition is satisfied by the electro-magnetic near UV, visible 
and near infrared radiation from the extraterrestrial nuclear fusion reactor, the sun 
which acts as unique Gibbs free energy source of the biosphere. This fundamental 
principle can be summarized in a single sentence “life is bottled sunshine” (Wyn-
word Read Matterdon of Man 1924), in spite of the existence of organisms which 
live in a special environment (e.g. in “the black smokers”) and use another form(s) 
of Gibbs free energy as driving force. The underlying thermodynamic principles of 
the exploitation of solar radiation through photosynthesis were outlined in 1845 by 
R. J. Mayer (first law of thermodynamics) and in 1886 by L. Boltzmann (second 
law of thermodynamics) (see Boltzmann 1905).

Among living matter two basically different types of organisms are to be distin-
guished: (1) photoautotrophs which can directly use solar radiation as the driving 
force for their living processes and (2) photoheterotrophs which are unable to di-
rectly exploit solar energy and therefore need the uptake of energy rich substances 
(food) that are eventually synthesized by photoautrotrophs and serve as Gibbs free 
energy source through catabolic digestions.

1 The Gibbs free energy is defined as G = H – TS, where H and S are the enthalpy and entropy, 
respectively, and T is the absolute temperature (see Atkins 2001)
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The thermodynamics of these two types of direct and indirect solar energy ex-
ploitation can be simply summarized by a scheme that is shown in the top panel of 
Fig. 13.1. In photoautrophic organism the light flux increases the Gibbs free energy 
content of a suitable storage system by driving the transition from a level A to a 
higher level of state B. This process is referred to as photosynthesis and the specific 
amount of stored Gibbs free energy symbolized by �G◦

store(hν) depends on the prop-
erties of the components that are involved in the A hν−→ B transition. In the hetero-
trophic organism the analogous reaction takes place in the opposite direction where 
food molecules with a higher Gibbs free energy content B′ are catabolized into a 
state A′ with a lower level and the Gibbs free energy drop is made available in form 
of a universal “bioenergetic currency”, the ATP molecule. This process is denoted 
respiration (for the sake of simplicity no distinction will be made between anaerobic 
fermentation and aerobic respiration, see biochemistry textbooks for details).

Fig. 13.1  Top: General scheme of bioenergetic transformation of solar radiation and food catabo-
lism by photoautotrophic ( left side) and heterotrophic ( right side) organisms, respectively. Middle: 
Overall organization scheme of bioenergetics in higher eukaryotic organisms. The thermodynami-
cally essential processes take place in chloroplasts ( left side) and mitochondria ( right side). Bottom: 
The reactions of photosynthetic water splitting and respiratory water formation are symbolized by 
green and red boxes, respectively; the complex anabolic and catabolic reaction sequences leading 
to CO2 fixation and release, respectively, by colored ellipses. For the sake of simplicity the multi-
tude of processes which are responsible for the great variety of biological material ( proteins, lipids, 
carbohydrates) are not explicitly shown (for further details, see text)
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Based on the hypothesis of van Niel (1941) the transition A → B  in photosyn-
thetic organism can be described by the overall reaction:

 (13.1)

where H2X is a hydrogen donor and T a hydrogen acceptor substance (in most cases 
NADP+) with the thermodynamic relation of ∆G°(H2X/X) < ∆G°(TH2/T). The pro-
cess (1) is coupled to the formation of ATP via a mechanism where directed proton 
flux through the enzyme ATP synthase provides the driving force for the endergonic 
reaction:

 (13.2)

(Mitchell 1961, for a review, see Junge 2008).
The products TH2(NADPH) and ATP give rise to assimilation of the primor-

dial elements carbon, nitrogen and sulphur. The most important among these pro-
cesses is the CO2 fixation into carbohydrates via the Calvin-Benson cycle (Calvin 
1989; Benson 2002 and references therein) which is by far the quantitatively most 
important process on the earth surface with an estimated annual turnover rate of 
200–300 billion tons of fixed CO2 (Zamaraev and Permon 1980).

In heterotrophic organisms analogous hydrogen transfer reactions take place but 
in this case, in the opposite direction, i.e. from state B′ (T′H2) to A′ (H2X′) with 
∆G°(T′H2/T′)  > ∆G°(H2X′/X′):

 (13.3)

and the available Gibbs free energy is transiently stored as ATP formed according 
to Eq. (13.2).

The efficiency of the fundamental bioenergetic processes Eqs. (13.1) and (13.3) de-
pends on two parameters: (1) the specific storage capacity �G◦

store(hν) and ∆G°(ATP), 
respectively, and (2) the nature of the chemical compounds that enable a large scale 
performance of transitions A hν−→ B and B′ −→ A′  through both availability in suffi-
cient amounts and control of the reactivity in order to avoid dissipative side reactions.

In the early stages of evolution the photoautotrophic organisms used substances 
like H2, H2S and small organic molecules (formate, acetate, methanol) that are potent 
electron donors However this mode of solar energy exploitation that is still existing 
in present day “primitive” living forms (for recent reviews, see Parson 2008 Ver-
meglio 2008) comprises limitations by both, substrate abundance and specific stor-
age capacity of Gibbs free energy, i.e. comparatively small values of �G◦

store(hν).
From a Darwinian point of view it is not surprising that during a long lasting evolu-

tionary process the fundamental bioenergetics of life have been optimized to the high-
est possible level. This development was restricted per se by the thermodynamic limit 
of water splitting into the elements H2 and O2 since living matter is inevitably con-
nected with bulk water phases. Thus the maximum possible value of �G◦

store, max(hν) 
is 237.17 kJ/mol (Atkins 2001). In reality the hydrogen is chemically bound to mol-
ecules T like NADP+ and therefore �G◦

store(hν) is lower by about 20 kJ/mol.

H2X + T
hν−→ X + TH2

H+ + ADP3− + HPO2−
4 → ATP4− + H2O

T′H2 + X′ → T′ + H2X′

13 Mechanism of Photosynthetic Production and Respiratory Reduction
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13.2  Redox Couple O2/H2O: The Key System of Gibbs 
Free Energy Transduction in the Biosphere

The bioenergetic limit of photosynthetic water splitting into molecular dioxygen 
and bound hydrogen (NADH) was reached about 2–3 billion years ago with the “in-
vention” of a molecular machinery that enabled ancient procaryotic cyanobacteria 
to perform this process (Buick 1992; de Marais 2000; Xiong and Bauer 2002, for 
further reading, see Peschek 2008; Larkum 2008). This evolutionary step was the 
“big bang” in the biosphere which had two consequences of paramount importance: 
(a) the huge water pool of the earth surface became available as hydrogen source for 
living organisms and (b) the molecular dioxygen released as the “waste product” of 
photosynthetic water splitting led to the formation of an aerobic atmosphere (Kast-
ing and Seifert 2002; Lane 2002) thus increasing by more than a factor of 10 the 
amount of Gibbs free energy that is extractable from the same food molecule (e.g. 
glucose) through aerobic respiration (for thermodynamic considerations, see Nich-
olls and Fergusson 1982; Renger 1983). Furthermore the oxygen in the atmosphere 
enabled the formation of the ozone layer in the stratosphere that established the pro-
tective “umbrella” against deleterious UV-B radiation (Worrest and Caldwell 1986).

The ability of the biosphere in using the redox couple H2O/O2 for solar energy 
storage by “loading” the system through photosynthetic water splitting and “dis-
charging” it via aerobic respiration was the energetic prerequisite for the develop-
ment and existence of all higher forms of life on our planet with the wonderful 
facets of flora and fauna. The middle panel of Fig. 13.1 shows the typical machiner-
ies that exist in all higher eukaryotic plants and animals, i.e. the cell organelle chlo-
roplasts for photosynthesis and mitochondria for aerobic respiration. The overall 
reaction pattern of the bioenergetics of these organisms is schematically depicted in 
the bottom panel of Fig. 13.1.

An inspection of Fig. 13.1 (middle panel) reveals that both chloroplasts and mito-
chondria are characterized by the subdivision into a highly structured membranous 
system and a hydrophilic aqueous space of high viscosity. The key steps of Gibbs 
free energy transduction take place in the thylakoid membranes of chloroplasts and 
the cristae membrane of mitochondria whereas the great variety of metabolic and 
catabolic reactions are localized in the stroma and matrix “vessels” where the en-
zyme catalyzed Calvin-Benson and Krebs cycle, respectively, take place.

These considerations show that use and handling of the redox couple H2O/O2 
is the “inner sanctum” of the bioenergetics of all higher forms of life on earth. 
Therefore the unravelling of the structural and mechanistic details of the molecular 
machinery of these most important processes in bioenergetics is a topic of world 
wide research activities.

Accordingly, the following description of this chapter is entirely focussed on the 
topics of water splitting in photosynthesis and “cold” combustion of metabolically 
bound hydrogen in the process of aerobic respiration.

Before going into details of these processes and their performance in biological sys-
tems, a few general properties of the redox chain T(T′)H2/H2O/O2 are worth considering.

G. Renger and B. Ludwig
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The overall processes (13.1) and (13.3) with X and X′ = oxygen comprise two 
partial reactions sequences:

 (13.4)

and

 (13.5)

Among these two “half” reactions the sequence (13.4) is the key of efficient Gibbs 
free energy exploitation in living matter (vide supra).

The sequence of the individual steps of the redox chemistry can be represented 
by Eq. (13.6).

 

(13.6)

This reaction sequence comprises intermediates that are extremely detrimental spe-
cies for biological organisms. The OH• radical is one of the most reactive species 
known to chemistry (it is isoelectronic with the fluorine atom) and gives rise to 
rapid destruction of the system. Therefore, the reaction pathways in both directions 
have to be properly tuned in order to avoid the formation and release of these spe-
cies and to suppress undesired side reactions. This goal is achieved by “taming” the 
process through confinement of the chemistry of the H2O/O2 couple to structurally 
well defined catalytic sites containing redox active transition metal centers as will 
be outlined in Sects. 13.3.3 and 13.4.3.

The modulation of the reaction coordinate also implies a striking balancing of 
the energetics. A comparison of the sequences of the four 1-electron redox steps 
taking place in solution and in the enzyme catalyzed reactions shows the drastic dif-
ferences between the individual steps in the former case which are characterized by 
quite different Gibbs free energy gaps (Anderson and Albu 1999) while in marked 
contrast those occurring in the enzymes exhibit nearly the same energetics as is il-
lustrated for the oxidative pathway leading to dioxygen formation (see Sect. “Reac-
tion Coordinate of Oxidative Water Cleavage”).

An inspection of Eq. (13.6) reveals another property that is of high mechanistic 
relevance. The overall chemical reaction is coupled to the release or uptake of four 
protons in the forward or reverse direction, respectively. Regardless of the mecha-
nistic details this feature shows that electron transfer (ET) and proton transfer (PT) 
steps are closely interrelated. The mode of coupling between ET and PT is a general 
problem of high relevance for many redox reactions (for reviews, see Cukier 2002; 
Hammes-Schiffer 2006; Huyn and Meyer 2007) and in particular for “dealing” with 
the redox couple H2O/O2 in bioenergetics.

In this respect it is important to note that the protein matrix plays a key role and 
that marked differences exist between the pathways in the forward and backward di-

2H2O −→←− O2 + 4H+ + 4 �

2T(T′) + 4H+ + 4 � −→←− 2T(T′)H2
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rection: in the highly endergonic photosynthetic water oxidation four protons are re-
leased per O2 molecule formed (see Sect. 13.3.4) while the corresponding exergonic 
reduction of O2 to H2O is, in all canonial cases, energetically coupled to “uphill” H+ 
pumping, thus giving rise to an overall ratio of 8 H+/O2 taken up from the bacterial 
cytoplasm or the mitochondrial matrix, respectively, when taking into account the 
“chemical” protons used for the formation of two water molecules (4 H+/O2) (see 
Sect. 13.4).

When considering the great advantages of the redox couple H2O/O2 for bioen-
ergetics, the “other side of the coin” must not be ignored, i.e. the potential danger 
which is inhenrent in this system. It is important to note that biological organisms 
can only survive in an aerobic atmosphere because molecular dioxygen is char-
acterized by a unique property: the electronic ground state of the O2 molecule is 
the triplet state 3�gO2  (see Atkins 2001) whereas the vast majority of molecules 
that are constituents of a biological organism (proteins, lipids, carbohydrates) at-
tain a singlet ground state. These properties imply that the chemical reaction of 
these molecules with O2 comprises a transition state that is spin state “forbidden” 
and therefore the process is very sluggish, thus preventing rapid destruction of the 
organic material in an aerobic atmosphere. However, a transition into the excited 
singlet state 1�gO2 (see Sect. 13.3.2.3) and/or formation of radicals like O−•

2  and 
OH● eliminates this restriction and the reactive oxygen species (ROS) give rise to 
rapid degradation of biomolecules. As a consequence, molecular dioxygen acts in 
the biosphere as a “Janus-faced” species: it is indispensable for nourishing most of 
the life on earth through efficient Gibbs free energy extraction from food via aerobic 
respiration, but on the other hand it is a poison which destroys life (for further read-
ing, see Gilbert 1981). The regulation of the reactivity of O2 in oxygen enzymology 
is an important topic that will be outlined in more detail in Sect. 13.4.

13.3  Photosynthetic O2-Production in Photosystem II (PS II)

The photosynthetic water splitting in all oxygen evolving organisms takes place in 
a multimeric operational unit referred to as Photosystem II (PS II) that is charac-
terized by a striking complexity of polypeptide composition. The PS II core com-
plex consists of at least 20 subunits (for a review, see Shi and Schröder 2004) and 
therefore markedly contrasts the conventional two or three subunit composition of 
the reaction centers (RCs) of anoxygenic photosynthetic bacteria (for a review see 
Parson 2008 and articles in Hunter et al. 2008). It is very intriguing that this PS II 
core complex evolved in a narrow geological period and that the composition of 
cofactors and polypeptides remained surprisingly invariant to evolutionary develop-
ment (Raymond and Blankenship 2004). Interestingly, the largely invariant poly-
peptide patterns of the PS II core complex from ancient cyanobacteria up to higher 
plants also sharply differ from the marked changes of cytochrome c oxidase that 
catalyzes the reaction in opposite direction, i.e. the exergonic O2 reduction to wa-
ter. The polypeptide composition of these enzymes increased during evolution from 
three subunits in bacteria to thirteen in mammalians (see Sect. 13.4.2).
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13.3.1 General Reaction Pattern of PS II

PS II acts as a light driven water:plastoquinone-oxido:reductase. The overall process

 (13.7)

is coupled with the uptake of four protons from the cytoplasm in cyanobacteria (stroma 
in chloroplasts) and the release of four protons into the lumenal space of thylakoids. It 
comprises three different types of reaction sequences (for a review, see Renger 2008).

1. light induced formation of the radical pair P680+•Q−•
A

 

(13.8)
2. oxidative water splitting

 (13.9)
3. reductive plastoquinol formation

 (13.10)

where 〈ε〉 symbolizes an electronic excitation (created by light absorption) that 
gives rise to excited singlet state formation of the photoactive chlorophyll a (Chl a) 
complex P680, Pheo is pheophytin a and QA a special noncovalently bound plasto-
quinone–9 molecule; ⊕  and �  represent redox equivalents (including the cofac-
tors involved, see Sects. 13.3.3 and 13.3.4) that provide the driving force for oxida-
tive water splitting and reductive plastoquinol formation, respectively, H+

lumen  and 
H+

stroma  describe proton release into the lumen and proton uptake from the stroma 
(in cyanobacteria from cytoplasma).

13.3.2  Structure of PS II

The structure has been resolved by X-ray diffraction crystallography (XRDC) of 
PS II core complexes from thermophilic cyanobacteria Thermosynechococcus (T) 
elongatus (Zouni et al. 2001; Ferreira et al. 2004; Loll et al. 2005) and T. vulcanus 
(Kamiya and Shen 2003). At present the highest resolution available is at 2.9 Å 
(Guskov et al. 2009)2. The structure information are described in a recent book 
chapter (Zouni 2008) and review articles (Kern and Renger 2007; Müh and Zouni 
2011). Therefore only a short summary on this topic will be presented here.

Figure 13.2 shows the structural details obtained for the dimeric PS II core com-
plexes from T. elongatus (Loll et al. 2005; PDB identifier 2AXT). The top panel 
presents a side view of the arrangement of the transmembrane helices (TMHs) in 

2 A X-ray diffraction crystallographic (XRDC) structure model of 1.9 Å resolution was reported 
by J.-R. Shen, et al. (2010) at the 15th International Congress of Photosynthesis in Beijing (poster 
PS 6.5).

2PQ + 2H2O
hv−→ 2PQH2 + O2

P680PheoQA
〈ε〉−→1P680∗PheoQA

kPC−→P680+•Pheo−•QA
kstab−−→P680+•PheoQ−•

A

4 ⊕ + 2H2O → O2 + 4H+
lumen

4H+
stroma + 4 � + 2PQ → PQH2
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Fig. 13.2  View of dimeric PS II from T. elongatus and schematic representation of cofactor 
arrangement in the reaction center core. a. Side view along the membrane plane of a dimer of 
PS II from T. elongatus as derived from the 3.0 Å resolution electron density (Loll et al. 2005), 
Helices are depicted as cylinders, cofactors are drawn in stick models. The C2 axis, relating the 
two monomers in the dimer is indicated by a black dashed line. The large subunits D1 ( yellow) 
and D2 ( orange), forming the reaction center, are surrounded by CP43 ( magenta) and CP47 ( red) 
as well as several membrane intrinsic low molecular weight subunits ( grey). The α and β subunits 
of the membrane intrinsic heterodimeric cyt b559 are shown in green and cyan, respectively. At 
the lumenal side the three extrinsic subunits PsbO ( green), PsbV ( blue) and PsbU ( light pink) are 
interacting with large loop regions of D1/D2/CP43/CP47. Organic cofactors are coloured in green 
( Chl), yellow ( Pheo), magenta (PQ9), red (carotenoids), cyan (lipids), and blue (heme), respec-
tively, Ca2+ ( yellow) Fe ( blue) and Mn ( red) are shown as spheres, figure was generated using 
Pymol. b. Cofactor arrangement in the D1/D2 heterodimer of the PS II core (view is along the 
membrane normal), colored in green ( Chl), yellow ( Pheo), magenta (PQ-9) and red (carotenoids), 
respectively, Ca2+ ( yellow), Fe ( blue) and Mn ( red) are shown as spheres, the coordinating protein 
subunits D1 and D2 are indicated by a dotted line. Red colored arrows symbolize the direction 
of light induced charge separation (sequence 1), blue and green arrows the pathway of oxida-
tive water splitting (sequence 2) and orange arrows the steps leading to plastoquinol formation 
(sequence 3). The figure was kindly provided by Jan Kern

                  



345

the thylakoids membrane and the overall structures of the attached extrinsic PsbO, 
PsbU and PsbV subunits. Inspection of this structure reveals that the PS II core 
complex is rather flat on the cytosolic/stroma side whereas bulky extensions exist 
in the lumen, including the large loops of CP43 and CP47. These characteristics of 
PS II which are in marked contrast to PS I with a flat luminal side but pronounced 
extensions into the cytoplasm (cyanobacteria, see Fromme et al. 2008, see also 
chapter by Fromme and Grotjohann) or stroma (plants, see Amunts et al. 2007) are 
important for grana formation in chloroplasts (see Danielson et al. 2006).

The bottom panel of Fig. 13.2 presents the general arrangement of the cofac-
tors that are involved in the three reaction sequences summarized by Eqs. (13.8)–
(13.10). These are marked by arrows in red (sequence Eq. (13.8)), blue and green 
(sequence Eq. (13.9)) and yellow (sequence Eq. (13.10)). It shows that all cofactors 
participating in this reaction are embedded into a heterodimeric protein matrix con-
sisting of polypeptides D1 and D2. Interestingly, in cytochrome c oxidase (COX) 
which catalyzes the reverse process, i.e. O2 reduction to H2O, all cofactors are also 
bound to a protein matrix consisting of only two polypeptides (see Sect. 13.4.2.2).

A highly symmetric array is seen with respect to the vertical axis crossing the 
nonheme iron (NHFe) center but with one marked exception, i.e. the manganese 
containing catalytic site of the WOC (see Sect. “Structure of the WOC”) is largely 
displayed to the side of D1 subunit. Furthermore this Mn4OXCa cluster (marked as 
red spheres) is in addition ligated by at least one residue (Glu 354) of CP43.

13.3.3  Light Induced Charge Separation

We have recently described details on the reaction sequence (13.8) in two book 
chapters (Renger and Holzwarth 2005; Renger 2008) and a review article (Renger 
and Renger 2008) and therefore will restrict the description to the essential features 
of the process.

13.3.3.1  Nature of the Cofactors

The overall functional pattern and the cofactor array of reaction sequence (13.8) 
closely resembles that of the corresponding process in reaction centers of anoxy-
genic purple bacteria (PBRCs) but one drastic difference is most important: the 
properties of the photochemically active pigment P680 of PS II are markedly differ-
ent from that of the “special pair” PRC in PBRCs. The energetics of oxidative water 
splitting indispensably requires the generation of electron holes with sufficient oxi-
dizing power. This goal has been achieved by incorporation of Chl a into a protein-
aceous microenvironment with a low dielectric constant (Hasegawa and Noguchi 
2005). In this way the midpoint potential of the redox couple P680/P680+● exceeds 
the corresponding value of Chl a/Chl a+● in solution (Kobayashi et al. 2007) by 
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about 400 mV and reaches an estimated number of about −1.25 V (Rappaport and 
Diner 2008).

The nature of P680+•Q−•
A is a matter of debate. In contrast to PBRCs where the 

photochemically active pigment is a well defined special pair PRC of two bacte-
riochlorophyll (BChl) molecules (Parson 2008) the constitution of P680 is more 
complex. The cofactor array in the bottom panel exhibits a spatial array of four 
Chl a and two Pheo a molecules that closely resembles that of the four BChls and 
BPheos in PBRCs (see Lancaster 2008). However the excitonic coupling is mark-
edly different. In PBRCs the two BChls forming the special pair PRC are strongly 
coupled thus giving rise to a lower exciton level with a marked red shifted absorp-
tion. Accordingly PRC is clearly separated spectrally from the two other BChls and 
BPheo’s. On the other hand, the excitonic coupling between two Chl a molecules 
(PD1 and PD2) forming a “special pair” like configuration in PS II is still slightly 
larger than the interaction with the other four chlorins but this is not sufficient for 
a significant spectral band shift. A theoretical analysis reveals that the lowest ex-
citon state is predominantly located on ChlD1 rather than on the “PD1–PD2 dimer” 
(Raszewski et al. 2008, see also Renger and Renger 2008). These differences have 
an important consequence: in PBRCs the states 1P∗

RC, 3PRC  and P+•
RC

 are confined 
to the same special pair PRC (see Parson 2008 and chapters in Hunter et al. 2008) 
but this is definitely not the case for 1P680∗

RC, 3P680RC  and P680+•
RC

 and therefore 
the “historical” symbol P680 can be used only as operational term in order to avoid 
misinterpretations.

A critical survey of the literature leads to the conclusion that P680 is best de-
scribed as a pigment protein complex (Chl a)4 (Pheo)X with x = 0. 1 or 2 when con-
sidering the state 1P680* (Renger and Holzwarth 2005; Renger and Renger 2008). 
In the case of P680+•Q−•

A a semantic problem emerges because two different forms 
exist, P680+•

1  and P680+•
2  with the electron hole located on ChlD1 and on PD1–PD2, 

respectively (see Sect. 13.3.3.2), whereas 3P680 is most likely 3ChlD1 (Schlodder et 
al. 2008).

The electron acceptor of the primary charge separation is the Pheo a molecule 
bound to polypeptide D1. This PheoD1 forms a hydrogen bond with Gln 130 in cya-
nobacteria that is replaced by Glu in plants. The possible role of this hydrogen bond 
is not yet clarified (for discussion, see Renger 2008).

Cofactor QA is a tightly, but noncovalently bound PQ-9 molecule that acts as a 
1-electron acceptor under physiological conditions. The binding pocket in poly-
peptide D2 is rather hydrophobic and formed by several amino acid residues (for 
structural details of this binding site, see Loll et al. 2005; Kern and Renger 2007; 
Zouni 2008; Guskov et al. 2009).

The functional connection of P680+•Q−•
A with the WOC occurs via the redox active 

Tyr161 of polypeptide D1 (YZ) (see Sect. 13.3.4.2).
In addition to the cofactors of the reaction sequence (13.8) the D1/D2 heterodi-

meric protein matrix contains additional redox active groups: two carotenoids 
(CarD1 and CarD2), two chlorophylls (ChlzD1 and ChlzD2) and the tyrosine residue 
YD (see Fig. 13.2, bottom panel). Furthermore cytochrome b559 as a constituent of 
all PS II core complexes (not shown in Fig. 13.3) participates in light induced elec-
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tron transfer reactions that probably are part of a protective mechanism under stress 
conditions (see Kamiskaya et al. 2007 and references therein).

13.3.3.2  Energetics and Kinetics of Formation of the Radical Ion Pairs 
P680+● Pheo−● and P680+●P680+Q−

A
●

The energetics of the light induced charge separation are determined by the level 
of the lowest excited singlet state 1P680* and the midpoint potentials Em of the 
redox couples P680/P680+•, Pheo−•/Pheo and Q−•

A /QA.  For the sake of clarity, at 
first a general comment is required. The midpoint potentials Em determined via 
equilibrium redox titrations provide only limited information because these are 
thermodynamic parameters that reflect per definitionem time independent values. 
Equilibrium conditions, however, are rarely attained in systems at work. The redox 
active cofactors are embedded into a protein matrix that responds to charge transfer 
reactions. As a consequence, relaxation processes of the protein take place that can 
significantly affect the overall energetics. Likewise the dynamics of charged redox 
groups in the microenvironment modulate the energetics through electrostatic inter-
actions. In order to avoid misleading discussions and incorrect conclusions a clear 
distinction between two parameters is indispensable: “working potential” Ework

m  and 
“midpoint potential” Em. In general Ework

m  is a time dependent parameter that de-
scribes the energetics of a redox group under the functional conditions. The values 
of Ework

m  and Em can differ by tens to hundreds of mV. The energy gap of the pair 
1P680*/P680 is 1.83 eV assuming a 680 nm electronic transition. Redox titration of 
the couple P680/P680+• cannot be performed because the strongly oxidizing condi-
tions that must be applied to determine the Em value modifies all chlorophyll and ca-
rotenoid molecules. Therefore only indirect estimations are available (for a review 
see Renger and Holzwarth 2005). A value of about +1.25 V is currently discussed to 
be a reliable number (Rappaport and Diner 2008).

Direct redox titrations can be performed for both couples Pheo−•/Pheo  and 
Q−•

A /QA. As the reduction of Pheo necessarily comprises the formation of Q−•
A  the 

Em value of −610 mV determined for Pheo−•/Pheo  by redox titrations (Klimov 
et al. 1979) contains the contribution due to the electrostatic effect of Q−•

A .  After its 
subtraction a value of −525 mV was obtained for Em of Pheo−•/Pheo  in PS II core 
complexes where QA is oxidized, i.e. of a functionally competent (“open”) reaction 
center (RC) (Gibasiewicz et al. 2001). Similar values were recently reported for 
PS II from cyanobacteria (Kato et al. 2009, Allakhverdiev et al. 2010) but these 
numbers were not corrected for the affect of Q−•

A .

For the Em of Q−•
A /QA  a collection of data from numerous experiments shows 

a clustering of values at around −300, −100, 0 mV and  + 50 to +100 mV (Krieger 
et al. 1995). Theoretical calculations strongly depend on the underlying XRDC 
structure data. Values of −148 and −10 mV were reported for Em when using the 
models of 3.5 and 3.0 Å resolution, respectively (Ishikita and Knapp 2005). This 
variance reflects intrinsic uncertainties due to limited information on details of the 
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microenvironment, in particular of hydrogen bonding to the p-benzoquinone head 
group of QA. Two further complications emerge: at first studies on mutants of ther-
mophilic cyanobacteria led to the proposal of a dynamic equilibrium between two 
conformational states with different Em(Q−•

A /QA)  values (Rappaport et al. 2005) 
and secondly the possibility cannot be excluded that the midpoint potentials of 
Q−•

A /QA  are not the same in different species (mesophilic and thermophilic cya-
nobacteria, green algae and higher plants, see Fufezan et al. 2007). Latest spectro-
electrochenical studies on PS II core complexes from Thermosynechococcus ( T.) 
elongatus in the presence of redox mediators lead to Em values of −140 mV (Shib-
amoto et al. 2009). This finding reveals that no drastic differences exist between 
T. elongatus and spinach. Further experiments are required to clarify this point.

The Em was also found to exhibit a marked upshift of about 150–160 mV in PS II 
lacking an intact WOC in samples from both, T. elongatus (Shibimoto et al. 2009) 
and spinach (Krieger et al. 1995). A smaller shift is observed when the native PQ-9 
bound to the QB pocket is replaced by different herbicides (Krieger-Lisztay and 
Rutherford 1998). Direction and magnitude of this shift depend on the nature of the 
herbicide molecule (Fufezan et al. 2007).

Based on these findings it is clear that straightforward and unambiguous gen-
eral energetics cannot be presented for the redox couple Q−•

A /QA in PS II. It seems 
reasonable to assume that an Em(Q−•

A /QA)  value of the order of −100 mV properly 
reflects the reduction behaviour of Q−•

A  in “open” PS II complexes with an intact 
WOC and of about +50 mV in systems lacking a intact WOC (for further discus-
sion, see Renger and Renger 2008).

As a summary of our consideration on the energetics of PS II it turns out that the 
radical pair P680+•Q−•

A  stores about 1.3 eV, i.e. 70% of the energy of a red photon 
of 680 nm.

Kinetics and mechanism of the reaction sequence (13.8) are not fully resolved 
because the individual steps leading to the radical pair P680+● Pheo−● cannot be di-
rectly monitored due to spectral congestion of the cofactors that are involved. Based 
on our current state of knowledge (for a review, see Renger and Renger 2008)3 it 
appears most likely that the primary step is the electron ejection from 1Chl∗D1  with 
PheoD1 acting as acceptor followed by very rapid electron transfer from PD1 to ChlD1  
thus forming P+•

D1Pheo−•
D1 . Accordingly the reaction sequence can be summarized by:

 

(13.11)

where P680+•
1 = Chl+•

D1 PD1 PD2  and P680+•
2 = ChlD1 P+•

D1 PD2  (actually the prob-
ability of the hole electron localization is not an integer and the symbols are a sim-
plified description to illustrate the sequence of redistribution within P680+●).

Direct kinetic measurements were only performed for the last step of P680+•Q−•
A  

formation. The population of the reduced Q−•
A  was shown to occur with a rise time 

of 300 ± 50 ps (Bernarding et al. 1994; Renger et al. 1995). The other rate con-

3 Alternative (Shelaev et al. 2008) and complementary (Romeo et al. 2010) pathways with PD1 as 
primary electron donor have also been discussed.

1P680∗ PheoQA
kPC←→P680+•

1 Pheo−•
D1QA

k1←→ P680+•
2 Pheo−•

D1QA
kstab←→ P680+•

2 PheoD1Q−•
A

G. Renger and B. Ludwig



349

stants of the sequence Eq. (13.11) were gathered from model based evaluation of 
the results of time resolved fluorescence (Miloslavina et al. 2006) and transient 
absorption changes in the visible (VIS) (Holzwarth et al. 2006) and mid infrared/
VIS region (Groot et al. 2005). The conclusions on the mode of rate limitation are 
conflicting and the values of the rate constant for the excited energy transfer (EET) 
from CP43 and CP43 leading to 1P680* formation (kEET) and for primary charge 
separation (kPC) are quite different. It is a controversial debate as to whether the 
overall process is “transfer to the trap limited” or “trapping limited”. In general, the 
rate constant kPC is much larger in the former (order of (100–300 fs)−1 than in the 
latter case (order of a (few ps)−1 (for a recent review, see Renger and Renger 2008). 
At present a straightforward answer cannot be offered. In this respect it should be 
kept in mind that a photochemically successful trapping of excitation energy can be 
only achieved if the radical pair P680+•Pheo−•

D1 is stabilized by electron transfer to 
QA. Taking this as the key criterion, then the overall transformation process of light 
into storable Gibbs free energy in PS II is certainly “trapping limited” with a rate 
constant of 300 ± 100 ps.

13.3.3.3  Reactions of the Radical Pair P680+●P680+Q−
A

●

In intact PS II complexes the radical ion pair P680+•Q−•
A  provides the driving forces 

for the reaction sequences of oxidative water splitting (see Sect. 13.3.4) and plas-
toquinol formation (see Sect. 13.3.5), respectively. However, in systems lacking an 
intact WOC or a functionally competent QB-site dissipative recombination reactions 
take place. Among these the recombination of the radical pair in the triplet configu-
ration 3[P680+•Pheo−•]  is most critical because it leads to population of 3P680 
which acts as sensitizer for singlet oxygen formation:

 (13.12)

The singlet oxygen 1∆gO2 is rather reactive and gives rise to oxidative degradation 
reactions. The implication of 3P680 formation for photodamage is beyond the scope 
of this chapter (for reviews, see Pogson et al. 2005; Chow and Aro 2005; Vass and 
Aro 2008).

13.3.4  Oxidative Water Splitting

13.3.4.1  Overall Reaction Pattern: Kok Cycle

The oxidative splitting of two water molecules into molecular dioxygen and 
four protons requires the cooperation of four oxidizing redox equivalents (see 
Eq. (13.6)) that are generated as a result of the light-induced charge separation (see 
Eq. (13.11)). The mode of this coupling has been unravelled by the pioneering work 
of Pierre Joliot, Bessel Kok and their coworkers [see Renger (pp. 351–370) and 

3P680 + 3�gO2 → P680 + 1�gO2
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Joliot (pp. 371–378) in Govindjee et al. (2005)]. Joliot et al. (1969) found that dark 
adapted samples (green algae, isolated chloroplasts) illuminated by a train of single 
turnover flashes exhibit a characteristic period four oscillation of the oxygen yield 
per flash with maxima after the 3rd, 7th, 11th etc flash. This pattern is virtually 
independent of the relative content of functionally fully competent PS II complexes 
(Kok et al. 1970). These findings unambiguously show that the indispensable coop-
eration is achieved via a sequence of 1-electron transfer steps which take place in 
a functional unit referred to as water oxidizing complex (WOC) where the oxidiz-
ing equivalents are transiently stored as intermediates until after the accumulation 
of four, dioxygen is formed and released. The experimental result are consistently 
described by the scheme proposed by Kok et al. (1970) referred to as the Kok cycle.

Figure 13.3 shows a typical trace of oxygen yield measurements (top panel) and 
a modified version of the Kok cycle (bottom panel) comprising two essential exten-
sions of the original scheme: (a) the stepwise oxidation of the WOC by P680+• is 
mediated by the redox active tyrosine YZ (see Fig. 13.2b) and (b) “super reduced” 
redox states S−i exist below the level of S0 that are probably intermediates in the 
photoassembly of the WOC (see Renger 2001 and references therein). The storage 
states of the WOC are symbolized by Si where i is the number of oxidizing redox 
equivalents above the lowest level S0 that is populated under steady state turnover 
conditions.

Although PS II contains two redox active tyrosines (YZ in polypeptide D1 and 
YD in polypeptide D2) that are symmetrically arranged around P680, only YZ is suf-
ficiently close to the Mn4OXCa cluster (see bottom panel of Fig. 13.2b) to mediate 
a rapid turnover of the WOC. In addition, the midpoint potentials of YZ and YD are 
quite different at physiological pH-values so that only YOX

Z  provides the driving 
force for the Kok cycle while YOX

D  can solely oxidize S0 to S1 via a rather slow reac-
tion and YD actually acts as a reductant for the decay of S2 and S3 (see Fig. 13.3, for 
further details, see Renger 2007 and references therein). Therefore, in the following 
only the turnover of YZ will be described.

13.3.4.2  YZ Oxidation by P680+ ●

At first glance the cofactor arrangement might suggest that YZ oxidation by  P680+• 

is a simple first order reaction. However, the kinetics of this process in PS II com-
plexes with an intact WOC are surprisingly complex and depend on the redox state 
Si. The time course of each individual oxidation step of YZ in the Kok cycle can 
be approximately described by triphasic kinetics with half lifetimes of 25–70 ns 
(“fast” ns kinetics), 300–600 ns (“slow” ns kinetics) and 15–50 µs (slow µs ki-
netics). This pattern of multiphasic kinetics, which is basically the same in all 
sample types from ancient cyanobacteria up to higher plants (see Renger 2007 and 
references therein), is explained by relaxation processes within the protein envi-
ronment (Kühn et al. 2004). For energetic reasons the oxidation of YZ by P680+• 
is coupled to proton transfer (PT). Kinetic analyses (activation energies, kinetic 
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Fig. 13.3  Typical period four oscillation pattern of oxygen yield induced by a train of single turn-
over flashes in dark-adapted spinach thylakoids ( top panel, data redrawn from Messinger et al. 
1991) and extended Kok-cycle of oxidative water splitting ( bottom panel). The dashed line in the 
top panel represents the normalized steady state oxygen yield per flash. Bottom panel: extended 
Kok-cycle of oxidative water cleavage. The photo oxidation of P680+• is marked by arrows ( hµ 
bold italics), the intermediary redox component is symbolized by a dark grey dot, the Si states are 
symbolized in the following way: the dark stable redox state S1 by a bold capital, the metastable 
redox state S2 and S3 by capitals encircled and dark grey background, respectively, and the tran-
sient “elusive” state S4 by a dashed symbol, super reduced sates are marked in grey. For the sake of 
simplicity the reactions with the redox couple YOX

D /YD and the slow dark relaxation reactions of 
S2 and S3 are omitted [for a review, see Renger 1999; Messinger and Renger 2008]
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H/D isotope exchange effects, pH dependence) revealed that the “fast” ns step 
requires a structurally well defined hydrogen bond between the OH group of YZ 
and His 190 (see Fig. 13.4 upper panel) and that different orbitals participate in 
the coupled ET/PT reactions (see Renger and Kühn 2007 and references there-
in). This type of multiple site electron and proton transfer (MS-EPT) is of gen-
eral relevance for many biological redox processes (see Meyer et al. 2007). The 
normalized amplitude of the “fast” ns reaction is determined by the equilibrium 
constant of P680+•YZ � P680Y OX

Z  (Kühn et al. 2004) and its kinetics are lim-
ited by the rate constant of the nonadiabatic electron transfer step (Marcus and 
Sutin 1985) which is characterized by a reorganization energy of about 0.5 eV 
(Renger et al. 1989). The slower kinetics leading to a higher extent of YZ oxidation 
(“slow” ns and µs kinetics) are ascribed to thermodynamic shifts of the equilib-

G. Renger and B. Ludwig

Fig. 13.4  Scheme of proton coupled electron transfer of P 680+ reduction by YZ with His as 
hydrogen bonding partner ( top panel) and reaction scheme ( bottom panel, left side) and energetics 
( bottom panel, right side) of P680+• reduction by YZ in PS II complexes with an intact water-
oxidizing complex in redox state S1. The initial state I and the two relaxed states R, 1 and R, 2 are 
marked in red (I), green (R, 1) and blue (R, 2). For the sake of simplicity the panel on the right 
side presents only ∆∆E values for the different relaxation states because the absolute energy gap 
between [YZ

1P680*PheoQA] and [YOX
Z P 680PheoQ−•

A ] is not exactly known. Likewise, energetic 
relaxations around the Q−•

A  site and the energy loss due to partial reoxidation of Q−•
A  by QB(Q−•

B )  
in the µs time domain are omitted
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rium P680+•YZ � P680Y OX
Z  towards the right side due to relaxations of the protein 

environment (local response in the “slow” ns time domain and subsequent proton 
rearrangement within hydrogen bond network(s) in the µs-time domain) as sche-
matically illustrated in the bottom panel of Fig. 13.4 (left side). The relaxation pro-
cesses significantly contribute to the energetics of the overall reaction (Fig. 13.4 
bottom panel, right side) (for detailed discussion, see Kühn et al. 2004).

Interestingly, the extent of the relaxation in PS II core complexes from T. elon-
gatus increases upon replacement of Ca2+ by Sr2+ but remains virtually unaffected 
by Cl−/Br− exchange (Ishida et al. 2008). The effect of Ca2+ on the P680+• reduction 
kinetics has been shown in earlier studies on mildly trypsinized PS II membrane 
fragments from spinach (Renger et al. 1989) and seems to be a general phenomenon 
of PS II in cyanobacteria and higher plants (see also Miqyass et al. 2008).

In samples deprived of the WOC the oxidation of YZ is coupled to a stoichio-
metric proton release into the lumen (Renger and Völker 1982) and the proper-
ties of the reaction markedly change as reflected by higher activation energy and a 
significantly larger H/D exchange effect (for further details, see Renger and Kühn 
2007). Interestingly, the reorganization energy increases by a factor of about 3 in 
these samples. The value of 1.6 eV (Renger et al. 1998; Tommos and Babcock 
2000) closely resembles that of 1.4 eV found for model systems in solution (Sjödin 
et al. 2002). This striking similarity is in line with the idea that the microenviron-
ment of YD is rather hydrophilic and contains several water molecules when the 
WOC is destroyed but on the contrary it is devoid of “bulk” water in the presence 
of an intact WOC (Renger et al. 1998). This conclusion is supported by recent EPR 
studies (Zhang 2007).

13.3.4.3  Stepwise Oxidation of the Water Oxidizing Complex (WOC) by 
YZ

OX: Cofactors, Assembly and Structure of the WOC, Reaction 
Coordinate

The Kok cycle per se provides a description of the overall four step reaction se-
quence leading to oxidative water splitting in the WOC but a deeper understanding 
of the process requires information on: (1) structure of the catalytic site including 
the water molecules, (2) electronic configuration and nuclear geometry of the cata-
lytic site in each redox state Si, (3) reaction coordinates of the individual redox step, 
and (4) pathways for substrate (H2O) uptake and product (O2, H

+) release.
In the following our current knowledge on these points will be briefly summa-

rized and finally an attempt presented to cast this information into a proposed model.

Structure of the WOC

Several biochemical and spectroscopic studies revealed that the catalytic site of 
the WOC is a Mn4OXCa cluster, where x denotes the number of µ-oxo-bridges (for 
reviews, see Yachandra 2005; Messinger and Renger 2008). Accordingly, the struc-
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ture of the WOC is defined by (a) the spatial arrangement of the four manganese 
centers, the bridging oxygens and the Ca2+ ion, (b) the coordination sphere of the 
Mn4OXCa cluster and (c) the surrounding protein matrix.

Information on the structure of the Mn4OXCa cluster and the nature and geom-
etry of its coordination sphere have been gathered from a combination of results ob-
tained by applying different techniques including XRDC, extended X-ray absorp-
tion fine structure (EXAFS), Fourier transform infrared (FTIR) spectroscopy and 
site directed mutagenesis (for various biophysical techniques in photosynthesis, see 
Aartsma and Matysik 2008). The current state of knowledge and the limitations of 
structure determination (in particular radiation damage in XRDC structure analysis) 
are described in a review of Kern and Renger (2007). This structure information is 
summarized in Fig. 13.5 (see also chapter of Fromme and Grotjohann).

The ligand sphere of the metal centers is formed by (1) the oxo-bridges, (2) 
amino acid residues and (3) water including the substrate molecules.

The oxo-bridges were assigned by EXAFS (see Yachandra 2005). Several po-
tential amino acid ligands have been identified by site directed mutagenesis, FTIR 
difference spectroscopy and XRDC (see references in Kern and Renger 2007; Müh 
and Zouni 2011), including Asp 170, Glu 189, His 332, Glu 333, Asp 342 and the 
C-terminus Ala 344 of polypeptide D1 and Glu 354 of CP43. Consensus is lacking 
so far for His 337. One interesting conclusion emerging from the XRDC data is the 
idea that the Mn4OXCa cluster is probably stabilized by metal ligation via bridging 
carboxylate groups and that this mode of coordination could provide the scaffold for 
fixing and for fine tuning of functionally important distances between metal centers 
and ligands (including the substrate) during the catalytic cycle.

At present there is no evidence for a direct ligation by inorganic cofactors: bicar-
bonate can be excluded (Ulas et al. 2008; Sheleva et al. 2008) and chloride seems 
to be part of a hydrogen bond network close to the Mn4OXCa cluster as originally 
proposed by Olesen and Andreasson (2003) (for further discussion, see Renger and 
Renger 2008). The binding of chloride via hydrogen bonding is highly supported by 
new XRDC data at 2.9 A resolution (Guskov et al. 2009).

G. Renger and B. Ludwig

Fig. 13.5  Structure of the donor side of PS II and EXAFS derived model for arrangement of man-
ganese in the Mn4OXCa cluster. Panel a: Structural model where the Chl PD1 ( green), the redox 
active TyrZ and the metal ions of the Mn4OXCa cluster are shown as derived from the 3.0 Å struc-
ture (Loll et al. 2005), the view is approximately along the membrane plane with lumenal side on 
bottom. Mn ( red) and Ca ( green) are shown as spheres, amino acids and structural elements from 
D1 ( yellow) and CP43 ( magenta) in the vicinity of the Mn4OXCa cluster are labelled, figure was 
generated using Pymol. Panel b: Schematic representation of the ligation of the Mn4OXCa cluster 
derived from the X-ray structure. Grey, blue and green lines indicate 2.7 Å, 3.3 Å and 3.4 Å dis-
tances, respectively, red dotted lines symbolize possible ligand-metal interactions with distances 
given in angstrom units (adapted from Loll et al. 2005). Panel c: The most likely arrangements 
of the four manganese in the Mn4OXCa cluster of PS II as derived from polarized EXAFS mea-
surements on PS II single crystals. Manganese ( red) and calcium ( green) are shown as spheres, 
the distances MnA-MnB, MnB-MnC, and MnC-MnD are 2.7 Å, the distance MnB-MnD is 3.2 Å. For 
details, see (Pushkar et al. 2008).The characterization of manganese by numbers 1,2,3 and 4 in 
panel b corresponds with those by indices C, D, B and A in panel c: The data of panel c were kindly 
provided by Yulia Pushkar and Vittal Yachandra

►
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The functionally most relevant ligands are the substrate molecules, their pro-
tonation in the different Si-states, the mode of hydrogen bonding with the protein 
environment and their dynamics coupled with the Si state transitions, in particular 
during oxidation of redox states S2 and S3.

At present direct structural information is lacking and not even the number of 
water molecules in the microenvironment of the Mn4OXCa cluster is known. Indi-
rect evidence for the existence of a cluster of 6–12 water molecules was gathered 
from EPR and mass spectrometry data (Hansson et al. 1986; Bader et al. 1993; 
Burda et al. 2001). Measurements of H2

18O/H2
16O exchange kinetics in the different 

Si-states revealed that two substrate water molecules are bound in a different man-
ner (Hillier and Wydrzynski 2008). It must be emphasized that in addition to the two 
molecules which provide the oxygen atoms that are eventually linked to form the 
essential O–O bond, further water molecules probably play an essential role in me-
diating proton transfer and affecting reaction pathways. FTIR studies of Noguchi’s 
group revealed that changes of hydrogen bonding of H2O take place during the Si 
state transitions and that most likely at least four water molecules are involved in 
the overall process (see also Noguchi 2008). The key functional role of water mol-
ecules is currently unresolved and remains an exciting challenge of future research.

Electronic Configuration and Nuclear Geometry of Si States

The Si states of the Kok cycle (see Fig. 13.3, bottom panel) characterize the formal 
redox states of the WOC without discrimination between (1) the individual metal 
centers within the Mn4OXCa cluster and (2) manganese and ligands (including the 
substrate molecules).

The electronic configuration of the Mn4OXCa cluster can be best probed by X-
ray absorption near edge (XANES), EPR and 55Mn electron-nuclear double reso-
nance (ENDOR) spectroscopy (for recent reviews, see Messinger and Renger 2008; 
Sauer et al. 2008). Interpretation of 55Mn ENDOR data within the framework of a 
structural model of the Mn4OXCa cluster gathered from EXAFS studies on single 
crystals of T. elongatus (Yano et al. 2006) leads to the following conclusions on the 
electronic structure of the redox states (Kulik et al. 2007): S0 = MnA(III)MnB(III)
MnC(IV)MnD(III), S1 = MnA(III)MnB(IV)MnC(IV)MnD(III) and S2 = MnA(III)
MnB(IV)MnC(IV)MnD(IV)4 where indices A, B, C and D correspond with those 
shown in Fig. 13.5, panel c. This assignment is based on experimental data obtained 
at 10 K on samples containing 3% methanol and tacitly implies that the manganese 
centers can be distinguished with respect to their valence states. However, the latter 
assumption is not in line with conclusions gathered from X-ray resonant Raman 
scattering (RIXS) experiments indicating that the electron removed from the man-
ganese during the S1 → S2 transition probably originates from delocalized orbital 
(Glatzel et al. 2004). At present, extent and mode of delocalization and its possible 
variation with temperature are not known.

4 A theoretical analysis of EPR, ENDOR and ESEEM data led to the alternative conclusion that 
MnC rather than MnA attains the state Mn(III) in S2 (Schinzel et al. 2010).
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An even more complex picture emerges for S3. It is not yet even clear whether or 
not the S2 → S3 transition comprises a manganese centered redox step (for a review, 
see Messinger and Renger 2008). Furthermore, the possibility is discussed that S3 
could be a multistate redox level of the WOC (see Sect. 13.3.4.4).

The Mn4OXCa cluster and its protein environment undergo structural changes 
during the Si state transitions. Only minor changes occur due to the S1 → S2 transi-
tion while the S0 → S1 transition is accompanied by a lengthening of one of the 
short Mn-Mn-distances from about 2.7 to 2.85 Å (Robblee et al. 2002). The most 
striking rearrangement of Mn4OXCa accompanies the oxidation of the S2-state to 
S3: the short (~2.7 Å) Mn-Mn vectors are elongated to ~2.82 Å and ~2.95 Å (Li-
ang et al. 2000). This finding supports earlier proposals on a significant structural 
change during the S2 → S3 transition that were gathered from independent lines 
of evidence (for a review, see Messinger and Renger 2008). Likewise, new data 
obtained on a T. elongatus mutant suggest that His 332 hardly affects the S2 state 
while significant changes are observed for S3 (Sugiura et al. 2009). This result likely 
reflects a marked structural rearrangement within the WOC coupled with the oxida-
tion of S2 to S3. Recent information gathered from EXAFS measurements on Sr2+ 
containing PS II core complexes from T. elongatus (Pushkar et al. 2008) revealed 
that the S2 → S3 transition is not only accompanied by a Mn-Mn distance increase 
but also comprises a concomitant decrease of the Mn-Ca distance. Based on this 
finding the Ca2+ is inferred to be actively involved in the process of oxidative water 
splitting (Pushkar et al. 2008).

Reaction Coordinate of Oxidative Water Cleavage

The reaction coordinate of oxidative water splitting in the WOC is determined by 
the energetics of the individual Si-states and the activation barriers for the stepwise 
forward transitions between these states of the Kok-cycle.

Absolute values are not known for the Gibbs free energy levels G0′(Si) of the 
individual Si states and even the ∆G°′ values for the redox transitions Si → Si+1 can 
be only indirectly estimated from experimental data (for a detailed description, see 
Messinger and Renger 2008). On the basis of currently available information the 
following values reflect the energetics of the WOC within limited ranges:

Regardless of the uncertainties of the exact numbers, this pattern shows that the 
energetics of oxidative water cleavage in the WOC entirely differs from those of 
the analogous process in solution via the intermediates hydroxyl radical, hydrogen 
peroxide and superoxide radical (see Eq. (13.6)).

The time course of the individual redox steps of the WOC can be described by 
virtually exponential kinetics, except of the reduction of YOX

Z  by S3 which exhibits 
a lag phase of variable extent (for a discussion, see Renger 2011). This feature of the 

�G0′
(Si+1/Si): 0.70 − 0.85 eV (i = 0), 1.0 − 1.10 eV (i = 1),

1.0 − 1.15 eV (i = 2) and about 1.0 eV (i = 3)
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Si state transitions markedly differs from that of the multi-phasic kinetics of YOX
Z  

formation (see Sect. 13.3.4.2). Experimental data on half life times, activation ener-
gies and kinetic H/D isotope exchange effects of the Si state transitions are compiled 
in Table 13.1.

Based on the findings on energetics and kinetics the generalized reaction coordi-
nate can be constructed for the oxidative water splitting of oxygenic photosynthesis. 
The result is shown in Fig. 13.6. In this scheme the S3 state is assumed to comprise 

Table 13.1  Kinetics of redox transitions (half life times, activation energies and kinetic H/D iso-
tope exchange effects) of the reaction YOX

Z Si → YZSi+1−4δi3 + δi3O2 + niH+  where δi3 = 1 for i = 3 
and zero for i ≠ 3a

i t 1
2(µs)b EA(kJ/mol)c kH/kD

b

0 (30)d   5 n.d.
1  85  12.0 1.3
2  240  36.0 1.3
3 1300  20.0

(46.0)
1.4

a for the sake of simplicity protolytic reactions are symbolized by niH
+  without distinction between 

extrinsic and intrinsic proton release (Renger 1978)
b data from Karge et al. (1997)
c data from Renger and Hanssum (1992)
d the value taken from van Leeuwen et al. (1993) differs by almost one order of magnitude from the 
value (250 μs) reported by Rappaport et al. (1994) which appears to be more realistic (Renger 2011)

Fig. 13.6  Generalized reaction coordinates of the four step oxidative water cleavage in the photo-
synthetic apparatus (for details, see text)
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three distinguishable electronic configurations (redox isomerism) with different 
nuclear geometry (including proton tautomerism) as will be outlined in the next 
Sect. 13.3.4.4.

Two important conclusions emerge from these studies: (1) the characteristic ki-
netic features—in particular the values for the rate constants and activation ener-
gies—appear to be unique for the WOC and to persist without significant change 
during the evolution from cyanobacteria up to the level of higher plants because the 
absolute values were found to be virtually the same in PS II preparations from Ther-
mosynechococcus vulcanus Copeland (Koike et al. 1987) and from spinach (Karge 
et al. 1997), and (2) all redox steps in the WOC are triggered reactions, probably 
by proton and/or conformational gating because an application of the empirical rate 
constant distance relationship for NET (Page et al. 1999) leads to results that are 
in marked conflict with the well known structure data for the distance between YZ 
and the Mn4OXCa cluster (for further details, see Renger and Renger 2008; Renger 
2011).

Substrate/Product Pathways

The Mn4OXCa is shielded from bulk water in the lumen by both the large loop of 
CP43 protein and extrinsic proteins, in particular PsbO, (see Fig. 13.2a) so that a 
sufficiently fast substrate transport is required in order to sustain high rates of oxy-
gen evolution under saturating light intensities. The turnover numbers exceed the 
slow phase of H2

18O/H2
16O exchange kinetics at the WOC (Hillier and Messinger 

2005) by at least one order of magnitude. Therefore the latter kinetics neither re-
flect the substrate transport nor the rapid replacement of newly formed O2 by two 
water molecules. Based on measurement of the interaction of small hydrophilic 
surrogate electron donors (NH2NH2 or NH2OH) the substrate water transport to 
the catalytic site was estimated to be of the order of a few milliseconds (Messinger 
et al. 1991).

Stimulated by the postulation of a putative pathway for oxygen substrate trans-
port in cytochrome c oxidase (see Sect. 13.4) by Riistama et al. (1996) a comple-
mentary pathway was speculated to exist for the release of the product dioxygen 
from the catalytic site of the WOC (Renger 1999; Anderson 2001). Progress in PS II 
structure resolution in combination with theoretical calculations led to proposals for 
pathways of both, substrate water and product dioxygen (Murray and Barber 2007; 
Ho and Styring 2008). A modelling of new structure data (Guskov et al. (2009) re-
vealed nine potential channels for H+ and O2 release from the Mn4OXCa cluster and 
substrate entry (Gabdulkhakov et al. (2009). The most important conclusion from 
this study is the proposal of a strict spatial separation of pathways for substrate and 
products. Furthermore it seems likely that the dioxygen is transported through the 
PS II complex to the cytosolic side (Guskov et al. 2009) as intuitively assumed in 
earlier studies (Renger 2001).

The “chemical” protons released due to oxidative water splitting are probably 
funnelled via Asp 61 (McEvoy and Brudvig 2006; Meyer et al. 2007) and Glu 65 
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(Guskov et al. 2009) of polypeptide D1 into a pathway of the extrinsic PsbO protein 
that is a constituent of PS II in all oxygen evolving organisms. Based on the unusual 
titration behaviour of soluble PsbO, Shutova et al. (1997) concluded that Glu and Asp 
residues in this protein provide an exit pathway of H+ into the lumen; a more refined 
analysis supported this idea (Shutova et al. 2007). Likewise theoretical calculations 
favor the proposal of H+ transport pathways in the PsbO protein (Ishikita et al. 2006).

13.3.4.4  Mechanism of Oxidative Water Splitting

Any mechanistic considerations on oxidative water splitting in the WOC must take 
into account the following characteristic properties: (1) water is the direct substrate 
for dioxygen formation (Clausen et al. 2004, 2005; Hillier et al. 2006) without any 
catalytic function of bicarbonate (for a proposal, see Castelfranco et al. 2007) that 
is not a constituent of the WOC (see Sect. “Structure of the WOC”), (2) the Si-state 
transitions up to the redox state S3 are virtually first order reactions with compara-
tively small Si state dependent activation energies (see Sect. “Reaction Coordinate 
of Oxidative Water Cleavage”) and are coupled with proton release in a MS–EPT 
manner (for a discussion, see Meyer et al. 2007), and (3) the oxidation steps of the 
WOC by YOX

Z  are triggered by proton transfer (PT) and/or conformational changes 
(see Sect. “Reaction Coordinate of Oxidative Water Cleavage”) and become blocked 
below threshold temperatures (for compilation of data, see Renger 2001, 2004) and 
hydration levels (Noguchi and Sugiura 2002) that both depend on the redox state Si.

The mechanism of oxidative water splitting has been discussed in several re-
cent review articles (Evoy and Brudvig 2006; Renger 2007; Meyer 2007; Renger 
and Renger 2008) and book chapters (Hillier and Messinger 2005; Messinger and 
Renger 2008). Therefore only a short summary and some new data will be presented.

The essential steps of the process are summarized in Fig. 13.7. The Si-States 
are characterized by the triple symbol MjLkWl (i = j+k+l) in order to distinguish 
between formal redox states of manganese (Mj), ligand (Lk) and substrate (Wl); in 
some cases a distinction between Lk and Wl is not possible, i.e. LkWl  = (LW)k+l (for 
a review on this nomenclature, see Messimger and Renger 2008).

There is consensus that the transitions S0 → S1 and S1 → S2 are metal centered 
redox steps (see Sect. “Electronic Configuration and Nuclear Geometry of Si States” 
and Renger 2011). However the nature of the following steps of S2 and S3 oxidation 
are a matter of controversy. Essentially three types of models are currently under 
debate (see Renger and Renger 2008; Renger 2011 and references therein):

(a) the “Mn only” model where both steps are metal centered (see McEvoy and 
Brudvig 2006),

(b) the “oxo-radical” model where an oxo-radical is formed in S3 (see Pushkar 
et al. 2008)

(c) the “multiple S3 state” model (see Renger 2004) where S3 comprises three 
states with different electronic configuration and nuclear geometry.
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Fig. 13.7  Simplified mechanism of oxidative water splitting. The redox states Si of the WOC 
are symbolized by MjLkWl/Mj(LW)m. Different redox states of the manganese are distinguished 
by using different types of capital letters M and index j = 0,…4. Likewise, Lk and Wl describe the 
redox states of ligand and substrate (water), respectively. In the case of (LW)m no distinction is 
made between the redox levels of L and W (for details, see text); a, b and c represent different pos-
sible pathways for oxidation of S2 by YOX

Z ; Kred
32 , Kred

21  and KOX
32 , KOX

21  are the overall equilibrium 
constants between the three different states M3L0W0, M2(LW)1 and M1L0W2 of S3 and of YOX

Z S3, 
respectively, including redox isomerism and proton tautomerism, KM

43, KM
32 and KM

22are the equilib-
rium constants for the possible states of S4 and KM

20 describes the equilibration between S4 configu-
ration M2L0W2 (complexed peroxide) and S′

4 (complexed dioxygen), respectively. Oxidation of YZ 
by P680+• is explicitly shown only for the transition S3YZP680+• → S3YOX

Z P680, otherwise only 
oxidation of the WOC by YOX

Z is presented
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In Fig. 13.7 the “Mn-only” model is represented by pathway a and equilibrium 
constants Kred

32 = KOX
32 = Kred

21 = KOX
21 = 0, i.e. S3 exists exclusively as state M3L0W0; 

in the “oxo-radical” model Kred
32 = KOX

32 → ∞, Kred
31 = KOX

21 = 0, i.e. only state 
M2(LW)1 is populated through formation via pathway b; the “multistate S3” model 
involves all three S3 states and pathways (in this case a distinction between metal- 
and ligand-centered reactions is meaningless).

State YOX
Z S

′
3 contains four redox equivalents above the state YZS0 and therefore 

formally correspond to S4. However, YZ is not a constituent of the first coordination 
sphere of the Mn4OXCa cluster (see Loll et al. 2005; Kern and Renger 2007; Müh 
and Zouni 2011) and therefore YOX

Z S
′
3 should not be considered as an S4 state.

In contrast to the unresolved nature of S3 as to be a single or multiple state 
redox level consensus seem to exist that redox states S4 comprises at least two 
different states, where one of these is a peroxidic intermediate M2L0W2. Based on 
effects of oxygen pressure on UV absorption changes that reflect the turnover of 
YOX

Z S
′
3 (Velthuys 1981; Renger and Weiss 1982), an equilibrium was postulated 

where the population of M2L0W2 due to oxygen back pressure leads to inhibition 
of YOX

Z  reduction by S3 (Clausen and Junge 2004). This idea implies that the reac-
tion [S2(HXO2)] � [YZS0(O2)] � YZS0 + O2 + n3H+ is only slightly exergonic. 
The O2 back pressure effect, however, has been recently questioned on the basis of 
flash induced fluorescence yield measurements (Kolling et al. 2009). A new mass 
spectrometry study unambiguously shows that O2 evolution is not suppressed by 
high O2 pressure (Sheleva et al. 2011). This finding supports our earlier proposal of 
a highly exergonic product/substrate exchange reaction (Renger 1978).

The formerly proposed existence of state M4L0W0 which contains a highly 
electrophilic Mn(V) = O group (see Evoy and Brudvig 2006) is unlikely to be 
formed according to recent theoretical analyses that rather favour the oxo-radical 
state Mn(VI) = O• (Siegbahn 2008; Sproviero 2008) which corresponds to symbol 
M3(LW)1 in Fig. 13.7, i.e. KM

43 → ∞.

When taking into account that the kinetics of YOX
Z  reduction by S3 and of the 

dioxygen release are very similar (Strzalka et al. 1990; Razeghifard and Pace 1999; 
Clausen and Junge 2004) it turns out that the transition S′

3Y
OX
Z −→ S4YZ must be 

highly endergonic in formation of either M4L0W0 or M3(LW)1 (pathway (a) or 
M2(LW)2 (pathway (b) so that the transient populations of these states are rather low 
(Siegbahn 2009). On the other hand no such a restriction is required for pathway 
c where M1L0W2 is assumed to be a complexed peroxide which acts as the entatic 
state for O2 formation (Renger 2001 and references therein). The population prob-
ability of state M1L0W2 was postulated to be dependent on the redox state of Yz, i.e. 
K red

32 K red
21 < K OX

32 K OX
21 , and estimated to attain values not higher than 10–20% (see 

Renger and Renger 2008).
The scheme of Fig. 13.7 does not explicitly distinguish between the experimen-

tally detected “extrinsic” proton release pattern and the “chemical” deprotonation 
steps at the Mn3OXCa cluster with its associated substrate molecules (for a discus-
sion, see Renger 1978, 1983) because the molecular details (in particular the struc-
ture of hydrogen bond networks) are not known.

Likewise we refrain from any detailed mechanistic proposals because the experi-
mental data are not sufficient to provide a sound basis for theoretical calculations. The 
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currently discussed models gathered from DFT calculations (Sproviero et al. 2008; 
Siegbahn 2008, 2009; Zein et al. 2008) offer interesting ideas but are suffering from 
strong limitations due to insufficient structure information (in particular, at present 
only limited information is available about the water molecules, see Sect. “Structure 
of the WOC”). In this respect it is important to note that DFT calculations performed 
on a much simpler and well characterized binuclear ruthenium catalyst for water oxi-
dation to molecular dioxygen led to a mechanism that turned out to be incorrect when 
isotope labelling experiment with H2

18O were performed (Romain et al. 2009). This 
example nicely illustrates that utmost caution is required when using DFT calcula-
tions for mechanistic considerations on the WOC (see also Orio et al. 2009).

Of key relevance for O–O bond formation is the local proton activity and its 
change due to the redox transitions of the WOC. Information on this essential pa-
rameter are lacking and therefore at present only a formal description can be pre-
sented by using a time dependent local proton gradient ∇ (�r, t, Si) at the catalytic site 
(for further discussion, see Renger and Renger 2008).

The mechanistic considerations show that the protein matrix is an essential ac-
tive part of the system and therefore the classical cofactor-approtein concept must 
be set aside, i.e. PS II with its WOC should be rather considered as a tailored mo-
lecular machine of nanoscale dimensions.

13.3.5  Formation of Metabolically Bound Hydrogen  
in Form of PQH2

In marked contrast to the unique process of oxidative water splitting with no anal-
ogy in biology, the basic principles of PQH2 formation are more widely used and 
closely resemble those of the corresponding reactions of ubiquinone (UQ) reduction 
in anoxygenic purple bacteria as outlined in recent book chapters (see Petrouleas 
and Crofts 2005; Parson 2008; Renger 2008) and therefore will be only briefly sum-
marized in this chapter.

13.3.5.1  Cofactor(s) and Binding Site(s)

The two step reduction of PQ via the semiquinone state as intermediate takes place 
in a special pocket referred to as QB-site with Q−•

A  acting as the direct reductant with-
out involvement of additional cofactor(s) (see next Sect. 13.3.5.2 and Fig. 13.8). 
The QB-site is exclusively formed by polypeptide D1 and comprises three structural 
elements: the C-terminal part of transmembrane helix (TMH) d, the two cytosolic 
helixes and the N-terminal part of TMH e (for a review, see Kern and Renger 2007). 
The headgroup of the substrate molecule PQ-9 is connected via hydrogen bonds 
to amino acid residues Ser 264 and His 215 and the backbone amide of Phe 265. 
Structure data at 2.9 Å resolution unraveled the orientation of the isoprenoid tail of 
PQ-9 which is accommodated in the newly discovered PQ/PQH2 exchange channel 
(Guskov et al. 2009).
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In addition to the binding site of QA in polypeptide D2 and the QB-site in poly-
peptides D1 a third binding site of PQ was predicted to exist in the neighborhood of 
cytochrome b559 and symbolized by QC (Kaminskaya et al. 2007). The existence of 
the QC-site is now confirmed by the XRDC data. Guskov et al. (2009) propose that 
this site is involved in the PQ/PQH2 exchange mechanism.

13.3.5.2  Reaction Pattern and Mechanism

PQH2 is formed via a reaction sequence of two 1-electron redox steps that is sche-
matically summarized in Fig. 13.8. For the sake of simplicity, the reactions of light in-
duced charge separation (see Eq. (13.8) and Fig. 13.2) and of the donor side (see Eqn. 
(13.9)) are omitted and the formation of Q−•

A  is symbolized by an arrow labeled with 
hν to indicate the driving force for this reaction, QB, Q−•

B , QBH− and QBH2 represent 
the PQ-9 molecule in different redox and protonation states bound to the QB site.

Inspection of Fig. 13.8 shows that the energetics of the reaction sequence depend 
on the midpoint potentials of the redox couples Q−•

A /QA, Q−•
B /QB and QBH−/Q−

B
● 

and the protonation constants of QBH– and QBH− and Q−•
B . The pKa values of Q2– and QBH– are 

expected to be significantly larger than physiological pH values so that the popula-
tion of these forms is negligibly small under in vivo conditions. In comparison to the 
oxidized (QB) and fully reduced (QBH2) forms of PQ-9 the semiquinone form Q−

B
● 

is highly stabilized and firmly bound (for details on thermodynamics and kinetics, 
see Petrouleas and Crofts 2005; Renger and Renger 2008).

The time course of the reduction of PQ bound to the QB site is characterized by 
rate constants of 200–400 µs for QB reduction by Q−•

A  and somewhat slower kinetics 
(500–800 µs) in the second redox step (see Wijn and van Gorkum 2001 and refer-
ences therein).

Fig. 13.8  Simplified reaction scheme of PQ reduction to PQH2 at the QB site by the 1-electron 
reductant Q−•

A  that is formed as the result of light induced charge separation. The open square 
symbolizes an empty QB site. For the sake of clarity, protolytic steps are explicitly shown only for 
the PQ-9 molecule in its different redox states, i.e. protonation/deprotonation reactions of amino 
acid residues are omitted. (For further details, see text)
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Eq. (13.10) shows that the overall reaction is coupled with the uptake of two 
protons. It is known that the second reduction step requires the protonation of Q−•

B  
but the exact pathway of proton transfer is not yet clarified (Suzuki et al. 2005).

A striking feature of Q−•
A  reoxidation by QB is the pronounced dependence of the 

reaction on temperature and hydration level of the sample (for a review, see Renger 
and Renger 2008). Neutron scattering data revealed that these phenomena correlate 
with protein flexibility (Pieper and Renger 2009). This finding clearly illustrates the 
functional importance of protein dynamics.

13.4  Respiratory O2 Reduction

Cytochrome c oxidase (COX) is the terminal member of the respiratory electron 
transport chain of mitochondria and many bacteria. Reduced cofactors such as 
NADH or FADH2 are oxidized by complex-I (NADH:ubiquinone oxidoreductase) 
or complex-II (succinate:ubiquinone oxidoreductase), the reduced ubiqinol cofactor 
then transfers its electrons via complex-III (ubiquinol:cytochrome c oxidoreduc-
tase) to cytochrome c, the ultimate substrate for COX (also termed complex-IV). A 
unique situation is encountered in the intracytoplasmic membranes of cyanobacteria 
where photosynthetic and respiratory electron transport share a series of common 
components. This membrane contains both, the oxygen evolving WOC of PS II and 
the oxygen consuming COX (for reviews, see Paumann et al. 2005; Peschek 2008, 
and chapters in this book).

COX catalyzes the highly exergonic reduction of molecular oxygen to water 
via a concerted four-electron transfer step, and transforms the Gibbs free energy 
available from this reaction (see Sect. 13.1) into an electrochemical proton gradient 
across the membrane, which then provides the proton motive force for driving ATP 
synthesis (Mitchell 1961, for a review, see Junge 2008). As in the case of WOC (see 
Sect. 13.3.3.4), COX may be considered a perfect molecular machine specifically 
tailored to couple electron transfer to “uphill” transmembrane proton translocation. 
General agreement has been reached that the stoichiometry of this pump activity is 
unity (i.e. 1 proton translocated per electron). Thus, during a complete O2 reduction 
cycle, out of 8 protons taken up from the inside (mitochondrial matrix or bacterial 
cytoplasm), four are translocated across the bilayer (vectorial or “pumped” pro-
tons), while another four, designated as scalar or “chemical” protons, are directed to 
the active site for water formation:

Despite early 3-D structural information, the molecular mechanism of the actual 
coupling process in the integral membrane protein is still not fully understood, and 
a matter of intense research activities (see Sect. 13.4.3).

In recent years, it became evident that apart from the endosymbiotic aspect, na-
ture has evolved a large number of divergent (bacterial) oxidase specificities, vary-

4cytc2+ + 8H+
in + O2 → 2H2O + 4cytc3+ + 4H+

out
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ing in substrate, heme cofactor, and physiological niche conditions, to qualify their 
grouping into a still growing super-family of heme/copper terminal oxidases.

13.4.1  General Reaction Pattern of Cytochrome c Oxidase (COX)

Electrons received from its single-electron donor cytochrome c are transferred to 
the primary acceptor of COX, the CuA center in subunit II (SU II), a homo-binuclear 
copper center of mixed valence. From there, electrons reach redox centers in SU I: 
first a heme a, and then the binculear center (BNC) made up of heme a3 and a copper 
ion termed CuB, both closely spaced and electronically coupled. This latter arrange-
ment represents the active site of the enzyme, where not only oxygen reduction 
occurs but also most likely the essential steps of coupling to proton translocation 
take place. Importantly, this BNC is located by about one-third into the depth of the 
hydrophobic core of the membrane, with its shielded location making any charge 
movements energetically highly unfavourable without invoking a compensating 
countercharge, thus following the electroneutrality principle.

The mitochondrial enzyme suffers a number of drawbacks when studying mech-
anistic details: it consists of a large number of subunits, up to 13 in higher organisms 
such as mammalia, and it is the product of two genetic systems: the three largest 
subunits are encoded by the mitochondrial genome, while all the other structural 
genes appear randomly scattered across the nuclear genome, and their gene prod-
ucts, often even present as tissue-specific isoforms, require organelle import, under-
go complex assembly steps, and appear to be key targets for cytoplasma/organelle 
regulation. Therefore, the approach to address the much simpler bacterial counter-
parts has been followed, and largely proven successful to yield both structural and 
functional results applicable to the understanding of general oxidase mechanisms.

Based on the first 3-D structure of a terminal oxidase (Iwata et al. 1995), it be-
came obvious that any core cytochrome c oxidase complex requires the presence 
of at least those two integral membrane protein subunits which carry the relevant 
redox centers. This very framework has been confirmed in any of the subsequent 
structures solved. Basic principles of electron transfer and energy transduction can 
thus be addressed and analyzed with much more experimental ease in any of the 
simpler prokaryotic systems available. With the exact location of all amino acid side 
chains at hand, extensive site-directed mutagenesis approaches became feasible on 
a much more rational basis to study cytochrome c interaction sites on either partner 
protein, tentative internal electron transfer paths, and the molecular events at the 
active site during a full dioxygen reduction cycle.

An even more challenging point of interest in this respiratory complex is the 
mechanism of coupling electron transfer to “uphill” proton pumping. Without sub-
stantial redox-related conformational changes between redox states, structure alone 
does not immediately provide any direct functional clues. Current and future ac-
tivities aim at clarifying details of the electron transfer reaction cycle, the precise 
timing of each of the energy transduction steps, and its molecular mechanism(s) 
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of coupling both these processes, making the enzyme such an efficient molecu-
lar machine. Moreover, there is increasing evidence that oxidase, along with other 
complexes of the respiratory chain in bacteria, and even more so in mitochondria, 
(1) is organized in a higher-hierarchy arrangement of supercomplexes for more ef-
ficient electron transfer interactions, (2) represents a target for regulatory cross-talk 
to modulate cellular energy levels and demands, and (3) provides an experimental 
challenge in studying and understanding its biosynthesis, for its ever rising num-
ber of essential chaperone functions identified over the past years, with defects 
eventually also eliciting diseases in humans. This complexity applies not only to 
subunit translocation and membrane insertion/protein assembly steps, but also to 
the concerted transfer of cofactors, heme a as well as copper ions, by co- or post-
translational mechanisms.

This review does not attempt to extensively cover the oxidase field, but rather 
focusses on some of the above cited highlights, with a particular preponderance 
on bacterial systems and their advantages; for excellent recent in-depth reviews 
on specialized topics over the past few years, see Wikström (2004); Hosler et al. 
(2006); Olsson et al. (2007); Shimokata et al. (2007); Wikström and Verkhovsky 
(2007); Belevich and Verkhovsky (2008); Brzezinski and Gennis (2008); Fadda 
et al. (2008); Fee et al. (2008); Pereira et al. (2008); Pisliakov et al. (2008); Sharpe 
and Ferguson-Miller (2008); Siegbahn and Blomberg (2008); Kaila et al. (2010).

13.4.2  Structure of COX

13.4.2.1  Overall Structure in Bacteria and Mammalia

COX is an integral membrane protein located in the mitochondrial inner (cristae) 
membrane (see Fig. 13.1), or the bacterial cytoplasmic membrane resp. Any COX 
complex described so far shares a common denominator consisting of SU I and II 
that provides the ligands to all redox cofactors (for comparison, see PS II cofactor 
arrangement in a protein matrix consisting of two subunits described in 13.3.2). 
Many preparations carry an additional subunit III, all three of which in eucaryotes 
are encoded on the mitochondrial genome. Mammalian oxidase is characterized by 
the presence of up to 10 additional subunits: their genes are spread across the nu-
clear genome, expressed in the cytoplasm and the (precursor) proteins subsequently 
imported and assembled with the mitochondrial protein subunits into a functional 
complex in the organelle (see e.g. Wickner and Schekman 2005; Neupert and Her-
rmann 2007).

13.4.2.2  Core Structure and Cofactor Arrangement

Subunit I, a protein of 62.4 kDa in the soil bacterium Paracoccus ( P.) denitrificans 
is characterized by a highly hydrophobic amino acid composition, and like SU I 
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Fig. 13.9  3-D structure 
of the four subunit COX 
isolated from P. denitrificans. 
Based on the PDB structure 
(pdb1QLE) the four subunits 
are presented as α-traces: 
green, SU I with its 12 
transmembrane helices and 
its redox centers, hemes a 
as well as a3 and CuB (see 
also Fig. 13.10 for a more 
detailled view, taken from a 
similar perspective); SU II 
in yellow, with its two trans-
membrane helices and the 
hydrophilic domain housing 
the CuA center ( copper ions 
in blue); in magenta, the Mg/
Mn site at the interface of SU 
I/II; SU III and IV in dark 
blue/red

                  

from most other sources, traverses the membrane 12 times, providing a rather rigid 
framework to harbour all but one of the redox-active metal centers. The transmem-
brane helices (TMHs) in top view (Iwata et al. 1995), form a three-winged propeller 
structure enclosing three apparent pores which, however, are blocked by the cofac-
tor moieties, and by hydrophobic side chains.

Both hemes ( a and a3) are buried equally deep down into the membrane interior, 
to roughly one third of the membrane depth down from the P-side (Figs. 13.9 and 
13.10); while being aligned perpendicular to the membrane, their interplanar angle 
is 108°. The low-spin iron of heme a is liganded by two His residues, while the 
high-spin iron of heme a3 has only one His as the proximal ligand, leaving its sixth 
position unoccupied. This iron ion is within close distance of approx. 5 Å to a cop-
per ion (termed CuB) giving rise to electronic coupling between both metals. CuB it-
self is liganded by three His residues, one of which (H276 in P. denitrificans) shows 
the remarkable feature of being covalently crosslinked to Tyr280 (Buse et al. 1990), 
thus forming a highly rigid side chain ring structure (Pinakoulaki et al. 2002). This 
copper ion and the heme a3 moiety, together designated the binuclear center (BNC) 
of SU I, establish the site of oxygen binding and reduction, and moreover represent 
the most likely site of coupling oxygen chemistry to energy transduction, see below. 
Thus, electrons reach SU I to first reduce heme a, then heme a3 at a metal:metal dis-
tance of 13.2 Å, and finally equilibrate with CuB within the BNC. It should be noted 
at this point already that nature has evolved a large number of different terminal 
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oxidases that accomodate other types of heme species both in their low- and in their 
high-spin sites, see also below and chapter of Teixiera et al. in this book.

Subunit II accomodates the first redox center for ET to the oxidase complex, 
CuA. Being processed both on its N- as well on its C-terminus (Steinrücke et al. 
1987), the mature 28 kDa P. denitrificans protein spans the membrane twice, ex-
posing the extended hydrophilic CuA domain of its C-terminal half right above the 
membrane surface on the periplasmic side of the membrane, see Fig. 13.9. Two 
copper ions, 2.6 Å apart and thus close enough to allow a mixed-valence electronic 
state, are liganded by two Cys (with both Cu and the two S atoms in plane), two 
His, one Met, and the carbonyl oxygen of a Glu residue (being a ligand to a Mn ion, 
see below). Electrons donated by cytochrome c (see below) reach the CuA center 
located around 5 Å below the surface, and from there are transmitted to heme a in 
SU I, spanning a center to center distance of 19.5 Å.

Subunit III represents the most hydrophobic SU of the oxidase complex, span-
ning the membrane seven times (Fig. 13.9); the TMHs are organized in two bundles 
in a V-shaped arrangement in this 30.6 kDa protein in P. denitrificans. While lack-
ing any redox centers, this SU has been assigned a stabilizing function in some bac-

Fig. 13.10  Redox centers, 
proton pathways, and crucial 
residues in subunits I and 
II of bacterial COX. With 
secondary structure elements 
of SU I depicted in grey in 
the background for general 
orientation, redox cofactors 
of oxidase are indicated (CuA 
located in SU II, and heme 
a, heme a3 • CuB in SU I); 
yellow pathway elements 
indicate presumed protonic 
conduits: left, the D pathway 
originating at Asp124 (D124) 
extending to Glu278 (E278); 
center: the K pathway with 
Lys 354 (K354); right: a 
potential path (“H”) pos-
tulated for the mammalian 
enzyme, but not confirmed 
for bacterial oxidases; red 
spheres, defined water 
molecules observed above 
the hemes
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terial oxidase complexes under specific conditions (Haltia et al. 1991; Bratton et al. 
1999), but the originally isolated P. denitrificans complex which consists of only 
two subunits and lacks this SU III (Ludwig and Schatz 1980) has been characterized 
as fully competent both in its structural features (Ostermeier et al. 1997) as well as 
in terms of energy transduction (Hendler et al. 1991).

Subunit IV in the P. denitrificans complex, easily overlooked in gels due to its 
small size of only 49 amino acids, shows a single TMH topology. Its role in the 
complex is still unknown, and a specific deletion of this small peptide SU did not 
exhibit a particular oxidase phenotype (Witt and Ludwig 1997).

Other ion binding sites identified in (bacterial) oxidases: (1) a Mn2+/Mg2+ site 
is located between SU I and II and liganded by residues of both subunits at the peri-
plasmic side of the oxidase complex (Witt et al. 1997). While its occupancy can be 
shifted by the type of divalent metal prevailing in the growth medium, the Mn2+ ion 
is not redox-active, yet communicates the redox state of the CuA site (Seelig et al. 
1981), due to its proximity to the copper center. This observation makes the Mn2+ an 
ideal EPR-sensitive redox reporter for distance measurements (Käß et al. 2000) and 
for studying potential protonic and water exit pathways (Florens et al. 2001; Sharpe 
et al. 2009 and see below). A structural role for this site has also been considered 
in keeping the surfaces of SU I and SU II in tight contact for inter-subunit ET (Witt 
et al. 1997).

Furthermore, a Ca2+-binding site has been identified both in the P. denitrificans 
and Rhodobacter ( Rb.) sphaeroides enzymes as well as in the mammalian oxidase 
subunit I, close to the P-side of the membrane (Pfitzner et al. 1999; Lee et al. 2002; 
Kirichenko et al. 2005), but a functional role for this site has not yet been estab-
lished with certainty.

13.4.3  Molecular Mechanism of COX

13.4.3.1  Electron Transfer: Pathways from Cytochrome c to Oxygen

Cytochrome c as the Electron Donor

Early studies with the mitochondria system had made clear that the interaction of 
COX with its substrate cytochrome c is guided by ionic interactions (Margoliash 
and Bosshard 1983), where the same highly positive surface charge density on 
the mitochondrial cytochrome c is rationalized to allow for interactions both with 
complex-III and with oxidase. Later, cross-linking data identified SU II as the main 
docking site on COX (e.g. Bisson et al. 1982), pointing at surface-exposed acidic 
residues in an area that was later characterized as the hydrophilic CuA domain. 
However, on looking at other terminal oxidases, it turned out that not all cyto-
chrome c interactions follow this same principle, but a different scenario is en-
countered for thermophilic ET reactions, see below. At present, little is known 
on ET reactions and domain mobility in cases where the electron donating c-type 
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cytochrome domain is fused to SU II, like in the heme caa3 cytochrome oxidases 
(e.g. Mather et al. 1993).

A comprehensive survey of interaction sites on either ET reaction partner has 
been performed on the P. denitrificans system, where a membrane-bound cyto-
chrome c552 is the main ET donor to the aa3 COX (Turba et al. 1995; Baker et al. 
1998; Otten et al. 2001). Both interaction partners, mostly expressed and studied 
as soluble domains (Reincke et al. 1999, 2001) to specifically address the actual 
redox reaction without interference by subsequent steps, were extensively modi-
fied by site-directed mutagenesis and analyzed for their interaction properties and 
redox kinetics (Witt et al. 1995 1998a, b; Drosou et al. 2002a, b): A specific cluster 
of surface-exposed acidic residues on SU II was identified, along with a set of Lys 
residues positioned around the heme cleft in cytochrome c552 (Harrenga et al. 2000). 
Yet, no particular side chain mutation on either partner protein stood out in its cata-
lytic parameter phenotype, in line with the previous assumption of pseudospecific-
ity (e.g. Tiede et al. 1993; Williams et al. 2005) that the overall surface potential, 
and not any individual charge pair(s), would drive the long-range interaction/preori-
entation. At the same time this idea also explains the fact that many of the bacterial 
oxidases show excellent ET activity with, e.g., the mitochondrial cytochrome c, 
being almost identical in its surface potential properties to the bacterial donor (Har-
renga et al. 2000; Reincke et al. 2001).

Following this first orientation step through space, several experimental indi-
cations suggested a subsequent fine-tuning between both proteins to reach the fi-
nal, but short-lived conformation for efficient ET. A set of mutants in hydropho-
bic residues exposed around the interaction site on SU II were hardly affected in 
their steady-state KM parameters, but severely decreased for their kcat (Drosou et al. 
2002b), while NMR chemical shift mapping and EPR relaxation studies confirmed 
the merely transient nature of such an encounter (Wienk et al. 2003; Lyubenova 
et al. 2007). Dynamic ensembles have been observed for the Rb. sphaeroides aa3 
oxidase interaction as well (Roberts and Pique 1999), and are also predicted by 
docking simulations (Flöck and Helms 2002; Bertini et al. 2005). One particular 
surface-exposed amino acid, Trp121, positioned approx. 5 Å above the solvent-
shielded CuA center, showed an unparalleled phenotype upon mutation: any re-
placement introduced for this amino acid resulted in an almost complete loss of ET 
activity (Witt et al. 1998b), assigning this position a crucial role in ET between the 
c-type cytochrome donor and the CuA center of SU II.

A different scenario for the interaction of a c-cytochrome with oxidase is en-
countered for Thermus ( T.) thermophilus. As was noted early on, canonical charged 
residues are missing on the hypothetical docking surfaces of both the ET substrate, 
the soluble cytochrome c552, and on the hydrophilic domain of SU II in the heme 
ba3-type oxidase (Than et al. 1997; Soulimane et al. 2000). Moreover, kinetic data 
(Giuffré et al. 1999) showed that ET activity remains high even at very low ionic 
strength conditions. A systematic Brønsted analysis revealed that the interaction be-
tween the CuA binding domain is largely governed by hydrophobic forces, favoured 
over electrostatic interactions at such elevated growth temperatures; unlike for the 
corresponding P. denitrificans ET couple where between two and three effective 
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charges on either interacting surface appear to be responsible. In this thermophilic 
organism, however, less than one nominal charge on either molecule contributes 
to complex formation (Maneg et al. 2003, 2004). Based on a combined NMR and 
computational approach, a model for the transient docking complex and a sugges-
tion for an ET pathway between the two redox centers has been put forward recently 
for T. thermophilus (Muresanu et al. 2006).

A rather complex situation may arise whenever the cytochrome c substrate do-
main is covalently fused to SU II of COX, such as in the caa3 terminal oxidase of T. 
thermophilus (Mather et al. 1993). Only little is known as to whether such a domain 
still requires sufficient flexibility in receiving the electron and then donating it to 
the CuA site, assuming a single docking interface on the c-domain for both interac-
tions. Moreover, a direct encounter of the electron donating cytochrome bc complex 
(complex III) with the caa3 oxidase has been suggested for the T. thermophilus ET 
chain, based on fast ET reactivities between corresponding domains from either 
complex (Janzon et al. 2007).

Internal ET Pathways

Rates of internal ET from CuA via heme a to the BNC (see Fig. 13.10) have been de-
termined in great detail for the mitochondrial enzyme (see Hill 1994; Van Eps et al. 
2000), even with approaches to differentiate between various kinetic forms (e.g. 
Brand et al. 2007). Corresponding studies on bacterial oxidases fully confirmed 
the sequence of ET steps and, in most cases, even their rates are virtually the same 
within narrow numerical margins (Ludwig and Gibson 1981; Farver et al. 2006; 
Belevich et al. 2007, Belevich and Verkhovsky 2008). Based on the main distance 
criterion for NET efficiency (Page et al. 1999; Moser et al. 2006, 2008), the slightly 
shorter edge to edge distance between CuA and heme a (of around 16 Å) favours 
this redox pathway kinetically compared to that from CuA to heme a3 because the 
distance between these cofactors is longer by ≈2.5 Å (Iwata et al. 1995). Both heme 
moieties, positioned at the same depth within the membrane (Fig. 13.10), are only 
4.7 Å apart, thus invoking a fast ET. The expected rate of electron equilibration in 
the ns range has only recently been demonstrated in a reverse ET approach (Pilet 
et al. 2004) and the much slower rates initially measured for the oxidized COX in 
the forwad reaction is explained by a slow shift of the heme redox potential due to 
a coupled proton uptake (Belevich et al. 2007).

The Oxygen Reaction Cycle

For reduction of dioxygen to water, a total of four electrons and four “chemical” 
protons (see Eq. (13.4) need to reach the BNC in a stepwise manner (see Eq. (13.6)). 
Fig. 13.11 depicts the major catalytic intermediates identified mostly on a spec-
troscopic/kinetic basis over the last 50 years (for relevant references, see reviews 
cited in the last paragraph of Sect. 13.4.1). Starting with the oxidized form of COX 
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(“O”), both redox-active metal cofactors in the BNC (symbolized within the grey 
rectangle(s)) are present in their oxidized forms, Feheme a3

3+ • Cu2+. With the first 
two electrons entering one by one from cytochrome c and transferred via CuA and 
heme a, states “E” and “R” are reached. Only at this stage with both heme a3 and 
CuB reduced, an oxygen molecule is able to bind the binuclear center to get trapped 
between both metal ions as an adduct (“A”). In a unique and very fast reaction 
sequence, four electrons are transferred to the dioxygen molecule to split the O–O 
bond and leave both oxygen atoms at a formal oxidation state of water. This “PM” 
mixed valence state, historically thought to house a peroxi form of oxygen, devel-
ops within less than 100 µs (Proshlyakov et al. 1998) and is characterized by its 
spectroscopic signature as an oxo-ferryl (Fe(IV) = O) state of the heme. A striking 
analogy was noted with respect to the reverse reaction during the water-splitting 
reaction catalyzed by photosystem II (Tommos and Babcock 2000). The fast kinet-

Fig. 13.11  Simplified scheme of a full dioxygen reduction cycle catalyzed by COX. Outer circle: 
spectroscopically discernible reaction intermediates ( boxed letters) on reducing the fully oxidized 
state (“O”) by stepwise addition of electrons ( grey circles, numbered) originating from cytochrome 
c. Once two electrons are present at the binuclear center (“R”), dioxygen binds, and the oxidative 
half-cycle eventually completes the cycle, regenerating the “O” state with the production of two 
water molecules; red arrows: proton pumping steps and their presumed timing relative to the 
electron entry steps. Circle inside: four representative states (O, R, PM, and F) are highlighted as 
grey boxes, depicting redox-reactive sites at the binuclear center consisting of heme a3, CuB, and 
the cross-linked tyrosine residue which may initially contribute the fourth electron required for 
fast O=O bond splitting, thus transiently forming a radical (*). The fate of the two oxygen atoms 
derived from O2 is indicated by blue symbols, while no reference is given to other oxygenous 
ligands, e.g. hydroxyl, water, presumably present at this site during turnover; likewise, scalar pro-
tons entering via the K- and D-pathways are omitted for clarity as well; for further details, see text
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ics of this concerted step during oxidase turnover has also been taken as the major 
safeguard why COX is not a source of reactive oxygen species (ROS), leaving no 
potentially damaging oxygen intermediates free to diffuse to the outside.

What are the sources of all four electrons required for this almost spontaneous 
O2 reduction? Two electrons are available from the Fe(II) to Fe(IV) transition of 
heme a3, another one is donated due to CuB oxidation (see Fig. 13.11). As suspect-
ed earlier (Proshlyakov et al. 1998), the side chain of a close-by aromatic residue 
contributes the fourth electron, transforming itself into a (neutral) radical and con-
comitantly provides also a proton to the chemistry at the BNC (see Fig. 13.11). The 
most likely residue for this role is thought to be the prominent tyrosine (Y280 in P. 
denitrificans) which is crosslinked in its side chain to one of the histidines which 
are ligands to the CuB (see above): its unique chemical properties do influence both 
the proton and the electron affinity in the BNC, and have been discussed to be prop-
erly positioned to donate both an electron and a proton for oxygen bond splitting 
(Gorbikova et al. 2008a, b; Kaila et al. 2009). Direct evidence for this particular Tyr 
forming a radical that is kinetically competent to participate in the O2 cycle is, how-
ever, still lacking. Evidence for both a Tyr radical (e.g. Fabian and Palmer 1995; 
Macmillan et al. 1999) or Tyr167 in P. denitrificans (Budiman et al. 2004)) and 
for a Trp radical (W272 in P. denitrificans) has been presented (Wiertz et al. 2004; 
MacMillan et al. 2006). This latter position has been deduced from microsecond 
freeze-hyperquenching experiments under single turnover conditions by analyzing 
the formation of this radical signal in a catalytically relevant, sub-millisecond time 
window (Wiertz et al. 2007). Taken together, these data support the view that a radi-
cal of state PM may well be initially localized at Tyr280, but may easily equilibrate 
with suitable residues in the vicinity such as Trp272, or even migrate to more distant 
positions such as Y167 which may represent a thermodynamic sink under artificial 
experimental conditions lacking further electron input.

Concluding the oxygen cycle (Fig. 13.11), the third and the fourth electron input 
steps first reduce the radical to form the PR/F state, and then the oxoferryl state to 
recover the O state. It should be noted at this point that recent data suggest that the 
tyrosinate present in F will become protonated only during re-entry into the reduc-
tive phase of the cycle (Gorbikova et al. 2008b), and that the occupation of the BNC 
may be more complex than depicted in Fig. 13.11, because recent crystal structure 
densities provide evidence for the existence of a peroxide ligand already present in 
the O state (Aoyama et al. 2009; Koepke et al. 2009).

13.4.3.2  Proton Pumping Mechanisms

While general agreement has been reached on the overall stoichiometry of one pro-
ton translocated per electron, the precise timing of each pump step during a full 
reduction cycle, the molecular mechanism of the coupling process, or even the pro-
ton pathways and their utilization still pose challenging problems for current COX 
research.
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Figure 13.11 summarizes our present consensus view on proton translocation 
steps and their timing, gathered from a large number of experimental studies on 
both the mitochondrial oxidase and various bacterial aa3-type oxidases, combined 
with insights from extensive theoretical calculations and modelling (e.g. Michel 
1999; Cukier 2004; Wikström and Verkhovsky 2007; Belevich and Verkhovsky 
2008; Fadda et al. 2008; Fee et al. 2008; Pisliakov et al. 2008; Sharpe and Ferguson-
Miller 2008; Siegbahn and Blomberg 2008; Chakrabarty et al. 2011).

Many different hypothetical schemes have been put forward in the past (and 
later dismissed) to describe the coupling behaviour of COX. Three unifying features 
emerge from the more recent findings: (1) at least during continuous oxidase turn-
over (e.g. Belevich et al. 2007), proton pumping steps seem to occur both during 
the reductive and the oxidative phase of the oxygen cycle, as indicated by bold red 
arrows in Fig. 13.11 (see e.g. Michel 1999; Ruitenberg et al. 2000; Wikström and 
Verkhovsky 2007); (2) every pump step appears to be immediately preceded by an 
ET step (e.g. Faxen et al. 2005; Belevich et al. 2006) and as a consequence, (3) each 
individual step may be considered largely identical at least in its basic setup (see e.g. 
Belevich et al. 2006; Fadda et al. 2008).

Coupling as such is best understood by the fact that any charge, be it an electron 
or a proton, introduced into a confined hydrophobic environment such as the heme 
sites (and the BNC itself), is energetically unfavourable, and will immediately in-
voke counter-ion movements, or expel an ion of the same charge. This electroneu-
trality principle (Rich 1995) has guided the design of more elaborate schemes for 
the sequence of events leading to “uphill” proton pumping (see e.g. Belevich et al. 
2006, 2007; Belevich and Verkhovsky, 2008; Fadda et al. 2008):

(a) An electron arriving at heme a increases the pK value of a “pump site” residue 
acting as proton loading site (PLS) located above both hemes and most likely 
being the D-propionate of heme a3 (Kaila et al. 2008a; Belevich et al. 2010), 
This pK shift givies rise to the uptake of a proton supplied via Glu278 at the end 
of the D pathway (this key Glu residues is conseverved in most oxidases and 
corresponds to Glu 286 in Rb. sphaeroides and Glu 242 in mitochondrial COX);

(b) this first step paves the way for fast electron equilibration between heme a and 
the binuclear center;

(c) in a subsequent charge compensatory step, a “chemical” proton is taken up and 
directed to the BNC where it is used in oxygen chemistry reactions;

(d) the resulting charge repulsion exerted on the preloaded proton still residing at 
the pump site causes its extrusion to the P side of the membrane, thus complet-
ing a formal “one proton per electron” pump cycle.

With four such unit steps required for a full dioxygen reduction, it is tempting to 
assume that basically the same mechanism is responsible for the pumping of every 
proton at each separate electron input event. While this may hold true for the imme-
diate ET steps between heme a and the binuclear center along with their respective 
charge-compensatory steps a-d as outlined above, neither the oxygen chemistry at 
the BNC (see Fig. 13.11, and above) nor the channel usage at each step are identical 
(see also Sect. 13.4.3).
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13.4.3.3  Channel Usage and Gating Concepts

In a first appraisal, structure-derived information for potential proton pathways was 
assessed, and merged with early mutagenesis data on conspicuous hydrophilic and 
even charged amino acid residues found along the hydrophobic transmembrane 
helices of SU I (e.g. Hosler et al. 1993; Thomas et al. 1993; Pfitzner et al. 1998, 
2000; Iwata et al. 1995; Tsukihara et al. 1996). The finding of two separate protonic 
conduits was initially interpreted as one of them serving the four protons for water 
formation at the binuclear center, the K pathway (for the crucial residue Lys354), 
and the D pathway (Asp124 residue) being responsible for pumped protons (see 
Fig. 13.10). Time-resolved electrometric analyses on specific channel mutants, 
however, established that the first two protons reach the BNC through the K path-
way, while a hybrid pathway usage in the D channel for the remaining six hydrogen 
ions taken up from the inside during a complete oxygen cycle (see Konstantinov 
et al. 1997; Ruitenberg et al. 2000, 2002; Tuukkanen et al. 2006; and see above). As 
an immediate corollary of this finding, a distinguishing device in the D pathway for 
directing every single proton to its relevant target site, either the BNC or the pump 
(exit) site, had to be invoked to avoid energetic short-cuts that would give rise to 
uncoupling of the oxidase. All present evidence suggests that this gating device is, 
directly or indirectly, associated with a glutamate side chain at the end of the well-
established part of the D-pathway (Glu278, see Fig. 13.10). The motional flexibility 
of this residue had attracted attention early-on, using infrared-spectroscopic and 
other approaches (Hellwig et al. 1998; Karpefors et al. 2000; Kaila et al. 2008a, b). 
Replacements in this position rendered mutant oxidases catalytically inactive. This 
mobile side chain has been observed in crystal structures only in a position facing 
“down” the D pathway (see e.g. Iwata et al. 1995 for the P. denitrificans structure), 
while an “up” position is functionally mandatory for donating protons either to the 
binuclear center, or to the PLS (see Sect. 13.4.3.2).

This key role of Glu278, in particular in its anionic form after proton delivery, 
has recently been acknowledged by molecular dynamics simulations (Tuukkanen 
et al. 2007; Kaila et al. 2008a, b) as a kinetically gated valve that prevents back-
flow of protons from the P side of the membrane, due to its discrete equilibrium 
distribution.

Interestingly, a recent P. denitrificans oxidase mutation in a distant asparagine, 
N131D close to the lower entrance of the D pathway in SU I, has shed some light 
on this presumed gating mechanism: its phenotype is that of an ideally uncoupled 
COX with full ET capacity, but lacking any proton pump activity (Pfitzner et al. 
2000; Dürr et al. 2008); similar results have been obtained also for a related COX 
(Vakkasoglu et al. 2006; Bränden et al. 2006; Lepp et al. 2008a). The 3-D structure 
of COX from the P. denitrificans mutant is virtually identical to that of the wild 
type, but reveals both the “up” and the “down” densities for the Glu278 side chain 
and a modified water chain (Dürr et al. 2008). This finding is indicative of a re-
stricted mobility of its carboxylate position, obviously locked in a conformational 
equilibrium exclusively serving the binuclear center supply route, but unable to 
deliver protons to the pump site. Various studies (e.g. Wikström et al. 2003; Belev-
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ich et al. 2007) suggest that this latter decision in gating, still poorly understood, 
may be exerted by specifically positioned water molecules within hydrophobic 
cavities at or around the BNC, sensing and relaying the electronic state of the 
metal centers.

Proton movements through both the K and the D pathways are thought to be 
mediated mainly by a Grotthuss type of mechanism (de Grotthuss 2006) along ex-
tensive chains of localized water molecules, either experimentally observed in the 
recent crystallographic structures or inferred from modelling approaches (Wikström 
et al. 2003; Olsson et al. 2007; Shimokata et al. 2007; Dürr et al. 2008; Koepke et al. 
2009). A certain degree of “plasticity” in coordinating this water chain (Namslauer 
et al. 2007) would explain the general observation that many residues potentially 
lining these pathways may be exchanged in the enzyme without functional loss (e.g. 
Pfitzner et al. 1998, 2000).

The further path for pumped protons, once they reached the PLS above the hemes 
(see Sec. 13.4.3.2), is not clear at present, nor is the fate of the reaction product wa-
ter known after leaving the BNC. However, a number of indications (Florens et al. 
2001; Sharpe et al. 2009) point at an exit channel at or near the Mg/Mn binding site 
at the interface between SU I and II (see Fig. 13.9, and above).

The intricate interplay of proton pathway usage in the reductive/oxidative phase 
of the catalytic cycle, as outlined above, has been explained recently by the dis-
tinct feature of the (charged) Lys354 residue in the K pathway (Lepp et al. 2008b; 
Kaila et al. 2009), providing dielectric buffering in the oxidative part, and net pro-
ton movement during the reductive phase. It is interesting, though, that some of 
the more distant members within the family of heme-copper oxidases, notably the 
T. thermophilus ba3 oxidase, are devoid of this distinct pathway architecture, as 
judged both from the lack of key residues as well as their 3-D structure (Soulimane 
et al. 2000; Fee et al. 2008; Smirnova et al. 2008), yet appear functionally com-
petent (though not fully; see also Kannt et al. 1998) in their energy transduction 
properties.

For the mitochondrial oxidase, a third protonic conduit has been suggested as the 
main pathway for pumped protons, invoking also a different mechanism of energy 
coupling for the beef heart enzyme (Yoshikawa et al. 1998; Muramoto et al. 2007; 
Shimokata et al. 2007). However, the presence of such a pathway (see Fig. 13.10, 
“H” pathway, spotted trace) operating in bacteria could not be experimentally con-
firmed by extensive mutagenesis studies (Pfitzner et al. 2000; Lee et al. 2000; Salje 
et al. 2005).

Apart from proton pathways into and across the enzyme, both the substrate di-
oxygen and the product water need to gain access/exit to/from the BNC. An oxygen 
channel has been detected early-on in the P. denitrificans COX structure, and was 
later characterized by site-directed mutagenesis (Riistama et al. 1996, 2000), Dif-
ferences in the extent of this oxygen cavity between different terminal oxidases has 
recently been visualized by Xe binding to protein crystals (Luna et al. 2008). Both 
experimental data (Florens et al. 2001; Sharpe et al. 2009) and MD simulations 
provided evidence for water exit pathways to the periplasmic side, passing by the 
Mg/Mn site close to CuA.
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13.4.4  Related Topics

With the extensive search for bacterial counterparts of the mitochondrial COX 
started some three decades ago (Ludwig and Schatz 1980), it became obvious that 
today’s versions of oxidases not only evolved from Nature’s “toolbox” of structural 
domains originally developed for denitrification enzymes such as N2O and NO re-
ductase (Saraste and Castresana 1994). The variability of bacterial pendants extends 
to different electron input substrates (either c-type cytochromes or quinols), differ-
ent internal routes of ET within the complex such as in the cbb3 oxidases lacking 
the CuA site, and the bewildering variations of different heme moieties found both 
in the low- and in the high-spin site. The common denominator, the presence of a 
BNC composed of a heme group and the CuB site, discriminates this large group of 
oxidase enzymes from the only distantly (but evolutionarily) related NO reductases, 
and assumes, in a unifying concept, similar strategies to handle and make best use 
of the terminal substrate dioxygen in energy transduction (Pereira et al. 2008; see 
contribution by M. Teixera in this book).

13.4.4.1  COX as a Constituent in Supercomplex Assemblies

Previous attempts carefully focussed on isolating and characterizing enzyme units, 
such as the mitochondrial 13-SU COX, that were defined by a minimum structural 
complexity to sustain all the (presumed) catalytic properties; on an operational basis 
this often meant to rely on an efficient detergent for solubilization, potentially split-
ting membrane protein associations into small(er) units. However, contradicting the 
long-held random collision model, supramolecular assemblies were observed upon 
gentle detergent treatment followed by appropriate separation of these high molecu-
lar weight complexes (see Schägger and Pfeiffer 2001; Krause et al. 2004; Stroh 
et al. 2004; Vonck and Schäfer 2009; Genova et al. 2008). These supercomplexes 
did not only show up when the highly specialized (and therefore specifically en-
riched) inner mitochondrial membrane was addressed, but were also isolated from a 
bacterial cytoplasmic membrane in distinct stoichiometries for complexes I, III, and 
IV (e.g. Stroh et al. 2004); such respirasomes may be optimally poised for substrate 
channelling (for a recent discussion, see Genova et al. 2008).

13.4.4.2  COX Biogenesis Mechanisms

This topic receives increasing attention for the fact that the mitochondrial enzyme 
poses a considerable challenge due to its complexity in its number of protein sub-
units, its cofactor insertion mechanisms, and the regulation of nuclear-cytoplasmic 
communication required for gene expression (see e.g. Hamza and Gitlin 2002; 
Wickner and Schekman 2005; Fontanesi et al. 2006; Neupert and Herrmann 2007; 
Khalimonchuk and Winge 2008). Genetic defects originating from either of the two 
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genetic systems involved in COX assembly are increasingly recognized as direct 
cause of diseases (e.g. Sacconi et al. 2003)). With a number of advantages outlined 
above, bacteria often offer a suitable model system to address the most elementary 
steps of biogenesis common to both the bacterial as well as the eukaryotic/organel-
lar world (Hiser et al. 2000; Smith et al. 2005; Bundschuh et al. 2008; Greiner et al. 
2008).

13.4.4.3  Regulation of Cellular Energy Demands

The mitochondrial oxidative phosphorylation system has previously been viewed 
largely as that of an self-employed organelle. Rising evidence suggests that organ-
elles are indeed linked and embedded either way into the cell’s general regulatory 
networks, making individual redox complexes targets for post-translational modi-
fications and cellular signalling cascades (e.g. Fukuda et al. 2007; Vogt et al. 2007; 
Wagner et al. 2008).

13.5  Concluding Remarks

This chapter is an attempt to summarize our current state of knowledge on the use of 
the redox system H2O/O2 as the core of the bioenergetics found in all higher forms 
of life.

Water splitting into dioxygen and metabolically bound hydrogen in photosyn-
thesis and the reversal of this process in respiration, are mediated by multimeric, 
integral membrane protein complexes. Elementary steps are the light-driven oxida-
tive water splitting into O2 and four protons catalysed by PS II, and the reduction of 
O2 to water mediated by COX.

Both reactions comprise a sequence of one-electron redox steps at catalytic cen-
ters containing transition metals as reactive sites. It must be emphasized that in both 
cases the protein matrix is of paramount functional relevance, i.e. WOC and COX 
have to be considered as molecular machines that are especially tailored for opti-
mal process performance either in the forward or the backward direction. Specially 
tuned reaction steps avoid the generation of harmful ROS species.

Despite considerable progress in unravelling the structural and functional orga-
nization, important questions on the mechanism of key reaction steps still remain 
to be answered: in particular the pathway of O–O bond formation in the WOC and 
molecular details of gating in proton pumping of COX are challenging topics of cur-
rent research activities. In this respect the unravelling of (1) the mode of coupling 
between proton and electron transfer steps, (2) of the key functional role of single 
water molecules and (3) the tuning of the reaction coordinates by protein dynamics 
are of utmost importance.

The tremendous achievements by using genetic engineering and significant 
progress in monitoring protein dynamics in combination with highly advanced the-
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oretical approaches in the field of quantum chemistry and molecular mechanics will 
pave the way to a higher level of understanding of biocatalysts in general and the 
WOC and COX in particular.
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14.1  Introduction

Photosynthetic organisms have developed physiological mechanisms allowing ac-
climation and survival in a wide range of environmental conditions. By harvesting 
solar energy and converting it into chemical energy, plants, algae and cyanobacteria 
provide organic carbon molecules and oxygen that are essential for life on earth. 
However, changes in light quality and, especially, light intensity can be harmful to 
photosynthetic organisms. Changes in light quality could cause an imbalance of en-
ergy absorption by the photosystems resulting in a decrease in photosynthetic effi-
ciency. In addition, excess light can be lethal because harmful reactive oxygen spe-
cies are generated in the photochemical reaction centers. Most of the mechanisms 
induced in response to changes in light quality and light intensity are controlled by 
photosynthesis-mediated changes in cellular redox potential and lumenal pH. For 
example, in order to counterbalance the changes in light quality, the redox state of 
the plastoquinone pool (and/or of the cytochrome b6f complex) regulates the energy 
re-distribution between the two photosystems by changing the relationship between 
the antennae and the reaction centers (state transitions; van Thor et al. 1998; Woll-
man 2001) and by regulating the transcription of photosynthetic genes (Allen 1993; 
Allen et al. 1995; Foyer and Allen 2003). In plants, the low lumenal pH, gener-
ated during photosynthesis under high irradiance, induces a photoprotective mecha-
nism involving energy dissipation as heat in the antenna (resulting in a detectable 
quenching of the chlorophyll fluorescence). This mechanism decreases the energy 
arriving at the PSII reaction center, thus reducing the generation of oxygen reactive 
species and the probability of PSII damage (Horton et al. 1996; Niyogi 1999).
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Cyanobacteria, like plants carry out oxygenic photosynthesis; due to their nu-
meric abundance, they play a key role in global carbon cycling. For cyanobacteria, 
only recently was a light-induced process for decreasing the energy transfer between 
the antenna and the reaction centers described (El Bissati et al. 2000; Rakhimberdi-
eva et al. 2004; Scott et al. 2006; Wilson et al. 2006). In contrast to its counterpart 
in plants, the cyanobacterial process is not triggered by a lowering of the lumenal 
pH or a change in the redox state of the plastoquinone pool (Rakhimberdieva et al. 
2004; Scott et al. 2006; Wilson et al. 2006). Instead, the decrease of energy reach-
ing the reaction centers and the quenching of the antenna fluorescence is induced 
by light activation of the Orange-Carotenoid-Protein (OCP) (Wilson et al. 2006), 
a soluble 35kD protein containing a single-non covalently bound carotenoid (Holt 
and Krogmann 1981; Wu and Krogmann 1997; Kerfeld 2004).

14.2  Protective Antenna-Related Energy Dissipation 
Mechanisms

The photosynthetic apparatus of the organisms that carry out oxygenic photosyn-
thesis is composed of two photosystems, Photosystem I (PSI) and Photosystem II 
(PSII). In each photosystem, the light harvesting antennae collect and concentrate 
light energy for the photochemistry in the reaction centers and for conversion light 
energy to chemical energy by photosynthesis. While the structure of the reaction 
center complexes appears to be conserved in all the oxygenic photosynthetic organ-
isms, there is a wide variety of light harvesting complexes of distinctive pigment 
and protein composition. In plants and green algae, light is principally harvested 
by membrane embedded complexes non-covalently binding chlorophyll and carot-
enoid molecules, known as light-harvesting-complexes (LHCs). These complexes 
are structurally and functionally flexibile, allowing plants and algae to adapt to 
changes in environmental conditions. The LHCs, which are very efficient in the 
collection of light energy under low light conditions, can reversibly switch to a 
photoprotected state in which the excess energy is converted into heat under high 
light conditions (Horton et al. 1996; Niyogi 1999; Pascal et al. 2005; Ruban et al. 
2007). The switch is induced by the ∆pH that builds up across the thylakoid mem-
brane during electron transport. The drop of the lumen pH induces the intercon-
version of LHC carotenoids by the xanthophyll cycle (violaxanthin to zeaxanthin) 
and the protonation of a PSII subunit (PsbS), a member of the LHC superfamily. 
Conformational changes in the LHCII, which are also induced by the acidification 
of the lumen, are crucial for this mechanism. These changes modify the interaction 
between chlorophylls and carotenoids to allow thermal dissipation (Horton et al. 
1996; Niyogi 1999; Pascal et al. 2005; Ruban et al. 2007). Energy dissipation is 
accompanied by a diminution of PSII-related fluorescence emission, known as non-
photochemical-quenching fast (NPQf) or qE. This NPQ process is rapidly reversible 
(within seconds) in the dark, in the absence of protein synthesis. Decrease of fluo-
rescence emission usually serves as a measure of the dissipation process.
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To harvest light, cyanobacteria (with the exception of the Prochlorophytes) use 
a distinctive type of photosynthetic antenna, a large membrane extrinsic complex 
called the phycobilisome (PB), composed of several types of chromophorylated 
phycobiliproteins and of linker peptides needed for the structural organization and 
functioning of the PBs (for reviews, see Glazer 1984; Grossman et al. 1993; Mac-
Coll 1998; Tandeau de Marsac 2003; Adir 2005) Phycobilisomes are composed of 
a core from which rods radiate. The major core protein is allophycocyanin (APC), 
while in most of the freshwater cyanobacteria the rods contain only phycocyanin 
(PC) and, in many marine cyanobacteria, phycoerythrin (PE) or phycoerythrocya-
nin (PEC) are found in the distal end of the rods. These complexes are attached to 
the outer surface of the thylakoid membranes (Gantt and Conti 1966a, b) via the 
large, chromophorylated, core membrane linker protein, LCM (Redlinger and Gantt 
1982). This protein and APCB serve as PB terminal energy acceptors. Harvested 
light energy is transferred from them to the chlorophylls (chls) of PS II and PSI 
(Mullineaux 1992; Rakhimberdieva et al. 2001).

Since key elements involved in the qE mechanism of plants such as the LHC, the 
enzymes of the xanthophyll cycle and the PsbS protein are absent in cyanobacteria 
it has been long assumed that they do not have an antenna-related NPQ photopro-
tective mechanism. Only relatively recently, in 2000, appeared the first report es-
tablishing that in cyanobacteria there exists a photoprotective NPQ-antenna-related 
process (El Bissati et al. 2000). Exposure of Synechocystis PCC 6803 (hereafter 
referred to as Synechocystis) cells to strong intensities of blue light induced PSII 
fluorescence quenching under conditions in which the plastoquinone (PQ) pool was 
largely oxidized and the oxygen evolving activity was not saturated. Moreover, the 
recovery of the fluorescence occurred in the presence of inhibitors of translation (El 
Bissati et al. 2000). These results demonstrated that the blue-green light induced 
quenching was not related to photoinhibition or state transitions. Under high inten-
sities of white light, the decrease of fluorescence is associated with the inactivation 
of PSII and the damage of the D1 protein (photoinhibition) (for reviews see Prasil 
et al. 1992; Aro et al. 1993; Vass and Aro 2008; Tyystjärvi 2008). Recovery of fluo-
rescence requires the replacement of the damaged D1 protein and it cannot occur 
in the presence of inhibitors of protein synthesis. In state transitions, the decrease 
of fluorescence is induced by the reduction of the PQ pool caused by a preferential 
illumination of PSII by orange light (or green light when PE is present) princi-
pally absorbed by the phycobilisomes (for review Williams and Allen 1987; van 
Thor et al. 1998; Wollman 2001). In contrast, blue light, principally absorbed by 
PSI, induces the oxidation of the PQ pool and increases the fluorescence associated 
with the state 1 transition. Moreover, while state transitions are largely inhibited 
by lowering the temperature (increasing the rigidity of the thylakoids), the fluores-
cence quenching induced by strong blue light is not affected by the rigidity of the 
membrane and has a lower temperature dependence (El Bissati et al. 2000). The 
investigators proposed that, as in plants, in cyanobacteria high intensities of white 
or blue-green light induce energy dissipation at the level of the PSII antenna: high 
light intensities induce phycobilisome fluorescence quenching accompanied by a 
decrease of the energy transfer from the phycobilisome to the photosystems. This 
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hypothesis was soon substantiated. Rakhimberdieva et al. (2004) first showed that 
in a Synechocystis mutant lacking reaction center II and the chl antennae CP43 and 
CP47, blue-light induced a reversible quenching of the phycobilisome emission. 
These results were confirmed by two other laboratories (Scott et al. 2006; Wilson 
et al. 2006). In these mutants, a specific decrease of the phycobilisome-related-
fluorescence was observed and there was no concurrent change in the chlorophyll-
related-fluorescence emission (Scott et al. 2006; Wilson et al. 2006). In contrast, 
blue-light was unable to induce fluorescence quenching in a phycobilisome-defi-
cient mutant or in a mutant containing only the phycocyanin rods of the phyco-
bilisome (Wilson et al. 2006). Phycobilisomes are thus the essential components 
of the blue-light-induced NPQ mechanism. The presence of only the core of the 
phycobilisome is sufficient to induce the quenching (Wilson et al. 2006). Picosec-
ond time-resolved fluorescence decay data were consistent with a mechanism of 
blue-light-induced quenching localized in the phycobilisome core that decreased 
the excited-state population (Scott et al. 2006). Recently, it was also proposed that 
in conditions in which all the PSII centers are closed, as in the presence of DCMU, 
chl excitation could be quenched via the phycobilisome quenching mechanism. In 
these conditions, excited chl molecules could be sufficiently long-lived to allow the 
exciton be transferred from PSII chl to the APC in the core of the phycobilisome 
where it is quenched (Rakhimberdieva et al. 2007b)

In cyanobacteria the fluorescence changes associated with energy dissipation in 
the antenna are no faster than those associated with state transitions; both are on the 
time-scale of minutes. Thus, the name NPQfast is not appropriate for the cyanobac-
terial mechanism. qE is more appropriate because the fluorescence quenching is 
also associated with energy dissipation in cyanobacteria. However, the cyanobac-
teria and the plant qE are completely different mechanisms. To differentiate both 
mechanisms we call the cyanobacterial mechanism qEcya. Additional details about 
this mechanism are described in (Karapetyan 2007; Kerfeld 2009; Kirilovsky 2007, 
2010; Bailey and Grossman 2008).

14.3  The Inducer of the qEcya Mechanism: The Orange 
Carotenoid Protein

In higher plants, the antenna-associated qE or NPQf is induced by a low lumenal pH 
(Horton et al. 1996; Niyogi 1999). In contrast, the phycobilisome-associated qEcya 
is not dependent on the presence of a transthylakoid ∆pH (Wilson et al. 2006). The 
induction of the quenching in cyanobacteria appears to be independent of excita-
tion pressure on PS II or of changes in the redox state of the plastoquinone pool 
(El Bissati et al. 2000; Wilson et al. 2006). A specific characteristic of the qEcya 
mechanism is that its induction depends on the quality of light; only blue-green 
light triggers it. The action spectrum for the phycobilisome emission quenching 
in PSII-deficient mutants of Synechocystis PCC 6803, has peaks at 496, 470 and 
430 nm; this suggested that a carotenoid molecule could be involved (Rakhimberdi-
eva et al. 2004). Wilson et al. (2006) then demonstrated that indeed a carotenoid 
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protein, the Orange Carotenoid Protein (OCP), is specifically involved in the qEcya 
mechanism (Fig. 14.1). In the absence of the OCP, the fluorescence quenching in-
duced by strong blue-green light in Synechocystis cells is completely inhibited and 
the cells are more sensitive to high light intensities. This is manifested as a faster 
decrease in PSII activity in a mutant lacking the OCP (Wilson et al. 2006). Studies 
by immuno-gold labeling and electron microscopy showed that most of the OCP is 
present in the inter-thylakoid cytoplasmic region, on the phycobilisome side of the 
membrane (Wilson et al. 2006). The existence of an interaction between the OCP 
and the phycobilisomes and thylakoids was supported by the co-isolation of the 
OCP with the phycobilisome-associated membrane fraction (Wilson et al. 2006, 
2007; Boulay et al. 2008b). A possible direct interaction between the OCP and the 

Fig. 14.1  The OCP is essential for the reversible fluorescence quenching induced by high light 
intensities. Changes in maximal fluorescence in dark-adapted WT ( green circles) and ∆OCP ( red 
squares) cells (in the presence of chloramphenicol) illuminated by high intensities of white light 
(3 min 1500 µmol photons. m−2 s−1) and then incubated in darkness. High irradiance induced a 
larger fluorescence quenching in WT cells than in ∆OCP cells. However, while the fluorescence 
quenching observed in WT cells was largely reversible, the quenching induced in ∆OCP cells was 
irreversible. Thus, in WT cells fluorescence quenching is associated to the photoprotective mecha-
nism and in ∆OCP to photoinhibition. More details in (Wilson et al. 2006)
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phycobilisomes was suggested by phycobilisome reconstitution experiments in the 
presence of the OCP, followed by co-migration in a sucrose gradient, separation 
and isolation of a phycobilisome-OCP complex (Fig. 14.2; Boulay et al. 2008b). 
Figure 14.3 summarizes the working model of the OCP-phycobilisome-related pho-
toprotective mechanism.

In Synechocystis, the strain used for almost all of the studies on the OCP-relat-
ed-photoprotective mechanism, the OCP is encoded by the slr1963 gene (Wu and 
Krogmann 1997) and it is constitutively expressed. It is present even in Synechocys-
tis mutants lacking phycobilisomes (Wilson et al. 2007). High light increases levels 
of OCP transcripts in Synechocystis (Hihara et al. 2001): recent data suggests this 
is transient, increasing after 15 min of exposure to high light, but then returning to 
baseline levels after the elapse of one hour (Singh et al. 2008). Other stress condi-
tions (salt stress, iron starvation) increase the levels of OCP transcripts and proteins 
(Hihara et al. 2001; Fulda et al. 2006; Wilson et al. 2007). Under iron starvation 
(Cadoret et al. 2004; Joshua et al. 2005; Rakhimberdieva et al. 2007b; Wilson et al. 
2007), and in the absence of PSI (Kirilovsky, unpublished), blue-green light induces 
a large fluorescence quenching. It was proposed that the chlorophyll-binding pro-
tein IsiA, a stress-induced protein of the LHC family, was the responsible for this 
quenching (Cadoret et al. 2004; Joshua et al. 2005). However, more recently it was 
clearly demonstrated that the iron-depletion induced qEcya was dependent on the 
OCP, not IsiA (Rakhimberdieva et al. 2007b; Wilson et al. 2007). Moreover, the 
higher OCP concentration (relative to chl and phycobiliproteins), the larger fluo-
rescence quenching (Wilson et al. 2007) indicating that the OCP plays an essential 

Fig. 14.2  Relationship between the OCP and the phycobilisome. a Reconstituted phycobilisomes 
in the presence of OCP in a non-linear sucrose gradient (0.25 M, 0.5 M, 0.75 M and 1.5 M sucrose 
from up to bottom). The blue arrow shows the band containing the reconstituted phycobilisomes. b 
Coomassie-stained gel electrophoresis of the phycobilisome ( upper panel) and OCP immuno-blot 
detection ( lower panel). The orange arrow shows the 35 kDa OCP band. The OCP co-migrated 
with the reconstituted phycobilisomes

a b
OCP
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role in the acclimation of Synechocystis to environmental changes. The relationship 
between the concentration of the OCP and energy dissipation was later confirmed 
using a Synechocystis mutant overexpressing OCP, in which large quantities of the 
OCP were present and a very large fluorescence quenching was observed (Wilson 
et al. 2008).

14.4  Distribution of the OCP

A survey of the currently available cyanobacterial genome sequences shows that 
genes homologous to slr1963 in Synechocystis are present in most phycobilisome-
containing cyanobacteria (Table 14.1). The primary structure of the OCP is highly 
conserved (Fig. 14.4); 129 of 318 residues in the primary structure of the OCP are 
absolutely conserved among the orthologs. A phylogenetic tree (Fig. 14.5) of full 
length OCP sequences and its N-terminal fragments (discussed below) based on 
pairwise alignments with slr1963, shows the most distant relatives to slr1963 to be 
those from Gloeobacter violaceus (50%) and Nodularia spumigena (56% identi-
cal). The marine Synechococcus OCP sequences cluster tighly and are ~65% identi-

Fig. 14.3  The photoprotective mechanism. The ubiquitous OCP, which has strong interactions 
with the phycobilisomes and the thylakoids, is activated by absorption of high intensities of blue-
green light inducing conformational changes of the carotenoid and the protein. The activated 
protein induces quenching of phycobilisome emission and decrease of energy transfer from the 
phycobilisomes to the reaction centers. We hypothesize that the activated protein is able to absorb 
the energy absorbed by the phycobilisomes via interaction with the phycobilisome core and con-
vert this energy into heat
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Organism OCP* OCP-Nter* OCP C-ter*
Acaroychloris marina AMI_5842
Anabaena varaibilis 

ATCC29413
Ava_3843 Ava_2052 Ava_2231

Ava_2230
Ava_4694

Arthrospira maxima 
CS-328

ZP_03274607

Crocosphaera watsonii 
WH 8501

CWATdraft_0985 CWATdraft_5349

Cyanobium PCC7001 JCVI_CPCC7001_1352 
(86)

Cyanothece ATCC51142 cce_1649 cce_1537 cce_0742
cce_1991

Cyanothece CCY0110 CY0110_09677 CY0110_08696 CY0110_8806
Cyanothece PCC7424 ZP_02975753 ZP_02976887 ZP_02976888

ZP_02974930 ZP_02974026
ZP_02975513

Cyanothece PCC7425 ZP_03136620 ZP_03140187
ZP_03137335
ZP_03140186

Cyanothece PCC7822 ZP_03155220 ZP_03157200
ZP_03155118
ZP_03157201

Cyanothece PCC8801(2) ZP_02940387 ZP_02940386
Gloeobacter violaceus 

PCC7421
glr0050 gll0259 gll2503
glr3935 (274) gll0260

Lyngbya sp PCC8106 L8106_29210 L8106_04666 L8106_29390
L8106_29395

Microcoleus chthonoplas-
tes PCC7420

MC7420_3617 
(282)

MC7420_905

P30 and 33
Microcystis aeruginosa 

NIES 843
MAE_18910

Microcystis aeruginosa 
PCC7806

IPF_5686

Nodularia spumigena 
CCY9414

N9414_13085 N9414_12098 N9414_22253
N9414_22258

Nostoc punctiforme 
PCC73102

NpR5144 NpF6242 NpF5133
NpR0404 NpF6243

NpF5913
NpR5130

Nostoc sp PCC7120 all3149 all1123 all4940
alr4783
all4941
all3221

Synechococcus CC9311 Sync_1803
Synechococcus CC9902 syncc9902_0973

Table 14.1  Occurrence of the ocp, its paralogs and fragments ( Nostoc punctiforme ORFs in Bold 
are known to be expressed based on a proteomic analysis (Anderson et al. 2006))
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Organism OCP* OCP-Nter* OCP C-ter*
Synechococcus PCC7002 SYNPCC7002_

A2810
Synechococcus PCC7335 EDX85092 EDX87112 EDX87269

EDX83307 EDX84507
EDX83475

Synechococcus BL107 BL107_14105
Synechococcus RCC307 RCC307_1992
Synechococcus RS9917 RS9917_00692
Synechococcus WH5701 WH5701_04010

WH5701_00210 
(219)

Synechococcus WH7803 SynWH7803_0929
Synechococcus WH7805 WH7805_01202
Synechococcus WH8102 SYNW1367
Thermosynechococcus 

elongates BP-1
tll1269 tll1268

*Genes/ORFs are listed by locus tag (if given in the Genbank record or in Integrated Microbial 
Genomes http://img.jgi.doe.gov/) or Genbank gi/protein record Identifier.
For truncated forms of the full-length OCP, the number of amino acids is given in parenthesis

cal to the OCP of Synechocystis. Seven of these strains have been examined for the 
expression of the full-length OCP; it is constitutively present in each of them (Bou-
lay et al. 2008a). These seven strains are able to perform blue-green light induced 
fluorescence quenching, substantiating the suggestion that the OCP-related photo-
protective mechanism is widespread in cyanobacteria and plays an important role in 
the physiology of these organisms (Boulay et al. 2008a). Furthermore Arthrospira 
maxima was examined for its OCP response to iron starvation: as in Synechocystis, 
iron starvation induces an increase in OCP concentration and a large fluorescence 
quenching (Boulay et al. 2008a), consistent with the general observation from mi-
croarray analyses (Hihara et al. 2001; Fulda et al. 2006; Wilson et al. 2007) that the 
OCP functions in response to stress. The presence of a larger qEcya protects the cells 
from the presence of “dangerous” functionally disconnected phycobilisomes under 
iron starvation conditions. The transfer of excess absorbed energy from the phyco-
bilisomes to the thylakoids could induce oxidative damage (e.g. lipid peroxidation) 
if it is not thermally dissipated at the level of the phycobilisomes.

Most of the cyanobacterial genomes sequenced to-date contain only a single 
copy of the OCP gene. Exceptions include Gloeobacter violaceus PCC 7421 and 
Synechococcus WH5701 which contain additional truncated paralogs (274 and 219 
amino acids, respectively). Synechococcus PCC7335 is unusual in that it contains 
3 full length OCP genes. A subset of the genomes also contain, in addition to full 
length OCP gene, one or more open reading frames (ORFs) encoding homologs to 
the N-terminal domain (Fig. 14.5) while containing a single copy of the C-terminal 
domains (with the exception of Microcoleus chthonplastes which does not con-
tain a C-terminal domain; Table 14.1). The primary structures of these fragments 

Table 14.1 (continued)
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show a significant amount of conservation (Fig. 14.6), including residues that are in 
the immediate environment of the carotenoid in the OCP structure (Fig. 14.7). The 
N-terminal homologs are cluster in groups across species, rather than collectively 
by organism (Fig. 14.5), suggesting their origin is relatively ancient gene dupli-
cation. The function of these fragments is unknown. When they were first noted 
(Kerfeld et al. 2003), it was suggested that they could combine in modular fashion 
to produce OCP variants for specific environmental conditions; this remains to be 
tested in those organisms (many of which occupy environments with large fluctua-
tions in conditions) which the fragments are redundant to the full-length OCP. More 

C. A. Kerfeld and D. Kirilovsky

Fig. 14.4  Primary and secondary structure of the OCP. The primary structure of A. maxima OCP 
is shown with secondary structure elements ( arrows for beta strands, coils for helices; N-and 
C-terminal domain secondary structure is shown in blue and red, respectively). The loop joining 
the two domains is grey. The types of turns present are given in Greek symbols: β for beta turn, γ 
for gamma turn. Beta hairpins are shown as the sideways letter u. Residues are colored according 
to conservation among OCP orthologs using a gradient from red (high) to blue (low). Residues 
marked with a red dot are within van der waals contact of the carotenoid. (Figure adapted from 
PDBsum Laskowsi 2001)
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recently evidence for their expression has been reported. In Cyanothece 51142 a 
unicellular diazathroph that temporally separates photosynthesis and nitrogen fixa-
tion, a whole-genome DNA microarray was used to detect oscillating light-dark 
transcripts; one of the N-terminal (cce_1537) and the C-terminal (cce_0742) OCP 
fragment ORFs cycle similarly to the full length OCP, peaking in the light phase 
(Stockel et al. 2008). Cluster analysis grouped the OCP gene in a subnetwork with 
photosynthesis, cell division, glycogen biosynthesis and carbon fixation genes. In 
Nostoc punctiforme, proteomic analysis provides additional evidence for a func-

Fig. 14.5  Phylogenetic tree of the full length OCP and N-terminal OCP fragments. Tree based 
on pairwise alignment the protein sequences retrieved via a BLAST search using the primary 
structure of Synechocystis OCP using Fast Minimum evolution (Desper and Gascuel 2004) as 
implemented as a Tree View in NCBI BLAST. ORFs encoding the N-terminal domain of the OCP 
are also shown. The length of the (putative) protein sequence is given in parentheses

Nostoc punctiforme PCC 73102 (149)
Nostoc sp. PCC 7120 (172)

Cyanothece sp. PCC 7425 (149)
Nostoc punctiforme PCC 73102 (149)

Cyanothece sp. PCC 7424 (149)
Synechococcus sp. PCC 7335 (150)

Synechococcus sp. WH 5701 (317)
Synechococcus sp. RCC 307 (318)

Synechococcus sp. WH 7803 (318)
Synechococcus sp. WH 7805 (318)
Synechococcus sp. WH 8102 (318)
Synechococcus sp. RS9917 (323)

Synechococcus sp. BL 107 (318)
Synechococcus sp. WH 5701 (219)

Synechococcus sp. CC9902 (318)
Synechococcus sp. CC9311 (321)

Synechococcus sp. PCC 7002 (320)

Cyanothece sp. CCY 0110 (319)
Cyanothece sp. ATCC 51142 (319)

Synechococcus sp. PCC 7335 (320)

Synechococcus sp. PCC 7335 (319)
Synechococcus sp. PCC 7335 (319)

Synechocystis sp. PCC 6803 str. 1963 (317)

Microcystis aeruginosa PCC 7806 (320)
Microcystis aeruginosa NIES 843 (320)

Arthrospira maxima CS 628 (319)

Cyanothece sp. PPC 7424 (319)

Gloeobacter violaceus PCC 7421 (217)
Gloeobacter violaceus PCC 7421 (184)

Cyanothece sp. PCC 7822 (176)
Microcoleus chthonoplastes PCC 7420 (98)

Microcoleus chthonoplastes PCC 7420 (165)

Microcoleus chthonoplastes PCC 7420 (282)

Nostoc Punctiforme PCC 73102 (176)
Nostoc sp. PCC 7120 (176)

Anabaena variabilis ATCC 29413 (176)

Anabaena variabilis ATCC 29413 (319)

Anabaena variabilis ATCC 29413 (163)

Anabaena variabilis ATCC 29413 (171)

Nostoc sp. PCC 7120 (163)

Nostoc sp. PCC 7120 (122 )
Nodularia spumigena  CCY 9414 (167)

Nodularia spumigena  CCY 9414 (171)
Nodularia spumigena  CCY 9414 (322)

Gloeobacter violaceus PCC 7421 (324)
Gloeobacter violaceus PCC 7421 (274)

Nostoc punctiforme  PCC 73102 (318)

Nostoc sp. PCC 7120 (319)

Nostoc punctiforme  PCC 73102 (320)
Cyanothece sp. PCC 7424 (175)

Cyanothece sp. PCC 7425 (166)
Cyanothece sp. CCY 0110 (157)

Cyanothece sp. PCC 7822 (160)
Cyanothece sp. PCC 7424 (160)

Synechococcus sp. PCC 7335 (159)

Thermosynechococcus elongatus BP-1 (165)

Lyngbya sp. PCC 8106 (170)

Lyngbya sp. PCC 8106 (319)

Cyanothece sp. ATCC 51142 (161)

Cyanothece sp. PCC 7822 (164)
Cyanothece sp. PCC 8801 (165)

Cyanothece sp. PCC 7425 (165)

Crocosphaera watsonii WH 8501 (138)

Cyanothece sp. ATCC 51142 (161)

Lyngbya sp. PCC 8106 (160)
Nostoc Punctiforme PCC 73102 (163)
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Fig. 14.6  Sequence 
logos for the a N- and b 
C-terminal fragments of 
the OCP identified from 
genomic sequences. 
Residues are numbered 
according to alignment 
with the A. maxima 
OCP. The height of each 
letter is proportional to 
the observed frequency 
of the amino acid in that 
position. The overall 
height of each stack of 
letters is proportional 
to sequence conserva-
tion as measured in bits 
(Schneider and Stephens 
1990). A sample correc-
tion for underestimation 
of entropy was included 
in the generation of the 
Logo. The amino acids 
are colored accord-
ing to their chemical 
properties: polar, green; 
basic, blue; acidic, red; 
hydrophobic, black. In 
the C-terminal fragment 
logo, the positions of 
the Tyr and Trp residues 
that hydrogen bond 
to the carotenoid in 
the full-length OCP 
are marked with an *. 
(Figure prepared with 
WEBLOGO Crooks 
et al. 2004)
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tional role for the OCP fragments; several of the N-terminal paralogs are known to 
be expressed (Anderson et al. 2006).

Among phycobilisome-containing cyanobacteria, only a few strains lack a full 
length OCP gene homolog, including the freshwater Synechococcus elongatus 
PCC 7942 and PCC 6301, the thermophile Thermosynechococcus elongatus, Syn-
echococcus sp. A, Synechococcus sp. B’, the marine Synechococcus sp. CC9605 and 
Crocosphaera watsonii WH8501. T. elongatus, C. watsonii WH8501, Cyanothece 

Fig. 14.7  Two-dimensional 
view of protein-pigment 
interactions (hydrogen 
bonding and hydrophobic 
contacts) in the A. maxima 
OCP structure. Residues in 
bold are absolutely conserved 
among OCP orthologs. The 
residue most commonly 
found in each position in the 
isolated N- and C-terminal 
fragments (see Fig. 14.6) 
of the OCP is shown in 
parentheses. (Figure prepared 
with LIGPLOT, Wallace et al. 
1995)
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PCC7425, Cyanothece PCC7822 and Cyanothece PCC8801, however, contain two 
ORFs one for each of the N- and the C-terminal domain of the OCP (Table 14.1). 
In T. elongatus, Cyanothece PCC7425, Cyanothece PCC7822 and Cyanothece 
PCC8801, they occur as separate but adjacent genes (and Cyanothece PCC7425 and 
Cyanothece PCC7822 also contain isolated N-terminal domains ORFs) whereas 
in C. watsonii, the ORFs for the N- and C-terminal domains are in different parts 
of the genome. In S. elongatus PCC 7942 and T. elongatus, the qEcya mechanism 
appears to be absent confirming the correlation between the blue-green light in-
duced qEcya and the presence of the full length OCP, (Boulay et al. 2008a), and that 
the ORFs coding for the N- and C-terminal of the OCP do not function to induce  
qEcya in T elongatus. The strains lacking the OCP are more sensitive to episodes of 
high light irradiance, similar to the phenotype of the ∆OCP Synechocystis mutant 
(Boulay et al. 2008a) Interestingly, S elongatus PCC 7942 and T elongatus, which 
lack the OCP-related energy dissipation mechanism, use a different strategy to cope 
with excess light energy. Under iron starvation conditions, these organisms protect 
themselves by quickly decreasing the phycobiliprotein cell content to avoid the ac-
cumulation of the “dangerous” functionally disconnected phycobilisomes (Boulay 
et al. 2008a).

14.5  The Structure and Photoactivity of the OCP

14.5.1  The Three-dimensional Structure of the OCP

The structure of the OCP isolated from Arthrospira maxima (Kerfeld et al. 2003) is 
known (Fig. 14.8); given the sequence homology between the Synechocystis and A. 
maxima OCP (82% identical), the structure provides a useful model for interpreting 
data from functional studies.

The OCP consists of two domains: an all α-helical N-terminal domain and a 
mixed α/β C-terminal domain that resembles the fold of nuclear transport factor 
2 (NTF2; Pfam 02136). The embedded ketocarotenoid, 3’-hydroxyechinenone 
(hECN), is almost completely buried within the protein with its keto terminus 
deep in the hydrophobic pocket of the NTF2 domain (Figs. 14.7 and 14.8); only 
3.4% of the pigment surface is accessible to solvent. The N-terminal domain of the 
OCP is an orthogonal alpha helical bundle, subdivided into two four-helix bundles 
(Figs. 14.4 and 14.8). To-date, the OCP N-terminal domain is the only known pro-
tein with this particular fold (Pfam 09150). The hydroxyl terminus of the hECN 
is nestled between the two bundles. The absolutely conserved Tyr 44 and Trp110 
sidechains make hydrophobic contacts with the hydroxyl terminal end of the carot-
enoid, whereas two other absolutely conserved residues, Tyr203 and Trp290, form 
hydrogen bonds to the carbonyl moiety at the keto terminus of the hECN (Kerfeld 
et al. 2003 and Fig. 14.7). Interestingly, most of these residues are conserved among 
the ORFs that potentially encode isolated N- and C-terminal fragments of OCP 
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that are found in some cyanobacterial genomes; including absolute conservation of 
W290 and Y203 (Fig. 14.6).

14.5.2  The Photoactivity of the OCP in the Context  
of its Structure

The protein has a large effect on the spectroscopic characteristics of the carotenoid: 
In organic solvents, hECN is yellow (λmax = 450 nm). In the OCP, in darkness 
or dim light, it appears orange and its absorption spectrum presents a typical ca-
rotenoid shape, reflecting the strongly allowed S0–S2 transition with three distinct 
vibrational bands; the 0–0 vibrational peak located at 496 nm (Kerfeld et al. 2003; 
Polivka et al. 2005; Wilson et al. 2008 and Fig. 14.9). The position and shape of this 
transition corresponds to that of hECN locked into an all-trans conformation by the 
surrounding protein (Polivka et al. 2005), in agreement with the crystallographic 

Fig. 14.8  The structure of the OCP. The dimer of the OCP is shown, the left molecules is shown 
in space-filling representation, the right molecules as a ribbon diagram. The N-terminal domain is 
colored blue, the C-terminal domain is red and the linker joining the domains is colored gray (as 
in Fig. 14.4). The 3′ hydroxyechinenone is shown in green space-filling representation
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structure (Kerfeld et al. 2003): the protein forces the carotenoid to have the C = C 
bond at the terminal ring containing the conjugated carbonyl group in trans position 
with respect to the conjugated backbone (Kerfeld et al. 2003; Polivka et al. 2005). 
The Raman spectra of the OCP from A. maxima and Synechocystis, which also in-
dicate that the hECN is in an all-trans conformation, are nearly identical, implying 
that the carotenoid-peptide interactions in these two proteins are remarkably similar 
(Wilson et al. 2008).

Upon illumination with blue-green light (at 10°C), the OCP (which appears or-
ange) is completely photoconverted to a red form (Wilson et al. 2008 and Fig. 14.9). 
The red-shifted spectrum of the light-activated form, with a maximum at 510 nm, 
loses the resolution of the vibrational bands (Fig. 14.9). The initial rate of the pho-
toconversion strongly depended on light intensity but it was temperature-indepen-
dent. The conversion occurs with a very low quantum yield (about 0.03); this can be 
explained by the fact that the OCP is involved in a photoprotective mechanism that 
must be induced only under high irradiance. In darkness, the red form of the OCP 
spontaneously reverts to the orange form (Wilson et al. 2008). This step, which is 
not accelerated by illumination, shows large temperature dependence.

Resonance Raman spectroscopy and light-induced Fourier transform infrared 
(FTIR) difference spectra demonstrated that light absorbance by the OCP induces 
structural changes not only in the carotenoid but also in the apo-protein (Wilson 
et al. 2008). Upon illumination of the A. maxima and Synechocystis OCP, the ap-
parent conjugation length of hECN increased by about one conjugated bond, and 
hECN reaches a less distorted, more planar structure. These changes are in agree-
ment with the observed red-shift of the absorbance spectrum. The results strongly 
suggested that a trans-cis isomerisation of the hECN did not occur upon illumina-
tion. It was concluded that that hECN is still all-trans in red OCP form. Although 
the specific changes in the carotenoid of the OCP remain to be elucidated, they are 
clearly different from those occurring in retinal, a carotenoid derivative, which is 
the chromophore of rhodopsins (reviewed in Spudich et al. 2000). In rhodopsins, 

Fig. 14.9  The OCP is a 
photoactive protein. To obtain 
the red form the isolated 
OCP was illuminated with 
blue-green light at 12°C for 
2 min. Absorbance spectra 
(and photograph) of the dark 
orange form ( orange) and the 
light red form ( red)
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the retinal is covalently bound to the protein via a protonated Schiff-base linkage to 
a Lys residue; light induces an isomerization of the retinal, initiating the photocycle. 
The photocycle involves proton transfer between the Schiff-base and a carboxylate 
residue. In the OCP not only there is no isomerization detected but also the hECN is 
not covalently bound to the protein.

Large changes were also observed in the FTIR spectra upon OCP illumination, 
suggesting a major rearrangement of the protein backbone. The changes observed 
corresponded to a less rigid helical structure and a compaction of the β-sheet do-
main upon conversion to the red form. Further studies will be necessary to identify 
the specific nature of the changes in the carotenoid and the protein.

14.5.3  The Red Form of the OCP is the Active Form

After it was demonstrated that the OCP is a photoactive protein, the link between 
the light-induced red form and the qEcya mechanism required elucidation. The first 
results suggesting the relationship between the induction of fluorescence quenching 
and the formation of the red form of the OCP came from absorbance spectra of a Syn-
echocystis strain overexpressing OCP, measured before and after illumination with 
strong blue light. The calculated light-minus-dark difference spectra strongly suggest 
that the red form of the OCP accumulates in vivo under conditions inducing energy 
dissipation and fluorescence quenching (strong blue-green light) (Wilson et al. 2008).

The observed strong dependency on light intensity of the blue-light induced 
qEcya in whole cells (Wilson et al. 2006) correlates with that of the kinetics of the 
formation of the red OCP form in vitro (Wilson et al. 2008). The back–reaction ki-
netics (red to orange) show a large temperature dependence, the half-time of recov-
ery varying from 30 s at 32°C to about 45 min at 11°C (Wilson et al. 2008). In vivo, 
the recovery qEcya kinetics also show a large temperature dependence, however the 
kinetics are slower (El Bissati et al. 2000; Wilson et al. 2006; Rakhimberdieva et al. 
2007a) than the red-to-orange dark conversion, suggesting that the red OCP form 
is more stable in vivo than in vitro or that the fluorescence quenching remains lon-
ger than the red form. In contrast, the initial rate of the light photoconversion was 
temperature-independent. Thus, at a fixed light intensity, the steady-state concentra-
tion of the red form depended on the temperature. This is reflected in vivo, where 
a larger fluorescence quenching was observed at 7°C than at 33°C (Wilson et al. 
2008). Thus, the ratio of the two forms of the OCP under illumination depends on 
light intensity and temperature: more red form at high irradiance and low tempera-
tures, conditions in which photoprotection is needed. The OCP is a sensor of photo-
inhibitory conditions inducing a greater fluorescence quenching (photoprotection) 
under increasing irradiance and lowering temperature.

Collectively these results already strongly suggested that the red form of the 
OCP is the active form. This was confirmed by the study of qEcya in three Syn-
echocystis mutants: an overexpressing C-terminal His-tagged OCP mutant, an 
overexpressing C-terminal His-tagged W110S OCP mutant and an overexpress-
ing OCP ∆crtO double mutant (Fig. 14.10). In the latter mutant, echinenone and 
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Fig. 14.10  The red form is 
the active OCP form. This 
activated form is essential for 
the photoprotective mecha-
nism. Absorbance spectra of 
the dark ( black) and the light 
( red) form of the OCP iso-
lated from an overexpressing 
W110S OCP mutant a and 
an overexpressing WT-OCP 
∆CrtO mutant b This mutant 
lacks hECN and echinenone 
and the OCP binds mostly 
zeaxanthin. The isolated 
proteins were illuminated 
15 min at 12°C. c Decrease 
of maximal fluorescence 
(Fm’) during exposure of 
overexpressing OCP ( green 
circles), WT ( open green 
circles), overexpressing 
W110S OCP ( red triangles) 
and overexpressing WT-OCP 
∆CrtO mutant ( blue squares) 
cells
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hECN are lacking due to the deletion of the crtO gene coding for the β-carotene 
monoketolase which catalyzes the formation of echinenone and hECN. In this 
mutant the OCP binds mostly zeaxanthin and it is yellow (Punginelli et al. 2009). 
In contrast, the W110S OCP point mutant is orange and contains mostly hECN. 
The WT OCP isolated from the overexpressing His-tagged OCP mostly contains 
echinenone (50–85%) and hECN (35–15%) in different proportions depending 
on the preparation. In all three mutants, large quantities of the OCP were present. 
However, while high intensities of blue-green light induced a large fluorescence 
quenching in the overexpressing His-tagged OCP strain, no (or almost no) fluo-
rescence quenching was induced in the other two mutants. Only a very small por-
tion of the W110S mutant OCP and none of the zeaxanthin-OCP were converted 
to the red form, even after prolonged illumination with strong blue-green light at 
10°C (Wilson et al. 2008; Punginelli et al. 2009) (Fig. 14.10). The red shift of the 
WT-hECN spectrum is caused by the increase of the apparent conjugation length 
of the hECN by about one conjugated bond, due to a more planar conformation 
of the carotenoid in the light form (Wilson et al. 2008) and probably a change 
in the position of the carbonyl group. The absence of the carbonyl group in the 
zeaxanthin prevents the increase of the apparent conjugation length and/or the 
stabilization of a more planar structure of the zeaxanthin with a red-shifted spec-
trum. The inactive W110S mutant OCP binds hECN, indicating that the presence 
of the carbonyl is not sufficient for the photoactivity and for the stabilization 
of the red form. The hydrophobic interaction between the hydroxyl β-ring and 
the tryptophan sidechain seems to be also important to form and/or stabilize the 
hECN in the red form. Interestingly, in contrast to the W110S mutant, a W110F 
mutant OCP is able to stabilize the red form and to induce the photoprotective 
mechanism (Wilson et al. 2010). On the other hand, the absence of the hydroxyl 
group of the hECN appears not to be essential because the echinenone-OCP was 
completely converted to the red form (Punginelli et al. 2009). In conclusion, the 
stabilization of the red form is essential for the induction of the fluorescence 
quenching.

14.6  Hypotheses and Perspectives

By comparing the OCP with other blue-light responsive photoactive proteins in the 
context of the phenotype of various OCP mutants, it is possible to speculate about 
the role of the OCP in the qEcya mechanism.

Blue-green light is an important biological signal for many organisms; blue-light 
receptors are found in both prokaryotes and eukaryotes. For example, BLUF do-
mains (Blue light using FAD; Pfam 04940) are widespread in bacteria in which they 
function to relay light signals to diverse outputs. Many other blue-light responsive 
proteins found in algae and plants as well as bacteria are members of the PAS-fold 
superfamily (Pfam clan CL0183). These include the flavin-binding phototropins 
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(Crosson and Moffat 2001; Briggs 2006; Takahashi et al. 2007). The phototropins 
contain the well-characterized light-oxygen-voltage (LOV) domains. In addition, 
photoactive yellow protein (PYP) which is involved in chemotaxis is also a member 
of the PAS superfamily. Structural and spectroscopic data are available for several 
of these proteins in both the resting and the photoactive state. In addition to respon-
siveness to blue light, they share some structural similarity with the OCP; these 
blue-light responsive proteins contain a core consisting of a 4–5 stranded beta sheet 
similar to the C-terminal domain of the OCP.

The lack of the activity of the zeaxanthin-OCP and of the hECN-W110S OCP, 
both of which are unable to stabilize the red OCP form, could have several underly-
ing causes: (1) these proteins cannot accept the energy arriving from the phycobili-
some to dissipate it; (2) the interaction with the phycobilisome is disrupted; (3) they 
are unable to propagate the signal.

We outline four hypotheses about the qEcya mechanism that require testing in 
the coming years in order to elucidate the OCP’s photoprotective mechanism.

14.6.1  The Red Form is the Active Form Because it is Able 
to Absorb the Energy Coming from the Phycobilisomes 
and Dissipate It

Carotenoids are able to quench excitation energy from tetrapyrrole molecules 
through energy transfer to their optically forbidden S1 state, coupled to an intra-
molecular charge-transfer state (Berera et al. 2006). This seems to be the mecha-
nism at the origin of qE in the plants (Ruban et al. 2007). Hydroxyechinenone 
and echinenone, which contain a conjugated carbonyl group, clearly have such 
an intramolecular charge transfer state. Indeed, it was shown that excited state 
of hECN in the OCP has strong charge-transfer character and, consequently, its 
lifetime is about half that in solution (Polivka et al. 2005). In the OCP the excited-
state-absorption band (ESA) of the carotenoid is extremely red-shifted, having its 
maximum at 650 nm. This band seems to be due to a stabilization of an intra-
molecular charge transfer (and/or a breaking of hydrogen bonds upon excitation) 
(Polivka et al. 2005). Therefore, we propose that the OCP is not only the sensor of 
light but also the quencher of the excitation energy. In principle, the orange-hECN 
and zeaxanthin are able to quench excitation energy like the red-hECN; however 
only the red-hECN is able to induce the quenching of phycobilisome emission. We 
hypothesize that the red shift of the hECN spectrum is necessary to tune the opti-
cally forbidden S1 state of hECN to a position allowing the energy transfer from 
the phycobilisome to the OCP where excitation energy can then be quenched. The 
zeaxanthin-OCP and the W110S mutant OCP, due to the lack of a metastable “red” 
form are unable to absorb the energy coming from the phycobilisome and quench 
this energy.
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14.6.2  The OCP Interacts with the APC Core of the 
Phycobilisome. Light-Induced Changes in the C-terminal 
Domain are Essential for Energy and Fluorescence 
Quenching

Absolutely conserved Tyr203 and Trp290 residues form hydrogen bonds with the 
carbonyl moiety at the keto terminus of the hECN (Kerfeld et al. 2003). These resi-
dues belong to the C-terminal domain of the OCP, which has some structural simi-
larity to the phycobilisome 7.8 kD core linker protein (Wilson et al. 2008). We had 
hypothesized that the C-terminal OCP domain, by interacting with the center of an 
APC trimer in the phycobilisome core, may bring the carotenoid into proximity of 
the APC chromophores (Wilson et al. 2008). Perturbations in the secondary struc-
ture of the protein, especially in the C-terminal domain, could be induced by the 
binding of zeaxanthin, instead of hECN, due to the lack of the carbonyl group. These 
changes could prevent optimal contact between the APC trimers and the OCP. In 
addition light induced changes in the carbonyl-protein interactions could possibly 
modify the interaction between the carotenoid and the APC chromophore favoring 
energy transfer under high light conditions. In the zeaxanthin-OCP, in which there 
are no hydrogen bonds between the carbonyl and the protein, the modifications re-
quired to induce energy transfer and dissipation are probably not induced.

The crystal structure of the A. maxima OCP is assumed to represent the dark-
state adapted form of the protein. Given the almost complete concealment of the 
carotenoid by the protein, it is difficult to envision how the carotenoid could medi-
ate quenching of energy absorbed by the phycobilisome. However at the time of the 
structure elucidation the number of cavities and protrusions on the surface of the 
protein was noted to be exceptional (Kerfeld et al. 2003). These could play a role 
in interaction with other proteins. In addition, the two domains of the structure are 
joined by a long flexible linker (Fig. 14.4 and Fig. 14.8); conformational changes in 
the protein that alter the disposition of the two domains with respect to each other 
could unmask sites for protein-protein interactions and allow increased accessibil-
ity to the carotenoid. A precedent for this is found in PYP; in activating the PYP 
alterations in hydrogen bonding result in a displacement of a conserved Arg residue. 
This movement increases solvent accessibility to the chromophore. In the OCP an 
invariant Arg residue, Arg155, is positioned at the interface between the N- and C-
terminal domains (Fig. 14.7). A change in the conformation of the sidechain of this 
residue could increase the solvent accessibility of the carotenoid.

14.6.3  The Signal is Propagated Through Protein 
Conformational Changes

A role for conformational changes in transducing a signal through the OCP and/or 
in altering inter-protein or intra-protein (domain-domain) interactions is supported 
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by the observation that glutaraldehyde and high concentrations of sucrose and glyc-
erol abolish NPQ formation in Synechocystis (Scott et al. 2006; Rakhimberdieva 
et al. 2007a). Functionally important conformational changes in plant LOV do-
mains have been shown to be substantially reduced by similar treatments (Iwata 
et al. 2007). These experiments also revealed the important role of structural water 
molecules; with additional structures of the OCP we will be able to begin to deter-
mine if there are similarly important structurally conserved water molecules that 
may be important in the photoresponse of the OCP.

In PYP and LOV domains, blue light causes changes in the chromophore that 
induce protein conformational changes that are required for the light-responsive func-
tion (Rubinstenn et al. 1998; Harper et al. 2003). These conformational changes have 
their basis in the dynamics of the hydrogen bonding networks (as in BLUF domains) 
within the LOV domain and PYP (Anderson et al. 2004; Kort et al. 2004; Jung et al. 
2006). The OCP contains a substantial number of hydrogen bonds; several could 
serve as relays between the carotenoid and the protein surface via interaction with 
Tyr203 and Trp290. For example, Tyr203 is hydrogen-bonded to the main chain at-
oms of Thr 199 and Leu 207; Thr 199 is surface exposed. Likewise Trp 290 is hydro-
gen bonded to the absolutely conserved residues Val271 and Phe292; these residues 
are part of the beta sheet and are surface exposed. Light triggered conformational 
changes of hECN could alter the strength of the hydrogen bond between the carbonyl 
and Tyr203 and Trp290. This, as in LOV domains (Nozaki et al. 2003; Harper et al. 
2003; Halavaty and Moffat 2007), could alter the conformation of the beta sheet 
C-terminal domain and its interaction with a short alpha-helix from the N-terminus, 
affording signal propagation pathway from the carotenoid to the surface of the OCP. 
At the opposite end of the carotenoid molecule, the hydroxyl group has the potential 
to form an hydrogen bond to the mainchain of Leu 37 which is hydrogen bonded to 
the mainchain of Ala 33 and Trp 41; these residues are also surface exposed.

When the structure of the OCP was first described, the large number of Met resi-
dues within 6.5 Å of the carotenoid was noted. These may be important in protection 
(via oxidation to methioinine sulfoxide and methionine sulfone) of the carotenoid 
from harmful reactive oxygen species. The Met residues could also be involved in 
signal propagation. BLUF domains provide an example for a role of Met residues 
in signal propagation via sidechain conformational changes (Jung et al. 2006). The 
sulphur atom in Met sidechains is polarizeable and Met sidechains adopt distinctive 
conformations with electrophiles and with nucleophiles which may also facilitate 
signalling. All of the conserved Met residues in the OCP make multiple hydrogen 
bonds to residues that are surface-exposed.

14.6.4  Is the Oligomeric State of the OCP is Functionally 
Important?

In the Phototropin 1 LOV domain of Arabidopsis, alterations in hydrogen bond-
ing patterns induced by light, also changes the monomer-dimer equilibrium (Na-
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kasone et al. 2006). This process is temperature dependent, underscoring the im-
portance with the conformational changes that are known to be important for 
biological activity (Nakasone et al. 2008). The OCP is a dimer in the crystal (Ker-
feld et al. 2003; Wilson et al. 2010) (Fig. 14.8). The intermolecular interactions 
are largely mediated by hydrogen bonding among the N-terminal 30 amino acids. 
There is no indication suggesting that the orange to red light-induced conversion 
involves a dissociation of the OCP into monomers. On the other hand, it is easier 
to envision an efficient energy transfer from the chromophores of the APC to the 
carotenoid if the OCP monomer, rather than the dimer, interacts with the PBS. For 
the moment, there is no data indicating if OCP is a monomer or a dimer in vivo 
and if both the orange and the red form interact with the phycobilisome or only 
the red form. However the OCP is a monomer in solution. If in vivo the orange 
OCP is a dimer having low affinity for the phycobilisome, light-induced protein 
conformational changes and hydrogen bonding patterns could affect the inter-pro-
tein interactions in the dimer, possibly leading to its dissociation and facilitating 
the binding of the OCP monomer to the PBS core. In the zeaxanthin-OCP and the 
W110S mutant OCP, the changes in the hydrogen bonding patterns is not induced; 
perhaps an associated failure to dissociate into monomers could underlie the lack 
of activity of these proteins.

14.7  Conclusion

The recent discovery of an energy dissipating photoprotective mechanism in cya-
nobacteria is very exciting because this mechanism is completely distinct from that 
known in plants. It involves a new photoactive protein, the OCP, which contains 
a carotenoid as the active chromophore and is essential for this mechanism. The 
function of the OCP as the light sensor that mediates energy dissipation and fluo-
rescence quenching is unequivocal. We propose that, in addition, the OCP may be 
the energy dissipator and the quencher of fluorescence but this hypothesis remains 
to be verified.

The OCP also constitutes an ideal model system in vitro for studies of the elec-
tronic and photochemical properties of protein-bound carotenoids. These properties 
are still poorly understood due to the fact that carotenoids are most often embedded 
in integral membrane proteins where they are surrounded by other cofactors that 
complicate spectroscopic studies and mutagenesis experiments. The OCP is a water 
soluble protein that binds only a single carotenoid per polypeptide chain.

The construction of OCP and phycobilisome mutants and the associated charac-
terization of their phenotypes by spectroscopic and structural studies will be essen-
tial to elucidate which components of the PBS core are involved in the interaction 
with the OCP and in energy dissipation. Likewise this will inform more reduction-
istic studies that dissect the role of specific amino acids that are essential for pho-
toactivity and for energy dissipation, and to understand which sidechains influence 
the properties of the carotenoid and the affinity of the carotenoid for the protein.
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The study of the OCP provides not only fundamental knowledge about the influ-
ence of proteins on carotenoid properties and about a new photoprotective mecha-
nism involving a new type of photoactive protein but the OCP also has applications 
in biomass production using cyanobacteria. The importance of stress protection of 
cyanobacteria that are used for biofuel, food, or chemical production is becoming 
apparent to the biotechnology industry. Light is known to be the principal limit-
ing factor of photobioreactor efficiency; it is too low or quasi-null in the depth of 
culture, and too high in the vicinity of the light source. Cultivating strains with 
modifications in the antenna and in the antenna-associated photoprotective mecha-
nism could potentially lead to an increase of the efficiency of photobioreactor-based 
biotechnology The confluence of structural, spectroscopic and functional studies in 
cyanobacterial photoprotection has been extraordinarily fruitful in providing insight 
into a novel mechanism of photoprotection that may have important implications 
for bioengineering.
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15.1  Transition Metals in Photosynthetic Cells

Transition metals play an important role in many biological processes (for reviews, 
see Kaim and Schwederski 1994). In the photosynthetic apparatus, transition met-
als are required as cofactors in electron transport processes (Merchant and Sawa-
ya 2005). Among these are Fe containing cofactors such as iron-sulfor clusters, 
cytochromes and non-heme iron (see Chaps. 12 and 13), Cu in plastocyanin (see 
Chap. 21) and Mn in Photosystem II (see Chaps. 12 and 13). As a result, the demand 
for some of these metals in cyanobacteria and plants far exceeds that of other organ-
isms. A most illustrative example is the evolutionary transition from non-oxygenic 
to oxygenic photosynthesis which resulted in a ~100 times higher internal Mn quota 
in the oxygen evolving cyanobacterium Synechocystis sp. PCC 6803 compared to 
that of the photosynthetic bacterium Rhodobacter capsulatus which is unable to 
evolve oxygen (Keren et al. 2002).

The “invention” of oxygenic photosynthesis was the key step for the evolution 
of the whole biosphere because it provided the indispensable prerequisites for the 
development and sustenance of all higher forms of life on earth (Des Marais 2000). 
Nevertheless, oxygenic photosynthesis generates severe risks for living matter due 
to the production of molecular dioxygen with its peculiar properties (for further 
reading, see articles in Gilbert 1981). Unique problems emerge from the necessity 
to transport, accumulate and assemble transition metal ions into functional cofac-
tors because these cations catalyze the formation of the extremely reactive hydroxyl 
radicals (OH•) from superoxide and/or hydrogen peroxide via the Haber-Weiss re-
action (Haber and Weiss 1934). Reactive oxygen species (ROS) can be formed at a 
number of junctions along the course of the photosynthetic electron transport chain. 
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Potential candidates for ROS generation are (1) the sensitized reaction of chloro-
phyll triplets with molecular dioxygen in its triplet ground state (3 ∑

gO2)  leading 
to its reactive singlet state (1�gO2), and (2) redox reactions on the donor (and 
acceptor) side of PS II that give rise to formation of superoxide and/or hydrogen 
peroxide (reviewed in Shcolnick and Keren 2006). In order to overcome inherent 
dangers from radical chain reactions between transition metal cations and interme-
diates in photosynthetic catalysis, the handling of these metals is tightly regulated 
(Pittman 2005; Shcolnick and Keren 2006).

15.2  Mn Availability in the Environment

Manganese is a common element on earth’s surface (Kaim and Schwederski 1994). 
In the photosynthetic apparatus Mn plays a unique role because it is the essential 
constituent of the catalytic Mn4OxCa cluster in the water oxidizing complex (WOC). 
This element cannot be replaced by any other transient metal, in marked contrast to 
the redox inert Ca2+ which can be substituted by Sr2+ (for a review, see Van Gorkom 
and Yocum 2005). The evolutionary pathway leading to the “construction” of the 
WOC is not yet resolved. Current hypotheses assume that suitable bicarbonate-
manganese adducts were used as templates for the evolution of the catalytic site of 
the WOC (Dismukes et al. 2001). Details on the assembly of the unique Mn4OxCa 
cluster will be discussed in Sect. 15.3.

15.2.1  Mn Transport in Cyanobacteria

While Mn is not considered as a limiting factor for primary productivity like Fe, 
its concentration is nonetheless in the low nM range in open oceans (Morel 2008) 
and in fresh water bodies (Sterner et al. 2004). For comparison, the Mn concentra-
tion in standard growth media like BG11 (Allen 1968) or A+ (Stevens and Porter 
1980) is in the micromolar range. In the analysis of Mn transport and homeostasis 
in cyanobacteria we should consider two conditions; the Mn deficient condition 
which prevails in open water bodies and the Mn sufficient condition existing for 
brief periods following wind-driven dust depositions (Guieu et al. 1994; Baker et al. 
2006) and in culture media.

15.2.1.1  Mn Transport Under Deficient Conditions: The MntABC 
Transporter

Metal ions are charged species that cannot freely cross hydrophobic membrane 
cores for energetic reasons. Therefore, the transport of transition metals through bi-
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ological membranes requires active transport. In cyanobacteria, only one Mn trans-
porter is known, MntABC (Bartsevich and Pakrasi 1995). Interestingly enough, this 
transporter was identified by a screen for photosynthetic mutants that took advan-
tage of the glucose sensitive strain of Synechocystis sp. PCC 6803 (Williams 1988). 
In this strain, only mutants with impaired photosynthetic abilities can survive on 
plates containing glucose in the light. This method has yielded a number of interest-
ing mutants, including one that was mapped to the mntCAB operon encoding for the 
3 subunits of the MntABC transporter (Bartsevich and Pakrasi 1995). The mutant 
exhibited low oxygen evolution rates and could be rescued by the addition of excess 
Mn. MntABC was shown to be a member of the ATP requiring ABC transporter 
family (Linton 2007). Bacterial ABC type transporters contain three protein compo-
nents: a solute (ion) binding protein in the periplasm (or linked to the inner plasma 
membrane), a transmembrane permease and an ATP binding protein (Linton 2007). 
The function of MntABC mutants was further studied by 54Mn transport assays 
(Bartsevich and Pakrasi 1996). A difference in the transport rate between wild type 
and mutant cultures was observed only under Mn deficient conditions, leading to 
the suggestion that MntABC is a high affinity transporter which is expressed under 
conditions of limited Mn supply.

The structure of the periplasmic ion binding protein, denoted MntC, of the Mn 
transporter MntABC, was resolved by X-ray crystallography, which discovered a 
surprising feature (Rukhman et al. 2005). The unit cell of the crystal contained two 
forms of the protein; one with a disulfide bond and one in which these cysteines are 
reduced (Fig. 15.1). The existence of a redox active cysteine pair in a periplasmic 
solute binding protein is unexpected. Rukhman et al. (2005) suggested a regula-
tory role for this feature, changing the protein from an active into an inactive state 
depending on the redox poise of the periplasm. Support for the existence of such a 

Fig. 15.1  The two redox dependant configuration of the MntC protein. a MntC monomer A, the 
oxidized disulfide bond conformation. A disulfide bond is found between Cys219 and Cys268. 
This enables the correct folding pattern of the metal binding site resulting in a high Mn2+ affinity. 
b MntC monomer C, the reduced disulfide bond conformation. The disulfide bond is broken, 
which lead to conformational changes in the metal binding site and results in a lower Mn binding 
capacity. The variable region is marked by a dashed circle. (Courtesy of Prof. Noam Adir, data 
redrawn from Rhukhman et al. 2005)
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mechanism comes from a recent work by Singh and coworkers demonstrating that 
a plasma membrane protein is involved in disulfide bond formation in the extracy-
toplasmic space of cyanobacteria (Singh et al. 2008).

15.2.1.2  Mn Transport Under Sufficient Conditions: Mn Accumulation  
in an Outer Membrane Bound Pool

Measurements of 54Mn transport rates clearly demonstrated that, in addition to 
MntABC, other transport systems function in Synechocystis sp. PCC6803 (Bartse-
vich and Pakrasi 1996). While Mn transport was severally inhibited in �mntC  
mutants under Mn deficient conditions, no inhibition could be measured under Mn 
sufficient conditions. Furthermore, the rate of Mn uptake exhibited a bi-phasic de-
pendence on Mn concentration, with increasing transport rates in the millimolar 
range, both in wild type and in �mntC  mutant cells. Vmax values could not be 
reached even in the presence of 2 mM Mn (Bartsevich and Pakrasi 1996).

Further analysis of the uptake under Mn sufficient conditions showed that Syn-
echocystis sp. PCC 6803 cells, in the early log phase of growth, have the ability to 
bind large amounts of Mn from fresh BG11 media (Keren et al. 2002). Fraction-
ation of these cells indicated that most of the bound Mn is associated with the outer 
membrane (Keren et al. 2002). The face of the membrane to which Mn is bound re-
mains to be determined. X-ray absorption spectroscopy studies confirmed that this 
pool contains Mn2+ and extended X-ray absorption fine structure (EXAFS) studies 
revealed that Mn interacts with the membrane. However, the nature of the binding 
sites could not be resolved by using this technique (Keren et al. 2002). Recent work 
from the Robinson group suggested that a protein from the cupin family, MncA, 
is the major Mn binding protein in the periplasm of Synechocystis sp. PCC 6803 
cells (Tottey et al. 2008). The relation of this protein to Mn storage has not been 
determined.

Release of Mn from the outer membrane pool could be achieved by incubation 
with EDTA at concentrations higher than 2 mM. However, high EDTA concentra-
tions can poke holes in the outer membrane of Gram-negative bacteria in addition 
to chelating released transition metal ions (Vaara 1992). Using this method it was 
possible to establish that an excess of ~1 × 107 atoms/cell can be stored in the pool 
bound to the outer membrane (OM) of Synechoccystis sp. PCC 6803 cells in the ear-
ly log phase of growth, i.e. an amount of approximately 10 times higher than the Mn 
concentration inside the plasma membrane (PM). Along the progression of growth 
in the culture, Mn from the outer membrane pool is gradually utilized, keeping the 
internal Mn concentration constant (Keren et al. 2002). This mode of transport is 
not affected by inactivation of MntABC transporter (Keren et al. 2002). The main-
tenance of a Mn concentration difference of such a large extent requires the supply 
of Gibbs free energy. Indeed, accumulation of Mn in this outer membrane pool was 
found to be coupled to photosynthetic activity (Keren et al. 2002). The mechanism 
by which photosynthesis in the thylakoid membrane supports Mn accumulation on 
the outer membrane is still unknown.
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15.2.1.3  Mn Sensing and Regulation of Transport

In order to regulate different Mn transport pathways, cyanobacteria require a Mn 
sensor. Ogawa and coworkers and Yamaguchi and coworkers have independently 
identified the components of such a system. A mutant of the ManS sensory kinase 
was identified in a screen that utilized the mntCAB promoter linked to a reporter 
gene (Ogawa et al. 2002). In addition to ManS the response regulator ManR has 
been discovered by Microarray analysis of mutants in genes coding for two-compo-
nent regulators (Yamaguchi et al. 2002). The ManS/R system represses the expres-
sion of the mntCAB operon and its inactivation results in constitutive transcription 
of its mRNA. Interestingly, inactivation of either manS or manR did not signifi-
cantly affect the transcription of any other genes apart from those of the mntABC 
operon (Yamaguchi et al. 2002).

The ManS protein is embedded into the plasma membrane, like many other two-
component sensors. The sensor domain of the protein is exposed to the periplasm 
and the kinase domain to the cytoplasm (Ogawa et al. 2002; Yamaguchi et al. 2002). 
The topology of the protein should have an effect on its mode of sensing. Lowering 
the external Mn concentration will result in the depletion of the outer membrane 
bound pool, which will activate the ManS/R system in advance of an internal Mn 
deficiency.

15.3  Mn and PSII Function

PSII is one of only a few enzymes that utilize Mn in cyanobacterial cells. It was 
estimated that 10–50% of the cellular Mn quota is bound to PSII complexes (Keren 
et al. 2002). The link between Mn availability and PSII function in cyanobacteria 
was originally observed by Cheniae and Martin (Cheniae and Martin 1967). Re-
moval of Mn from the medium of Anacystis nidulans (now designated Synechococ-
cus elongatus PCC 7942) results in inactivation of oxygen evolution, which can 
be reversed by addition of Mn. The close correlation between Mn availability and 
PSII function is clear but the pathway of Mn cluster assembly is still a matter of 
debate. Three major questions regarding Mn cluster assembly will be discussed in 
this review: the order of events in the assembly of the PSII protein complex, the 
photoactivation sequence and the topology of the assembly process.

15.3.1  Assembly of the Mn Cluster: Structural and Functional 
Requirements

The donor side of PSII is localized near the lumenal side of the thylakoid mem-
brane. The catalytic component of this site is the Mn4OxCa- cluster (Yachandra 
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2005; Barber 2008; Messinger and Renger 2008). Structural studies indicate that 
this cluster is mainly coordinated by residues of the D1 protein and by one residue 
(Arg 357) of the CP43 protein (Kamiya and Shen 2003; Ferreira et al. 2004; Loll 
et al. 2005), which are integral subunits of the PSII complex. The Mn4OxCa clus-
ter is secluded from the aqueous environment of the thylakoid lumen by several 
extrinsic proteins. In cyanobacteria these proteins were found to be PsbO, PsbU, 
PsbV (cytochrome c550), PsbQ and PsbP (Thornton et al. 2004). Only PsbO/U/V 
were resolved in the X-ray crystallographic structure of PS II core complexes 
from thermophilic cyanobacteria (Kamiya and Shen 2003; Ferreira et al. 2004; 
Loll et al. 2005). It is important to note that the psbO, psbV and psbU genes are 
found in all fully sequenced cyanobacterial genomes, while psbP and psbQ are 
found only in some (Thornton et al. 2004). The distribution and evolution of the 
extrinsic proteins among cyanobacterial species is described in a recent review 
(Roose et al. 2007).

A more complex picture arises from functional studies of deletion mutants in 
genes coding for PSII subunits. Deletions of D1, D2, cytochrome b559, CP43 or 
CP47 results in complete loss of PSII water splitting activity. In the case of cy-
tochrome b559 (Pakrasi et al. 1989; Shukla et al. 1992), D1 (Jansson et al. 1987) 
and D2 (Yu and Vermaas 1990) deletions, assembled PSII complexes could not 
be detected. In the case of CP43 and CP47 deletion mutants a core complex of 
PSII did accumulate but was unable to oxidize water and grow photoautotrophi-
cally (Vermaas et al. 1986; Rogner et al. 1991). Deletion of the extrinsic subunits 
(PsbO/U/V/P/Q) affects the function of PSII complexes, however these mutants 
were all capable of a limited extent of oxygen evolution and photoautotrophic 
growth (Vermaas et al. 1986; Burnap and Sherman 1991; Rogner et al. 1991; Bur-
nap et al. 1992; Shen et al. 1995a, b, 1997; Thornton et al. 2004; Inoue-Kashino 
et al. 2005; Summerfield et al. 2005, 2007; Balint et al. 2006; Kashino et al. 2006). 
It is interesting to mention that deletion of psbO leads to more severe effects in 
eukaryotic plants (Mayfield et al. 1987).

15.3.2  Assembly of the Mn Cluster: Donor Side Protein 
Association

The assembly of the Mn4OxCa cluster occurs for the first time during de novo 
synthesis of PSII complexes and then repeatedly throughout the photodamage/
repair cycle (reviewed in Adir et al. 2003; Aro et al. 2005). Considering the func-
tion and the unique properties of this cluster, it is obvious to expect that the as-
sembly process will be tightly regulated and that stop-gap measures will be put 
into place to avoid its untimely activation. So far two control mechanisms have 
been identified.

The D1 subunit of PSII protein is translated as a precursor containing a C-termi-
nal extension. Cleavage of the C’ terminus, a process that is catalyzed by the CtpA 
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protease, trims the D1 to the correct size and position for formation and ligation of 
the Mn4OxCa cluster (Diner et al. 1988; Anbudurai et al. 1994; Roose and Pakrasi 
2004). While the C- terminal extension can be found in the vast majority of pho-
tosynthetic organisms, replacement of pD1 by a mature D1 does not result in any 
observable problems in the assembly process (Ivleva et al. 2000). Nevertheless, 
in mixed culture competition experiments between Synechocystis sp. PCC6803 
strains containing either pD1 or mature D1, cells containing pD1 prevailed (Ivleva 
et al. 2000).

An additional protein, Psb27, was found to be attached to PSII centers lacking 
Mn and extrinsic proteins (Nowaczyk et al. 2006; Roose and Pakrasi 2008). These 
complexes were found to lack oxygen evolution capacity and to exhibit impaired 
forward electron transfer from Q−•

A  to QB.  (Mamedov et al. 2007). Based on these 
studies it was suggested that transient formation of Psb27-PSII assemblies play a 
role in the repair cycle of PSII (Nowaczyk et al. 2006; Roose and Pakrasi 2008).

The studies performed so far suggest that the order of events for the Mn cluster 
assembly is as follows: the pD1 protein is inserted into a partially assembled PSII 
core complex. After cleavage of its C′ terminus by CtpA, the mature D1 protein can 
attach the Mn cluster. It is not clear whether the cluster is assembled sequentially 
from the ligation of individual Mn atoms, or whether a part or the entire complex 
is assembled and then transferred to PSII by a Mn chaperon. Interestingly, in vitro 
experiments revealed that synthetic binuclear manganese complexes were more ef-
ficient in photo-activation of the oxygen evolution activity compared to Mn2+ ions 
(Allakhverdiev et al. 1994). Psb27 prevents Mn attachment by associating with the 
lumenal side of PSII, blocking the docking sites of the extrinsic proteins (Nowac-
zyk et al. 2006; Roose and Pakrasi 2008). This prevents immature binding and in-
terference with the sequence of the photosystem assembly process. Following the 
completion of the D1 processing step, Psb27 is detached (Roose et al. 2007; Roose 
and Pakrasi 2008) and the extrinsic regulatory proteins of the WOC can bind on the 
luminal side of the PS II complex.

A prediction for the order of binding of the extrinsic proteins can be derived 
from biochemical and structural studies. The extrinsic protein, PsbO, is attached to 
the lumenal side of CP47 (Kamiya and Shen 2003; Ferreira et al. 2004; Loll et al. 
2005), followed by PsbV, which binds to CP43 (Shen and Inoue 1993; Kamiya and 
Shen 2003; Ferreira et al. 2004; Loll et al. 2005) and PsbU, which interacts with 
CP43, CP47, PsbO and PsbV (Eaton-Rye 2005). In Synechcocystis sp.PCC 6803 the 
assembly process of extrinsic proteins culminates with the binding of PsbQ. PSII 
complexes containing PsbQ were more active and stable as compared with PSII 
units lacking this protein. (Kashino et al. 2006; Roose et al. 2007). PsbP was found 
to be associated only with a fraction of PSII complexes and is not assumed to be a 
functional component of the extrinsic proteins, but rather to have a regulatory role 
(Thornton et al. 2004).

The study of the order of events leading to the assembly of a functional Mn 
complex is hampered by the lack of kinetic data. Mutational studies, commonly 
used for establishing the function of unknown proteins, provide only static results. 
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Establishing the sequence of events requires the ability to track the individual steps. 
Recent advances in quantitative peptide mass spectrometry are expected to solve 
this problem. Using these techniques, Nowachick and coworkers (Nowaczyk et al. 
2006) were able to track incorporation of 15N tagged D1 into PSII complexes at 
different maturation states, ranging from photosynthetically inactive monomers to 
fully operational dimers.

15.3.3  Assembly of the Mn Cluster: Photoactivation

Cheniae and co-workers showed that the oxygen evolution capacity of Mn depleted 
Synechococcus elongatus sp. PCC 7942 cells can be restored by addition of MnCl2 
to the suspending medium when the cells are illuminated (Cheniae and Martin 
1967). The overall process comprises the uptake of Mn in the dark (this process is 
stimulated by illumination) and a subsequent reaction which is strictly dependent on 
light. Therefore this process is designated photoactivation. Numbers of about 6 Mn 
on the oxidizing side of each PS II were gathered from the data on photoactivation 
(Cheniae and Martin 1969). Later studies revealed that the center of the WOC is a 
Mn4OxCa cluster (for reviews, see Yachandra 2005; Messinger and Renger 2008 
and references therein).

In enzymology, numerous examples are known for metalloenzymes in which the 
catalytic metal center can be reversibly removed from the apoprotein and reinserted 
or even replaced by another metal (see textbooks on metalloenzymes, e.g. Kaim and 
Schwederski 1994). In marked contrast to these systems, however, the formation 
of the Mn-containing functionally-competent WOC through ligation of manganese 
(and Ca2+, vide infra) is an endergonic process that can be only achieved via the 
light-driven reaction sequence of photoactivation.

This phenomenon of photoactivation is not restricted to cyanobacteria but is a 
general intrinsic feature of all oxygen evolving organisms as was shown for algae 
and higher plants. The WOC formation in the green alga Chlorella pyrenoidosa 
grown in the dark which is not able to evolve oxygen must be preceded by the 
formation of PS II complexes that are capable of stable light induced charge sepa-
ration. The assembly of the WOC per se is not coupled with a de novo protein 
synthesis (Cheniae and Martin 1973). Likewise, bean leaves grown under special 
conditions of illumination with short light flashes separated by long dark times were 
shown to assemble a PS II complex which is able to perform light-induced charge 
separation, but lacking the capability of oxygen evolution. A subsequent illumina-
tion with continuous light was required to establish a functionally competent WOC 
(Strasser and Sironval 1972).

More detailed information on the mechanism of the assembly of the Mn4OxCa 
cluster was obtained by studies on manganese-deprived samples. Several treatments 
(incubation in suspensions of high pH or with solutions containing compounds like 
Tris- or hydroxylamine at sufficiently high concentrations) lead to a release of man-
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ganese from the sample without severe destruction of the apoprotein matrix (Che-
niae and Martin 1973; for review see Debus 1992). The overall process of photo-
activation in hydroxylamine treated PS II membrane fragments from spinach was 
shown to comprise two light reactions separated by a stabilization step taking place 
in the dark within the order of 100 ms (see Tamura and Cheniae 1987 and references 
therein). It was found that the reconstitution of a functionally competent WOC is 
absolutely specific for Mn, which cannot be replaced by any other transition metal 
ion. On the other hand, the redox inert Ca2+ can be replaced by Sr2+ as a surrogate 
(Ba2+ and Mg2+ are much less efficient, see Tamura et al. 1989). Under standard 
conditions, the O2-evolving activity of WOCs containing a Mn4OxSr cluster is about 
50% of that with a Mn4OxCa cluster (Ghanotakis et al. 1984; Westphal et al. 2000; 
Boussac et al. 2004; Cinco et al. 2004; Strickler et al. 2005).

Figure 15.2 summarizes our current knowledge on the reaction pattern of the 
photoassembly of the Mn4OxCa cluster in manganese deprived samples. After oc-
cupation of the high affinity binding site in the apo-WOC by a Mn2+ (reaction 
state A) this cation becomes oxidized to Mn3+ in the first light induced step (reac-
tion A → B ) where P680+• acts as oxidant and YZ as intermediary redox carrier 
(Tamura and Cheniae 1986; Hoganson et al. 1989). The kinetics of this reaction is 
accelerated in the presence of bicarbonate (Baranov et al. 2004). It was postulated 
that a ternary complex is formed between Mn2+, (bi)carbonate and the apo-WOC 
which is thermodynamically easier to oxidize than without the (bi)carbonate (Ko-
zlov et al. 2004) which was shown to coordinate with the tightly bound Mn3+ 
(Dasgupta et al. 2007). In the absence of (bi)carbonate a water molecule is as-
sumed to coordinate this site in the proposed ternary complex. Regardless of the 
presence of (bi)carbonate the formation of state C requires the indispensable redox 
inert cation Ca2+ (or Sr2+). The dark reaction B → C  comprises a conformational 
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Fig. 15.2  Proposed model for photoactivation
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change and gives rise to an unstable intermediate which completely disappears 
within the time domain of a few seconds in the dark when the second light induced 
reaction into state D is missing. (Tamura and Cheniae 1987). State C is probably a 
µ-oxo bridged complex [Mn3+(O2−)Ca2+]  (Dasgupta et al. 2010). The subsequent 
intermediates (D and E) of Mn incorporation and the coupled oxidation steps are 
not yet fully characterized. It must be emphasized that (bi)carbonate is not a con-
stituent of the first coordination sphere of the mature Mn4OxCa cluster (Shevela 
et al. 2008; Ulas et al. 2008). Recent structure analyses are in line with this finding 
(Loll et al. 2005).

The different redox states of the Mn4OxCa cluster1 in the WOC can be specifi-
cally manipulated by several exogenous compounds. Among these agents, hydro-
philic exogenous reductants give rise to the population of “reduced” Si states (S−i 
states). So far, a stable population could be achieved for states S−1, S−2 and S−3 
(see Messinger et al. 1997). Indirect evidence for a possible existence of redox 
states S−4 and S−5 has also been presented (Messinger et al. 2001). It was speculated 
that the reduced states are transients in the photoactivation process (Renger 1997; 
Messinger et al. 2001; Ono 2001; Hillier and Messinger 2005). This idea is sup-
ported by the finding that the states S−3 – S−1 are populated in vivo (Higuchi et al. 
2003; Quigg et al. 2003). As an extension of this postulate it appears attractive to 
assign the reduced states S−5 and S−4 to the intermediates A (one Mn2+ bound at the 
high affinity site) and B/C (one Mn3+ bound at the high affinity site) of the scheme 
in Fig. 15.2 because the stable redox state of the WOC in the dark is S1 which 
was shown to attain the electronic configuration Mn2(III)Mn2(IV) (for reviews, see 
Yachandra 2005; Messinger and Renger 2008 and references therein). Accordingly, 
S−5 corresponds with a cluster where all four Mn are reduced to Mn(II) and in redox 
state S−4 one Mn is oxidized to Mn(III). The low quantum yield of the A → B  
and C → D  transitions would explain why the apparent population of S−5 and S−4 
is rather small and hardly resolvable in the patterns of flash-induced oxygen yield 
detected in NH2OH treated thylakoids (Messinger et al. 2001).

In conclusion, the photoassembly of the WOC implies that the Mn4OxCa cluster 
is a non-equilibrium state, which needs to be stabilized by the protein environment. 
This notion is supported by the finding that the WOC is the primary target of UV-B 
light- (Renger et al. 1989) and temperature- (Thompson et al. 1989; Enami et al. 
1994) induced destruction of PS II. It has been suggested that the WOC is also 
prone to destruction by visible light thus leading to photoinhibition (Ohnishi et al. 
2005; Tyystjarvi 2008) but this idea is a matter of discussion (see Vass and Czer 
2009 and references therein).

1 It has to be kept in mind that the actual charge of the manganese centers in the redox states 
Mn(II), Mn(III) and Mn(IV) are not intgers (+2, +3 and +4. respectively). In fact density func-
tional theory (DFT) calculations on synthetic mixed-valent oxomanganese complexes (Sproviero 
et al. 2006a) and a charge population analysis reveals that actually Ca2+ carries the highest posi-
tive charge within the Mn4OXCa cluster although manganese attains the redox states III and IV 
(Sproviero et al. 2006b).
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15.3.4  Assembly of the Mn Cluster: Topological Constraints

The structure of the cyanobacterial cell is more complex than that of other pro-
karyotic cells. On top of a periplasmatic and intracellular space, defined by the 
outer (OM) and plasma membrane (PM), which are common to all Gram negative 
bacteria, cyanobacteria contain a third lumenal space enclosed by the thylakoid 
membrane (TM). The thylakoid membranes take up a large fraction of the intra-
cellular space, creating a maze that hampers the transport processes inside the 
cell (Liberton et al. 2006; Nevo et al. 2007). From an evolutionary standpoint, 
thylakoid membranes are considered to be the descendents of the photosynthetic 
membranes of purple bacteria (Cogdell et al. 2006). However, while in purple 
bacteria the photosynthetic membranes are connected to the plasma membrane 
(Oelze and Drews 1972), in most cyanobacterial species there is no clear evi-
dence for such a connection (Liberton et al. 2006; Nevo et al. 2007). Neverthe-
less, in Gloeobacter violaceus PCC 7421, which is considered as a member of an 
early branching cyanobacterial linage, TM is a direct invagination from the PM 
(Rippka et al. 1974).

While it is clear that PSII functions in the thylakoid membranes, there are con-
flicting reports on the site of its biogenesis. Smith and Howe (1993) were able 
to detect chlorophyll and D1 proteins in PM membranes of Synechococcus sp. 
PCC 7942. In this study, membranes were isolated by sucrose density gradient 
centrifugation. Using a two-phase separation technique (Albertsson 1970), Zak 
and coworkers were able to detect D1, Cytochrome b559 and CtpA, but not CP43, 
CP47 or PsbO in PM of Synechocystis sp. PCC 6803 (Zak et al. 2001). The PSII 
proteins present in the PM preparation formed a complex that migrated as one 
band in native gels. Based on these data Zak et al. suggested that PSII biogenesis 
occurs in the PM rather than in TM. This hypothesis represents a departure from 
the accepted view of the location of PSII assembly in the chloroplast thylakoids of 
eukaryotic organisms (Aro et al. 2005). Keren et al. (2005) demonstrated, by using 
the same preparation technique, that a limited extent of charge separation can be 
measured in partially assembled PSII complexes localized in PM. On a chlorophyll 
basis the concentration of Mn attached to PM was found to be ~20% of that in TM 
(Keren et al. 2005). The lack of stable charge separation and the lower Mn content 
in PM is not surprising considering the role of the CP47 and CP43 extra-membran-
al loops in stabilizing the oxygen evolving complex (Gleiter et al. 1995). Jansen 
et al. (2002) combined the two techniques, performing sucrose gradient density 
centrifugation followed by two-phase separation and were still able to detect D1, 
D2 and cytochrome b559 in PM preparations of Synechocystis sp. PCC 6803. In a 
recent study from the same group (Srivastava et al. 2006), right-side out and inside 
out vesicles of PM were isolated from Synechocystis sp. PCC 6803. The additional 
fractionation step revealed heterogeneity with respect to protein distribution within 
the PM: D1 and pD1 were enriched in inside out as compared to right-side out 
vesicles on a total protein basis.
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While the results of the studies mentioned above suggest that the PSII assembly 
pathway is in the PM, there are a number of studies that did not detect chlorophyll 
in PM. These reports include work on membranes isolated by sucrose gradient cen-
trifugation from Synechococcus elongatus 7942 (Murata et al. 1981), Synechocystis 
6714 (Omata and Murata 1984; Jurgens and Weckesser 1985), or by hyperspectral 
confocal fluorescence imaging of Synechocystis 6803 cells (Vermaas et al. 2008). 
Peschek et al. (1989), analyzing membrane fractions isolated from Synechococcus 
sp. PCC7942 cells, could detect precursors of the chlorophyll biosynthesis pathway 
but very little or no chlorophyll in PM.

15.4  The Relations Between Mn Transport and PSII 
Biogenesis

Regardless of the mechanistic details, the first step of Mn uptake by cyanobacteria 
is the transport through the outer membrane (OM). The details of this transport step 
are still unknown. Beyond that point, when taking into consideration the different 
routes suggested for Mn transport under deficient and sufficient conditions, and the 
conflicting views on the location of PSII assembly events, four different possible 
scenarios can be discussed for the assembly of the Mn cluster as is schematically 
illustrated in Fig. 15.3.

1. Mn sufficient conditions, PSII assembly in the Plasma membrane
 Under sufficient conditions there will be plentiful Mn in the periplasmic space. 

After assembly of the Mn complex, PSII needs to be transferred to the thyla-
koid membrane where the process will be completed by the addition of CP43 
and CP47. Currently, there is no clear evidence either for a direct contact or for 
vesicle transport between the two membrane systems.

2. Mn sufficient conditions, PSII assembled in the Thylakoid membrane
 According to this scenario Mn is transported through the OM, PM and finally 

through the TM to reach the site of assembly. The identity of the participant(s) in 
all three transport steps is still unknown.

3. Mn deficient conditions, PSII assembly in the plasma membrane
 Under Mn deficient conditions the MntABC transporter is expressed. If the TM 

is a topological extension of PM (as in the case of Gloeobacter violaceus PCC 
7421) the MntABC will transport Mn away from the site of precursor complex or 
Mn cluster assembly in the PM. Under these conditions the redox active cysteine 
pair of the MntC subunit (Fig. 15.1) can have a role in controlling the alloca-
tion of the limited Mn for PSII assembly in the periplasm or for the assembly of 
enzymes such as Mn-SOD in the cytoplasmatic space.

4. Mn deficient conditions, PSII assembly in the thylakoid membrane
 According to this scenario, MntABC function supports the assembly of Mn 

enzymes in the cytoplasm directly and, following transport through the TM, the 
assembly of the Mn4OxCa cluster.
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15.5  Concluding Remarks and Future Perspectives

The current state of knowledge does not permit to draw straightforward conclusions 
on the details of the pathways leading to the assembly of a functionally competent 
WOC in cyanobacteria. It is possible that PSII assembly takes place in different 
topological locations during de novo synthesis or during repair, when Mn concen-
trations are high or low or in response to other environmental cues. Any attempt 
to further resolve Mn transport routes and PSII assembly pathways must take into 
account the variability imposed by changes in the bioavailability of Mn. In this 
respect, it is important to remember that Mn concentrations in oceans and lakes 
are in the nanomolar range (Chester and Stoner 1974; Sunda and Huntsman 1988; 
Sterner et al. 2004; Morel 2008). However, in different recipes of the standard cya-
nobacterial growth media, Mn concentrations are in the micromolar range, approxi-
mately three orders of magnitude higher. While it is hard to control transition metal 
bioavailability, and even harder to precisely control the physiological status of the 
cells, it is nevertheless essential that these parameters will be measured and reported 
so that experimental results from different growth conditions and from different 
cyanobacterial strains can be compared.
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16.1  Introduction

Complex I (NADH:ubiquinone oxidoreductase, EC 1.6.5.3) is the first of the three 
energy-transducing enzyme complexes of the mitochondrial respiratory chain and 
its role is to transfer electrons from the electron donor NADH to a ubiquinone mol-
ecule, with concomitant generation of a proton motive force used for ATP synthe-
sis. Related complexes are found throughout nature, but the type of electron donor 
and electron acceptor each uses can differ (Yagi et al. 1998; Bäumer et al. 2000; 
Weerakoon and Olsen 2008). Complex I in eubacteria is considered to be composed 
of three structural modules or sub-complexes: an electron-input device or activity 
module involved in NADH-binding and oxidation, an interconnecting amphipathic 
fragment containing a number of Fe-S centers and a hydrophobic membrane frag-
ment involved in proton translocation and possibly quinone binding (Friedrich et al. 
1995; Friedrich and Scheide 2000; Sazanov 2007). The size of complex I varies 
considerably: the ‘minimal’ complex I found in bacteria (designated NDH-1) is ap-
proximately 550 kDa and consists of 13–15 subunits (reviewed by Sazanov 2007) 
whereas bovine complex I contains 45 subunits and is close to 1 MDa (Carroll et al. 
2006). The crystal structure of the intact holenzyme from Thermus thermophilus 
was recently solved at 4.5 Å resolution (Efremov et al. 2010) and the soluble hy-
drophilic domain, which encompasses the NADH-oxidizing module and intercon-
necting fragment, and contains 8 subunits, 1 FMN and 9 Fe-S centers has been 
determined at 3.3 Å resolution (Sazanov and Hinchcliffe 2006). How proton pump-
ing is coupled to electron transfer is currently unknown with both redox-linked and 
conformationally linked mechanisms proposed (Sazanov 2007).

Early DNA sequencing experiments, reinforced by analysis of cyanobacterial ge-
nome sequences, lent support to previous conclusions that cyanobacteria contained 
a respiratory complex I involved in NADH or perhaps NADPH oxidation (reviewed 
by Schmetterer 1994). Cyanobacteria, as well as chloroplasts, were found to encode 
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Ndh subunits
(CyanoBase 
designation)a

Homolo-
gous E. coli 
subunitsb

Location of Ndh subunits 
in NDH-1d

NDH-1 (sub)
complexese

Redox centers and 
cofactor binding 
sitesf

– NuoE – Fe-S: N1a
– NuoF – NADH-binding 

site, FMN, 
Fe-S: N3

– NuoG – Fe-S: N1b, N4, 
N5, N7

NdhA (Sll0519) NuoH Membrane (core) L, M, MS Q binding?
NdhB (Sll0223) NuoN Membrane (core) L, M, MS
NdhC (Slr1279) NuoA Membrane (core) L, M, MS
NdhD1 (Slr0331)
NdhD2 (Slr1291)
NdhD3 (Sll1733)
NdhD4 (Sll0027)
NdhD5 (Slr2007)
NdhD6 (Slr2009)

NuoM Membrane (D1F1)
Membrane (D2F1)
Membrane (CUP-A)
Membrane (CUP-B)
Not detected
Not detected

L
L’
S, MS
MS’
–
–

Q binding?

NdhE (Sll0522) NuoK Membrane (core) L, M
NdhF1 (Slr0844)
NdhF3 (Sll1732)
NdhF4 (Sll0026)

NuoL Membrane (D1F1)
Membrane (CUP-A)
Membrane (CUP-B)

L
S, MS
MS’

Q binding?

NdhG (Sll0521) NuoJ Membrane (core) L, M, MS
NdhH (Slr0261) NuoDc Interconnecting L, M, MS Q binding?
NdhI (Sll0520) NuoI Interconnecting L, M, MS Fe-S: N6a, N6b
NdhJ (Slr1281) NuoCc Interconnecting L, M, MS
NdhK (Slr1280) NuoB Interconnecting L, M, MS Fe-S: N2

Q binding?
NdhL (Ssr1386) – Membrane (core) L, M, MS
NdhM (Slr1623) – Interconnecting L, M, MS
NdhN (Sll1262) – Interconnecting L, M, MS
NdhO (Ssl1690) – Interconnecting L, M, MS
CupA (Sll1734) – Membrane (CUP-A) S, MS
CupB (Slr1302) – Membrane (CUP-B) MS’
CupS (Sll1735) – Membrane (CUP-A) S, MS
a Cyanobase is at http://genome.kazusa.or.jp/cyanobase/
b The subunits of NDH-1 from E. coli are included for comparison
c NuoCD are fused in E. coli
d The subunits are assigned to the interconnecting and membrane fragments of NDH-1 as described 
in Fig. 16.2. The membrane fragment is further subdivided into a core domain, the NdhD1NdhF1 
(D1F1) module, the putative NdhD2NdhF1 module (D2F1), the CUP-A module and the CUP-B 
module
e Confirmed and predicted NDH-1 complexes that contain the Ndh subunit. See abbreviations and 
text for details
f Predicted location of redox centers and cofactor-binding sites in E. coli NDH-1 based on Sazanov 
and Hinchliffe (2006)

Table 16.1  Ndh subunits and NDH-1 complexes in Synechocystis sp. PCC 6803
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homologues (designated NdhA-G) of the 6 E. coli subunits found in the hydropho-
bic membrane fragment and homologues (NdhH-K) of the 4 subunits found in the 
interconnecting fragment (Table 16.1). Notably absent from the cyanobacterial ge-
nomes was a conserved set of genes encoding homologues of the NADH-oxidizing 
electron-input module, consisting of NuoE, F and G in E. coli. Hence, although the 
cyanobacterial complex is annotated as the NDH-1 complex, or type I NAD(P)H 
dehydrogenase, there is still considerable uncertainty as to the nature of the electron 
donor. Indeed a role for NDH-1 as a ferredoxin:plastoquinone oxidoreductase can-
not be excluded. Despite this gap in our knowledge, the NDH-1 complexes found in 
cyanobacteria and chloroplasts appear to possess certain conserved features which 
allow them to be categorized as a separate subclass of the family of complex I en-
zymes, specific for organisms capable of oxygenic photosynthesis. In this chapter 
we will present a critical overview of the structure and function of cyanobacterial 
NDH-1 complexes.

16.2  Physiological Studies on ndh Mutants

16.2.1  The ndh Genes

Analysis of the first cyanobacterial genome sequence, that of Synechocystis sp. 
PCC 6803, led to the identification of 11 potential Ndh subunits (NdhA-K) based 
on sequence comparisons with characterized complex I subunits in other systems 
(Table 16.1) (Kaneko et al. 1996). Unlike E. coli, where all the nuo genes, encoding 
the NDH-1 subunits, are located in one cluster (Weidner et al. 1993), the annotated 
ndh genes of Synechocystis 6803 are dispersed throughout the genome usually as 
single copies, sometimes in operons (e.g., ndhAIGE, ndhCJK). Unusually, however, 
ndhD and ndhF were found to be present as small gene families, six in the case of 
ndhD ( ndhD1-6) and three in the case of ndhF ( ndhF1, 3, 4). NdhD and NdhF (as 
well as NdhB) are homologous to monovalent cation/proton antiporters (Mathiesen 
and Hägerhäll 2003); consequently a role for members of the ndhD and ndhF gene 
families outside NDH-1 function could not be discounted. The ndhD1 and ndhF1 
genes are found in all of the cyanobacteria so far sequenced whereas the presence 
of the remaining ndhD and ndhF genes is more variable (Ogawa and Mi 2007). 
To help resolve the physiological importance of the ndh genes, substantial effort 
has been directed towards the generation and characterization of defined mutants, 
created mainly in Synechocystis sp. PCC 6803. Except for ndhH, which has been 
reported as essential (Pieulle et al. 2000), ndh null mutants can be isolated, usually 
with a high-CO2-requiring phenotype (discussed in Battchikova and Aro 2007).

16.2.2  Role in Respiration

Cyanobacteria have the coding potential to synthesise a number of different plasto-
quinone reductases and plastoquinol oxidases, which could participate in a proton-
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pumping respiratory chain (Peschek 1980; Wastyn et al. 1988; Howitt and Vermaas 
1998; Kuntz 2004; McDonald and Vanlerberghe 2006). By extrapolation from other 
systems it was hypothesized that one physiological role for the NDH-1 complex 
would be to contribute to respiratory electron flow. Indeed early studies showed 
that the ndhB insertion mutant, M55, of Synechocystis 6803 was impaired in dark 
respiration (Mi et al. 1992a). However, it has been argued that the impaired rates 
of respiration seen in this and other ndh mutants (Ohkawa et al. 2000a) might be 
indirect and actually due to low levels of succinate in these strains, which would 
limit the respiratory activity of the succinate:plastoquinone oxidoreductase which 
has been proposed to be the main route for dark reduction of plastoquinone (Cooley 
and Vermaas 2001).

16.2.3  Role in Cyclic Electron Flow

Given that plastoquinone is a common electron carrier in both respiratory and pho-
tosynthetic electron flow (Scherer et al. 1988), a role for NDH-1 in cyclic electron 
flow around Photosystem I has long been suspected (Mi et al. 1992b). Indeed, the 
M55 mutant lacking NdhB was found to display characteristics expected of im-
paired cyclic electron flow around PSI. These included enhanced accumulation of 
P700+ in the light, a reduced rate of reduction of P700+ in the dark following illumi-
nation (Mi et al. 1992a) and reduced energy storage upon far-red illumination as as-
sessed by photoacoustic spectroscopy (Yeremenko et al. 2005). Chloroplast mutants 
lacking the chloroplast NDH-1 (or Ndh/NDH) complex also show perturbed cyclic 
electron flow (Burrows et al. 1998; Shikanai and Endo 2000; Joët et al. 2002; Pel-
tier and Cournac 2002; Munekage et al. 2004; Rumeau et al. 2007). Consequently 
NDH-1 appears to have a conserved role in cyclic electron flow in both chloroplasts 
and cyanobacteria. Whether this role is direct or indirect, such as by controlling 
the redox poise of the plastoquinone pool, is currently not clear. A second parallel 
pathway of cyclic electron flow involves PGR5 in chloroplasts (Munekage et al. 
2002, 2004) and its homologue, Ssr2016, in Synechocystis 6803 (Yeremenko et al. 
2005). Cyclic electron flow serves to increases the ratio of ATP/NADPH produced 
in photosynthetic electron flow and plays an important physiological role when 
cyanobacteria are exposed to environmental stress and require additional ATP to be 
synthesised (reviewed by Nixon and Mullineaux 2001). This might explain why a 
Synechocystis mutant lacking NDH-1 is sensitive to salt shock (Tanaka et al. 1997).

16.2.4  Role in Uptake of Inorganic Carbon

A distinguishing feature of many, but not all, cyanobacterial ndh mutants is the 
impaired uptake of inorganic carbon, specifically CO2 (Ogawa 1991a, b). Most of 
the organic carbon in autotrophically grown cells is obtained through CO2 fixation 
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by Rubisco. Aquatic photosynthetic organisms face severe problems in carbon 
acquisition since the affinity of their Rubisco enzymes for CO2 is low. To compen-
sate, cyanobacteria have developed multiple types of carbon concentrating mecha-
nism (CCM, Fig. 16.1) to build up an internal inorganic carbon (Ci) concentration 
much higher than the external one (reviewed by Kaplan and Reinhold 1999). As a 
source of carbon, both CO2 and HCO3

− can be utilized by cyanobacteria (Volokita 
et al. 1984). Bicarbonate uptake, which requires assistance of special transport-
ers to transfer a HCO3

− molecule across the membrane, is beyond the scope of 
this chapter and is described elsewhere (for example, Price et al. 2008). Briefly, 
three types of bicarbonate transporters shown in Fig. 16.1 have been discovered 
in the plasma membrane of cyanobacteria. They include the ABC-type transporter 
BCT-1 encoded by the cmp operon (Omata and Ogawa 1985; Omata et al. 1999), 
the Na+-dependent bicarbonate transporter SbtA found in Synechocystis (Shibata 
et al. 2002a), and the Na+-dependent BicA transporter of the sulfate transport-
ers/permeases (SulP) family which was identified in marine cyanobacteria (Price 
et al. 2004).

In contrast to HCO3
− ions, CO2 enters the cells by diffusion via water-channels 

and the uptake of CO2 is strongly inhibited by a water-channel blocker (Tchernov 
et al. 2001). Inside cells the inorganic carbon is accumulated in the form of bicar-
bonate, so CO2 uptake in cyanobacteria involves a step of intracellular conversion 
of CO2 to HCO3

− which should be mediated by a carbonic anhydrase (CA)-like 
enzyme (Volokita et al. 1984; Kaplan and Reinhold 1999). Finally, the bicarbonate 
accumulated in the cytosol of the cells is transported into the carboxysome where 
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Fig. 16.1  The types of carbon-concentrating mechanism (CCM) found in a cyanobacterial cell. 
Two systems specialized in CO2 uptake are the constitutively expressed NDH-1MS’ complex 
(low-affinity CO2 uptake) and the low CO2-inducible NDH-1MS complex (high-affinity CO2 
uptake). Three components of HCO3

− uptake include the Na+-dependent bicarbonate transporter 
SbtA, the ABC-type transporter BCT-1 encoded by the cmpABCD operon, and the Na+-dependent 
BicA transporter. For details, see Badger et al. (2002, 2006) and Kaplan et al. (2007). (The figure 
is re-drawn from Kaplan et al. 2007)
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CA converts it to CO2 in close proximity to Rubisco (Volokita et al. 1984; Kaplan 
and Reinhold 1999; Badger and Spalding 2000; Price et al. 2002).

There are two systems specialized in CO2 uptake (Fig. 16.1), a constitutively 
expressed low-affinity CO2 uptake system, and a high-affinity CO2 uptake system 
induced at limiting CO2 conditions (Klughammer et al. 1999; Ohkawa et al. 2000a; 
Shibata et al. 2001). Inactivation of NdhB completely abolishes the acquisition of 
Ci in the form of CO2 indicating the involvement of NDH-1 in both systems (Oga-
wa 1991a, b; Marco et al. 1993). How NDH-1 might facilitate CO2 uptake is still 
unclear but based on analysis of different ndh mutants it does not seem to be an 
indirect effect stemming from impaired cyclic photophosphorylation or respiration 
(Ohkawa et al. 2000a). Instead it has been speculated that after CO2 enters the cells 
by diffusion, NDH-1 complexes catalyse its hydration to HCO3

− at a site contain-
ing a reactive metal-bound hydroxide ion (Badger and Price 2003) or in a special 
alkaline pocket (Kaplan and Reinhold 1999; Tchernov et al. 2001).

Extensive reverse genetic studies performed in several cyanobacterial species 
( Synechocystis 6803, Synechococcus 7942 and Synechococcus 7002) have implicat-
ed specific members of the ndhD and ndhF gene families in CO2 uptake (Schluchter 
et al. 1993; Klughammer et al. 1999; Ohkawa et al. 2000a; Shibata et al. 2001; 
Maeda et al. 2002). For instance, a ΔndhD3/ΔndhD4 double mutant grows well 
under photoheterotrophic conditions, shows normal rates of respiration and cyclic 
electron flow but is impaired in CO2 uptake (Ohkawa et al. 2000a; Shibata et al. 
2001), whereas the single ΔndhD3 and ΔndhD4 mutants are still able to grow at air 
levels of CO2 indicating effective CO2 uptake (Ohkawa et al. 2000a). In contrast, a 
ΔndhD1/ΔndhD2 double mutant of Synechocystis 6803, like the M55 mutant lack-
ing NdhB, grows normally at air levels of CO2, but is unable to grow under photo-
heterotrophic conditions and shows a low rate of respiration (Ohkawa et al. 2000a).

Interpretation of the phenotype of ndhD3 and ndhD4 insertion mutants is com-
plicated by the fact they are actually part of two operons in Synechocystis 6803: the 
ndhF3-ndhD3-cupA operon which is induced under low CO2, and the ndhF4-ndhD4 
operon (in many strains ndhF4, ndhD4 and cupB are found in one operon) which 
is expressed constitutively. Nevertheless, analysis of various mutants has led to the 
proposal that these two operons define two distinct CO2-uptake systems: NdhD3/
NdhF3/CupA are responsible for low CO2-inducible, high-affinity CO2 acquisition, 
and NdhD4/NdhF4/CupB are involved in a constitutive, low-affinity CO2 uptake 
(Ohkawa et al. 2000a, b; Maeda et al. 2002; Shibata et al. 2002b). The physiological 
roles of NdhD5 and NdhD6 currently remain unclear.

16.3  Biochemical Studies

16.3.1  Isolation and Activity of NDH-1 Complexes

Traditional methods to study complex enzymes include their purification from 
cellular extracts to homogeneity by various chromatographic approaches with 
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concomitant monitoring of an increase in the specific activity. This approach has 
proved to have limited success in the case of cyanobacterial NDH-1 complexes. 
Similar to complex I from other bacteria and mitochondria, NDH-1 of cyanobacte-
ria is a membrane-located complex containing hydrophilic subunits together with 
highly hydrophobic ones (in Synechocystis 6803, all NdhF and NdhD proteins as 
well as NdhB contain 12–17 transmembrane helixes as predicted by PRED-TMR2, 
Pasquier and Hamodrakas 1999). Thus one potential problem is that membrane 
solubilization using detergent might cause extensive fragmentation of cyanobacte-
rial NDH-1 complexes resulting in a loss of activity and/or hydrophobic subunits. 
Another problem concerns the presence of several types of NADH dehydrogenase 
activity in cyanobacteria (Matsuo et al. 1998a; Yagi et al. 1998; Howitt et al. 1999) 
and several NADPH-dependent enzymes including FNR and DrgA (Matsuo et al. 
1998b), which may mask or contaminate the activity of the NDH-1 complex. Since 
mitochondrial and bacterial complex I is an NADH-dependent oxidoreductase 
(Friedrich et al. 1995; Yagi et al. 1998; Brandt 2006), in earlier publications the 
isolation and characterization of cyanobacterial NDH-1 was based on using NADH 
as a substrate (Alpes et al. 1989; Berger et al. 1993). At present current evidence 
suggests that the cyanobacterial NDH-1 complex might be an NADPH-dependent, 
rather than an NADH-dependent, enzyme (Matsuo et al. 1998a; Deng et al. 2003a, 
b; Ma et al. 2006). However, without knowledge of the active subunits this assign-
ment remains open to debate. Instead other methods (such as detection of subunits 
with antibodies or by mass spectrometry) have been used to monitor the purification 
of the enzyme (Berger et al. 1993; Matsuo et al. 1998b; Deng et al. 2003a; Ma et al. 
2006).

Berger et al. (1993) first described the isolation of an NDH-1 subcomplex, from 
Triton X-100 treated Synechocystis 6803 cell extracts, by immunoaffinity chroma-
tography using an NdhK-specific antibody coupled to the Protein A sepharose. The 
isolated subcomplex contained several hydrophilic Ndh subunits (I, J, K, H, as well 
as later discovered M) and a few unknown polypeptides which appeared to be con-
taminants. The authors monitored the purification with NdhK- and NdhJ-specific 
antibodies and measurement of NADH-oxidizing activity and concluded that the 
subcomplex was functionally inactive. No hydrophobic subunits were detected. 
Considering the tendency of complex I from mitochondria and E. coli to dissociate 
into three subcomplexes (activity domain, interconnecting fragment and the mem-
brane fragment) in the presence of chaotropic anions, it can be concluded that the 
authors had isolated part or all of the interconnecting fragment of cyanobacterial 
NDH-1.

Later Matsuo et al. (1998b) described an active hydrophilic NDH-1 subcom-
plex of 380 kDa from a CHAPS-treated Synechocystis 6803 cell extract. The sub-
complex reacted with a polyclonal antibody against NdhH but not against NdhA or 
NdhB. The kinetic properties were determined for the subcomplex after purification 
by anion exchange and gel filtration chromatography. The enzyme appeared to be 
specific for NADPH and had high affinities for the artificial electron acceptors fer-
ricyanide and dichloroindophenol. Km for NADPH and Vmax were determined as 
5.1 µM and 5.4 units (mg protein)−1, respectively, in a NADPH-K3Fe(CN)6 oxidore-
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ductase reaction. The absence of hydrophobic subunits indicated that the membrane 
domain of the NDH-1 complex had dissociated during the isolation procedure, 
which would help explain why the analyzed subcomplex had a low affinity for 
plastoquinone and was not inhibited by rotenone, a classic inhibitor of Complex I 
in mitochondria.

Another NADPH-active NDH-1 subcomplex, of about 230–250 kDa, was puri-
fied by conventional chromatographic methods by Deng et al. (2003a) from Syn-
echocystis 6803 cell extracts treated with n-dodecyl β-D-maltoside (DM). Using 
antibodies, the authors demonstrated the presence of the hydrophobic NdhA subunit 
in this subcomplex. The NDH-1 subcomplexes isolated by Matsuo et al. (1998b) 
and Deng et al. (2003a) were possible to separate by native PAGE and to stain 
“in-gel” for NADPH-nitroblue tetrazolium oxidoreductase activity. Further Deng 
et al. (2003b) showed that the activity of the band in the native gel, proposed to cor-
respond to the NADPH-active NDH-1 subcomplex, increased if cells were grown 
in low CO2 conditions. Unfortunately, the proteins contributing to the activity were 
not identified and remain unknown at present.

A more successful approach for the isolation of NDH-1 complexes has come 
from the exploitation of His-tagging technology in both Synechocystis 6803 (Prom-
meenate et al. 2004) and Thermosynechococcus elongatus (Zhang et al. 2005). In 
the case of Synechocystis 6803, His-tagged NdhJ was used to isolate a major com-
plex of approximate size 460 kDa containing NdhA, B, C, D1, F, G, H, I, J, K, a 
large C-terminal breakdown fragment of NdhF1 and two new Ndh subunits as-
signed as NdhM and NdhN. One or more protein components found within the low 
molecular mass region were unable to be identified. The complex did not display 
any NAD(P)H:FeCN oxidoreductase activity.

For the thermophilic cyanobacterium, T. elongatus, a His-tagged derivative of 
NdhL, which had earlier been shown to be a component of the Synechocystis 6803 
NDH-1 complex (Battchikova et al. 2005), was used (Zhang et al. 2005). The ther-
mophilic nature of T. elongatus makes it an excellent organism to isolate complexes 
that are often more unstable in mesophilic cyanobacteria. Again the isolated NDH-
1 preparation displayed no detectable NAD(P)H:FeCN oxidoreductase activity 
(Zhang et al. 2005). A number of distinct complexes were characterized following 
size selection by BN/SDS-PAGE. A 450-kDa complex, designated NDH-1L on the 
basis of earlier proteomics experiments (described below), contained 15 subunits 
(Table 16.1) and is likely to be equivalent to the largest complex (complex A) isolat-
ed by Prommeenate et al. (2004). Importantly, a second complex, of 490 kDa, was 
also isolated in which NdhD1 and NdhF1 had been replaced by NdhD3, NdhF3, 
CupA and Tll0220 (CupS homologue). This isolated complex, designated NDH-
1MS (described in detail below), provided the crucial experimental evidence to 
show that NdhD3/NdhF3/CupA were actually components of a larger NDH-1 com-
plex rather than an independent complex that was evolutionarily related. Interest-
ingly, NDH-1L could also be isolated from wild type T. elongatus in the absence of 
a His-tag (Zhang et al. 2005), possibly because a short histidine-rich region in the 
T. elongatus NdhF1 protein served as a “natural His-tag” strong enough to bind the 
NDH-1L complex to Ni2+ resin.
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16.3.2  Identification of New Ndh Subunits

Analysis of His-tagged complexes together with proteomic studies has so far identi-
fied 4 new cyanobacterial NDH-1 subunits (NdhM, NdhN, NdhO and NdhL) (Prom-
meenate et al. 2004; Battchikova et al. 2005) with nucleus-encoded homologues in 
the chloroplast NDH-1 complex (Rumeau et al. 2005; Shimizu et al. 2008). NdhL 
had earlier been identified as being important for the uptake of CO2 in Synechocys-
tis 6803 and originally designated ictA (Ogawa 1991b, 1992). NdhM and NdhN 
knock-out mutants also require high levels of CO2 for growth whereas NdhO does 
not seem to be critical for NDH-1 function (R. deVries and P. J. Nixon, unpub-
lished). In contrast all 4 genes are needed for accumulation of the chloroplast NDH-
1 complex (Rumeau et al. 2005; Shimizu et al. 2008). None of the new subunits 
possesses obvious sequence motifs that give clues to the function of the subunit. 
Apart from NdhM, which shows some sequence similarity to the B13 subunit of 
bovine complex I (Berger et al. 1993; Prommeenate et al. 2004), the newly discov-
ered NDH-1 subunits appear to be specific to the NDH-1 complex of cyanobacteria 
and chloroplasts. Very recently, two additional small subunits (designated NdhP and 
NdhQ) were detected in the NDH-1 complex isolated from T. elongatus (Nowaczyk 
et al. 2011). NdhP shows some sequence similarity to the chloroplast NDF6 subunit 
but as yet the importance of NdhP and NdhQ for NDH-1 function is unclear.

16.3.3  Proteomic Studies

The presence of several distinct NDH-1 complexes with different sets of hydropho-
bic subunits was first revealed by proteomic studies of the membrane protein com-
plexes from Synechocystis 6803 (Herranen et al. 2004). The proteomic approach 
included separation of the DM-solubilized membrane compartment by 2-D BN/
SDS-PAGE which allowed separation of high molecular mass protein complexes in 
the 1st dimension followed by dissociation of complexes into subunits in the 2nd 
dimension. Identities of subunits were clarified by mass spectrometry supplemented 
with detection using specific antibodies. Three complexes containing Ndh subunits 
were detected and named NDH-1L ( Large), NDH-1M ( Medium) and NDH-1S 
( Small) according to their sizes of 490, 350 and 200 kDa, respectively (Herranen 
et al. 2004). The identity and functions of these three complexes were further clari-
fied by detailed analysis of their subunit composition combined with proteomic 
studies of several specific ndh gene knockout mutants grown under different CO2 
and pH conditions (Zhang et al. 2004; Battchikova et al. 2005). The scheme of cya-
nobacterial NDH-1 complexes is shown in Fig. 16.2.

Expression of the NDH-1L complex appeared relatively unaffected by different 
growth conditions including high and low CO2, iron deficiency, salt stress, photo-
auto-, mixo-, or photoheterotrophy (Herranen et al. 2004). In contrast, the NDH-1M 
and NDH-1S complexes were strongly expressed in cells cultured photoautotrophi-
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cally under air levels of CO2. An increase in CO2 concentration drastically reduced 
the expression of both the NDH-1M and NDH-1S complexes (Herranen et al. 2004; 
Battchikova et al. 2005; Zhang et al. 2005).

The NDH-1M complex is composed of the same 13 subunits present in NDH-1L 
except that NdhF1 and NdhD1 are absent (Battchikova et al. 2005). No other pro-
teins of the NdhD and NdhF families were found in the NDH-1M complex.

The NDH-1S complex comprises NdhD3, NdhF3, CupA and Sll1734 (Herranen 
et al. 2004), the latter protein later designated CupS by Ogawa and Mi (2007). 
These proteomic results provided important evidence that the CupA protein was 
associated with NdhD3 and NdhD4, in agreement with conclusions made from re-
verse genetic studies (Shibata et al. 2001; Maeda et al. 2002). Furthermore, the 
CupS protein appeared to be a novel subunit of the same complex, despite the fact 
that no changes in the phenotype were found in a cupS deletion mutant of Synec-
chococcus 7002 (Klughammer et al. 1999). The physiological function of CupS 
remains unknown.

Fig. 16.2  Cyanobacterial NDH-1 complexes. Four NDH-1 complexes are predicted by reverse 
genetics. NDH-1L and NDH-1L’ participate in respiration and cyclic electron flow around PSI 
while NDH-1MS and NDH-1MS’ are involved in CO2 uptake. The NDH-1M complex in the center 
of the picture is a basic subcomplex present in NDH-1L and NDH-1MS and probably in other two 
complexes as well. Membrane modules containing NdhD and NdhF subunits differ among the 
four NDH-1 complexes. Moreover, NDH-1 complexes, functional in CO2 uptake, contain specific 
subunits associated with the corresponding membrane NdhD/F module (CupA and CupS in NDH-
1MS and CupB in NDH-1MS’). The as-yet unidentified electron input device or activity module 
associated with NDH-1 is indicated by the question mark. (Modified from Battchikova and Aro 
2007)
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Proteomic studies of NDH-1 complexes from the thermophilic cyanobacterium 
T. elongatus showed further that NDH-1M and NDH-1S formed a distinct complex, 
designated NDH-1MS, of 490 kDa (Zhang et al. 2005). NDH1-MS was observed 
only when low concentrations of detergent were used to solubilize the membranes 
and dissociated into NDH-1M and NDH-1S upon an increase in DM concentration 
(Zhang et al. 2005). The DM concentration of 1–1.5% (w/v), which is necessary 
to solubilize the NDH-1 complex from the Synechocystis 6803 membranes, nearly 
completely dissociated the NDH-1MS complex from T. elongatus. It is thus likely 
that the NDH-1MS complex is also the functional form of the NDH-1S complex in 
Synechocystis 6803. Additionally, the relatively high level of DM required for solu-
bilization of Synechocystis membranes probably led to fragmentation of the NDH-
1S complex into a smaller NDH-1S subcomplex (140 kDa, designated as NDH-1S2) 
composed of only the NdhD3 and NdhF3 subunits (Herranen et al. 2004).

Functional proteomic analysis of various cyanobacterial mutants containing dis-
ruptions of ndh genes verified at the protein level the conclusions made from reverse 
genetic studies concerning the structural and functional multiplicity of NDH-1 com-
plexes in cyanobacteria. The knock-out of ndhB resulted in complete disappearance 
of NDH-1L and NDH-1M complexes indicating that the hydrophobic NdhB subunit 
is vital for their assembly (Zhang et al. 2004; Battchikova et al. 2005). The observed 
inability of the ndhB mutant to form the NDH-1L and NDH-1M complexes ex-
plained the significance of the NdhB subunit for all NDH-1 functions: cyclic elec-
tron flow, respiration and CO2 uptake (Ogawa 1991a; Mi et al. 1992a; Ohkawa et al. 
2000b, 2002). In contrast, the assembly of NDH-1L and NDH-1M was not compro-
mised in the ndhL mutant (Battchikova et al. 2005). Thus the importance of NdhL 
for the CO2 uptake, which was explicitly demonstrated by Ogawa (1992), might be 
due to a more subtle functional influence of this small hydrophobic subunit.

In the ndhD1 and ndhD1/D2 Synechocystis null mutants the NDH-1L complex is 
missing while NDH-1M and NDH-1S, which probably comprise the fragile NDH-
1MS complex, are abundant in low CO2 conditions (Zhang et al. 2004). Taking 
into account the functional studies performed with these mutants, it is possible that 
NDH-1L participates in cyclic electron flow and respiration and is important for 
heterotrophic growth. Conversely, the ndhD3 and ndhD3/D4 insertion mutants ex-
hibit wild-type levels of NDH-1L. In both latter mutants the NDH-1S complex is 
absent at low CO2 conditions (Zhang et al. 2004), and the function of CO2 uptake is 
impaired. Thus, the putative NDH-1MS complex participates in low-CO2 uptake. In 
the ndhD3/D4 double mutant CO2 acquisition is completely abolished in low CO2 
conditions at close to neutral pH (<7.5). However, the ability of the double mutant 
to grow at low CO2 can be restored at elevated pH (>8.3). Proteomic analysis re-
vealed strong induction of the SbtA bicarbonate transporter under this latter growth 
condition (Herranen et al. 2004; Zhang et al. 2004) indicating that the impairment 
in CO2 uptake was compensated for by activation of mechanisms involved in bi-
carbonate acquisition, which agrees well with reverse genetic studies (Shibata et al. 
2002b; Badger et al. 2006).

Recently Xu et al. (2008) introduced His6 and cMyc tags into the C-terminus of 
Synechocystis CupB and demonstrated the presence of the tagged CupB protein in 
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a membrane-bound protein complex of 440 kDa. The size of this complex is similar 
to that of the NDH-1MS complex containing the CUP-A module. The association 
of CupB with NdhD4 and NdhF4 was supported by the fact that the CupB protein 
was not found integrated into a membrane protein complex in ndhD4 and ndhF4 
disruption mutants. The complex, designated NDH-1MS’, appeared to be highly 
unstable during the purification procedure which prevented detailed characteriza-
tion of the subunit composition. However, it is logical to predict that the discovered 
NDH-1MS’ complex would be similar to NDH-1MS but with the CUP-B complex 
(NdhD4, NdhF4 and the CupB protein), instead of the CUP-A module, in the distal 
part of the membrane arm. The NDH-1MS’ complex had not been detected previ-
ously in WT and mutant thylakoid proteomes possibly because of its low abun-
dance, its instability, and/or difficulty in solubilization (in Synechocystis, the NdhF4 
subunit is predicted to contain 17 transmembrane segments, the highest value for 
all proteins in this organism) (Zhang et al. 2004). These reasons might also explain 
why the NdhD2 subunit has not yet been detected in proteomic experiments. Based 
on reverse genetics experiments, it is predicted that this subunit is part of an analo-
gous complex to NDH-1L, termed the NDH-1L’ complex, except that it contains 
NdhD2 rather than NdhD1 (Fig. 16.2).

It is important to re-emphasize the fact that no proteins homologous to the activ-
ity subunits of the E. coli complex I (NuoE, F or G) have been found in NDH-1L 
and NDH-1MS (or NDH-1M and NDH-1S) complexes in proteomics experiments, 
and neither has NADPH nor NADH dehydrogenase activity been detected in iso-
lated complexes. It is possible that both NDH-1L and NDH-1MS represent the con-
necting and membrane domains of NDH-1 left after dissociation of the components 
responsible for the enzymatic activity. However the current data cannot yet rule out 
the absence of a dehydrogenase complex and the use of some other electron input 
device or activity module.

Given that NDH-1 complexes appear to fragment during detergent solubiliza-
tion, it also remains possible that NDH-1 complexes might exist as even larger 
complexes in vivo. Ma et al. (2006) observed that a minor amount of NDH-1 from 
high CO2 grown Synechocystis cells migrates in native PAGE as a supercomplex 
of about 1000 kDa, in addition to complexes of smaller sizes. The corresponding 
band showed NADPH oxidation activity with nitroblue tetrazolium. NdhH, NdhI, 
NdhK as well as hydrophobic NdhA and NdhB subunits were detected with spe-
cific antibodies in this region of the gel while possible association with FNR was 
ruled out. The corresponding supercomplex was absent in protein extracts from 
ndhD1/D2 and M55 Synechocystis mutants indicating that it is an NDH-1L-like 
complex. However, evidence showing the direct association of NADPH dehydroge-
nase activity with the NDH-1 complex, through affinity purification, for example, 
is lacking. Since the molecular mass of the complex was more than twice that of 
NDH-1L the authors suggested that the observed supercomplex (designated as Act-
NDH-1Sup, Active Super-complex) could be a dimer of NDH-1L with additional 
unknown subunits. Further Ma and Mi (2008) reported that the activity of Act-
NDH-1Sup (as determined by the intensity of in-gel staining) is proportional to the 
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rate of cyclic PSI electron flow reflected by the initial rate of P700+ reduction in the 
dark and is inhibited by addition of exogenous glucose. It is, however, intriguing 
that the active supercomplex almost completely disappeared when Synechocystis 
cells were grown at low CO2. Instead, another NADPH-active band was observed 
corresponding to a NDH-1 complex of smaller molecular mass (~380 kDa) desig-
nated as Act-NDH-1M ( Active Medium complex). The appearance of the smaller 
complex might be explained by the fact that the low CO2 inducible NDH-1MS 
complex of Synechocystis was more susceptible to degradation than NDH-1L (Her-
ranen et al. 2004, Zhang et al. 2004). Act-NDH-1M appears to be similar to the 
active NDH-1 complex identified by Matsuo et al. (1998a) and Deng et al. (2003a). 
Nevertheless, a strong decrease in the expression of NDH-1L in low CO2 grown 
cells compared to high CO2 grown ones has not been reported before. Besides, the 
ndhD1 and ndhF1 genes are considered to be constitutively expressed (Wang et al. 
2004; Eisenhut et al. 2007), therefore disappearance of Act-NDH-1Sup at low CO2 
needs further investigation.

16.3.4  Cellular Location of NDH-1 Complexes

All variants of cyanobacterial NDH-1, similar to complex I of any origin, are mem-
brane-embedded complexes. In non-photosynthetic bacteria, for example E. coli, 
the complex is found in the plasma membrane. Cyanobacterial cells contain in ad-
dition to the plasma membrane an extensive internal thylakoid membrane system 
as an alternative site for NDH-1. The exact location of cyanobacterial NDH-1 com-
plexes remains at present a subject of debate and a dual location of some NDH-1 
complexes in both the thylakoid membrane and the plasma membrane remains a 
possibility.

Data in the literature are controversial. Berger et al. (1991) and Pieulle et al. 
(2000) found NdhJ and NdhK subunits of Synechocystis 6803 complex in both the 
plasma membrane and the thylakoid membrane. The same result was described by 
Dworsky et al. (1995) for Anacystis nidulans NDH-1. Howitt et al. (1993) localized 
the NDH-1 complex in Anabaena sp. PCC 7120 explicitly to the plasma membrane. 
In contrast, Ogawa (1992) found the NdhL subunit only in the thylakoid membrane 
of Synechocystis 6803. In agreement with the latter observation, Zhang et al. (2004) 
detected NdhJ, NdhK, NdhD3 and NdhF3 subunits in the thylakoid membrane of 
Synechocystis and showed nearly complete absence of these proteins in the plasma 
membrane. Xu et al. (2008) obtained analogous results for the CupB subunit of 
Synechocystis. The thylakoid localization of NDH-1 was also supported by Mi et al. 
(1995) who demonstrated that the donation of electron from NADPH to plastoqui-
none occurs in the thylakoid membrane of wild type Synechocystis 6803.

It has been suggested that various NDH-1 complexes having different functions 
might reside in different membranes (Ohkawa et al. 1998; Price et al. 1998). How-
ever, the results of Ogawa (1992), Zhang et al. (2004) and Xu et al. (2008) imply 
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that NDH-1L, NDH-1MS and NDH-1MS’ localize largely, if not exclusively, to 
the thylakoid membrane of Synechocystis 6803. Moreover, since NdhJ and NdhK 
should belong (although it is not yet proven) to all four predicted variants of Syn-
echocystis NDH-1, including the still evasive NDH-1L’, this conclusion should 
hold true for all four NDH-1 complexes. The inconsistency in conclusions might 
arise from variations in the purity of the membrane preparations obtained with dif-
ferent isolation methods. The more recent experiments showing that in Synechocys-
tis 6803 the NDH-1 complexes are confined in the thylakoid membrane (Ohkawa 
et al. 2001, 2002; Zhang et al. 2004, Xu et al. 2008) were performed with thylakoid 
and plasma membranes prepared by the two-phase partitioning method (Norling 
et al. 1998), whose purity has been validated using antibodies specific to widely 
accepted protein markers of the thylakoid (CP43 of Photosystem II) and plasma 
membranes (NrtA/SbtA), respectively. However, it still remains unclear whether 
the two membrane fractions are contaminated by specific membrane domains from 
the other membrane type.

In the case of studies on Anabaena sp. PCC 7120 (Howitt et al. 1993), antibodies 
raised against complex I from red beet mitochondria detected the cyanobacterial 
NDH-1 complex in the cytoplasmic membrane and not the thylakoid membrane. 
However, given the considerable differences between the cyanobacterial NDH-1 
complexes and plant mitochondrial complex I, both in subunit complexity and pri-
mary structure (Heazlewood et al. 2003), it is important to confirm that the cross-
reactions obtained in cyanobacteria were indeed due to bona fide cyanobacterial 
NDH-1 subunits.

16.3.5  Structural Studies

Both the mitochondrial and bacterial NDH-1 complexes have been shown by elec-
tron microscopy to have a characteristic L-shaped structure in which the hydropho-
bic module is embedded in the membrane and the hydrophilic peripheral arm of 
the complex protrudes into the aqueous phase (Sazanov 2007). Similar ‘L-shaped’ 
structures have also been detected in His-tagged NDH-1 complexes isolated from 
T. elongatus (Arteni et al. 2006) although there are some interesting differences. 

The subunit interactions have been examined in His-tagged NDH-1 complexes 
of Synechocystis 6803 following exposure to the detergent Triton X-100 to frag-
ment the complex into smaller sub-complexes (Prommeenate et al. 2004). It was 
found that the hydrophobic NdhD1 and NdhF1 subunits could be easily detached as 
expected for a position at the exposed distal end of the complex. In line with current 
models of complex I, sub-complexes composed of hydrophilic (NdhH, I, J, K and 
M) and hydrophobic (NdhA, B, C, E, G) subunits could be generated. More unex-
pectedly was the finding that NdhI and NdhA could be selectively removed from 
these sub-complexes indicating a peripheral location. Of the other cyanobacterial-
specific Ndh subunits, the hydrophilic NdhN and NdhO subunit are likely to be part 
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of the interconnecting fragment, although evidence is currently lacking, and the 
hydrophobic NdhL subunit is most probably part of the membrane domain (Batt-
chikova et al. 2005).

16.4  Comparison with the Chloroplast NDH Complex

The closely related plastid NDH-1 complex (or NDH/Ndh complex) is also thought 
to play a role in the reduction of plastoquinone, either through cyclic electron flow 
around PSI or through a chlororespiratory activity involving oxidation of a stromal 
reductant (reviewed recently by Nixon and Rich 2006; Endo et al. 2008). Like the 
cyanobacterial complex, attempts to isolate the complex have been frustrated by its 
low abundance (approximately 1% of the levels of PSII in chloroplasts) (Burrows 
et al. 1998) and its lability (Sazanov et al. 1998; Rumeau et al. 2005). A His-tagging 
approach has been used to isolate a NDH-1 subcomplex from tobacco (Rumeau 
et al. 2005) so it is likely that the use of a suitable affinity tag and appropriate solu-
bilisation conditions might allow the isolation of the intact complex. Activity assays 
using isolated NDH-1 preparations suggest that the chloroplast NDH-1 complex 
acts as an NADH:plastoquinone oxidoreductase (Sazanov et al. 1998; Rumeau et al. 
2005) but, like cyanobacterial NDH-1, this assignment must remain tentative until 
the nature of the electron input module has been characterized. Careful experiments 
using BN-PAGE have recently revealed that the NDH-1 complex found in etioplasts 
exists as a 550-kDa monomeric complex whereas in chloroplasts it forms a PSI/
NDH-1 supercomplex of mass greater than 1000 kDa, possibly to facilitate cyclic 
electron flow around PSI (Peng et al. 2008). Whether a similar PSI/NDH-1 super-
complex also occurs in cyanobacteria is currently unknown. Proteomic studies on 
bundle sheath chloroplasts in maize have also raised the interesting possibility that 
chloroplasts, like cyanobacteria, might contain different types of NDH-1 complex, 
some of which might be involved in CO2 uptake (Majeran et al. 2008). However, 
much more work is required to substantiate this interesting possibility.

The presence of a functional chloroplast NDH complex is associated with a post-
illumination increase in the yield of chlorophyll fluorescence from leaves following 
a period of illumination (Burrows et al. 1998; Shikanai et al. 1998). A number of 
Arabidopsis mutants have now been isolated that lack this fluorescence signature, 
some of which show reduced amounts of the chloroplast NDH complex when as-
sessed by immunoblotting (Table 16.2). Some of the mutants are affected in mRNA 
processing in the chloroplast (e.g., Hashimoto et al. 2003) but others appear to be ei-
ther assembly factors or structural components of the NDH-1 complex. Interesting-
ly several subunits do not appear to have cyanobacterial homologues (Table 16.2) 
and so would appear to be specific features of the chloroplast NDH-1 complex, 
whereas several have potential cyanobacterial homologues which might play some 
role in NDH-1 assembly and function in cyanobacteria. Of greatest interest are sub-
units that might have a redox role such as NDF4, which is known to contain a Fe-S 
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center and which has a homologue in Synechocystis 6803 (Ssl3044) and in other 
cyanobacteria (Takabayashi et al. 2009). In addition CRR1 is potentially an NADH-
binding protein that might be part of an electron-input module in the chloroplast 
NDH complex (Shimizu and Shikanai 2007). There is a homologue in Synechocystis 
6803 but it has been argued that it is unlikely to play a role in NDH-1 function (Shi-
mizu and Shikanai 2007).

16.5  Conclusions and Future Directions

Overall the current data suggest that NDH-1 complexes in cyanobacteria and chlo-
roplasts are an important sub-class of the complex I superfamily with specialized 
functions important for oxygenic photosynthesis. Much progress has been made in 
characterizing their subunit composition in Synechocystis 6803 and T. elongatus. 
The common structural element of NDH-1 complexes from these cyanobacteria 
is the NDH-1M complex composed of a hydrophilic connecting domain (contain-
ing the NdhH-K and NdhM-O subunits) and a hydrophobic domain consisting of 

Table 16.2  Candidate Ndh subunits identified in A. thaliana and their Synechocystis 6803 
homologues
Arabidopsis protein Possible function Closest homologue in Synecho-

cystis 6803 (% sequence identity)
CRR1 (At5g52100)
(Shimizu and Shikanai 2007)

NAD(P)H-binding? Sll1058/dapB (43%)

CRR3 (At2g01590)
(Muraoka et al. 2006)
CRR6 (At2g47910)
(Munshi et al. 2006)

Slr1097 (46%)

CRR7 (At5g39210)
(Munshi et al. 2005)

Ssl3829 (33%)

NDH45/NDF2 (At1g64770)
(Sirpiö et al. 2009; Takabayashi 

et al. 2009)
NDH48/NDF1 (At1g15980)
(Sirpiö et al. 2009; Takabayashi 

et al. 2009)

Glycosyltransferase? Slr0606 (22%)

NDF4 (At3g16250)
(Takabayashi et al. 2009)

Binds 4Fe-4S cluster Ssl3044 (47%)

NDF5 (At1g55370)
(Ishida et al. 2009)
NDF6 (At1g18730)
(Ishikawa et al. 2008)
PPL2 (At2g39470)
(Ishihara et al. 2007)

Sll1418/PsbP2 (27%)
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the NdhA-C, NdhE, NdhG and NdhL subunits (Fig. 16.2). The diversity seen in 
the cyanobacterial NDH-1 complexes seems to be generated by combining the 
NDH-1M core complex with specific NdhD/NdhF modules: for example NdhD1/
NdhF1 in NDH-1L, NdhD3/NdhF3/CupA/CupS (CUP-A module) in NDH-1MS, 
and NdhD4/NdhF4/CupB (CUP-B module) in NDH-1MS’ (Table 16.1). Based on 
reverse genetics experiments, an additional NDH-1L complex (termed NDH-1L’), 
containing NdhD2 instead of NdhD1, is predicted, but its existence continues to 
remain elusive. Given their physiological importance, a key area of future research 
will be to understand how the NDH-1MS and NDH-1MS’ complexes facilitate CO2 
uptake.

A longstanding question that still remains to be answered is the identity of 
the electron donors and activity modules used by the NDH-1 complexes of cya-
nobacteria and chloroplasts. The NdhI and NdhK proteins are homologous to 
NuoI and NuoB of E. coli complex I, respectively, which bind the three Fe-S 
clusters (N6a, N6b and N2) (Table 16.1) that form the terminal part of the elec-
tron transfer chain from NADH to ubiquinone (Sazanov and Hinchliffe 2006). 
It remains unclear how electrons are delivered to the proposed N6a cluster in 
the NdhI subunit. Over the years a number of candidates have been suggested to 
act as the electron-input module, including the bi-directional hydrogenase (Ap-
pel and Schulz 1996) and a homologue of the coenzyme F420H2 dehydrogenase 
(Prommeenate et al. 2004). However there is little evidence to support either 
of these suggestions. The recent detection of large NDH-1 supercomplexes, ap-
parently retaining NADPH dehydrogenase activity, is a promising development 
that might lead to clarification of the unknown sub-complex (Ma et al. 2006). 
However, given the modular nature of complex I (Friedrich et al. 1995; Friedrich 
and Scheide 2000), it is quite feasible that the chloroplast and cyanobacterial 
NDH-1 complexes have evolved to use a different electron donor to NAD(P)H. 
Indeed the longer the dehydrogenase module remains unidentified the greater 
the suspicion that the chloroplast and cyanobacterial NDH-1 complexes actually 
function as ferredoxin:plastoquinone oxidoreductases as proposed by Friedrich 
et al. (1995) and for which there is some experimental evidence (Mi et al. 1995). 
It should also be noted that not all members of the complex I family of respiratory 
enzymes oxidize NADH. For instance, complex I in both Helicobacter pylori and 
Campylobacter jejuni lack homologues of NuoE and NuoF and instead contain 
two subunits, not conserved in other complex I enzymes, that might provide a 
docking site for an alternative electron donor to the complex (Finel 1998). In the 
case of C. jejuni the donor has recently been identified as flavodoxin rather than 
ferredoxin or NAD(P)H (Weerakoon and Olson 2008). It is therefore tempting to 
speculate that NdhM, NdhN and NdhO might provide a docking site(s) for the, as 
yet, unidentified electron input module(s) of the cyanobacterial and chloroplast 
NDH-1 complex.

If one wants to understand the enzymology of the NDH-1 complexes at a mo-
lecular level, it is important to obtain high resolution structures of the various 
complexes. The use of thermophilic cyanobacteria such as T. elongatus offers a 
promising route for the isolation of stable NDH-1 complexes, although low yield 

16 NDH-1 Complexes of Cyanobacteria



462

and sample heterogeneity might well provide formidable obstacles. However, these 
might be overcome with the use of multiple affinity tags and optimization of solu-
bilization conditions.
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17.1  Introduction

Cyanobacteria, also known as blue-green algae, are the paradigmatic organisms of 
oxygenic photosynthesis and aerobic respiration in that they uniquely accommo-
date both a photosynthetic electron transport chain and a respiratory electron transfer 
chain within a single prokaryotic cell (Jones and Myers 1963). Between 20 and 30% 
of the 1011 t of carbon in CO2 estimated to be converted per year into biomass by 
plant-type photosynthesis are assigned to cyanobacteria, in particular to small uni-
cellular marine Synechococcus and Prochlorococcus species (Waterbury et al. 1979; 
Chisholm et al. 1988; Partensky et al. 1999; Scanlan et al. 2009). Cyanobacterial res-
piration is much less well-understood than photosynthesis, and, in spite of the avail-
ability of gene-derived amino acid sequence information (cf. Table 17.1 below) and 
(comparatively few) publications reporting the analysis of cell extracts (e.g. Leach 
and Carr 1970) or the comparative analysis of deletion mutants (Cooley et al. 2000, 
2001), this applies in particular to cyanobacterial succinate:quinone oxidoreductases.

Succinate:quinone oxidoreductases (SQORs; EC 1.3.5.1; Hägerhäll 1997; Lancast-
er 2002a, b) are enzymes that couple the two-electron oxidation of succinate to fuma-
rate (reaction 17.1) to the two-electron reduction of quinone to quinol (reaction 17.2).

 (17.1)

 (17.2)

They can also catalyse the opposite reaction, the coupling of quinol oxidation to qui-
none to the reduction of fumarate to succinate (Lemma et al. 1991). The cis-configu-
ration isomer of fumarate, maleinate, is neither produced in the oxidation reaction, nor 
is it consumed as a substrate in the reduction reaction, i.e. the reaction is stereospecific 

succinate →← fumarate + 2H+ + 2e−

quinone + 2H+ + 2e− →← quinol

G. A. Peschek et al. (eds.), Bioenergetic Processes of Cyanobacteria, 
DOI 10.1007/978-94-007-0388-9_17, © Springer Science+Business Media B.V. 2011
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in both directions. Depending on the direction of the reaction catalysed in vivo, the 
members of the superfamily of succinate:quinone oxidoreductases can be classified 
as either succinate:quinone reductases (SQR) or quinol:fumarate reductases (QFR). 
SQR and QFR can be degraded to form succinate dehydrogenase and fumarate reduc-
tase (both EC 1.3.99.1), which no longer react with quinone and quinol, respectively.

SQR and QFR complexes are anchored in the cytoplasmic membranes of ar-
chaebacteria, eubacteria and in the inner mitochondrial membrane of eukaryotes 
with the hydrophilic domain canonically extending into the cytoplasm and the mito-
chondrial matrix, respectively. SQR (respiratory complex II) is involved in aerobic 
metabolism (Fig. 17.1a) as part of the citric acid cycle and of the aerobic respiratory 
chain (Saraste 1999). QFR participates in anaerobic respiration with fumarate as the 
terminal electron acceptor (Fig. 17.1b, Kröger 1978; Kröger et al. 2002; Lancaster 
2004), and is part of the electron transport chain catalysing the oxidation of vari-
ous donor substrates (e.g. NADH, H2, or formate) by fumarate. These reactions are 
coupled via an electrochemical proton potential (∆p) to ADP phosphorylation with 
inorganic phosphate by ATP synthase (Mitchell 1979).

Succinate:quinone oxidoreductases generally contain four protein subunits, re-
ferred to as A, B, C, and D. Subunits A (64–79 kDa) and B (27–31 kDa) are hy-
drophilic, whereas the canonical subunits C (13–18 kDa) and D (11–16 kDa) are 
integral membrane proteins. Among species, subunits A and B have high sequence 
homology, while that for the hydrophobic subunits is much lower. Most of the 
SQR enzymes of Gram-positive bacteria, cyanobacterial SQR from Synechococ-
cus and Prochlorococcus species (cf. Table 17.1), and the QFR enzymes from 
ε-proteobacteria contain only one larger hydrophobic polypeptide (C, 23–30 kDa), 
which, based on comparisons of sequences (Hägerhäll and Hederstedt 1996; Hed-
erstedt 1999) and structures (Lancaster et al. 1999; Lancaster 2003d) is thought 
to have evolved from a fusion of the genes for the two smaller subunits C and D. 
While subunit A harbors the site of fumarate reduction and succinate oxidation, the 
hydophobic subunit(s) contain the site of quinol oxidation and quinone reduction.

Based on their hydrophobic domain and heme content (Hägerhäll and Hederstedt 
1996; Hederstedt 1999), succinate:quinone oxidoreductases can be classified in five 
types (cf. Fig. 17.2; Lancaster 2001a, 2002b). Type A enzymes (Schäfer et al. 2002) 
contain two hydrophobic subunits and two heme groups, e.g. SQR from the archaea 
Archaeoglobus fulgidus, Natronomonas pharaonis, and Thermoplasma acidophi-
lum. Type B enzymes contain one hydrophobic subunit and two heme groups, as 
is the case for SQR from the Gram-positive bacteria Bacillus subtilis (Hederstedt 
2002), Paenibacillus macerans, for QFR from the ε-proteobacteria Campylobacter 
jejuni, Helicobacter pylori, and Wolinella succinogenes (Lancaster and Simon 
2002), and, as will be described below, for cyanobacterial SQR from Synechococ-
cus and Prochlorococcus species (cf. Table 17.1). Examples for type C enzymes, 
which possess two hydrophobic subunits and one heme group, are SQR from mam-
malian mitochondria and from the proteobacteria Paracoccus denitrificans (Heder-
stedt 2002) and Escherichia coli and QFR from the nematode Ascaris suum (Kita 
et al. 2002). The QFR of E. coli is an example for a type D enzyme, which contains 
two hydrophobic subunits and no heme group (Cecchini et al. 2002). Finally, type 
E enzymes (Schäfer et al. 2002; Lemos et al. 2002), such as SQRs from the archaea 
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Fig. 17.1  Electron flow and the generation and utilisation of a transmembrane electrochemical 
potential in aerobic respiration (a) and anaerobic respiration (b). Ubiquinone is abbreviated as Q, 
menaquinone as MK. The positive (+) and negative (−) sides of the membrane are indicated. In 
bacteria, the negative side is the cytoplasm (“inside”), the positive side the periplasm (“outside”). 
For mitochondrial systems, these are the mitochondrial matrix and the intermembrane space, 
respectively. (This figure was modified from Lancaster 2001b, 2002b)
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Acidianus ambivalens and Sulfolobus acidocaldarius, but also from Synechocystis 
and most other cyanobacteria (cf. Table 17.1) and the 8-methylmenaquinol:fumarate 
reductase (MFR) enzymes from the epsilon proteobacteria W. succinogenes (Juhnke 
et al. 2009) and C. jejuni (Guccione et al. 2010) also contain no heme, but have 
one or two hydrophobic subunits very different from the other four types and more 
similar to those of heterodisulfide reductase from methanogenic archaea (Schäfer 
et al. 1999). The phylogenetic analyses presented (Lemos et al. 2002; Schäfer et al. 
2002) corroborate the above classification scheme.

Generally, succinate:quinone oxidoreductases contain three iron-sulfur clusters, 
which are exclusively bound by the B subunit. Enzyme types A–D contain one 
[2Fe-2S]2+,1+, one [4Fe-4S]2+,1+, and one [3Fe-4S]1+,0 cluster, whereas an additional 
[4Fe-4S] cluster apparently replaces the [3Fe-4S] in the type E enzyme (Gomes 
et al. 1999). With very few exceptions (e.g. Juhnke et al. 2009), the A subunit of all 
described membrane-bound succinate:quinone oxidoreductase complexes contains 
a covalently bound FAD prosthetic group (Singer and McIntire 1984). The chemi-
cal structure of the linkage as 8α-[Nε-histidyl]-FAD was first established for mam-
malian SQR (Walker and Singer 1970) and subsequently for the QFR enzymes of 
W. succinogenes (Kenny and Kröger 1977) and E. coli (Weiner and Dickie 1979).

With some interesting exceptions (Lemma et al. 1990, 1991; Madej et al. 2006b), 
SQR enzymes tend to catalyse the reduction of a high-potential quinone, such as 
ubiquinone, whereas QFR enzymes tend to oxidize a low-potential quinol such as 

Fig. 17.2  Classification ( A to E) of succinate:quinone oxidoreductases (Lancaster 2001a, b) based 
on their hydrophobic domain and heme content (Hägerhäll and Hederstedt 1996; Hederstedt 2003). 
The hydrophilic subunits A and B are drawn schematically in grey and dark grey, respectively, the 
hydrophobic subunits C and D in light grey or grey. Heme groups are symbolized by small rect-
angles. The directions of the reactions catalysed by SQR and QFR are indicated by grey and black 
arrows, respectively. White rectangles symbolize the respective cytoplasmic or inner mitochon-
drial membrane bilayer. The positive (+) and negative (−) sides of the membrane are indicated as 
in Fig. 17.1. The type of quinone transformed in vivo is not necessarily unique for each type of 
enzyme. The examples given are thermoplasma-quinone (TK), menaquinone (MK), ubiquinone 
(Q), and plastoquinone (PQ; Collins and Jones 1981; Hägerhäll 1997; Lancaster 2001b). Whereas 
most E-type enzymes are predicted to have their hydrophilic subunits canonically oriented towards 
the cytoplasm, those of W. succinogenes MFR have been shown to be oriented towards the peri-
plasm (Juhnke et al. 2009)
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menaquinol, thus making, in the respective physiological direction, the overall re-
action favorable under standard conditions. Cyanobacteria are unusual in that they 
possess neither ubiquinones nor menaquinones (Collins and Jones 1981). They 
do contain the 1,4-naphthoquinone derivative phylloquinone (vitamin K1) and the 
1,4-benzoquinone derivative plastoquinone-9, which are indigenous to the plant 
kingdom, but are not normally found in bacteria.

So far, the three-dimensional structure of a cyanobacterial SQOR has not been 
determined, nor has that of any other representative of the type E enzymes. The 
first available crystal structures of succinate:quinone oxidoreductases were those 
of two prokaryotic quinol:fumarate reductases (cf. Table 17.2). The E. coli QFR, 
determined at 3.3 Å resolution (Iverson et al. 1999; Iverson et al. 2002), belongs 
to the type D enzymes, and the QFR of W. succinogenes, refined initially at 2.2 Å 
(Lancaster et al. 1999), later at 1.78 Å resolution (Madej et al. 2006a), is of type B. 
Subsequently, structures of type C enzymes have become available. The structure 
of the SQR from E. coli was reported at 2.6 Å resolution (Yankovskaya et al. 2003), 
those of the mitochondrial porcine and avian enzymes at resolutions of 2.4 Å (Sun 
et al. 2005) and 1.8 Å (Huang et al. 2006), respectively.

In this contribution, evidence from the SQOR crystal structure determinations, 
primarily that of the B-type QFR from W. succinogenes, in combination with mul-
tiple sequence alignments, will serve as a basis for the discussion of the cyanobacte-
rial succinate:quinone oxidoreductases.

17.2  Subunit A, the Flavoprotein

The overall result of the phylogenetic analysis of subunit A (Fig. 17.3a) indicates 
two groups of cyanobacterial SQR flavoproteins flanking the SQOR subunits A 
of known three-dimensional structure. One group (“group I”) consists of the SQR 

C. R. D. Lancaster

Fig. 17.3  The flavoprotein subunit SdhA. a Reconstructed phylogenetic tree of 35 succinate:quinone 
oxidoreductase flavoprotein subunits. The tree was obtained with the MEGA4 package (Tamura 
et al. 2007) using the neighbor-joining method with 1000 bootstrap replications. The abbrevia-
tions for the 29 cyanobacterial species are defined in Table 17.1, the remaining six sequences 
(see also Table 17.2) are the A subunits of E. coli succinate dehydrogenase (E.coliSdhA), porcine 
succinate dehydrogenase (Sus.scSdhA), chicken succinate dehydrogenase (GallusSdhA), E. coli 
quinol:fumarate reductase (E.coliQfrA), W. succinogenes 8-methylmenaquinol:fumarate reductase 
(W.succMfrA), and W. succinogenes quinol:fumarate reductase (W.succQfrA). Group I and group 
II are indicated as discussed in the text. b Multiple sequence alignment of the first three domains 
of 35 succinate:quinone oxidoreductase flavoprotein subunits. The alignment was obtained with 
the T-coffee method (Notredame et al. 2000). The abbreviations for the 29 cyanobacterial species 
are defined in Table 17.1, the remaining six sequences (see also Table 17.2) are the A subunits of 
E. coli succinate dehydrogenase (E_coliSdhA), porcine succinate dehydrogenase (Sus_scSdhA), 
chicken succinate dehydrogenase (GallusSdhA), E. coli quinol:fumarate reductase (E_coliQfrA), 
W. succinogenes 8-methylmenaquinol:fumarate reductase (W_succMfrA), and W. succinogenes 
quinol:fumarate reductase (W_succQfrA). The capping domain and the helical domain are indi-
cated by boces. The remaining regions correspond to the (bipartite) FAD-binding domain. The 
highlighted residues are numbered according to their positions in W. succinogenes QFR

►
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Fig. 17.3 (continued)
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Fig. 17.3 (continued)
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Fig. 17.3 (continued)
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Fig. 17.3 (continued)
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flavoproteins from all Prochlorococcus and all Synechococcus species consid-
ered except for Synechococcus elongatus PCC7002 and Synechococcus sp. JA-
2-3B’a(2-13), the second group (“group II”) includes the flavoproteins from all 
other species considered with the notable exception of Nostoc punctiformae ATCC 
29133, which appears isolated. The alignments of these sequences are displayed 
in Fig. 17.3b and will be discussed with reference to the known structure of W. 
succinogenes QFR subunit A, a polypeptide of 73 kDa (Lauterbach et al. 1990), 
which is composed of four domains (Fig. 17.4a), the bipartite FAD binding domain 
(residues A1-260 and A366-436, with “A” indicating the A subunit), into which 
the capping domain (indicated by the solid-lined ellipse, A260-366) is inserted, the 
helical domain (indicated by dashed lines, A436-554), and the C-terminal domain 
(A554-656, not shown in Fig. 17.4a). The fourth domain is not conserved within the 
superfamily and therefore not included in the alignments in Fig. 17.3b. The FAD 
is covalently bound as 8α-[Nε-histidyl]-FAD (Kenny and Kröger 1977) to the W. 
succinogenes QFR residue His A43. As is apparent from Fig. 17.3b, this residue is 
conserved in all cyanobacterial SQR flavoproteins except for the (rather question-
able sequence of the) A subunit from Nostoc punctiformae ATCC 29133. His A43 is 
also not conserved in W. succinogenes MFR, which has been demonstrated to lead 
to non-covalent attachment of the FAD (Juhnke et al. 2009). The capping domain 
contributes to burying the otherwise solvent-exposed FAD isoalloxazine ring from 
the protein surface.

A W. succinogenes QFR crystal grown in the presence of fumarate was found to 
be of crystal form ‘B’. The structure was refined at 2.33 Å resolution (PDB entry 
1QLB; Lancaster et al. 1999). This allowed the localization of the fumarate binding 
site between the FAD binding domain and the capping domain next to the plane of 
the FAD isoalloxazine ring (Fig. 17.4b). The structure of the enzyme in the third 
crystal form, ‘C’ (Lancaster et al. 2000) was refined at 3.1 Å resolution (PDB entry 
1E7P; Lancaster et al. 2001). Compared with the previous crystal forms, the altered 
crystal packing (Lancaster 2003a, b) results in the capping domain being in a dif-
ferent arrangement relative to the FAD-binding domain (Fig. 17.4a). This leads to 
interdomain closure at the fumarate reducing site, suggesting that the structure en-
countered in this crystal form represents a closer approximation to the catalytically 
competent state of the enzyme (Fig. 17.4b). The trans hydrogenation of fumarate to 
succinate could occur by the combination of the transfer of a hydride ion and of a 
proton from opposite sides of the fumarate molecule. One of the fumarate methenyl 
carbon atoms could be reduced by direct hydride transfer from the N5 position of 
the reduced FADH-, while the other fumarate methenyl carbon is protonated by the 
sidechain of Arg A301 (Fig. 17.4c, d). The assignment as to which of the fumarate 
methenyl carbon atoms accepts the hydride and which the proton is currently ambig-
uous (Fig. 17.4c versus 17.4d), because data of sufficient completeness and quality 
for this crystal form have so far only been obtained for the complex with malonate 
and not yet in the presence of fumarate. Release of the product could be facilitated 
by movement of the capping domain away from the dicarboxylate site (Lancaster 
et al. 1999; Lancaster et al. 2001). All residues implicated in substrate binding and 
catalysis are conserved throughout the superfamily of succinate:quinone oxidore-

17 Succinate:Quinone Oxidoreductases
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ductases (with the exception of the questionable Nostoc punctiformae ATCC 29133 
sequence), as illustrated in Fig. 17.3b, so that this reversible mechanism is consid-
ered generally relevant for all succinate:quinone oxidoreductases.

This mechanistic interpretation of the structure is supported by the results 
from site-directed mutagenesis, where W. succinogenes QFR residue Arg A301 
(conserved in all sequences except for Nostoc punctiformae ATCC 29133) was 

Fig. 17.4  W. succinogenes QFR subunit A and the possible mechanism of fumarate reduction. 
Figures modified from Lancaster et al. (2001) and Lancaster (2001a). a The Cα traces of the first 
three domains of subunit A and the different relative orientations of the capping domain in crystal 
forms B (PDB entry 1QLB (Lancaster et al. 1999), “open”) and C (PDB entry 1E7P (Lancaster 
et al. 2001), “closed”). b Comparison of crystal forms ‘C’ (PDB entry 1E7P, “closed”, complex 
with malonate) and ‘B’ (PDB entry 1QLB, “open”, complex with fumarate) at the site of fuma-
rate reduction in subunit A. The isolated spheres correspond to the oxygen atoms of two water 
molecules in PDB entry 1QLB. The dicarboxylate binding site in the form C crystal for which a 
diffraction data set could be obtained contained the smaller competitive inhibitor malonate rather 
than fumarate, but this structural difference is negligible compared to the large structural other 
differences shown here. c and d Alternate possible mechanisms of fumarate reduction in W. suc-
cinogenes QFR involving the residues shown in panel b for the crystal form C. Since the precise 
location of the bound fumarate molecule in this crystal form is not yet known, it could either be 
the β-methenyl group c or the α-methenyl group d which which is reduced by hydride transfer 
from the N5 position of FADH−. This is coupled to proton transfer to the respective other methenyl 
group from the side chain of Arg A301

C. R. D. Lancaster
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replaced relatively conservatively by a Lys (Lancaster et al. 2001). Strain FrdA-
R301 K contained a variant enzyme, very similar to the wild type enzyme in terms 
of cofactor and subunit composition, in particular a fluorescence typical for FAD 
covalently bound to the A subunit, but which lacked succinate dehydrogenase and 
fumarate reductase activity (Lancaster et al. 2001). The loss in enzymatic activity 
is tentatively attributed to the fact that Lys (pKsol = 10.8) cannot substitute for Arg 
(pKsol = 12.5) in protonating the fumarate methenyl carbon, possibly because the 
protonating group is no longer close enough to protonate the fumarate methenyl 
group.

17.3  Subunit B, the Iron-Sulfur Protein

The overall result of the phylogenetic analysis of subunit B (Fig. 17.5a) again in-
dicates two groups of cyanobacterial SQR iron-sulfur proteins flanking the SQOR 
subunits B of known three-dimensional structure. One group (“group I”) consists 
of the SQR iron-sulfur proteins from all Prochlorococcus and all Synechococcus 
species considered except for Synechococcus elongatus PCC7002 and Synechococ-
cus sp. JA-2-3B’a(2-13), the second group (“group II”) includes the iron-sulfur 
proteins from all other species considered with the notable inclusion of Nostoc 
punctiformae ATCC 29133, which appears closely related to the other Nostocales 
sequence considered, that from Anabena. The alignments of these sequences are 
displayed in Fig. 17.5b and will be discussed with reference to the known structure 
of W. succinogenes QFR subunit B, the Cα trace of which is shown in Fig. 17.6. 
This subunit of 27 kDa (Lauterbach et al. 1990) consists of two domains, an N-
terminal “plant ferredoxin” domain (B1-106), binding the [2Fe-2S] iron-sulfur 
cluster and a C-terminal “bacterial ferredoxin” domain (B106-239) binding the 
[4Fe-4S] and the [3Fe-4S] iron-sulfur clusters. The [2Fe-2S] iron-sulfur cluster is 
coordinated by the Cys residues B57, B62, B65, and B77 as proposed on the basis 
of sequence alignments (Lauterbach et al. 1990). All four Cys residues are within 
segments that are in contact with the A subunit. The [4Fe-4S] iron-sulfur cluster 
is ligated to the protein through Cys residues B151, B154, B157, and B218, and 
the [3Fe-4S] cluster is coordinated by Cys residues B161, B208, and B214. The 
latter three residues are within segments that are in contact with the C subunit. At 
the position corresponding to the fourth Cys of the [4Fe-4S] cluster, W. succino-
genes QFR [3Fe-4S] cluster contains a Leu. Whereas the introduction of a Cys 
into E. coli QFR (Manodori et al. 1992) could replace the native [3Fe-4S] by a 
[4Fe-4S] cluster, this was not the case for B. subtilis SQR (Hägerhäll et al. 1995). 
With the exception of Leu B211, all Cys ligands discussed above are conserved 
thoroughout the cyanobacterial sequences considered. The residue corresponding 
to Leu B211 is invariably a Cys in all sequences of E-type enzymes considered, 
whereas it is a Leu, Ile, Gln, or Asn in the B-type and C-type enzymes (Fig 17.5b). 
Significantly, the B subunits of the E-type enzymes contain an approximately 80 
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Fig. 17.5  The iron-sulfur-protein subunit SdhB. a Reconstructed phylogenetic tree of 34 
succinate:quinone oxidoreductase iron-sulfur-protein subunits. The tree was obtained with the 
MEGA4 package (Tamura et al. 2007) using the neighbor-joining method with 1000 bootstrap 
replications. The abbreviations for the 29 cyanobacterial species are defined in Table 17.1, the 
remaining five sequences (see also Table 17.2) are the B subunits of E. coli succinate dehydroge-
nase (E.coliSdhB), porcine succinate dehydrogenase (Sus.scSdhB), chicken succinate dehydroge-
nase (GallusSdhB), W. succinogenes 8-methylmenaquinol:fumarate reductase (W.succMfrB), and 
W. succinogenes quinol:fumarate reductase (W.succQfrB). Group I and group II are indicated as 
discussed in the text. b Multiple sequence alignment of 34 succinate:quinone oxidoreductase iron-
sulfur-protein subunits. The alignment was obtained with the T-coffee method (Notredame et al. 
2000). The abbreviations for the 29 cyanobacterial species are defined in Table 17.1, the remain-
ing six sequences (see also Table 17.2) are the B subunits of E. coli succinate dehydrogenase 
(E_coliSdhB), porcine succinate dehydrogenase (Sus_scSdhB), chicken succinate dehydrogenase 
(GallusSdhB), W. succinogenes 8-methylmenaquinol:fumarate reductase (W_succMfrB), and W. 
succinogenes quinol:fumarate reductase (W_succQfrB). The highlighted residues are numbered 
according to their positions in W. succinogenes QFR
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Fig. 17.5 (continued)
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Fig. 17.5 (continued)
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Fig. 17.5 (continued)
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amino-acid residue C-terminal extension, which is not present in those of the other 
types (Fig. 17.5b).

17.4  The Membrane-Associated Subunit E

While the hydrophilic subunits A and B are readily identified by sequence align-
ment, the assignment of the membrane-exposed subunit(s) tends to be more am-
biguous. A number of possible subunit E sequences from cyanobacteria consid-
ered here have been annotated as either “protein of unknown function”, “hypo-
thetical protein”, “heterodisulfide reductase subunit B” (frequently in the absence 
of an assignment for “heterodisulfide reductase subunit A”) or as a “cysteine-rich 
domain protein”, as detailed in Table 17.1. The overall result of the phylogenetic 
analysis of subunit E (Fig. 17.7a) includes only the second group encountered 
for the analysis of the hydrophilic subunits, i.e. all non-Prochlorococcus and all 
non-Synechococcus species considered plus Synechococcus elongatus PCC7002 
and Synechococcus sp. JA-2-3B’a(2-13) The alignments of these cyanobacte-
rial sequences are displayed in Fig. 17.7b and indicate sequence identities of 
between 61 and 92% for between 297 and 301 residues. They are compared to W. 
succinogenes MFR subunit E, revealing a high degree of sequence identity (37% 
over 284 residues for Cyanothece sp. ATCC 51142 subunit E). These subunits E 
have two striking characteristics (Schäfer et al. 2002; Lemos et al. 2002). First, 
they contain a duplicated motif rich in cysteines, CX31-35CCGX33-39CX2C, which 
is thought to be essential for the interaction with quinone. Second, several of 
the putative helices have a predicted amphipathic nature (Fig 17.7b), which is 
thought to be relevant for the membrane attachment of these monotopic mem-
brane proteins.

Fig. 17.6  Subunit B, the 
iron-sulfur protein of W. suc-
cinogenes QFR. The Cα trace 
is color-coded from light grey 
to dark grey for the amino-
terminal [2Fe-2S] domain on 
the right (residues B1-106) 
and again from light grey to 
dark grey for the carboxy-
terminal [7Fe-8S] domain on 
the left (B106–B239). (Figure 
modified from Lancaster 
et al. 1999)
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Fig. 17.7  The membrane-associated subunit SdhE. a Reconstructed phylogenetic tree of 22 
succinate:quinone oxidoreductase membrane-associated subunits E. The tree was obtained with 
the MEGA4 package (Tamura et al. 2007) using the neighbor-joining method with 1000 boot-
strap replications. The abbreviations for the 21 cyanobacterial species are defined in Table 17.1, 
the remaining sequence is W. succinogenes 8-methylmenaquinol:fumarate reductase subunit E 
(W.succMfrE). b Multiple sequence alignment of 22 succinate:quinone oxidoreductase membrane-
associated subunits E. The alignment was obtained with the T-coffee method (Notredame et al. 
2000). The abbreviations for the 21 cyanobacterial species are defined in Table 17.1, the remaining 
sequence is W. succinogenes 8-methylmenaquinol:fumarate reductase subunit E (W_succMfrE). 
The positions of the short helices classified as amphipathic by Lemos et al. (2002) are indicated. 
The highlighted residues are numbered according to their positions in W. succinogenes MFR
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Fig. 17.7 (continued)
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Fig. 17.7 (continued)
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Fig. 17.7 (continued)
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17.5  Subunit C, the Membrane-Integral  
Diheme-Cytochrome b

The overall result of the phylogenetic analysis of subunit C (Fig. 17.8a) includes 
only the first group encountered for the analysis of the hydrophilic subunits, i.e. all 
Prochlorococcus and all Synechococcus species except for Synechococcus elonga-
tus PCC7002. An exception is Synechococcus sp. JA-2-3B’a(2-13), for which both 
a subunit E and a subunit C can be identified. The alignments of these cyanobacte-
rial sequences are displayed in Fig. 17.8b and indicate sequence identities of be-
tween 32 and 90% for between 193 and 230 residues. They are compared to W. suc-
cinogenes QFR subunit C, revealing a low degree of overall sequence identity (17% 
over 256 residues for Synechococcus sp. BL107 subunit C). Strikingly, however, a 
number of crucial residues are conserved for all sequences aligned. These will be 
discussed below after introduction of the structure of W. succinogenes subunit C.

Fig. 17.8  The membrane-integral diheme-cytochrome b subunit SdhC. a Reconstructed phy-
logenetic tree of 11 succinate:quinone oxidoreductase diheme-cytochrome b subunits. The tree 
was obtained with the MEGA4 package (Tamura et al. 2007) using the neighbor-joining method 
with 1000 bootstrap replications. The abbreviations for the 9 cyanobacterial species are defined in 
Table 17.1, the remaining sequences (see also Table 17.2) are the C subunits of B. licheniformis 
SQR (B.lichSdhC, Veith et al. 2004) and of W. succinogenes QFR (W.succQfrC, Baar et al. 2003). 
b Multiple sequence alignment of 11 succinate:quinone oxidoreductase diheme-cytochrome b sub-
units. The alignment was obtained with the T-coffee method (Notredame et al. 2000). The abbre-
viations for the 9 cyanobacterial species are defined in Table 17.1, the remaining sequences (see 
also Table 17.2) are the C subunits of B. licheniformis SQR (B_lichSdhC) and of W. succinogenes 
QFR (W_succQfrC). The highlighted residues are numbered according to their positions in W. 
succinogenes QFR
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Fig. 17.8 (continued)
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The Cα trace of W. succinogenes subunit C is shown in Fig. 17.9. This subunit 
of 30 kDa (Körtner et al. 1990) contains five membrane-spanning segments with 
preferentially helical secondary structure. For systematic reasons within the super-
family of succinate:quinone oxidoreductases, these segments are labelled (accord-
ing to (Hägerhäll and Hederstedt 1996)) I (C22-52), II (C77-100), IV (C121-149), 
V (C169-194), and VI (C202-237). To a varying degree, all five transmembrane 
segments are tilted with respect to the membrane normal, and helix IV is strongly 
kinked at position C137 (Lancaster et al. 1999). This kink is stabilised by the side 
chain γ-hydroxyl of Ser C141, which, instead of its backbone NH, donates a hydro-
gen bond to the carbonyl oxygen of Phe C137. As pointed out earlier (Lancaster and 
Kröger 2000), this feature is very similar to that found for helix F of bacteriorho-
dopsin (bR, PDB entry 1C3W (Luecke et al. 1999)). However, this Ser residue is 
not conserved in the cyanobacterial subunits C (Fig. 17.8b).

The planes of both heme molecules bound by the W. succinogenes enzyme are 
approximately perpendicular to the membrane surface and their interplanar angle 
is 95° (Lancaster et al. 1999). The axial ligands to the “proximal” heme bP are 
His C93 of transmembrane segment II and His C182 of transmembrane segment 
V (Fig. 17.7a). This causes heme bP to be located towards the cytoplasmic sur-
face of the membrane, and thus towards the [3Fe-4S] iron-sulfur cluster. Hydrogen 

Fig. 17.9  W. succinogenes QFR subunit C (stereo view). Selected conserved C subunit residues 
are labelled
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bonds and salt bridges with the propionate groups of heme bP are formed with the 
side chains of residues Gln C30, Ser C31, Trp C126 and Lys C193. Thus, side 
chains from the residues of the first four transmembrane segments are involved in 
the binding of heme bP (Lancaster et al. 1999), which underscores the structural 
importance of the bound heme (Simon et al. 1998). Of these residues interacting 
with the bP propionates, however, only Trp C126 is (partially) conserved in the 
cyanobacterial sequences (Fig. 17.8b). The axial ligands to the “distal” heme bD are 
His C44 of transmembrane segment I and His C143 of transmembrane segment IV 
(Fig. 17.9), demonstrating that all four heme axial ligands had been correctly pre-
dicted by sequence alignment (Körtner et al. 1990) and site-directed mutagenesis 
(Simon et al. 1998). Residues of W. succinogenes QFR subunit C conserved among 
the succinate:quinone oxidoreductases from cyanobacteria (Fig. 17.8b) include all 
four His ligands of the heme groups, a number of Gly residues (133, 186, 195) 
within or at the end of transmembrane helices, and Tyr C172, which interacts with 
the ring D propionate of heme bD.

The two heme groups have different oxidation-reduction potentials (Kröger and 
Innerhofer 1976), one is the “high-potential” heme bH, the other the low-potential 
“low-potential” heme bL. For the membrane-bound enzyme, these potentials are 
EM = −20 mV and EM = −200 mV, respectively (Kröger and Innerhofer 1976). For 
the detergent-solubilized QFR enzyme, the respective values are −15 and −150 mV 
(Lancaster et al. 2000). It has been established that the “high-potential” heme cor-
responds to bP and the “low-potential” heme to bD (Haas and Lancaster 2004).

17.5.1  General Comparison of Membrane-Integral Diheme 
Cytochrome b Proteins

As noted earlier (Lancaster et al. 1999), the binding of the two heme b molecules 
by an integral membrane protein four-helix bundle described here is very different 
from that described for the four-helix bundle of the cytochrome bc1 complex (Xia 
et al. 1997). In the latter complex, only two transmembrane segments provide two 
axial heme b ligands each. This we refer to as a “two-helix motif” (Lancaster 2002c, 
2003c; Fig. 17.10a). Examples for a “three-helix motif”, where one transmembrane 
helix provides two heme b ligands, and two others provide one heme b ligand each 
(Fig. 17.10b), may be found in the cases of membrane-bound hydrogenases (Berks 
et al. 1995; Groß et al. 1998), and formate dehydrogenases (Berks et al. 1995; Jor-
makka et al. 2002). As described above, the axial ligands for heme binding in W. 
succinogenes QFR, are located on four different transmembrane segments (“four-
helix motif”; Fig. 17.10c). One consequence of this difference is that the distance 
between the two heme iron centers is distinctly shorter in W. succinogenes QFR 
(15.6 Å) than it is in the mitochondrial cytochrome bc1 complex (21 Å; Xia et al. 
1997) and in E. coli formate dehydrogenase-N (20.5 Å; Jormakka et al. 2002).

C. R. D. Lancaster
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17.5.2  The Site(s) of Menaquinol Oxidation and Quinone 
Reduction

In the W. succingenes QFR crystal structure, a cavity which extends from the hy-
drophobic phase of the membrane, close to the distal heme bD, to the periplasmic 
aqueous phase could accommodate a menaquinol molecule, after minor structural 
alterations (Lancaster et al. 2000), which are consistent with experimentally ob-
served structural differences for the presence and absence of a quinone substrate 
(Lancaster and Michel 1997). A glutamate residue (Glu C66) lines the cavity and 
could be involved in the acceptance of the protons liberated upon oxidation of the 
menaquinol (Fig. 17.9). Replacement of Glu C66 by a glutamine residue resulted 
in a mutant which did not catalyze quinol oxidation by fumarate, whereas the 
activity of fumarate reduction was not affected by the mutation (Lancaster et al. 
2000). X-ray crystal structure analysis of the Glu C66 → Gln variant enzyme 
ruled out significant structural alterations. The midpoint potentials of the two 
heme groups of subunit C were not significantly affected. These results indicate 
that the inhibition of quinol oxidation activity in the mutant enzyme is due to 
absence of the carboxyl group of Glu C66. Thus it was concluded that Glu C66, 
which is conserved in the QFR enzymes from the ε-proteobacteria C. jejuni and 
H. pylori, is an essential constituent of the menaquinol oxidation site (Lancaster 
et al. 2000) close to heme bD (Fig. 17.9). Glu C66 is conserved in most of the 
“Group I” cyanobacterial sequences (Fig. 17.8b). The remaining sequences dis-
play a conserved Glu three residues earlier (boxed in Fig. 17.8b), which empha-
sizes the diffulty of obtaining reliable sequence alignments with such low overall 
sequence identity.

Fig. 17.10  Diheme binding by integral membrane protein four helix bundles (Lancaster 2002c). 
a “Two-helix motif”: His ligands from two transmembrane helices (mitochondrial cytochrome bc1 
complex). b “Three-helix motif”: His ligands from three transmembrane helices (e.g. hydroge-
nase, formate dehydrogenase). c “Four-helix motif”: His ligands from four transmembrane helices 
(dihemeic succinate:quinone oxidoreductases)
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17.6  Overall Description of Diheme-Containing SQOR 
(Type B)

In all three W. succinogenes QFR crystal forms, two heterotrimeric complexes of 
A, B, and C subunits are associated in an identical fashion, thus forming a dimer 
(Fig. 17.11). W. succinogenes QFR has an overall length of 120 Å in the direction 
perpendicular to the membrane. Parallel to the membrane, the maximum width is 
130 Å for the dimer, and 70 Å for the monomer. Approximately 3665 Å2 (8%) of 
the W. succinogenes QFR monomer surface is buried upon dimer formation. For 
the B-type enzymes from W. succinogenes, C. jejuni, and H. pylori, it has been 
derived from analytical gel filtration and analytical ultracentrifugation experi-
ments, that the homodimer is apparently also present in the detergent-solubilized 
state of the enzyme (Mileni et al. 2006). The characterisation of crystals of E. 
coli SQR at 4.0 Å resolution (Törnroth et al. 2002) indicated that three hetero-
tetrameric enzyme complexes form a crystallographic trimer, and that the for-
mation of homo-oligomers is not uncommon for this type of membrane protein 
complexes.

Fig. 17.11  Three-dimensional structure of the W. succinogenes QFR dimer of heterotrimeric com-
plexes of A, B, and C subunits. The Cα traces and the atomic structures of the six prosthetic groups 
per heterotrimer are shown
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17.6.1  Relative Orientation of Soluble and Membrane-Embedded 
QFR Subunits

The structure of D-type E. coli QFR can be superimposed on the structure of B-
type W. succinogenes QFR based on the hydrophilic subunits A and B (Lancaster 
et al. 1999). This similarity in structure was expected based on sequence compari-
sons. However, in this superimposition, the membrane-embedded subunits cannot 
be aligned. In an alternate superimposition, the transmembrane subunits C and D 
of the E. coli enzyme can be overlayed on to the W. succinogenes C subunit (Lan-
caster et al. 1999). Compared to the former superimposition, the latter involves 
a rotation around the membrane normal of approximately 180° and an orthogo-
nal 25° rotation. This immediately leads to two important conclusions (Lancaster 
et al. 1999). First, the structures of the transmembrane subunits carrying no hemes 
and two hemes, respectively, can be aligned to a significant degree, although only 
eleven of the aligned residues are identical. Second, the relative orientation of the 
soluble subunits and the transmembrane subunits is different in the QFR complexes 
from the two species. Interestingly, in spite of the differences in polypeptide com-
position and heme content, the C-type SQR from E. coli exhibits the same relative 
orientation of hydrophilic and hydrophobic subunits as the B-type QFR from W. 
succinogenes (Lancaster 2003d).

17.6.2  Electron Transfer

For the function of QFR, electrons have to be transferred from the quinol-oxidis-
ing site in the membrane to the fumarate-reducing site, protruding into the cyto-
plasm. The arrangement of the prosthetic groups in the QFR dimer is displayed 
in Fig. 17.11. It has been shown for other electron transfer proteins that physi-
ological electron transfer occurs if edge-to-edge distances beteen redox centres 
are shorter than 14 Å, but not if they are longer than 14 Å (Page et al. 1999). 
In the case of W. succinogenes QFR, this indicates that physiological electron 
transfer can occur between the six prosthetic groups of one QFR heterotrimeric 
complex, but not between the two QFR complexes in the dimer (Lancaster et al. 
2000).

The fumarate molecule is in van der Waals contact with the isoalloxazine ring of 
FAD. The linear arrangement of the prosthetic groups in one QFR complex there-
fore provides one straightforward pathway by which electrons could be transferred 
efficiently from the menaquinol oxidising site via the two heme groups, the three 
iron-sulfur clusters and the FAD to the site of fumarate reduction.

Because of ist very low midpoint potential (Em < −250 mV; Unden et al. 1984), 
the [4Fe-4S] iron-sulfur cluster has been suggested not to participate in electron 
transfer (see Ackrell et al. (1992) and Hägerhäll (1997) for discussions). However, 
the determined low potential may be an artefact due to anti-co-operative electro-
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static interactions between the redox centers (Salerno 1991). The position of the 
[4Fe-4S] cluster as revealed in the available QFR and SQR structures is highly sug-
gestive of its direct role in electron transfer from the [3Fe-4S] cluster to the [2Fe-
2S] cluster. Despite this major thermodynamically unfavorable step, the calculated 
rate of electron transfer is on a microsecond scale, demonstrating that this barrier 
can easily be overcome by thermal activation as long as the electron transfer chain 
components are sufficiently close to promote intrinsically rapid electron tunneling 
(Dutton et al. 1998).

17.6.2.1  The W. succinogenes Paradox and the Mechanism of Catalysis 
in B-type SQR

An overview of the current status of discussion of electron and proton transfer in 
succinate:quinone oxidoreductases is shown in Fig. 17.12a–d. In E-type cyanobac-
terial SQR (Fig. 17.12a), mitochondrial complex II and other C-type enzymes, such 
as SQR from P. denitrificans and E. coli (Fig. 17.12b), electron transfer from suc-
cinate to quinone does not lead to the generation of a transmembrane electrochemi-
cal potential ∆p, since the protons released by succinate oxidation are on the same 

Fig. 17.12  The coupling of 
electron and proton flow in 
succinate: quinone oxido-
reductases in aerobic (a, b, 
c) and anaerobic respiration 
(d), respectively. Positive 
and negative sides of the 
membrane are described for 
Fig. 17.1. (a, b) Electroneu-
tral reactions as catalyzed by 
E-type cyanobacterial SQR 
from group II (a) and C-type 
SQR enzymes (b). (c) Utili-
zation of a transmembrane 
electrochemical potential ∆p 
as catalyzed by B-type SQR 
enzymes from Gram-positive 
bacteria (Madej et al. 2006b) 
and possibly also from 
cyanobacteria from group I. 
(d) Electroneutral fumarate 
reduction by B-type QFR 
enzymes with a proposed 
compensatory “E-pathway” 
(Lancaster 2002c; Madej 
et al. 2006a, 2009)
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side of the membrane as those consumed by quinone reduction (see Ohnishi et al. 
(2000) for a review).

The orientation of the catalytic sites of fumarate reduction (Lancaster et al. 2001), 
associated with proton binding, and menaquinol oxidation (Lancaster et al. 2000), 
associated with proton release, towards opposite sides of the membrane indicated 
that quinol oxidation by fumarate should be an electrogenic process in W. succino-
genes, i.e. associated directly with the establishment of an electrochemical proton 
potential across the membrane.

This electrogenic catalysis indeed appeared to be the case for some diheme-
containing representatives of the superfamily of QFRs and succinate:menaquinone 
reductases (SQRs). Succinate oxidation by menaquinone, an endergonic reac-
tion under standard conditions, had been proposed to be driven by the electro-
chemical proton potential in the Gram-positive bacterium B. subtilis and in other 
prokaryotes containing succinate:menaquinone reductases (Lemma et al. 1990; 
Schirawski and Unden 1998; Schnorpfeil et al. 2001; Zaunmuller et al. 2006). 
This is the analogous reaction to that suggested by the arrangement of the sites 
of catalysis, but in the opposite direction (Fig 17.12c). However, the experiments 
on the SQR had previously been performed only with whole cells and isolat-
ed membranes and it has been questioned (Azarkina and Konstantinov 2002) 
whether the observed effects are associated specifically with the SQR. More 
recently, it has been shown that the dihaem-containing succinate:menaquinone 
reductase, isolated from the Gram-positive bacterium Bacillus licheniformis and 
reconstituted into proteoliposomes, is unable to support the reduction of a soluble 
menaquinone analog unless the protonophore carbonyl cyanide m-chloro-phen-
ylhydrazone (CCCP) is added (Madej et al. 2006b). Apparently the driving force 
of the reaction, even with a large excess of starting material over product, was 
insufficient to support the establishment of a ∆p across the proteoliposomal mem-
brane. In order to increase this driving force, the quinone substrate was modified 
to increase its oxidation/reduction midpoint potential. For an increased driving 
force of the reverse reaction, a lower redox midpoint potential was achieved by 
designing a suitable substrate. Both in the case of quinol oxidation, as well as 
in the case of quinone reduction, a membrane potential could be measured, thus 
unequivocally demonstrating electrogenic catalysis in the case of this enzyme 
(Madej et al. 2006b).

However, as discussed earlier (Lancaster et al. 2000), analogous experiments for 
isolated W. succinogenes QFR reconstituted into liposomes had shown that the oxi-
dation of quinol by fumarate as catalysed by this enzyme is electroneutral (Madej 
et al. 2006a; Geisler et al. 1994; Kröger et al. 2002; Biel et al. 2002).

To reconcile these apparently conflicting experimental observations, the so-
called “E-pathway hypothesis” was proposed (Lancaster 2002c; Fig. 17.12d). Ac-
cording to this working hypothesis, the transmembrane transfer of two electrons 
in W. succinogenes QFR is coupled to the compensatory, parallel translocation of 
one proton per electron from the periplasm to the cytoplasm. The proton transfer 
pathway used is transiently established during reduction of the haem groups and is 
closed in the oxidised enzyme. The two most prominent constituents of the proposed 
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novel pathway were suggested to be the ring C propionate of the distal heme bD and, 
in particular, the amino acid residue Glu C180, after which the “E-pathway” was 
named. Since the first proposal of this hypothesis, a number of theoretical (Haas and 
Lancaster 2004) and experimental results (Haas et al. 2005; Lancaster et al. 2005; 
Mileni et al. 2005) were obtained that supported it (reviewed by Lancaster et al. 
2006, 2008) and it was finally proven (Madej et al. 2006a, 2009). However, Glu 
C180 is not conserved in the cyanobacterial B-type enzymes (Fig. 17.8b), indicat-
ing that these probably operate in analogy to the SQR enzymes of Gram-positive 
bacteria (Fig 17.12c).
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18.1  Introduction

The presence of water-soluble cytochrome (cyt) in cyanobacteria was first exam-
ined and described in detail by Holton and Myers (1963) in a short paper in Sci-
ence. There had been a few sightings of cyt spectral peaks in cell extracts but little 
pursuit of chemical details. Jack Myers, who had worked on biophysical aspects 
of photosynthesis, had turned to the physiology of blue- green algae (soon to be 
called cyanobacteria). The blue and red phycobiliproteins and the small spherical 
cells of Anacystis nidulans (now called Synechocystis sp. PCC 6803) held promise 
for biophysical experiments. R. W. Holton joined Jack and brought skills in protein 
purification and characterization. Holton and Myers (1963) outlined the isolation 
and distinctive character of three cyts in their short Science paper. In 1967, they 
published two substantial papers. One described in further detail on the extraction 
and spectral properties of three c-type cyts (Holton and Myers 1967a) and the other 
told of their physicochemical properties (Holton and Myers 1967b). An important 
distinction came from the apparent abundance of each cyt. Cyt c554 was a thou-
sand-fold and cyt c550 a hundred-fold more abundant than cyt c552. Cyt c554 had 
a redox potential of +0.35 V, and cyt c550 of −0.355 V. Cyt c552 is auto-oxidizable. 
Its redox potential is 0.151 V. Cyts c554 and c550 showed acidic character in ion-
exchange chromatography while cyt c552 was weakly basic. In contemporary study 
of cyanobacteria, cyts c552 and c554 are frequently referred to as cyts cM and c6, 
respectively. These current names will be used hereinafter.

Cyt c6 is functionally equivalent to a copper protein, plastocyanin. Either protein 
can act as an electron carrier between the cytochrome b6f complex and Photosys-
tem I (PSI) in some cyanobacteria and green algae (Wood 1978; Sandmann et al. 
1983). This cyt serves well. There is often a greater availability of iron and a scar-
city of copper in natural waters. In response to copper deficiency, many species of 
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cyanobacteria were found to replace plastocyanin by increasing the content of cyt 
c6 (Sandmann 1986). The gene encoding cyt c6 or plastocyanin has been inacti-
vated by genetic manipulations in Synechocystis sp. PCC 6803 (Duran et al. 2004) 
and Synechococcus sp. PCC7942 (Clarke and Campbell 1996). In Synechocystis 
sp. PCC 6803, the normal functioning of photosynthesis and respiration was found 
to be firmly dependent on the availability of either cyt c6 or plastocyanin based 
on the results obtained with the deletion mutants. In Synechococcus sp. PCC7942, 
inactivation of the PetE gene encoding plastocyanin resulted in a large increase of 
messenger RNA for cyt c6. However, it led to a loss in both photosynthetic capacity 
and tolerance to cold-induced photoinhibition. Attempts to inactivate the PetJ gene 
encoding cyt c6 in Synechococcus sp. 7002 (Nomura and Bryant 1998) were not 
successful. This gene could not be replaced by the one encoding cyt c6, plastocyanin 
or cyt cM from Synechocystis sp. PCC 6803. The observation that different cyano-
bacteria responded differently to inactivation of the gene encoding plastocyanin or 
cyt c6 suggests that the extent of functional equivalence between the two electron 
components varies among cyanobacteria.

Cyt c6 can act as an electron carrier between cytochrome b6f complex and cyt ox-
idase during cyanobacterial respiration (Pils and Schmetterer 2001). Figure 18.1a–e 
provides striking evidence of structural similarities between catalysts of photosyn-
thesis and respiration. For instance, both structures of cyt c6 from a cyanobacterium 
Arthrospira maxima and horse-heart mitochondrial cyt c are characterized by the 
presence of four helices and a number of loops such that three of the helices clus-
ter around one edge of the heme. The spatial arrangements of these three helices 
are similar for both structures when superimposed. Figure 18.1e shows that the N-
terminal and C-terminal helices of A. maxima cyt c6 closely superimpose on those 
of horse-heart cyt c and that the sequences of the two helices are similar for both 
cyts. Horse-heart cyt c has four tyrosines, of which Tyr 97 and Tyr 74 are thought to 
be target sites for phosphorylation and nitration, respectively. When either site was 
modified, there was a marked effect on either protein structure or electron-transfer 
kinetics with cyt oxidase (Lee et al. 2006; Abriata et al. 2009). A. maxima cyt c6 
has three tyrosines, of which Tyr 80 occupies the same spatial position as Tyr 97 of 
horse-heart cyt c and Tyr 53 is close in space to Tyr 74 of horse-heart cyt c. Since 
cyt c6 is thought to interact with cyt oxidase, it will be of interest to see if any of the 
A. maxima tyrosines can be modified by phosphorylation or nitration.

Cyt cM appears to be the same protein as cyt c552. The name was introduced by 
Malakhov et al. (1994) to identify a small water-soluble c-type cyt in Synechocytsis 
PCC 6803. It is relatively short, about 76 amino acids when compared to cyt c6 and 
cyt c550 which have about 90 and 130–140 amino acids, respectively. Cyt cM has 
yet to be crystallized. The name cyt cM might be used until more is learned about 
the function and structure of this protein. The gene for cyt cM has been identi-
fied in many cyanobacterial genomes. It is not clear if any of these genomes have 
additional homologs to the cyt cM gene. Of the 36 cyanobacterial genomes fully 
available from National Center for Biotechnology Information (NCBI) database, 
the Prochlorococcus marinus subsp. Pastoris str. CCMP1986 genome appears to be 
the only one that is without a gene for either cyt c6 or c550. Since this organism has 
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both cyt cM and plastocyanin genes, it will be interesting to inactivate the plastocy-
anin gene and study its effect as there are suggestions that cyt cM can substitute for 
plastocyanin or cyt c6 during photosynthesis (Malakhov et al. 1999). The inability 
to construct double mutants for cyt c6 and plastocyanin in any conditions has so far 
made the assessment of cyt cM’s role in photosynthesis difficult.

Cyt c550 is sometimes referred to as Low Potential (L.P.) cyt c550. This water-
soluble protein contains a single heme with bihistidine coordination. It is one of 
the extrinsic Photosystem II (PS II) subunits involved in oxygen evolution. While 
deletion of the gene for cyt c550, psbV, leads to impaired growth and diminished 
oxygen evolution, the role of the heme remains unclear. The presence of homologs 
to psbV in the same genome can complicate the study of cyt c550. An additional ho-
molog to psbV, psbV2, has been cloned from Thermosynechococcus elongatus and 
T. vulcans. It is not clear how widespread is psbV2 among cyanobacterial genomes 
sequenced so far.

In previous surveys of Ho (2005), Bialek et al. (2008) and Bernroitner et al. 
(2008), multiple but not identical genes encoding cyt c6s were found in some cya-

Fig. 18.1  Ribbon diagrams of a Cyt c6, b CytM, c Cyt c550, d PsbV2, and e a superposition of A. 
maxima cytochrome c6 (PDB ID 1f1f; Sawaya et al. 2001) and horse-heart cytochrome c (PDB ID 
1hrc; Bushnell et al. 1990). The view in e is rotated ~180° about an axis parallel to the page relative 
to that shown in a–d. In a–d, the positions of absolutely conserved amino acids (with the exception 
of the heme ligands) are colored in red. The heme is shown in space-filling and oriented with the 
propionate oxygens pointing downwards in the cyts shown in a–d. In e horse-heart cyt c is shown 
in blue. Tyr 53 and Tyr 80 of cyt c6 and Tyr 74 and 97 of horse-heart cyt c are shown in sticks. The 
sequence alignment was conducted with LALIGN (Gasteiger et al. 2003) at ExPASy server (http://
www.expasy.ch). This figure and figure 18.2 were prepared with Pymol (DeLano 2002)
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nobacterial genomes. Here we have extended the study of cyanobacterial genomes 
to include all three water-soluble cyts. Our study includes an identification of the 
cyts’ coding sequences in more genomes from the NCBI database and an analysis 
of their deduced primary structures, aiming towards a better understanding of their 
roles in cyanobacteria.

18.2  Gene Content and Arrangements

18.2.1  Cytochromes c6 , cM and c550

Most of the cyanobacteria studied here have multiple but not identical gene se-
quences for cyt c6. The ones that don’t provide a gene sequence for cyt c6 include 4 
strains of Prochlorococcus marinus, CCMP1986, AS9601, MIT9215 and MIT9515. 
These unicellular cyanobacteria have a gene for plastocyanin which is a functional 
equivalent of cyt c6. With a size of about 1.7 Mbp, their genomes are the smallest 
found among the cyanobacteria. Within 45 genomes, we found 49 sequences that 
are annotated as cyt c6 and 44 other sequences listed as cyt cs. The latter group of 
cyts was accepted here as cyt c6, based on their close similarity in sequence to the 
annotated ones. Table 18.1 summarizes the distribution of 93 cyt c6 genes among 
36 unicellular and 9 filamentous cyanobacterial genomes. In general, the number 
of cyt c6 genes for individual genomes is small, varying from 1 to 4. Despite a 
larger genome size, the highest number among the filamentous genomes is 3. A 
study of how cyt c6 genes distribute within individual genomes reveals some in-
teresting patterns that may be related to gene function and evolution. First, with 
one exception, the multiple cyt c6 genes found within the same genome are not 
in close proximity to each other. The only exception is in Nodularia spumigena 
CCY9414 genome, where 2 cyt c6 genes are about 400 bp apart. Second, 16 out of 
36 unicellular genomes have a cyt c6 gene located next to a plastocyanin gene. This 
pattern of arrangement of the cyt c6 and plastocyanin genes suggests that in these 
organisms the synthesis of cyt c6 is regulated in coordination with the synthesis of 
plastocyanin. This suggestion is consistent with earlier studies that in some species 
of cyanobacteria, syntheses of these two proteins were somehow coordinate regu-
lated by the presence of copper ions (Sandmann and Boger 1980; Bovy et al. 1992; 
Ghassemian et al. 1994; Zhang et al. 1992). Of the 36 unicellular genomes, 17 come 
from different Synechococcus strains, which include 12 marine, 4 freshwater and 
1 intertidal ones. The above gene arrangement appears common among the marine 
strains of Synechococcus, occurring in 10 of the 12 strains. The remaining 2 marine 
strains, PCC7002 and RCC307, don’t seem to have a gene for plastocyanin. As for 
the freshwater strains, JA-2–3B’a(2–13), JA-3–3Ab, PCC6301 and PCC7942, and 
the intertidal one, PCC7335, a cyt c6 sequence is quite far away from a plastocyanin 
sequence. An understanding of how the cyt c6 and plastocyanin genes are regulated 
is very much needed and the marine strains of Synechococcus may be useful for 
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such study. Lastly, of the 9 filamentous cyanobacteria, 5 form heterocysts and 4 
don’t. The 5 that form heterocysts are Anabaena sp. 7120, Anabaena variabilis 
29413/7937, Nostoc punctiforme 29133/73102, Anabaena sp. 7119 and N. spumi-
gema CCY9414. The first three organisms have a plastocyanin gene located be-
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tween a cyt c6 gene and a c550 gene. N. spumigema CCY9414 has a plastocyanin 
gene located next to a cyt c6, and its genome like the one from Anabaena sp. 7119 
is not complete. The cytc6/plastocyanin/cyt c550 gene arrangement may have some 
importance to the filamentous cyanobacteria that form heterocysts. Incidentally, it 
is not found in other filamentous cyanobacteria that don’t form heterocysts. These 
include Microcoleus chthonoplates 7420, A. maxima CS-328, Lyngbya sp. 8106 and 
Trichodesmium erythraeum IMS101.

Unlike cyt c6, there is no additional homolog to cyt cM in the same genome. 
We obtained one cyt cM gene sequence each from 42 out of the 45 cyanobacterial 
genomes (Table 18.1). The complete genomes from Synechococcus sp. PCC7335 
and Gloeobacter violaceus PCC7421, and the incomplete one from Anabaena sp. 
PCC7119 provide no cM gene sequences. Of the 42 cyt cM coding sequences, 21 
are found to locate next to a gene for the cyt b6f complex subunit petG. This pattern 
of gene arrangement spreads across both unicellular and filamentous cyanobacterial 
genomes.

We obtained 40 c550 gene ( psbV) sequences from 39 cyanobacterial genomes, 
of which only one, Synechococcus sp. PCC7335 has 2 sequences (Table 18.1). In 
this organism, the 2 cyt c550 gene sequences are in close proximity. M. chthono-
plates 7420, A. maxima CS-328, Lyngbya sp. 8106 and T. erythraeum IMS101 
are filamentous cyanobacteria that lack heterocysts. These 4 together with 5 oth-
er unicellular cyanobacteria have an additional homolog sequence to cyt c550, 
psbV2. In these organisms, the psbV2 gene is located immediately downstream 
of the psbV.

18.3  Structure and Properties

The deduced amino acid sequences of cyts c6, cM and c550 were all retrieved from 
the Protein Knowledgebase server (http://www.uniprot.org). The sequences were 
divided into 3 sets based on their origins ( Synechococcus, non-Synechococcus and 
filamentous). Non-Synechococcus refers to a group of unicellular cyanobacteria 
that are not Synechococcus. Alignments of cyts c6 and c550 sequences were per-
formed on the mature portions of the proteins. With cyt cM, the full-length of the 
sequence was used. All alignments were conducted using ClustalW (Thompson 
et al. 1994) at Network Protein Sequence Analysis server (http://npsa-pbil.ibcp.fr/). 
Identical, strongly similar and weakly similar residues were indicated by (*), (:) and 
(.) respectively. Within the alignment tables, individual sequences were numbered 
and identified by an accession code. Next to the C-terminal end of the alignment are 
columns for the isoelectric point [pI] of the mature sequence, letter identifying the 
homologs from the same organism [L] and name of the organism. The pI values for 
cyt c550 from different cyanobacteria were all in the acidic range and so were not 
shown in Tables 18.2, 18.3 and 18.4. The leader sequence and pI value of individual 
sequences were determined using SignalP and Compute pI/Mw (Gasteiger et al. 
2003) respectively at the ExPASy server (http://www.expasy.ch).
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18.3.1  Cytochrome c6

18.3.1.1  Amino Acid Sequences

In general, the alignments corresponding to different sets of cyanobacteria (Ta-
bles 18.5, 18.6 and 18.7) show that the cyt c6 sequences from the same organism are 
less similar to each other than they are to the sequences from other organisms and 
that the sequences appear to divide into groups such that each sequence in the same 
group comes from a different organism. Also, the heme attachment site of Cys-xx-

Table 18.2  An alignment of cytochrome c550 from different Synechococcus strains

18 The Water-Soluble Cytochromes of Cyanobacteria

                  



522

Cys His and the sixth heme ligand, Met, appear to be conserved in all sequences. Ta-
ble 18.5 has 43 cyt c6 sequences from different strains of Synechococcus, of which 
42 are derived from gene sequences and 1 from strain PCC6312 (#27) is determined 
by protein sequencing (Aitken 1979). There are 17 strains of Synechococcus cor-
responding to the 42 sequences. This group includes 4 sequences each for 4 strains 
(e, f, g, h), 3 sequences each for 3 strains (a, b, i), 2 sequences each for 7 strains 
(c, d, j, k, l, m, n) and 1 sequence each for 3 strains. There are 13 identical residues 
conserved in all sequences. The pI column shows that only 8 sequences have pIs 
above 8. Note that 11 sequences have pIs from 4.5 to 9.2 (Group I), 4 sequences 
have pIs from 4.3 to 4.9 (Group II), 14 sequences from 4.4 to 5.2 (Group III) and 14 
sequences from 5 to 8.7 (Group IV). In Group I and Group III, there are more acidic 
than basic sequences. Nearly all the sequences in which each is derived from a gene 
sequence next to a plastocyanin gene sequence cluster together in Group III. These 
include sequences number 16–24. The only one exception is sequence number 5 of 
Synechococcus PCC5701, which appears in Group I.

Table 18.3  An alignment of cytochrome c550 from non-Synechococcus, unicellular cyanobacteria
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Table 18.6 is a miscellaneous collection of non-Synechococcus cyanobacterial 
sequences. It has 31 deduced cyt c6 sequences from 19 strains of 8 different genera. 
This collection includes 3 sequences for 1 strain (h), 2 sequences each for 10 strains 
(a–g, i–k) and 1 sequence each for 8 strains. The pI column shows that 14 sequences 
have values ranging from 4.2 to 9.5 (Group I) and 17 sequences from 5.6 to 9.6 
(Group II). Group I is comprised of mostly acidic sequences (9 acidic, 2 neutral 
and 3 basic) whereas Group II has mostly basic sequences (12 basic, 3 neutral and 
2 acidic). All the sequences (#3, 5 and 9–12), in which each is derived from a cyt c6 
gene next to a gene for plastocyanin, are clustered together in group I.

In Table 18.7, there are 23 cyt c6 sequences from different species of filamentous 
cyanobacteria, of which 20 are deduced from gene sequences and 3 from amino 
acid sequencing. The 3 protein sequences number 9, 12 and 16 belong to Plec-
tonema boryanum (Aitken 1977), Aphanizomenon flos-aquae (Ulrich et al. 1982) 
and Anabaena variabilis (Aitken 1976), respectively. There are 9 different species 
providing the 20 deduced sequences. These groups include 3 sequences each for 3 
species (a, c, d), 2 sequences each for 5 species (b, e–h) and 1 sequence for 1 spe-
cies. The pI column shows that 8 sequences in Group I have mainly basic values 
ranging from 8.0 to 9.5. In Group II, all the sequences fall within a narrow range of 
pI values from 9.0 to 9.4 except one at pH 6.8. Group III has 6 sequences, of which 
1 has a basic pI value of 9.0, 2 have the same value of 6.8 close to neutral and 3 
have acidic values between 5.3 and 5.6. The 3 cyt c6 sequences (# 19–21) in which 
each is located next to a plastocyanin and a cyt c550 gene appears in Group III and 
all are acidic.
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In an earlier paper, Ho and Krogmann (1984) commented on the abundance of 
high pI values in the cyt c6s from filamentous species and the abundance of the low 
pIs in the cyt c6s of unicellular species. However, the data sets presented above 
show that a wider spread of pI values seemed common among both unicellular and 
filamentous cyanobacteria. We have proposed that the different cyts within the same 
organism might be identified with a Roman number, for example I–IV, as in case 
of Synechococcus sp. RS9917 which has 4 cyt c6 homologs. The Roman number I 
refers to the cyt that is found in cells grown under optimal conditions for photosyn-

Table 18.7  An alignment of cytochrome c6 from filamentous cyanobacteria
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thesis. The meanings of the other numbers will emerge when more is known about 
the circumstances that make the other homologs appear, as discussed later in the 
concluding section.

18.3.1.2  Structural Properties

Beyond the amino acid sequence of cyt c6, there are many interesting properties of 
this molecule. One is its reversible denaturation. Krogmann found that impure cyt 
c6 could be mixed with trifluoroacetic acid to 5% and centrifuged to remove the 
denatured proteins. The yellow supernatant was loaded on a Sephacryl S 200 col-
umn and eluted with 50 mM Tris buffer. In a few hours the trifluoroacetic acid had 
evaporated and the cyt containing tubes had the normal pink color. The spectrum 
was that of pure native cyt c6. Ho (2005) had published a similar purification. This 
is a simple method to isolate highly purified fractions of cyt c6 from cell samples 
and it makes use of mass spectrometry for protein identification. In Ho’s procedure 
a sample of cells with approximately 5 μg of chlorophyll per ml is used. The cells 
are broken by 2 cycles of freezing and thawing. The particles are removed by cen-
trifugation of the extract. The supernatant is brought to 40% ammonium sulfate 
saturation and centrifuged to remove the phycobiliproteins. The ammonium sulfate 
concentration is raised to 80% saturation and this is centrifuged to concentrate the 
cyt c6 and some other proteins. The salt is removed from the dissolved precipitate 
and the sample is mixed with 2 parts of chloroform and 3 parts of ethanol at −21°C. 
This is centrifuged and the supernatant can be put in the mass spectrometer. There 
is one sharp peak with the mass of cyt c6. The procedure is simple and indicates the 
strong tendency of this polypeptide to fold into the native 3-D form.

A very interesting behavior of cyt c6 was found by Kerfeld et al. (2002). She 
found that cyt c6I from A. maxima is present in isoforms that can be separated by 
size exclusion chromatography. One of these isoforms, lacking any post-transla-
tional modifications, crystallized in a rare cubic space group. Elucidation of the 
crystal structure revealed that the proteins assemble themselves into a 24 molecule 
cluster (Fig. 18.2). The cluster is hollow and has a diameter at various points of 
75–120 Ǻ. The edge to edge distance of hemes is 17.4 Ǻ which is close enough for 
electron transfer. There are six pores of about 13 Ǻ diameter. If there is a function 
of this assembly, it is yet to be known.

The 24 cyt c cluster turned up in another line of experiments. A very pure sample 
of A. maxim cyt c6 was used to examine the small bands of cyt that appear during 
elution of a DEAE cellulose column (Kerfeld et al. 1998). When a very shallow 
gradient of NaCl was used, 4 pink bands of cyt preceded the main band and another 
4 pink bands followed it. When samples of each band were subjected to time-of-
flight mass spectroscopy, 5–8 mass peaks of from 9,850 to 10,003 Da appeared. 
The increments between peaks varied from 15 to 21 Da and most frequently the 
increment was 16. The calculated mass of cyt c6 is 9,855 Da. The protein is nega-
tively charged and it appears that there are some molecules that are more attracted 
to the ion-exchange cellulose. A. maxima cyt c6 has two methionine residues. One 
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is residue 44 and the other is residue 65. The sulfur in the latter residue serves as 
a ligand to the iron in heme. If the methionines were both oxidized to sulfoxide, 
this would increase the total mass by 32 Da and if both were further oxidized to 
sulfones the increase would be 64 Da. One might guess that there would be some 
disturbance to the heme. When Jung et al. (1995) used some of this batch of cyt 
c6 in their development of a high affinity assay for cyanobacterial PSI reduction, 
they found that the specific activity of the cyt was doubled by pretreating the cyt 
with β-mercaptoethanol which would surely reduce the sulfone and sulfoxide on 
the methionines (Jung, personal communication). The varying clumps of mass frag-
ments in each eluted band could be the result of the cyt c6 forming the 24 molecule 
clusters. Ho et al. (in preparation) have found a yellow form of cyt c6 in extracts of 
an exotic, filamentous cyanobacterium, Lyngbya wollei, at a stage of growth where 

Fig. 18.2  Two-dimensional ligand-binding plots showing hydrogen-bonding interactions and dis-
tances, and hydrophobic contacts for the heme in a Cyt c6, b Cyt cM, c Cyt c550 and d PsbV2. 
(Putative) hydrogen bonds are shown in dashed lines with distances indicated. Residues labed in 
bold are absolutely conserved in the primary structure of the proteins. In c the two protein chains 
of the dimer are distinguished by a and b. (Figures were prepared with LIGPLOT, Wallace 1995)
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sulfide is driving anoxyegenic photosynthesis. The normal reduced cyt c6 has peaks 
at 279,520 and 552 nm. The yellow cyt c6 which is reduced and cannot be oxidized 
has peaks at 433, 533 and 579 nm. This might be an accidental chemical product 
since there are sulfides, thiols, sulfones, sulfoxones, photons and active oxygen 
available.

While cyt c6 is a cyanobacterial-specific protein, recently structure elucidation of 
a putative outer membrane c-type cyt (OmcF) from the dissimilatory metal-reducing 
bacterium Geobacter sulfurreducens revealed that it was most structurally similar 
to the cyanobacterial cyt c6 (Lukat et al. 2008). Cyt c6 and OmcF have similar redox 
spectra. However, the Em of OmcF (+121 mV) is remarkably lower than that of c6. 
The observation of a Tyr residue, the structural counterpart of Gln 54 (Fig. 18.3a) 
in cyt c6, is suggested to be an important factor in reducing the Em of OmcF relative 
to that of cyt c6. The importance of this position in tuning redox potential was first 
noted in the structure of Arabidopsis thaliana cyt c6A (where it is a small hydropho-
bic residue; Worrall et al. 2007). Among the cyt c6 paralogs, OmcF is most similar 
to petJ2 from Synechococcus PCC7002. Proposed roles for OmcF include redox 
sensing or involvement in iron reduction (Weigel et al. 2003).

18.3.2  Cytochrome cM

18.3.2.1  Amino Acid Sequences

Table 18.8 shows the full-length sequences of cyt cM from16 different strains 
of Synechococcus. All have an Asp-Pro-Tyr trio (residues 69–71) prior to a pre-
dicted cleavage site (↓) of the leader sequence. This trio of amino acids was con-

Fig. 18.3  Surface representation of the A. maxima cyt c6 cluster. a View down the three-fold and 
b pseudo four-fold symmetry axis
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served in all the 8 cyt cM sequences from filamentous cyanobacteria (residues 
76–78, Table 18.9) but not in all the 18 sequences from non-Synechococcus ones 
(residues 68–70, Table 18.10). The mature portion of all the cyt cM sequences is 
short, averaging 70–80 amino acids. Apart from sharing a highly conserved heme 
binding site, all the sequences are characterized by the presence of a conserved 

Table 18.8  An alignment of cytochrome cM from different Synechococcus strains
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region, Thr-Pro-Pro-Met-Pro, which is about 20 amino acids away from the N-
terminus. Tables 18.8 and 18.10 each shows that the mature portions of the cyt cM 
sequences from unicellular cyanobacteria have pI values ranging from 5 to 10. As 
for the filamentous cyanobacteria, the pI values have a narrower range from 5 to 7  
(Table 18.9).

18.3.2.2  Structural Properties

Cyt cM gene of Synechocystis PCC6803 has been cloned and expressed in bacteria 
(Malakhov et al. 1994). The gene product shows striking differences from both cyt 
c6 and cyt c550. The coding sequence from Synechocystis PCC 6803 corresponds to 
107 amino acids including a Cys-xx-Cys His heme binding site at residue 49–53 out 
from the N terminus. There are 2 methionines at residues 82 and 91, one of which 
can be a sixth ligand to the heme. A hydrophobic patch is centered at residue 30. 
Malakhov et al. (1994) commented that the basic cyt c552 of Anacystis nidulans 
with a molecular mass of 9.0 kDa and a pI value of 7.0 was most similar to the cyt 
cM gene product which had an 8.3 kDa mass and a pI value of 7.3. After a long 
pause, cyt 552 became cyt cM and was known in much better detail. Six year later, 

Table 18.9  An alignment of cytochrome cM from filamentous cyanobacteria
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Table 18.10  An alignment of cytochrome cM from non-Synechococcus, unicellular cyanobacteria
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Cho et al. (2000) prepared and expressed the cyt cM of Synechocystis PCC6803 in 
Escherichia coli. They reported that cyt cM had an alpha peak at 550 nm and a mea-
sured pI value of 5.6 which was lower than the calculated one of 7.2. In 2002, Dr. 
Whitmarsh gave the cyt cM gene to Dr. Krogmann who hoped to provide purified 
cyt cM to Dr. Kerfeld for crystallography. For cyt cM purification, an extract of pink 
cells was loaded on a DEAE column and eluted with a gradient of increasing NaCl 
concentration. There appeared two distinct bands, one the oxidized and the other 
the reduced cyt cM. This cyt is autoxidizable and affords a special opportunity in 
purification. The extract can be oxidized by potassium ferricyanide and run through 
the column. The eluted cyt can be reduced by dithionate and run through the column 
a second time. The result is a pure cyt with an ultraviolet peak that is lower than the 
reduced alpha peak. Cyts c552 and c554 crystallize at this level of purity. However, 
the recovery of cyt cM was poor. Each trip through the column gave a 50% loss of 
the cyt. The few milligrams of cyt cM left would be enough. Unfortunately the cyt’s 
color disappears in a vast array of solvents and even in crystallization attempts done 
under argon. It is only stable while frozen. One fears another long pause in cyt cM 
research. Dr. Krogmann found a band of cyt with a cyt cM spectrum in the extract 
of L. wollei. It was low in concentration and was weakly held on DEAE indicating 
a nearly neutral pI. The cyt faded away as it was eluted from the column. This be-
havior is a unique identifier of cyt cM.

Because cyt cM has been refractory to crystallization due to the instability 
of the protein, we constructed a structural model of the A. maxima cyt cM using 
automated threading (Schwede et al. 2003); the algorithms choose horse-heart cyt 
c as the best template, despite only 21.4% sequence identity between the two pro-
teins. The N-terminal residue of the model (Fig. 18.1b) is residue 86 in Table 18.9. 
Because of the lack of predicted secondary structure in the region of residues near 
the heme, it is not possible to ascertain which amino acid is the sixth axial ligand 
to the heme (there are two conserved Met residues in this region, Table 18.9) 
but neither is predicted to be close to the heme in the structure (Fig. 18.3b). Ear-
lier, Shuvalov et al. (2001) published spectroscopic studies on Synechocystis PCC 
6803 cyt cM. They found, in whole cell studies, that cyt cM was oxidized by light 
absorption of PSI in cells acclimated to low temperature. This suggests that cyt 
cM might be donating electrons to photo-oxidized P700. The cyt cM is synthe-
sized under conditions of low temperature stress. Under sulfur deprivation, in 
contrast to other electron carriers, the expression of cyt cM is observed to increase 
(Zhang et al. 2008). Interestingly, most of the other genes that are expressed at a 
late stage in sulfur deprivation conditions are hypothetical proteins of unknown 
function.

There is one more cyt that is vaguely related by name to cyt cM. Fier et al. (1999) 
reported a soluble cyt 552 and its participation in sulfur metabolism of Oscillatoria 
strain Bo 32. The cells were grown in artificial sea water and could be grown under 
conditions of anaerobic hydrogen sulfide in a gas tight flask in the culture medium 
at 1 mM hydrogen sulfide. The purification and characterization is well done. The 
unique property is a molecular weight of 23,500 Da as determined by SDS gel elec-
trophoresis. At this time, there is genome information for at least two members of 
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the Oscillatoriales, T. erythraeum IMS101 and A. maxima CS-328. Finally there is 
a well done paper by Molina-Heredia et al. (2002) describing a flash induced kinetic 
analysis of PSI reduction by plastocyanin, cyt c6 and cyt cM. The bimolecular rate 
constants are one hundred times lower with cyt cM and the redox and surface elec-
trostatic potential are distant from those of cyt cM, cyt c6 and plastocyanin. Cyt cM 
is not a likely participant in PSI reduction.

In a recent paper, Bernroitner et al. (2009) reported that cyt cM and cyt c6 were 
more efficient electron carriers to cyt oxidase when compared with plastocyanin.

18.3.3  Cytochrome c550

18.3.3.1  Amino Acid Sequences

Table 18.2 has 20 cyt c550 sequences, 18 of which are deduced from Synechococ-
cus gene sequences. The remaining 2, number 4 and 5, are deduced from gene 
sequences of T. elongatus and T. vulcans, respectively (Katoh et al. 2001). We 
included these two thermophiles which are closely related to the Synechococcus. 
It is interesting to note that only one strain, PCC7335, has 2 cyt c550 sequences 
which have about 54% identity. These two sequences are more similar to the other 
cyanobacterial cyt c550 sequences than they are to cyt c550-like (PsbV2) protein 
sequences that will be discussed later, suggesting that these two c550 paralogs re-
flect a relatively recent gene duplication. The length of all the mature sequences 
is about 137 amino acids, except for the ones from 2 strains, JA-3–3Ab and JA-
2–3B’a(2–13), which are about 143. Table 18.3 consists of 14 sequences from a 
collection of non-Synechococcus cyanobacteria and each has a similar length of 
137–138 amino acids. The one from Microcystis aeruginosa (#4) was obtained by 
protein sequencing (Cohn et al. 1989). There are 2 cyt c550 gene sequences from G. 
violaceus PCC7421 that have very low sequence identity when compared with the 
other cyt c550 sequences. Table 18.4 has 8 sequences from filamentous cyanobac-
teria and all have about 137 amino acids. Interestingly, all the cyt c550 sequences 
were predicted to have an acidic pI value. From protein work, cyt c550 is an acidic 
protein which is slightly larger than cyt c6 (100 amino acids) but is likely diverged 
from the same gene.

18.3.3.2  Structural Properties

Despite only 32% sequence identity, cyts c6 and c550 of A. maxima have remark-
able structural similarity (Fig. 18.1a, c); the two proteins superimpose over 263 
backbone atoms with an root-mean-square deviation of only 0.7 Å (Sawaya et al. 
2001). This is especially interesting in the context of their midpoint potentials 
which differ by almost 600 mV. Through a structural comparison of cyts c6 and 
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c550, several differences can be identified that may be responsible for tuning Em 
in these proteins. In addition to a difference in the type of amino acid provid-
ing the sixth axial ligand to the heme (His in cyt c550, Met in cyt c6), there are 
striking differences in the hydrogen partners to the fifth axial ligand (Sawaya 
et al. 2001) and the environment of the propionate oxygen atoms (Fig. 18.3a, c). 
In addition, the heme in cyt c550 was significantly more solvent exposed in the 
structure, which is likewise expected to favor a lower Em. Also, the A. maxima cyt 
c550 formed a dimer in the crystal that is based on structural arguments as well 
as a calculation of the binding energy of dimerization (Kerfeld, unpublished), 
would be expected to be stable in solution. The dimerization reduces the solvent 
exposure of the heme, but introduces a Glu side-chain (Glu 90 in Fig. 18.3c) 
into the heme environment; both of these alterations would be expected to affect 
the midpoint potential. The co-existence of monomer and dimeric forms of cyt 
c550 could explain why two redox potentials have been measured for it (Ho-
gansen et al. 1990). Although the association of monomeric cytochrome c550 
as a component of PSII is well known, several functions for soluble (dimeric?) 
cytochrome c550 in cyanobacteria have been proposed including participating in 
cyclic photo-phosphorylation (Kienzel and Peschek 1983), oxidation of NADPH 
(Pulich 1977) or reduction of hydrogenase (Krogmann 1991; Morand et al. 1994). 
Furthermore, the abundance of cyt c550 appears to vary with growth conditions, 
being especially abundant in natural blooms. The distribution of cyt c550 in cya-
nobacterial genomes also adds to the enigma of its function; although this highly 
conserved protein is found in most cyanobacterial genomes (Tables 18.2, 18.3 and 
18.4) the psbV gene which encodes this cyt is not found in any of the Prochlo-
rococcus species with the exception of two low-light adapted strains, MIT9303 
and MIT9313.

18.4  Cyt c550-like Protein

In a subset of the cyanobacterial genomes sequenced to date, there is an additional 
homolog sequence to cyt c550, psbV2. This homolog was found in both unicellular 
and filamentous cyanobacteria (Table 18.11). In these organisms the PsbV2 gene is 
located immediately downstream of the gene for cyt c550. The amino acid sequence 
of psbV2 is most closely related to cyt c550 (psbV2 and cyt c550 of T. elongatus are 
43.9% identical). Small amounts of this protein can be purified from T. elongatus 
(A. Boussac, personal communication) and the midpoint is apparently extremely 
low (Kerfeld et al. 2003). A structural model for residues 11–129 of psbV2, based 
on the structure of T. elongatus c550, is shown in Fig. 18.1d. Based on EPR data 
and the structural model, the presumed sixth axial ligand to the heme was proposed 
to be Tyr 96 but this remains speculative. The heme in the psbV2 model appears 
to be more solvent accessible than the heme in cyt c550, consistent with its lower 
midpoint potential (Fig. 18.3c, d).
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18.5  A Possible Expression of Silent Genes

Some years ago, Krogmann had obtained a few small samples—5 to 10 gm wet 
weight of the L. wollei, that were handfuls taken from fresh water lakes. The 
filaments are weakly attached to the lake bottom and tend to intertwine to form 
bundles. The cells are four times larger than most bacteria and are disc shaped. 
They are sheathed in a polysaccharide layer and they contain gas vesicles whose 
buoyancy raises the filaments in vertical columns up to 5 ft lengths. The cells 
in the small samples were very hard to break but the small amounts of extract 
obtained were put through a fractionation ending in column chromatography and 
there were too many bands of cyt c6. One can easily harvest large amounts of L. 
wollei, wash it with a garden hose and dry it in the sun. Caution is needed since 
some strains have toxins that can be brushed off to skin and cause painful inflam-
mation (Carmichael et al. 1997). Our collections at two sites proved harmless. 
Dr. Jerry Brand found a lake near Marble Falls, Texas that had an abundance of 
L. wollei and large collections were made. In the year of bloom appearance, the 
bundles reached lengths of 5 ft and were green. Microscopic examination of the 
washed filaments revealed no other bacteria. In the second year, the bundles were 
blue-green with some areas of easily washed off black and a few black mats were 
on the bottom. There was a strong smell of hydrogen sulfide which is often found 
near L. wollei due to the presence of Desulfovibrio bacteria. When washed, these 

Table 18.11  An alignment of cytochrome c550-like protein from different cyanobacteria

K. K. Ho et al.

                  



537

filaments showed no sign of other bacteria, no odor of hydrogen sulfide and no 
sign of Desulfovibrio cyts which have spectra that are distinctive from cyano-
bacterial cyts. When the water cools in the fall, the bundles form thick mats that 
are completely blackened with sulfides that don’t wash off. The mats coil into 
cylinders and float to the surface. In the next year the bloom is more abundant, 
even after ice layers cover the surface in northern locations. The green cells show 
only cyt c6I after extraction and chromatography as do the thoroughly blackened 
cells in the late second year cylinders. The collection made between these two 
stages showed three bands of cyt c6. Cyt c6I was the most abundant and the other 
two were present at about 5% of the concentration of c6I. In the early green cells, 
photosynthesis is driving the growth and c6I might well be reducing PSI. In the 
second phase, phycocyanin has increased and the hydrogen sulfide could be used 
for anoxygenic photosynthesis in which hydrogen sulfide supplies electrons to 
drive into PSI as described by Cohen et al. (1975). Cyts c6II and c6III appear and 
might contribute to the anoxygenic process. In the third phase, when there is no 
light reaching the cells, energy could be supplied by cyt c6I through respiration. 
Obinger et al. (1990) demonstrated that cyt c6I is the most efficient electron carrier 
to the plasma membrane cyt c oxidase.
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19.1  Introduction

Electron transfer is the central process of biological energy metabolism, in which 
energy is provided by exploitation of the energy potential of non-equilibrium situa-
tions in the environment. By far the most important processes by which organisms 
do this are respiration and photosynthesis, both of which depend on a series of elec-
tron transfers to make energy available to the cell in a chemically useful form. There 
are two outstanding features of these reactions: they must be fast, and they depend 
upon a chain of reactions so that each component, frequently but not invariably a 
protein, has to react with at least two other components. The biological response to 
the latter requirement depends on either a fixed complex of proteins with their em-
bedded redox centers, or the collisional interaction between proteins by diffusion. 
In this chapter we will first discuss the physical properties of such reactions, which 
impose a framework within which the biological processes must operate. We will 
then take as an example the reaction between cytochrome f and plastocyanin, which 
is central to photosynthetic electron transfer in oxygenic organisms.

19.2  The Physical Framework for Electron Transfer

We will concentrate here on reactions in which at least one of the partners is a sol-
uble, diffusible protein. This imposes restraints additional to those occurring with 
the fixed scaffold of a protein complex such as a photosynthetic reaction center. In a 
transient complex brought together by diffusion the two redox centers must be suffi-
ciently close for rapid electron transfer, but there is a conflicting requirement for the 
interaction not to be so strong or specific as to inhibit the reaction of the donor with 
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another donor, and the acceptor with another acceptor. In other words, the primary 
requirement is for rapid turnover of the whole chain. The experimental investigation 
of this physical framework has mostly involved studying the interactions between 
purified components in solution, but the question of how this framework relates to 
the physiological system in vivo must not be neglected.

19.2.1  Transient Interactions and Rapid Turnover

Electron transfers are the simplest of chemical reactions, which are capable of 
achieving very high rates. For biological processes to take advantage of this fact the 
lifetime of a reaction complex formed by diffusion must be very short, no more than 
about 1 ms. This is only achievable because of the inherently rapid nature of elec-
tron transfer. The situation implies that tight, specific complexes are not formed, so 
that binding constants usually lie within the range 102–106 M−1. The problem, there-
fore, is how a weak, transient interaction can bring the redox centers (metal or or-
ganic cofactors) into a relative configuration that satisfies the physical requirements 
for rapid electron transfer. These requirements are what we must consider next.

19.2.2  Physical Requirements for Electron Transfer

Electron transfer is best regarded as a quantum mechanical process. It occurs be-
cause there is overlap of the orbitals (wave functions) of the electron when it is 
associated with either the donor or the acceptor molecule. In biological systems the 
redox centers are usually separated by quite large distances (say 10–20 Å), so the 
amount of orbital overlap is very small. By contrast, in ‘ordinary’ chemical reac-
tions, where bonds are broken and made, atoms approach closely to each other and 
there is much stronger interaction and distortion of orbitals.

The basic equation to describe the rate of electron transfer is simple enough. 
The rate of transition between two quantum mechanical states arises out of time-
dependent perturbation theory and is often known as Fermi’s Golden Rule:

where h̄ = h/2π, h being Planck’s constant (DeVault 1980, 1984; Marcus and Sutin 
1985). This equation can be thought of as made up of two parts, that is

The corresponding classical equation derived from transition state theory is

ket =
2π

h̄
H 2

AB(FC)

ket = (electronic factor).(nuclear factor)

D. S. Bendall et al.

ket = κ B exp ( – ∆ G ‡/kBT )
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where B is a frequency factor which depends on whether the reaction is mono-
molecular or bimolecular (DeVault 1980, 1984); the transmission coefficient, κ, is 
essentially an electronic factor and the exponential term containing the activation 
free energy, ∆G‡, is the nuclear factor.

The electronic factor in the Golden Rule equation (the H 2
AB term) represents the 

electronic coupling between reactant and product wavefunctions, and can only be 
understood in quantum mechanical terms. On the other hand the nuclear, or Franck-
Condon factor ( FC) can often be treated classically provided the frequency of the 
nuclear motions connected with the electron transfer (which governs the spacing of 
vibrational energy levels) is not too high in relation to the temperature. In practice 
this means that for the type of reaction considered here, occurring around room 
temperature or above, a classical description is adequate. 

19.2.2.1  Electronic Coupling

The electronic factor is most simply described by Gamow’s tunnelling equation ac-
cording to which the electronic coupling, H 2

AB, decays exponentially with distance. 
If we write Hr for a tunnelling distance of r and H0 for a distance of zero, then

where β = (2π/h̄)(2mV )1/2, m being the mass of the electron and V the height of 
the potential energy barrier through which the electron has to tunnel. In this way of 
looking at the problem the tunnelling barrier between the two redox centers, that 
is the chemical structure between donor and acceptor, is treated as a continuum 
with uniform properties. This is manifestly not the case, but has turned out to be a 
remarkably useful approximation.

The value of β is often taken to be 1.4 Å−1 for protein, based upon the measured 
values in model systems (Moser et al. 1995). This leads to the important conclusion 
that ket will decline exponentially by a factor of 10 for every increase in distance be-
tween redox centers of about 1.6 Å. As a result, rapid rates (say ≥103 s−1) require the 
distance to be not more than about 14 Å. In fact, this is found to be the upper limit of 
separation for most biological electron transfer systems (Page et al. 1999). Longer 
pathways involve intermediate redox centers. The distance limitation is enough to 
explain, for example, the lack of an unwanted cycling between plastocyanin and 
P680 within the thylakoid lumen. On the other hand, when considering diffusional 
interaction between a pair of redox proteins, it is evident that a distance between 
redox centers of 14 Å will remove some of the need for a precise fit between the 
two protein surfaces, and there may be redundancy in the relative configurations 
that allow effective electron transfer.

Another useful way of treating the problem of electronic coupling is to assume 
that the electron follows discrete pathways through the covalent structure of the 
protein (Onuchic et al. 1992). The coupling decays by a constant factor for each 

H 2
r = H 2

0 e−βr
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covalent bond traversed. If the pathway necessitates a jump between atoms that 
are not covalently linked the coupling is weaker and decays exponentially with the 
distance ‘through-space’ between the two atoms. Recognition of the more rapid 
decay ‘through-space’ than ‘through-bond’ has led to a modification of the simple 
distance/continuum model by including the packing density of the material between 
donor and acceptor groups, that is by introducing a different value of β for through- 
atom ( β = 0.9 Å−1) and through-space ( β = 2.8 Å−1) transfer (Page et al. 1999). Dut-
ton and colleagues have argued that the validity of a simple distance model implies 
that evolutionary pressure has not been exerted on the detailed structure of the pro-
tein bridge between redox centers (Page et al. 2003).

In the case of electron transfer by diffusional interaction between two proteins, 
at least one through space jump is almost inevitable. An important recent develop-
ment, however, is the finding in several systems that bound water molecules can 
provide significant electronic coupling when they form a hydrogen bond network 
between the proteins (Lin et al. 2005; Miyashita et al. 2005). Even so, high rates 
are likely to involve expulsion of water from the interface and hydrophobic contact 
between the two surfaces.

19.2.2.2  The ‘Energy Gap’ Law

The nuclear or Franck-Condon factor in the Golden Rule equation is an exponen-
tial term containing the activation free energy, and is related to the nuclear rear-
rangement that occurs in response to movement of the charge of the electron. The 
classical treatment first worked out by Marcus shows that ΔG‡ depends on two 
formal energy terms, ΔG°, the driving force or standard free energy change for the 
reaction, and λ, the reorganization energy defined as the energy required to change 
the atomic configuration from that in the reactants to that in the products (without 
actually moving the electron). The ‘Energy Gap’ law deduced by Marcus (Marcus 
and Sutin 1985) is 

which is incorporated into the full semi-classical equation (the term (2π/h̄)H 2
AB is 

still required) to give

The important point to note here is that a small value for λ favours fast electron 
transfer. A rigid coordination sphere for the metal ion, as provided by the porphyrin 
in cytochromes, contributes to this, but λ also depends on the rearrangement of any 
solvent molecules close enough to be influenced by the charge transfer. Thus fast 
rates are likely to depend on a hydrophobic environment for the major electron 
pathway at the contact point between the two proteins.

G =
(λ + G◦)2

4λ
‡

ket =
2π

h̄
H 2

AB(4πλkBT )−1/2exp
[
−(λ+�Go)2/4λkBT

]
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19.2.3  The Intracellular Environment

Plastocyanin is a soluble protein which occurs in the thylakoid lumen. It is presum-
ably able to diffuse, even if it spends much of its time bound to protein complexes 
embedded in the membrane. Cytochrome f is a component of the cytochrome bf 
complex with its functional group containing the haem on the luminal side of the 
membrane. The interaction between cytochrome f and plastocyanin has been ex-
tensively studied in solution with proteins purified from plants, algae and cyano-
bacteria, or from heterologous gene expression in E. coli. This approach allows the 
application of powerful tools to define the relevant physical and chemical proper-
ties of the system, but the relevance of the conclusions to the situation in vivo must 
be established. For example, studies in vitro have shown that electron transfer be-
tween cytochrome f and plastocyanin of the green alga Chlamydomonas reinhardtii 
is strongly influenced by an electrostatic attraction between the acidic patches on 
plastocyanin and a group of basic residues on cytochrome f, as is the case with 
higher plant proteins. However, when a mutant strain of C. reinhardtii was prepared 
in which the relevant basic residues of cytochrome f had been neutralized, there 
was only a small effect on the growth rate and rate of oxygen evolution, much 
smaller than was expected from the behaviour in vitro (Soriano et al. 1996; Soriano 
et al. 1998). This result is most readily explained by assuming that the rate limiting 
step in vivo is diffusion of plastocyanin from its oxidation site on Photosystem I to 
cytochrome f bound to the cytochrome bf complex, or its release from Photosystem 
I (Finazzi et al. 2005), but this leaves open the question of why the basic patch on 
cytochrome f should have been conserved throughout evolution of green algae and 
higher plants.

The intracellular environment contains high concentrations of protein, which can 
have marked effects on protein-protein interactions compared with the behaviour 
of the same proteins in simple buffer solutions (Ellis 2001a, b; Minton 2001).The 
effects are not readily predictable, however, as different effects can oppose each 
other. Attempts have been made to mimic the effect of a high protein concentration 
by the use of artificial polymers such as Dextran 70 or Ficoll 70. Osmotic pressure 
measurements have shown that in a solution of 7% (w/v) Ficoll the Ficoll mol-
ecules occupy about 60% of the total volume (Wenner and Bloomfield 1999), so 
one would expect this excluded volume effect to raise the apparent binding constant 
of a pair of proteins by a factor of 1/0.4 = 2.5. A significant increase, although not as 
large as this prediction, has been observed in the case of the binding of superoxide 
dismutase to xanthine oxidase (Zhou et al. 2006). On the other hand, high concen-
trations of macromolecules increase the viscosity of a solution, which may have an 
adverse effect on the kinetics of electron transfer between two proteins.

The reaction between cytochrome f and plastocyanin occurs in the thylakoid lu-
men. Current estimates suggest that the lumen contains a concentration of soluble 
protein of about 20 mg mL−1, whereas higher concentrations (50–400 mg mL−1) 
prevail in cell cytoplasm (Minton 2001). The thylakoid lumen is a tightly confined 
space and it may be that effects of confinement are more important than macromo-
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lecular crowding, but they are less amenable to experimental investigation. In fact, 
concentrations of Ficoll 70 up to 7% or Dextran 70 up to 5% have little or no effect 
on the rate of reaction between the proteins from the cyanobacterium Phormidium 
laminosum, even though low molecular weight viscogens such as glycerol cause 
a marked inhibition over a similar range of macroviscosity (Schlarb-Ridley et al. 
2005). There is the further possibility that in the narrow, confined space of the lumen 
two-dimensional diffusion over the membrane surface is more important than three-
dimensional liquid phase diffusion, so providing a substantial rate enhancement.

19.3  The Reaction Between Cytochrome f and 
Plastocyanin

19.3.1  Structures of the Individual Proteins

This is the starting point for an understanding of the reaction in molecular terms. 
How does the appropriate site for electron transfer on one protein find the comple-
mentary sites on its various reaction partners? How does it do this without getting 
stuck with only one partner? To answer these questions we need first to know the 
chemical characteristics of each protein surface and then the structure of the com-
plex formed between each pair of reactants. Furthermore, there is the possibility 
that formation of the reaction complex involves conformational change, and also, in 
the extreme case, that the complex is no single structure but rather a dynamic state 
in which multiple configurations are suitable for electron transfer. If a single struc-
ture does exist we can compare it with those of the individual components, but here 
we come up against the problem that complexes of electron transfer proteins are 
not readily crystallized because of the low binding constants and only a few such 
complexes have been successfully crystallized. NMR has given invaluable informa-
tion about the interfaces between reactants, but interpretations of NMR data usually 
depend heavily on X-ray crystal structures of individual components.

The first redox complex to have its structure determined by X-ray crystallography 
was that between cytochrome c and cytochrome c peroxidase from yeast (Pelletier 
and Kraut 1992). The backbone structures of the individual proteins can be super-
imposed on the complex with root mean square deviations of 0.57 Å and 0.39 Å for 
cytochrome c and cytochrome c peroxidase respectively. Thus there is no conforma-
tional change in the backbones as the free proteins combine to form the complex. 
Rapid electron transfer has been shown to occur in the crystals, so the crystal struc-
ture defines the active complex, although weaker binding sites are also important.

Publication of the first X-ray crystal structure of plastocyanin in 1978 was a ma-
jor event for understanding of blue copper proteins (Colman et al. 1978). The first 
crystals were obtained with protein from the leaves of black poplar ( Populus nigra 
var. italica), and subsequently crystal structures have been reported from plasto-
cyanin from spinach (Xue et al. 1998; Jansson et al. 2003), white campion ( Saline 
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pratensis) (Fraústa da Silva and Williams 1991), a fern ( Dryopteris crassirhizoma 
(Inoue et al. 1999b; Kohzuma et al. 1999), green algae ( Ulva pertusa (Shibata et al. 
1999), Chlamydomonas reinhardtii (Redinbo et al. 1993) and Enteromorpha pro-
lifera (Collyer et al. 1990)) and several cyanobacteria ( Phormidium laminosum 
(Bond et al. 1999), Anabaena sp. (Schmidt et al. 2006), Synechococcus sp. PCC 
7942 (Inoue et al. 1999a) and Synechocystis sp. PCC 6803 (Romero et al. 1998)). 
NMR structures have also been obtained for parsley ( Petroselinum crispum) (Bagby 
et al. 1994) and French bean ( Phaseolus vulgaris) (Moore et al. 1991) among higher 
plants and Synechocystis sp. PCC 6803 (Bertini et al. 2001), Anabaena variabilis 
(Badsberg et al. 1996) and Prochlorothrix hollandica (Babu et al. 1999) among 
cyanobacteria. The tertiary structure is a highly conserved Greek key β-sandwich 
with a fold which is related to many other classes of protein. Conservation is much 
lower when it comes to the surface properties of the molecule. The plant proteins 
are consistently acidic; they have a well-conserved electrostatic surface showing a 
characteristeric patch of acidic residues on one face. The cyanobacterial proteins, 
on the other hand, are much more variable. The acidic patch is either weakened or 
may even be basic. Thus, whereas the pI for spinach plastocyanin is 3.0, that for 
Anabaena variabilis is 8.4. We will see that such variations have important conse-
quences for the way plastocyanin interacts with cytochrome f.

In the case of cytochrome f only three high resolution X-ray structures are avail-
able, but being from a higher plant (turnip, Brassica rapa) (Martinez et al. 1994, 
1996), a green alga ( Chlamydomonas reinhardtii) (Chi et al. 2000) and a cyano-
bacterium ( Phormidium laminosum) (Carrell et al. 1999) they effectively span the 
range of oxygenic organisms. These structures (which refer to the whole molecule 
except for the transmembrane helix and a short stromal sequence) are remarkably 
highly conserved. The tertiary structures are almost identical, and the luminal do-
main is acidic in all cases. The one major difference is that the plant protein pos-
sesses a cluster of basic residues which complements the acidic patch of plastocya-
nin. These residues are acidic in the cyanobacterial case. Cytochrome f is unique 
amongst c-type cytochromes in being largely β-sheet, but its fold is related to some 
other β-sandwich Greek key proteins which include some transcription factors and 
diphtheria toxin.

19.3.2  Structure of the Complex

The complex between cytochrome f and plastocyanin has not been crystallized, but 
the interaction between the two proteins has been extensively studied using NMR 
techniques (Ubbink et al. 1998; Ejdebäck et al. 2000; Bergkvist et al. 2001; Crowley 
et al. 2001, 2002, 2004; Díaz-Moreno et al. 2005b, c; Lange et al. 2005; Hulsker 
et al. 2008). The interaction has also been simulated by Brownian dynamics (Pear-
son and Gross 1998; De Rienzo et al. 2001; Gross and Pearson 2003; Gross 2004; 
Haddadian and Gross 2006). The advantage of NMR is that the proteins are studied 
in solution and so it is likely to give results closer to the situation in vivo compared 
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with X-ray crystallography. The two methods are complementary, however; where-
as crystallography can give precise atomic coordinates within a complex, NMR can 
give information on the dynamics of a complex. In the well-studied case of yeast cy-
tochrome c and cytochrome c peroxidase NMR has shown that the dominant form 
of the complex in solution is very similar to that observed in crystallography (Wor-
rall et al. 2001; Volkov et al. 2006). In addition, however, paramagnetic relaxation 
enhancement experiments have revealed the existence of alternative configurations 
within the complex, although >70% of the lifetime of the complex is spent in the 
one, dominant form.

The interaction between plastocyanin and cytochrome f  has been studied by 
NMR with proteins from several different organisms, ranging from plants to cya-
nobacteria, and some proteins with crucial residues modified by mutagenesis. A 
remarkable variability in the nature of the complex has emerged from these studies. 
The results are important for understanding inter-protein electron transfer, although 
their full significance is not yet clear. The classic example is that of the higher plant 
complex with cytochrome f from turnip ( Brassica rapa) and plastocyanin from 
spinach (Ubbink et al. 1998), for which a structure was obtained by restrained rigid 
body molecular dynamics using restraints from diamagnetic chemical shift changes 
and intermolecular paramagnetic pseudocontact shifts. Although a homologous 
system from higher plants has not yet been studied experimentally, a model of the 
homologous spinach complex has been simulated by computational docking and 
molecular dynamics (Musiani et al. 2005). In most cases a single orientation com-
plex could be defined in which the hydrophobic patch of plastocyanin containing 
the copper ligand His87 (higher plant numbering) makes contact with a region of 
cytochrome f containing the haem ligand Tyr1 (Prudêncio and Ubbink 2004; Díaz-
Moreno et al. 2005b, c). An important feature of the higher plant complexes, which 
are all very similar although not identical, is that an electrostatic attraction between 
the acidic patch of plastocyanin and a group of basic residues in cytochrome f pulls 
plastocyanin into a sideways-on approach to cytochrome f. This allows a good elec-
tron-transfer pathway between the haem and the copper through the haem ligand 
Tyr1 and the copper ligand His87 to give an Fe–Cu distance of about 11 Å with 
turnip cytochrome f and spinach plastocyanin.

Electrostatics thus play a consistent role in the interaction in vitro between cyto-
chrome f and plastocyanin throughout the plants and algae. Sequence comparisons 
confirm that the conclusions from NMR studies on a small number of species is 
likely to be general. This is no longer the case when considering extant cyanobac-
teria. The complex from Phormidium laminosum perhaps represents an extreme 
case (Crowley et al. 2001). Although the hydrophobic face of plastocyanin presents 
itself to cytochrome f it does so in a head-on fashion, that is to say electrostatics 
have very little influence, as shown by the insensitivity to the ionic strength of the 
medium. The Nostoc complex forms an interesting intermediate case. An electro-
static attraction pulls plastocyanin round to a position between those adopted by 
plant and Phormidium proteins, but the charges are reversed (Díaz-Moreno et al. 
2005c). Cytochrome f presents a consistently negatively charged surface to a posi-
tively charged patch on plastocyanin. The lack of any positively charged patch on 
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cyanobacterial cytochrome f seems to be a general phenomenon, but the charge 
pattern of plastocyanin is more varied, although there is no known case of a strong 
acidic patch such as occurs in higher plants. The apparently neutral character of 
Phormidium plastocyanin is the result of charge balance between a pair of acidic 
residues (D44 and D45) and three basic residues (predominantly R93 with weaker 
contributions from K46 and K53) (Schlarb-Ridley et al. 2002; Hart et al. 2003).

NMR can provide a rich source of information regarding the dynamics of pro-
tein-protein interactions. A general line-broadening effect, due to an increase in ro-
tational correlation time, is evidence for complex formation. Most electron transfer 
proteins show chemical shift changes for residues in the interface of a complex, 
which implies that the new chemical shift is a weighted mean between those for 
the free and the bound states, even though the free proteins may still be present. 
This situation is indicative of fast exchange between the two states, consistent with 
formation of a transient complex. In cases where a dominant single orientation of 
the complex can be defined, its formation is often aided by a specific electrostatic 
attraction, as in the higher plant reaction between cytochrome f and plastocyanin, 
although the same reaction with the Phormidium proteins shows that hydropho-
bic effects, which must involve solvent exclusion, can be equally effective. On the 
other hand a more diffuse electrostatic attraction can encourage the non-specific 
encounter complex, even when no single orientation predominates. The latter situ-
ation (which is associated with very small chemical shift changes) has been found 
with both non-physiological and physiological complexes, and often the electron 
transfer rates are surprisingly fast, despite the lack of a specific complex (Ubbink 
and Bendall 1997; Worrall et al. 2002, 2003; Hulsker et al. 2008). In some cases this 
might be explained by good electronic coupling over a relatively wide region of the 
interface, for example when haem groups are involved as in the reaction between 
cytochrome b5 and myoglobin, but an easy explanation is not always forthcoming.

The complex of cytochrome f and plastocyanin from the cyanobacterium Pro-
chlorothrix hollandica provides a remarkable example of a shift between forma-
tion of a single orientation complex and a purely dynamic one. The wild type 
proteins show a weak electrostatic attraction, and a single orientation of the com-
plex can be defined although, as is also true for Phormidium laminosum, it is a 
relatively dynamic one compared to Nostoc and higher plants, as judged by the 
smaller chemical shift changes and a less tightly confined ensemble of possible 
structures. The hydrophobic patch of Prochlorothrix plastocyanin, which forms 
part of the interface with cytochrome f, contains two unusual residues, Y12 and 
P14. If these are mutated to the consensus residues, G12 and L14, the complex 
with cytochrome f becomes much more dynamic and no single orientation pre-
dominates; despite this the overall electron transfer rate changes surprisingly little 
(Hulsker et al. 2008). The physical basis for this effect is unclear, and it contrasts 
with the behaviour of the complex formed between myoglobin and cytochrome b5. 
The wild type complex is highly dynamic and electron transfer occurs at only a 
modest rate, as one might intuitively expect. If the negative charges on the haem 
propionates of myoglobin are neutralized electron transfer increases by two orders 
of magnitude, even though the binding constant is little affected (Wheeler et al. 

19 Transient Interactions of Plastocyanin



550

2007). This can be explained by a much greater concentration of contacts in the 
region of the exposed haem edge, although the total number of contacts remains 
much the same. Observations of this kind emphasize the flexibility of electron 
transfer reactions and the lack of highly specific structural requirements.

19.3.3  Kinetics of Interaction

If we measure electron transfer between two soluble proteins what is it we are mea-
suring? The dynamics of the overall process suggests that several steps are involved, 
any one of which may be the rate-limiting one for the second-order rate constant, k2. 
A widely accepted model for the formation of a specific protein-protein complex is 
represented in Fig. 19.1. This model can be taken to apply to redox proteins when 
a single orientation complex is formed. The free proteins first interact by diffusion 
to form a relatively loose, dynamic encounter complex, often under the influence 
of an electrostatic attraction between complementary charges in the region of the 
reaction site of each protein. At this stage the complex can form several different 
configurations of roughly equivalent energy so that rapid interchange between them 
occurs. At least one layer of water molecules tends to remain between the two pro-
tein surfaces; any direct contact is momentary and insufficient to direct the proteins 
to their final configuration in the complex. Eventually an appropriate configura-
tion is found and rearrangement takes the complex through a transition state to its 
relatively static single orientation. Short range forces now dominate, especially the 
entropic benefit of water exclusion and van der Waals attraction (the hydrophobic 
effect). This scheme can be written as a series of chemical reactions, for plastocya-
nin being reduced by cytochrome f, as follows:

Pcox + Cyt fred

ka

�
k−a

[PcoxCyt fred]1

kr

�
k−r

[PcoxCyt fred]2

ket−→ [PcredCyt fox] −→ Pcred + Cyt fox

Fig. 19.1  The two-step model for protein-protein binding. In the encounter complex plastocyanin 
is shown as capable of both rotational and translational motion relative to the surface of cyto-
chrome f 

pc

pc

cyt f cyt f
cyt f

encounter rearrangement

Encounter complex Specific complex

+
pc
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The general equation for this scheme is

which in its reciprocal form can be rearranged to show how the overall reaction 
time can be represented as the sum of the transit times of the three individual steps

KA and KR being the equilibrium constants for the first two steps, association ( ka/k–a) 
and rearrangement ( kr/k–r) (Schlarb-Ridley et al. 2005). The second order rate con-
stant, k2, is normally measured by stopped flow spectrophotometry as the propor-
tionality constant between k1, the observed first order rate constant and the con-
centration of the reagent being used in excess, usually plastocyanin in this case 
(Bendall 1996). Several different simplifying assumptions are possible. If both 
rearrangement and the intrinsic rate of electron transfer, ket, are very fast then the 
reaction becomes truly diffusion limited and k2 = ka. If rearrangement is rate lim-
iting, sometimes referred to as a gated reaction, k2 = KAkr. A third possibility, the 
activation-controlled regime, occurs when the electron transfer step is limiting, and 
then k2 = KAKRket.

The above equation shows that ket, the intrinsic rate of electron transfer, is not 
measured directly. In some systems, although not cytochrome f/plastocyanin, rate 
saturation can be observed. The maximum value of k1 then gives ket directly only 
when kr is very fast, so that rearrangement cannot be observed. Thus in general 
further kinetic information is required to understand the physical factors contribut-
ing to k2. Measurement of the binding constant, KAKR, is helpful, but this is often 
surprisingly difficult with highly transient interactions. The most successful method 
for binding constants in the range 103–106 M−1 seems to be the titration of chemi-
cal shift changes by NMR. A minimum value for ket is given by k2/KAKR. Flash 
photolysis provides a means of measuring ket directly for electron transfer from 
cytochrome f to plastocyanin in the preformed complex (Meyer et al. 1993; Qin 
and Kostic 1993; Navarro et al. 2004; Albarrán et al. 2005). The flash induces pho-
toreduction of 5-deazariboflavin to the semiquinone which rapidly and selectively 
reduces cytochrome f. A significant proportion of the proteins are present as com-
plex only at very low ionic strength and measurements under these conditions have 
given estimates of ket = 2.8 × 103 s−1 at I = 4 or 5 mM (Meyer et al. 1993) for the 
higher-plant proteins. This should be compared with an estimated minimum value 
of ket ≥ 2.6 ×104 s−1 at I = 100 mM from the second-order rate constant measured 
by stopped-flow spectrophotometry and the binding constant measured by NMR 
(Kannt et al. 1996). In the case of the homologous proteins from Nostoc sp. (a cya-
nobacterium) a minimum value ket ≥ 1.3 × 104 s−1 at I ≈ 30 mM has been measured by 
laser flash absorption spectroscopy (Albarrán et al. 2005).

k2 =
kakr

k−a(ket + k−r) + krket
ket

1

k2
=

1

ka
+

1

KAkr
+

1

KAKRket
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Further useful information regarding the interpretation of k2 can be obtained 
by measuring the effect of temperature, so that the activation parameters, ΔG‡, 
ΔH‡, ΔS‡, can be calculated, and also the redox potential to give the driving force, 
ΔG°, especially in conjunction with mutagenesis of specific residues. The activa-
tion parameters are composite ones for the overall reaction, but ΔG° will affect 
ket alone.

So what can we say about the interaction between cytochrome f and plasto-
cyanin? For the proteins from higher plants and green algae reacting in solution a 
distinct pattern is emerging. The diffusion equation gives a rate constant for col-
lision between two small, uncharged proteins in the range 109–1010 M−1 s−1. The 
expected rate constant for reaction, however, is orders of magnitude smaller than 
this because reaction only occurs when relatively small areas on the surface of each 
protein come into contact. The solvent cage effect prolongs the lifetime of the dif-
fusional complex and so increases the probability that the initial collison will give 
rise to the final specific structure. Brownian dynamics simulations have shown 
that the expected second order rate constant for formation of a specific complex 
is 105–106 M−1 s−1 (Northrup and Erickson 1992). In fact k2 = 2 × 106 M−1 s−1 has 
been observed for turnip cytochrome f reacting with pea plastocyanin at very high 
ionic strength (3 M) (Schlarb-Ridley et al. 2003). At the more physiological value 
of I =100 mM, however, the reaction is 100 times faster ( k2 = 1.5 × 108 M−1 s−1). 
The rate enhancement is brought about by a strong electrostatic attraction, which 
is screened out at high ionic strength, between a basic patch of residues on cyto-
chrome f close to the haem and an acidic patch on plastocyanin adjacent to the 
hydrophobic patch containing the histidine copper ligand. Judging by the high de-
gree of conservation of the relevant residues of cytochrome f and plastocyanin, 
this pattern is likely to be a general feature of the interaction for most, perhaps all 
higher plants. It also applies to Chlamydomonas reinhardtii and at least some other 
green algae.

Electrostatic attraction has two effects. In the first place it enhances the rate of 
diffusional interaction as predicted by Debye-Hückel theory and so gives larger 
values of ka in the kinetic scheme above, and at the same time it would probably 
diminish the rate of separation, k–a. Secondly, complementary charges exert an 
electrostatic steering effect which helps to define an encounter complex favour-
able for formation of the final single orientation complex (Selzer and Schreiber 
2001). The overall effect is to increase the binding constant and the occupancy 
of the encounter complex, which in turn increase the rate of complex formation. 
The electrostatic attraction can be modulated by adjusting the salt concentration. 
Thus, increasing the ionic strength decreases ka and Ka and hence k2. The effect 
on Kr, however, can be the opposite of that on Ka  because electrostatic attraction 
stabilises the encounter complex and decreases kr (Lange et al. 2005). As a result 
the overall rate of reaction, k2, can show an optimum as a function of ionic strength 
and such an effect has been observed with the reaction between cytochrome f and 
plastocyanin and with several other electron transfer reactions that are sensitive to 
ionic strength (Meyer et al. 1993). Once a specific complex has been formed an 
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effect of ionic strength on the intrinsic rate of electron transfer, ket, would not be 
expected. However, if the observed value of ket is an ensemble average (Lin and 
Beratan 2005) electrostatics may distort the distribution within that ensemble. We 
noted above that ket decreases by at least a factor of ten between I = 100 mM and 
I = 4-5 mM. At I = 100 mM the reaction is very fast and we have previously sug-
gested that it is close to being diffusion limited (Gong et al. 2000); in response to 
very low ionic strength there may be a change in kinetic regime towards activation 
control.

The above pattern of behaviour of the reaction between cytochrome f and plasto-
cyanin seems reasonably consistent for all green plants. This is certainly no longer 
true for cyanobacteria in which there is considerable variability and no known case 
corresponds to the green plant model. As with the plant proteins, the electron trans-
fer rate between those from Nostoc shows a strong dependence on ionic strength, 
indicative of electrostatic attraction. In this case, however, mutational analysis (Al-
barrán et al. 2005; Albarrán et al. 2007) and determination of the structure of the 
complex by paramagnetic NMR (Díaz-Moreno et al. 2005) show that the polarity of 
the interface is reversed, with K11, K35, R93, K62 and K51 of plastocyanin inter-
acting with D100, E108, E165, E189, D64, and D190 of cytochrome f. In contrast 
with Nostoc, electron transfer with the proteins from Phormidium laminosum shows 
only weak electrostatic attraction, and the structure of the complex and binding 
constant studied by NMR show no ionic strength dependence. As one might expect, 
at 27°C the higher plant proteins give a higher value for k2 (1.5 × 108 M−1 s−1) than 
those from P. laminosum (4.7 × 107 M−1 s−1) (Schlarb-Ridley et al. 2002). P. lam-
inosum, however, is a moderate thermophile and from the measured effect of tem-
perature on k2 (Schlarb-Ridley et al. 2005) it can be predicted that at the organism’s 
normal growth temperature of 45°C k2 would be 1.4 × 108 M−1 s−1, comparable with 
the value for higher plants at 27°C. It should be noted that neither P. laminosum nor 
Nostoc are electrostatically optimized for fast electron transfer. Phormidium plas-
tocyanin contains two acidic residues, D44 and D45, in the region that corresponds 
to the acidic patch of plant plastocyanin. These exert an electrostatic repulsion from 
the negatively charged surface of cytochrome f, and if changed to neutral residues 
allow a much stronger attraction exerted by the basic residues of plastocyanin (pre-
dominantly R93) and an increased value of k2 (Schlarb-Ridley et al. 2002). In the 
case of Nostoc k2 can be increased by the mutation D54K in plastocyanin (Albarrán 
et al. 2005).

A common view of rapid and specific protein-protein interactions, such as are 
observed in electron transfer reactions, is that long-range electrostatic attraction 
accelerates formation of the encounter complex in which both proteins remain hy-
drated. The proteins are then brought into direct contact in a specific configuration 
by short-range forces, which are dominated by the hydrophobic effect involving 
desolvation of the interface. Although this model is appropriate for the cytochrome 
f/plastocyanin reaction of plants, green algae and Nostoc, the Phormidium pro-
teins illustrate the fact that hydrophobic effects alone can give rise to rapid rates. 
At high ionic strength, which removes the residual electrostatic attraction, a rate 
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k2 = 3.2 × 107 M−1 s−1 is still observed, which is 10 times faster than with higher plant 
proteins (Schlarb-Ridley et al. 2002). Fast hydrophobic protein-protein binding has 
also been observed in other systems, for example the binding of the inhibitor ovo-
mucoid third domain to α-chymotrypsin (Camacho et al. 1999, 2000). Camacho 
et al. have concluded that partial desolvation provides a slowly varying attractive 
force over a region of the protein surface which leads to a low free energy attractor 
defining the encounter complex (precursor state in their terminology). How far the 
hydrophobic attraction extends from the protein surface as a result of desolvation 
is uncertain, but it seems to be of the order of two water molecules. A weak attrac-
tion between hydrophobic surfaces in water has been detected out to approximately 
25 Å by atomic force microscopy (Tsao et al. 1993) where an entropic effect of 
desolvation has not yet come into play. The origin of this attraction is thought to be 
electrostatic, resulting from the polarization field of water molecules oriented at the 
hydrophobic surface (Despa and Berry 2007).

We have previously suggested that the reaction between cytochrome f and plas-
tocyanin with plant proteins is close to being diffusion controlled (Gong et al. 
2000), that is to say that ket > k−r and kr > k−a and the initial binding is rate limiting. 
This is plausible in view of the high value of k2 and its enhancement by a strong 
electrostatic attraction (Kannt et al. 1996), but has not been critically tested. Char-
acteristic features of diffusion controlled reactions are a low activation enthalpy 
and a sensitivity to solvent viscosity. The measured activation enthalpy for the 
Phormidium reaction is 45.3 kJ mol−1, considerably higher than would be expect-
ed for a simple diffusion controlled reaction. Although k2 is sensitive to viscosity, 
the dependence is unusual. According to Kramers’ theory one would expect an 
inverse dependence on viscosity (Kramers 1940) whereas the non-linear depen-
dence on reciprocal viscosity suggested a power law dependence according to the 
equation:

with the exponent x = 1.8 (Schlarb-Ridley et al. 2005). This is incompatible with 
simple diffusion control but could be explained if k2 depends on two viscosity-
sensitive reactions in series ( ka and kr), with the reverse reactions ( k–a and k–r) little 
affected. Thus the rate limiting step could be either rearrangement (a gated reac-
tion) for which k2 = KAkr, or ket (activation control) with k2 = KAKRket. In the Phor-
midium complex His92, the copper ligand of plastocyanin, makes van der Waals 
contact with Phe3 of cytochrome f and one might expect the best coupling pathway 
to be less effective than one through the copper ligand Tyr1, as in the plant case, 
because of the need for two through-space jumps rather than one. The latter pos-
sibility would suggest rearrangement of the stable complex observed by NMR to 
an unstable configuration in which His92 contacts Tyr1. However, the electronic 
coupling calculated for the Phe3 pathway in Phormidium using the Pathways pro-
gram is almost as high as for the Tyr1 pathway in plants (Díaz-Moreno et al. 2005). 
Nevertheless, some contribution to k2 from ket cannot be ruled out so that at this 
stage we should conclude that both rearrangement and electron transfer have some 
controlling influence over k2.

k0
2/k2 = A(η/η0)x
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19.4  Structure and Variability of the Interface

The interfaces of four protein-protein complexes are illustrated in Figs. 19.2 and 
19.3. Figure 19.2 compares that of the electron-transfer complex between yeast 
iso-1-cytochrome c with cytochrome c peroxidase (ccpc, lower panel) and that of 
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Fig. 19.2  Interface of complexes displayed with Surfnet and ImageMagick. Upper panel, complex 
of barnase and barstar (brs), barnase left, barstar right; lower panel, complex of yeast cytochrome 
c peroxidase and iso-1-cytochrome c (ccpc), cytochrome c peroxidase left, cytochrome c right. 
In each complex the lefthand protein has been rotated −90° and the righthand protein +90°. Red, 
acidic residues; blue basic residues; cyan hydrophobic residues; green polar residues; yellow, Phe, 
Tyr or Trp; purple, His; magenta, haem; orange mesh, volume penetrated by a test sphere minimum 
radius 1.4 Å, maximum radius 4.0 Å 
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barnase, the bacterial RNase, with its natural inhibitor protein, barstar (brs, upper 
panel). Both are predominantly electrostatic in nature and have been extensively 
studied on the basis of their X-ray crystal structures, and with the aim of understand-
ing the kinetics and energetics of binding. The validity of the crystal structure of 
the cytochrome c/cytochrome c peroxidase complex in solution has been confirmed 

Fig. 19.3   Interfaces of complexes. Upper panel, complex of cytochrome f and plastocyanin from 
higher plants (pcf); lower panel, complex of cytochrome f and plastocyanin from the cyanobac-
terium Phormidium laminosum (plpcf); cytochrome f left, plastocyanin, right. Other details as in 
Fig. 19.2
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by NMR (Pelletier and Kraut 1992; Volkov et al. 2006). Figure 19.3 compares the 
two extreme types of complex shown between cytochrome f and plastocyanin, the 
higher plant complex in the upper panel (pcf) and the cyanobacterial complex from 
Phormidium laminosum in the lower panel (plpcf). The plant complex is highly 
electrostatic, but electrostatics plays only a small part in the Phormidium complex.

At first sight the two complexes shown in Fig. 19.2 are not obviously very dif-
ferent, and yet the association constants, KA, differ by many orders of magnitude 
(Table 19.1). This reflects the physiological need for very rapid and tight binding 
between barnase and barstar, and for rapid but highly unstable binding between 
the peroxidase and cytochrome c. Closer inspection of the figure, however, reveals 
an important difference in the role of water in the interface. This is shown by the 
orange mesh which represents the ability of a test probe of radius 1.4 Å (a water 
molecule) to penetrate the interface. The interface of brs is tight and compact, with 
a well-defined area from which water is excluded. By contrast, the interface of ccpc 
is looser, with water able to penetrate deeply. The two electron transfer complexes 
shown in Fig. 19.3 are also relatively loose. The interface of plpcf is the smallest of 
the four and that of pcf the largest. The difference is due to the presence in pcf of a 
group of charged residues which remain partially solvated.

Some properties of the four interfaces are shown in Table 19.1. The challenge 
is to explain the difference in binding constant between the three electron-transfer 
complexes ( KA = 103 − 106 M−1) and brs ( KA = 1014 M−1). The area of the interface is 
potentially important because it provides the first crude measure of the magnitude 
of the hydrophobic effect (mainly entropic at room temperature) which arises from 
the exclusion of water from the hydrophobic surfaces of the interface. Table 19.1 
shows that area is clearly not a dominant factor in explaining the difference because 
that of brs lies in the middle of the range defined by the four complexes. The gap 
index, as defined by Jones and Thornton (1996) is the ratio of the gap volume to the 
interface area and provides a quantitative measure of the looseness of the interface. 
The gap volume is the volume traced out by a test sphere of adjustable radius, mini-
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Table 19.1  Association constants and interface geometry of four protein-protein complexes
Complex Association con-

stant, KA (M−1)a
ΔGA (kcal 
mol−1)

Interface 
area (Å2)b

Gap 
Indexc

Inner Gap 
Indexd

Shape cor-
relation, Sc

e

brs 1014 −19.1 1590 1.67 0.143 0.721
ccpc 5.6 × 105 −7.8 1262 4.34 0.147 0.574
pcf 104 −5.5 1852 2.57 0.157 0.584
plpcf 103 −4.1 1219 3.45 0.176 0.522
a Approximate values
b Sum of the two interface surfaces calculated with Surfcv (Sridharan et al. 1992)
c Measured with Surfnet (Jones and Thornton 1996), calculated as interface volume divided by 
interface solvent-accessible area. Interface volume is defined by a test sphere with minimum and 
maximum radii of 1.0 Å and 5.0 Å respectively
d Calculated as interface volume divided by interface area when the interface volume is defined 
by the difference in volume occupied by test spheres with minimum and maximum radii of 1.0/3.0 
and 1.4/3.0 Å respectively
e Calculated with Sc in the CCP4 package (Lawrence and Colman 1993)
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mum 1.0 Å, maximum 5.0 Å (Laskowski 1995). The gap index of brs is substan-
tially lower than those for the three electron transfer complexes, consistent with the 
qualitative comments about the interface in the previous paragraph. The gap index 
is dominated by the looseness of the edges of the interface. In order to get informa-
tion about the less exposed parts of the interface we have calculated an inner gap in-
dex which is defined by a probe sphere of maximum radius 1.4 Å (see Table 19.1 for 
details). The differences in the gap index largely disappear when the inner gap index 
is calculated, showing that there is close contact between the two proteins in the 
inner regions in all four cases. Nevertheless, the shape complementarity statistic, 
Sc, of Lawrence and Colman (1993) shows that the fit of the electron transfer com-
plexes is significantly less good than for brs, which is typical of protein-inhibitor 
complexes. Sc takes account not only of the distance between the two surfaces, point 
by point, but also of their relative orientation and is only calculated after removal of 
the peripheral part of the interface. A perfect fit would give Sc = 1. This difference is 
important because it probably means that the van der Waals contribution to binding 
energy is relatively low for the electron transfer complexes. 

19.4.1  Energetics of Binding

To form a well-defined complex in solution two proteins have to overcome an 
entropic free energy barrier of about 15 kcal mol−1 (Finkelstein and Janin 1989) 
because of the loss of translational and rotational freedom of motion. For the as-
sociation constant to exceed this by every factor of 10 requires an additional 
ΔGA = −1.4 kcal mol−1. While this degree of accuracy has occasionally been 
achieved with some stronger protein-protein complexes, it has only been done by 
suitable choice of several adjustable parameters. For the highly transient, weak 
binding, complexes between electron transfer proteins the central problem is how 
to achieve rapid electron transfer in a complex between promiscuous proteins that 
has a very short lifetime (rapid koff). The discussion in previous sections shows that 
a variety of solutions have been adopted, taking advantage of the variety of physical 
contributions to ΔGA.

Electrostatics and the hydrophobic effect are major contributors to binding en-
ergy, but there may also be uncompensated changes in van der Waals energy when 
protein-water contacts are replaced by protein-protein contacts at the interface. A 
complete inventory should also include additional entropic factors, particularly the 
loss of sidechain mobility at the interface. The hydrophobic effect is the result of 
desolvation of hydrophobic surfaces on complex formation and is largely entropic 
at room temperature. It always makes a stabilizing contribution to binding energy 
(negative ΔGA) and approximate calculations can be made based on the assumption 
that the free energy contribution is proportional to the area of the interface. Honig 
and colleagues have used a value of 58.2 cal Å−2 (Froloff et al. 1997; Polticelli et al. 
1999) which, together with the difference in interfacial area of 328 Å2, is enough to 
explain the marked difference in binding energy between brs and ccpc (Table 19.1). 
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On the other hand it clearly cannot explain the difference between brs and pcf be-
cause the latter has the larger interfacial area. Although both interfaces are highly 
electrostatic (as is that of ccpc) it is to the details of the electrostatic interactions that 
we must look for the explanation.

19.4.2  Electrostatics of Binding

The principle of electrostatic interactions is simple, that is the application of Cou-
lomb’s law to the interactions between every charged atom in the system, but de-
tailed calculations are huge and complicated for proteins in solution because of 
the very large numbers involved and the difficulty of knowing the precise spatial 
location of each atom at any instant in time. A common method of keeping the 
computation within bounds is to treat the polar solvent (water) and protein interior 
as separate continua with uniform dielectric constants. Electrostatic potentials of 
the polar atoms of the protein can then be calculated by the finite difference Pois-
son-Boltzmann method (Warwicker and Watson 1982; Sharp and Honig 1990). Al-
though the calculation itself can be made reasonably accurate, the absolute values 
obtained for binding energies depend on several assumptions. Firstly, the atomic 
structure of the complex must be known, and then it is often assumed that the pro-
teins can be treated as rigid bodies which do not change conformation on complex 
formation. This is usually a fair approximation for small, redox proteins. Secondly, 
it is necessary to decide how to construct the boundary between the high dielec-
tric solvent and the low dielectric protein interior, and the value to assign to the 
dielectric constant of the latter. Ideally a value of 1 should be used, but 2 or 4 are 
common because they allow for atomic polarizabilites and 4 accounts for the di-
electric response to conformational changes that are not treated explicitly (Froloff 
et al. 1997). The interface between these two dielectrics is defined by the surface 
traced out by a probe sphere of radius 1.4 Å (to imitate a water molecule) either as 
the solvent accessible surface (given by the center of the sphere) or the molecular 
surface (given by the contact point between probe and protein (Vijayakumar and 
Zhou 2001; Dong and Zhou 2002, 2006). All these factors can have a significant 
effect on the final result, but comparative calculations under constant conditions 
should be less affected.

The results of comparative calculations with the program Delphi for the four 
different complexes discussed above (Table 19.1) are shown in Table 19.2. The 
electrostatic contribution to binding energy, ΔGes, is obtained as the difference be-
tween the electrostatic energy of the complex and the sum of those of the individual 
proteins. A thermodynamic cycle gives ΔGes as the sum of the coulombic interac-
tion energy, ΔGc, and the reaction field or solvation energy, ΔGrf (Gilson and Honig 
1988; Froloff et al. 1997). The Coulombic energy is calculated with Coulomb’s law 
when the whole system is assigned a single dielectric constant, usually that of the 
protein interior, and the solvation energy is that required for changing the dielectric 
constant of the external medium for that of the solvent (water). From Table 19.2 
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it is immediately apparent that ΔGes is the sum of two large numbers, one positive 
and one negative. The balance between the two depends much upon the magnitude 
of ΔGrf, which in turn depends on the details of the charge distribution within the 
complex and the individual proteins. The net result is that even with complementary 
charges on the reaction partners, electrostatics can have a destabilizing effect on the 
complex (Elcock et al. 1999; Sheinerman et al. 2000; Miyashita et al. 2003; Brock 
et al. 2007). The major advantage of such a charge pattern is then the long-distance 
attraction between the two proteins (before desolvation has taken place), which ac-
celerates the formation of the complex (increases kon) and the possibility of electron 
transfer (Selzer et al. 2000).

The difference between coulombic and desolvation energies is influenced by 
a number of factors. The distribution of interface sidechain charges is important: 
partial burial in the monomer, or partial exposure to solvent in the complex help to 
minimize the desolvation penalty, but interprotein hydrogen bonds and salt bridges 
also have a stabilizing tendency and networks of charge-charge interactions are es-
pecially favourable (Albeck et al. 2000; Lebbink et al. 2002; Sheinerman and Honig 
2002). The results in Table 19.2 show that cooperative interactions between differ-
ent groups of charges, including those not in the interface, may make significant 
contributions to the overall electrostatic component of binding energy. Thus the 
interaction between formal interface charges and the partial charges of the backbone 
make an important contribution to stabilizing the complex in brs and to a lesser 
extent in ccpc. One factor contributing to this interaction in brs is the α−helix of 
barstar which is a prominent feature of the interface. The most important stabilizing 
influence for ccpc is the cooperativity between the interface charges and all other 
sidechain charges, including partial charges of all sidechain polar residues and for-
mal sidechain charges from outside the interface. Cooperative interactions between 
the backbone and other charges are also significant for brs, and to a lesser extent for 
pcf. The variability of these different interactions demonstrates that the arrangement 
of the backbone and other charges needs to be taken into account in the assessment 

Table 19.2  Electrostatic binding energies of four protein-protein complexes
Complex Electrostatic binding energy 

(kcal mol−1)a
Electrostatic interaction energies  
(kcal mol−1)b

ΔGc ΔGrf ΔGes if/bb if/other bb/other overall

brs −158.5 165.6 7.1 −28.1 −3.3 −11.5 −43.2
ccpc −498.8 484.7 −14.1 −9.3 −13.2 −1.2 −22.7
pcf −124.5 162.4 37.9 2.8 −3.6 −8.0 −6.6
plpcf 87.1 –70.9 16.2 −7.7 −2.4 −3.2 −13.3
a Calculated with Delphi (Gilson et al. 1987; Gilson and Honig 1988; Sharp and Honig 1990). The 
Parse parameters (Sitkoff et al. 1994) were used for atomic charges and radii, the ionic strength 
was 0.1 M, and inner and outer dielectric constants were 4.0 and 78.5 respectively
b Calculated with thermodynamic cycles (Serrano et al. 1990; Di Cera 1998). Interface charges (if) 
included the formal, but not partial, charges of interface residues; backbones charges (bb) were the 
partial charges of the peptide backbone of the whole protein, and charges at the N and C termini; 
other charges (other) included all other charges of the protein
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of the structural origins of the electrostatic binding energy. A major contributor to 
the large difference in binding energy between brs and the electron-transfer com-
plexes, especially pcf and plpcf, is the cooperativity between the interface charges 
and backbone and other charges. This is despite the fact that the coulombic attrac-
tion between cytochrome f and plastocyanin in pcf (but not plpcf) is much larger 
than in brs.

19.5  Promiscuity of Electron Transfer

The commonest electron carrier in the thylakoid lumen of present day oxygenic 
organisms is plastocyanin; but there is an alternative, now known as cytochrome 
c6. Cytochrome c6 is prevalent in red algae and possibly in those algae containing 
chlorophyll c (brown algae), whereas many green algae and cyanobacteria are 
capable of synthesizing both proteins. Normally a choice is made between them, 
depending on the availability of copper and iron in the growth medium, plastocya-
nin being preferred unless the supply of copper is limited. Conditions on the early 
earth were very different. Before the development of oxidizing conditions fol-
lowing the advent of oxygenic photosynthesis in cyanobacteria, the oceans were 
anaerobic and rich in sulphides. Copper sulphides are extremely insoluble in wa-
ter, whereas ferrous sulphide is sufficiently soluble to allow organisms to develop 
the use of both iron-sulphur complexes and haem in electron-transfer proteins. 
Evolution of cyanobacteria led first to oxidation of this huge pool of sulphide, and 
later to free dioxygen in the atmosphere. Oxidizing conditions and the disappear-
ance of free sulphide caused the availabilities of copper and iron to be reversed, 
with ferric hydroxide being extremely insoluble and cupric hydroxide showing a 
moderate solubility (Fraústa da Silva and Williams 1991). The potential presence 
of both plastocyanin and cytochrome c6 implies that not only does plastocyanin 
have to be able to react with both cytochrome f and photosystem I, but also the 
latter two complexes have to be capable of reacting with both plastocyanin and 
cytochrome c6.

Plastocyanin and cytochrome c6 are structurally very different proteins with 
different evolutionary origins. Plastocyanin is a typical cupredoxin with a Greek 
key arrangement of β-strands as a β-sandwich. Cytochrome c6 is a typical class 
I c-type cytochrome, largely α-helix in structure. Nevertheless, from any one 
organism they tend to have a similar surface charge pattern, similar redox poten-
tials and they perform the same function within the thylakoids. The kinetics of 
reaction between cytochromes f and c6 have not been studied because of the sup-
posed difficulty of distinguishing the two spectroscopically, although in fact they 
give a substantial difference spectrum in the γ-band region. On the other hand, 
NMR studies have shown a similar mode of binding between cytochrome c6 or 
plastocyanin with cytochrome f from Nostoc sp. PCC 7119 (Díaz-Moreno et al. 
2005a, c). As described above, plastocyanin binds in such a way that the copper-
binding H92 and its surrounding hydrophobic patch bind close to the haem region 
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of cytochrome f, and an adjacent basic patch binds close to some acidic groups 
on cytochrome f. Cytochrome c6 binds in an analogous fashion, with the exposed 
haem edge taking the part of H92 and an adjacent group of basic residues showing 
electrostatic interaction. An interesting feature is that involved in these interac-
tions is an arginine residue adjacent to the haem edge in cytochrome c6, or H92 in 
plastocyanin, which appears to be highly conserved in both proteins throughout 
all cyanobacteria (Kerfeld et al. 1995; Molina-Heredia et al. 2001). An arginine 
occurs in this position in some, but not all, algae; the equivalent position in high-
er-plant plastocyanin is occupied by a glutamine. With proteins from Phormidium 
laminosum R93 has been shown to be important in the reaction with cytochrome 
f, interacting specifically with D63 (Schlarb-Ridley et al. 2002; Hart et al. 2003), 
even though the interaction of the proteins is predominantly hydrophobic.

By contrast with the reaction with cytochrome f, the kinetics of electron donation 
by both plastocyanin and cytochrome c6 to photosystem I have been extensively 
studied by flash absorption spectroscopy. In preparations from plants and green 
algae the photooxidation of plastocyanin or cytochrome c6 shows kinetic behaviour 
which is called type III. This can be described by the following scheme

which is similar to that shown above in section IIIC for reduction by cytochrome f. 
In cyanobacteria types I and II predominate. These refer to situations in which one 
of the three steps in the reaction is rate limiting. Thus type II occurs when the elec-
tron transfer step is rate limiting, but rearrangement is fast (referred to as ‘activation 
controlled’ above), and type I when the slowest step is the initial binding (diffusion 
controlled). The type I case gives a single exponential, the rate constant for which 
increases with reduced plastocyanin concentration until saturation is reached, when 
kobs corresponds to ket.

The promiscuity of plastocyanin and cytochrome c6 in cyanobacteria extends 
further, because of the presence of both photosynthetic and respiratory chains in the 
thylakoid membranes. These two systems are not kept separate, as the cytochrome 
b6   f complex serves them both. The major oxidase is a cytochrome c oxidase which 
is remarkably similar to its eukaryotic counterpart localized in mitochondria (Hart 
et al. 2005; Paumann et al. 2005). These are the classical cytochrome aa3 type of 
oxidase with a haem-copper binuclear center located in subunit I. The surprising 
feature of the cyanobacterial enzyme is that mammalian cytochrome c, which has a 
ring of basic residues surrounding the exposed haem edge, is a good substrate. This 
is a reflection of the fact that electron donation to cytochrome oxidase is through 
the CuA site on subunit II and that the binding site is essentially acidic in almost all 
known cytochrome oxidases (Zhen et al. 1999). An interesting exception to this is 
the cytochrome ba3 oxidase of the bacterium Thermus thermophilus, which is an 
extreme thermophile (Maneg et al. 2004). This may be a consequence, as mentioned 

PSIox + Pcred

ka−→←−
k−a

[PSIoxPcred]1

kr−→←−
k− r

[PSIoxPcred]2
ket−→ [PSIredPcox]

−→ PSIred + Pcox
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above when discussing Phormidium laminosum, of the fact that electrostatic inter-
actions are weakened as the temperature increases. It seems likely that the native 
donors in cyanobacteria are plastocyanin and cytochrome c6, despite the varying 
charge properties of these proteins in different species, but a thorough study has 
been made only in the case of Nostoc sp. PCC 7119 and Synechocystis sp. PCC 6803 
(Durán et al. 2004; Navarro et al. 2005). The highly conserved arginine residue on 
the binding surface may be significant. Why the negative charges on the surface of 
subunit II are so widely conserved is unclear, but a consequence may be that when 
cytochrome oxidase was lost from the thylakoid membranes with the formation of 
eukaryotic oxyphototrophs, plastocyanin and cytochrome c6 became free to evolve 
into the highly acidic proteins we now see in plants and green algae.

19.6  Conclusions

There are three aspects to the study of the role of plastocyanin and cytochrome c6 
in electron transfer. First and foremost is the need to understand the physical and 
structural properties of the proteins concerned that allow rapid electron transfer and 
turnover of the system as a whole, that is to say the ability to react equally well with 
more than one partner. This aspect is the most highly developed. It is complicated 
by the need to take into account the atomic level structure of each of the proteins, 
but we have tried to show above that underlying this complexity are some relatively 
simple principles.

When the physical basis of the functional requirements are understood it becomes 
possible to consider the second aspect, which is the evolutionary pressures to which 
the system has been exposed and the evolutionary basis of what we actually observe 
in the modern world. The most striking feature of our present understanding is that 
the need to balance the rate of electron transfer with the specifity of protein-protein 
binding allows considerable flexibility of interface design. The variability of sur-
face properties of plastocyanin and cytochrome c6 in cyanobacteria provides an ex-
cellent system with which to study the underlying requirements. As a result certain 
broad evolutionary conclusions seem reasonably well established, in particular how 
the availability of copper and iron determines the choice between plastocyanin and 
cytochrome c6, and the fact that the three-dimensional structure of the protein is ir-
relevant provided it is small and has suitable surface properties – in other words we 
have an example of evolutionary bricolage in the expression of Jacob (Jacob 1977; 
Howe et al. 2006). However, the system also provides a good opportunity, which 
has not been adequately exploited, to investigate coevolution and conservation of 
interface residues in weak protein-protein interactions of limited specifity (Teich-
mann 2002; Lee et al. 2007; Parson 2007). An important distinguishing feature of 
cyanobacterial thylakoid membranes is the presence of cytochrome oxidase. The 
endosymbiotic incorporation of a cyanobacterial cell into a eukaryotic cell that al-
ready possessed a cytochrome oxidase in mitochondria removed a significant evo-
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lutionary constraint, the need for plastocyanin and cytochrome c6 to be capable of 
reacting with both photosystem I and cytochrome oxidase.

The least developed aspect of the system is the relation between the physical 
properties of the proteins concerned and the behaviour in vivo, partly because of 
the experimental difficulties. The concentration of free protein in the thylakoid lu-
men, at least in chloroplasts (Kieselbach et al. 1998), suggests that macromolecu-
lar crowding such as is expected to occur in cell cytoplasm (Ellis 2001b; Minton 
2001) is not likely to modify seriously the behaviour of plastocyanin in the lumen 
(Schlarb-Ridley et al. 2005). However, the thylakoid lumen is a very narrow, flat-
tened sac, with a bumpy internal surface. If plastocyanin needs to diffuse from the 
cytochrome b6   f complex to photosystem I it could be that confinement is more 
important than macromolecular crowding, as normally understood. There is also 
some evidence that at functional pHs, that is pH < 7 for the lumen, plastocyanin 
is not free in solution (Bendall and Wood 1978; Lockau 1979), so that the diffu-
sion is two-dimensional on the membrane surface rather than in bulk solution. 
The nature of the diffusion path and the location of the cytochrome b6  f complex 
in the cyanobacterial membranes have not been established. In Synechocystis sp. 
PCC 6803 photosystem I complexes are located between rows of photosystem 
II complex (Mullineaux 1999), so the distance between cytochrome f and the 
plastocyanin binding site on photosystem I is likely to be small. For the purple 
bacterium Rhodobacter sphaeroides a supercomplex involving the reaction cen-
ter, the cytochrome bc1 complex and cytochrome c2 has been described (Joliot 
et al. 2005), but there is no evidence for a corresponding supercomplex in any 
oxygenic organism.

The study of electron transfer reactions involving soluble proteins has proved 
particularly valuable for developing our current understanding of the more general 
problem of the structural requirements for weak, transient interactions between pro-
teins, which is relevant to many signalling systems as well as to electron transfer. 
These processes can be characterized as requiring a high value for koff. For elec-
tron transfer reactions the functional need for an appropriate balance of specific-
ity against rapid turnover and limited promiscuity can be understood in physical 
terms as the establishment of an appropriate distance for good electronic coupling 
(roughly 10–14 Å), and a small reorganization energy, by a balance of attractive and 
repulsive forces. These forces acting at the interface include electrostatics, hydro-
phobic interactions and desolvation effects. Desolvation is crucial for determining 
the net binding energy because it can make stabilizing and destabilizing contribu-
tions which are both very large. Long distance electrostatic attraction between com-
plementary charges is important for enhancement of kon but at short range attraction 
is much weakened, or even reversed, by a heavy desolvation penalty. On the other 
hand direct contact between hydrophobic surfaces makes a large, stabilizing contri-
bution to binding energy because of the larger entropy of bulk water compared with 
that of water molecules bound to a hydrophobic surface. Even so, the lack of good 
surface complementarity in the hydrophobic contact areas of at least some electron 
transfer complexes indicates that there can be a destabilizing contribution from in-
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complete compensation for the loss of the van der Waals energy of solvent–solvent 
interactions.

The above considerations lead to a conclusion about the overall structure of the 
interface that is required for electron transfer systems. In the first place the inter-
face must be small to medium in size because a large interface would be likely to 
provide too large a hydrophobic stabilization. A survey of 11 crystal structures of 
electron transfer complexes in the Protein Databank (Crowley and Carrondo 2004) 
confirms this conclusion, and agrees with the NMR structures for plastocyanin/cy-
tochrome f complexes described above. Water is inimical to tight binding, because 
the hydrophobic effect depends on solvent exclusion and electrostatic contributions 
from hydrogen bonding and salt bridges depend on close contact. The interface of 
redox complexes is thus relatively permeable to water, but nevertheless contains a 
close-contact hydrophobic core which includes the dominant pathway for electron 
transfer in order to minimize reorganization energy and distance between redox 
centers.

Cyanobacteria have been important in reaching these conclusions, especially 
in the detailed studies of the interaction between cytochrome f and plastocyanin, 
because they have shown most clearly that the physiological requirements have 
led to no single solution in structural terms. Electrostatic attraction is frequently 
an important factor in enhancing the rate of association, but we have seen that 
there is no need for a strong charge or surface complementarity. This helps to keep 
binding weak by minimizing the contribution of inter-protein hydrogen bonds 
and salt bridges. The importance of hydrophobic interactions has become clearer, 
not only because they provide the conditions necessary for fast electron transfer, 
and also a minimum of binding energy but, surprisingly perhaps, they can also 
enhance kon almost to the exclusion of any need for long-distance electrostatic 
attraction.
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20.1  Introduction

Major aim of this chapter is to provide an overview on electron and proton transport 
processes in Cytochrome (Cyt) b6   f complex including related regulatory aspects. 
While functional and regulatory aspects of the Cyt b6   f structure are thoroughly 
discussed in several current reviews (Allen 2004; Cape et al. 2006; Cramer and 
Zhang 2006; Cramer et al. 2006, 2008a, b; Baniulis et al. 2008), we focus on the 
following topics:

Section 20.2 focuses on the role of non-essential subunits (i.e., PetL, PetM, 
PetP) as well as on the multiplicity of the Rieske 2Fe–2S protein with data es-
sentially obtained from studies on cyanobacteria. Section 20.3 discusses the role 
of certain amino acid residues or small domains in the vicinity of catalytic sites 
and/or prosthetic groups. Here, due to the limited amount of data on cyanobac-
teria, we also include data from the green alga Chlamydomonas reinhardtii or—
in some cases—from higher plant mutants. Especially the high structural and 
functional similarity of cyanobacterial and plant Cyt b6   f complex as revealed 
by X-ray structure analysis allows this extension. (For simplicity, Mastigocla-
dus laminosus numbering is used.) As complementary component of the plasto-
quinol (PQH2) oxidation which is highly dependent on the Cyt b6   f activity, the 
potential role of Cyt bd oxidase in the electron transport processes is also shortly 
reviewed.
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20.2  Overall Structure and Function of the 
Cyanobacterial Cytochrome b6  f Complex

20.2.1  Role of Cytochrome b6  f in the Cyanobacterial 
Electron Transport Network Including Cytochrome 
bd Oxidase

Central features of oxygenic photosynthesis are the sequentially coupled two photo-
sytsems, photosystem II (PS II, see Chapter Renger and Ludwig) and photosystem 
I (PS I, see Chapter Fromme and Grotjohann) located in the thylakoid membrane 
(TM) and connected by the intersystem electron transport chain (ETC) (Fig. 20.1). 
This downhill ETC chain consists of two mobile electron carriers, plastoquinone 
(PQ) and plastocyanin (PC)—of which the latter can be substituted by cytochrome 
c6 (Cyt c6) in cyanobacteria and algae—and the integral membrane cytochrome b6   f 
(Cyt b6  f) complex, the plastoquinone:plastocyanin oxidoreductase (see Fig. 20.2) 

Fig. 20.1  Major-components and -routes of the cynobacterial ET network in the CM and TM of 
the cyanobacterium Synechocystis sp. PCC 6803. ET processes in the CM ( upper part) must be 
limited due to incomplete or missing components. Question marks and dotted lines indicate that 
localization and substrate of ARTO as well as the ET route of PQH2 reduction via FQR are still to 
be identified. The dashed line shows the proposed direct Cyt b6  f-reduction via Fd/FNR. H2-ase 
hydrogenase, Flv Flavoprotein-1 and -3 (Helman et al. 2003). For more abbreviations, further 
details and references, see text
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Fig. 20.2  a Structure of the dimeric Cyt b6   f complex (Reproduced from Cramer and Zhang 2006; 
copyright ©: Elsevier B.V.) with cytoplasmic side up and lumenal side down. Color codes of sub-
units: Cyt f, pink; Cyt b6, green; Rieske 2Fe–2S subunit, yellow; SU IV, blue; small subunits, green. 
Non-protein components are shown as spheres (2Fe–2S center) or sticks (others). Color codes of 
these components: heme f, pink; hemes bL and bH, purple; heme ci, pink; Chl, green; Car, orange; 
PQ in the Qi quinone binding site, blue; artificial quinone analogue TDS in the Qo quinone bind-
ing site, orange. b Schematic view of the electron transport routes and components of the Cyt b6   f 
complex. For clarity only the model of one monomer (instead of the functional dimer) is shown. 
Solid, dashed and open arrows represent electron and proton transfer and plastoquinol diffusion, 
respectively. ET in low- and high-potential chain is marked by red and blue arrows, respectively. 
Domain swapping of the Rieske 2Fe–2S subunit is indicated by the shadow of its membrane-
spanning alpha-helical anchor. For details see text
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[for recent reviews see (Allen 2004; Cramer and Zhang 2006; Cramer et al. 2006, 
2008a, b; Cape et al. 2006; Baniulis et al. 2008), for book chapters see also (Kallas 
1994; Hauska and Büttner 1996; Wollman 1998; Ke 2001). Beyond being an oxido-
reductase, the Cyt b6   f complex (or the homologous Cyt bc1 and Cyt bc in mitochon-
dria and bacteria, respectively) operates as a proton pump and couples the downhill, 
vectorial electron transport with an effective proton translocation (Fig. 20.2b).

The Cyt b6   f complex is structurally well conserved as revealed by crystallo-
graphic structures at 3.1 Å and 3.0 Å resolution of isolated complexes from the 
unicellular green alga Chlamydomonas reinhardtii and two cyanobacteria, Masti-
gocladus laminosus and Nostoc sp. PCC 7120, respectively (Kurisu et al. 2003; 
Stroebel et al. 2003; Yamashita et al. 2007; Baniulis et al. 2009). It contains two 
quinone/quinol binding sites, Qo (=Qp) and Qi (=Qn), located close to the lumi-
nal and stromal/cytoplasmic surface of the membrane, respectively, and a PC/Cyt 
c6 binding/docking site on the luminal surface of the complex (Fig. 20.2b). Be-
sides the transiently bound quinone/quinol molecules it contains also seven non-
protein components {four hemes, one chlorophyll (Chl) a, one 2Fe–2S center, and 
one carotenoid [Car, 9-cis β-carotene or echinenone, see (Boronowsky et al. 2001; 
Wenk et al. 2005)]} and lipid molecules. The Cyt b6   f complex consists of four 
large (17.5–32 kDa) subunits [Cyt f (encoded by the petA gene), Cyt b6 ( petB), 
the Rieske 2Fe–2S protein ( petC) and subunit IV ( petD)] and four small subunits 
(3.3–4.1 kDa; PetG, -L, -M and -N) at unit stoichiometry. With the exception of Car 
(being inserted between the PetL and PetM helices) all components are attached 
to the large subunits. All but two subunits, Cyt b6 and subunit (SU) IV with four 
and three transmembrane helices, respectively, span the membrane once, resulting 
in a complex with 13 transmembrane helices. Besides their membrane spanning 
parts, Cyt f and Rieske 2Fe–2S proteins possess large hydrophilic cofactor bind-
ing domains which are extended into the lumen. Also, in contrast to all other Cyt 
b6   f subunits which are encoded by only a single gene, the Rieske 2Fe–2S protein 
(PetC) is encoded by a gene family in most cyanobacteria [(Schneider et al. 2002, 
2004a, b); for reviews see (Schneider and Schmidt 2005) and Sect. 20.2.2.1]. While 
all three available X-ray structures show eight Cyt b6   f subunits, there is evidence 
for other protein components interacting transiently with the Cyt b6  f complex: 
ferredoxin:NADP+ oxidoreductase (FNR), PetO, and PetP. Cramer et al. co-isolated 
Cyt b6  f and FNR from spinach chloroplast (Zhang et al. 2001), and the functional 
coupling of a small phosphoprotein, PetO (Hamel et al. 2000) to Cyt b6   f has also 
been reported for higher plants. This polypeptide might be analogous to the PetP, 
which has been proposed as a new cyanobacterial Cyt b6  f subunit [(Volkmer et al. 
2007; Gendrullis et al. 2008); for details and model see Sect. 20.2.2.3)].

The photosynthetic protein complexes often form oligomers: while PS II and 
ATP-synthase can form dimers (Barber 2003; Rexroth et al. 2004; Nowaczyk et al. 
2006), PS I forms trimers in cyanobacterial membranes (Jordan et al. 2001) and 
the Cyt b6   f complex is dimeric both in cyanobacteria and higher plants. Howev-
er, in contrast to oligomerized photosynthetic supercomplexes and ATP-synthase, 
monomeric Cyt b6  f complex (Rögner et al. 1990) is inactive (Huang et al. 1994; 
Breyton et al. 1997) due to the so-called “domain swapping”: X-ray crystallog-
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raphy revealed, that the membrane-spanning alpha-helical anchor and the cofac-
tor binding extrinsic domain of the 2Fe–2S Rieske protein are parts of opposing 
monomers within the homodimer, respectively. For this reason, monomeric Cyt b6   f 
complex shows no fast electron transport between PQH2 and PC/Cyt c6 (see below 
and Fig. 20.2b.). The two Cyt b6   f monomers form two central, interconnected inner 
cavities which harbor the redox reactions of the (plasto)quinone species [Fig. 20.3a, 
(Kurisu et al. 2003; Cramer et al. 2006)]. The wall of each cavity is formed by six 
transmembrane helices (three from each monomer). The inner cavities may provide 
a higher local quinone/quinol concentration and a conduit for a transmembrane PQ/
PQH2 transport between the two quinone sites (Cramer et al. 2006). In combina-
tion with the proposed inter-monomer electron transfer (cross-talk) via the quinone/
quinol pool inside the cavity, this may result in a more efficient ET (see the Q-cycle 
below) as “side effect” of dimerization. Also, the local quinone concentration may 
have implications in the quinone chemistry (see below).

Photosynthetic electron transport comprises a series of one-, two-, and four elec-
tron gated processes. While water-splitting at the manganese cluster in PS II is a 
four-electron gated process (see Chapter Renger and Ludwig), the mobile electron 
carriers PQ and FNR transport two electrons. In general, transporting electrons 
from a four- or two-electron carrier to a one-electron carrier is chemically diffi-
cult and needs complex machineries. The Cyt b6   f complex carries electrons from 
the two-electron carrier PQH2 to the one-electron carrier PC/Cyt c6 and solves this 
problem by transferring only one of the electrons directly to PC/Cyt c6 via the Cyt 
b6  f complex while the other one is recycled in a cyclic process (the so-called Q-
cycle; see Fig. 20.2b and below). “Recycling” the second electron of PQH2 in the Q-
cycle is part of the proton pumping mechanism of Cyt b6  f. Details of this complex 
scheme of electron and proton transfer reactions in Cyt b6  f are still not completely 
understood (see below).

Another central feature of the Cyt b6  f complex are the two branches of electron 
transport bifurcated at the PQH2 binding site Qo, formed by SU IV and Cyt b6 
residues and the Rieske 2Fe–2S center (Figs. 20.2b and 20.3) (Stroebel et al. 2003; 
Cramer et al. 2006; Yamashita et al. 2007). One of the two available electrons is 

Fig. 20.3  Stereographic view 
of the membrane-spanning 
part of the monomeric Cyt 
b6  f complex as viewed from 
the lumenal side. Color cod-
ing of the subunits is as in 
Fig. 20.2a. Localization of 
the Car molecule ( red sticks) 
is also shown
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transferred to the energetically favored, so-called high-potential chain (Fig. 20.2b, 
blue arrows) which gives rise to a a downhill electron transport towards PC/Cyt c6 
and PS I via the Rieske 2Fe–2S cluster and Cyt f. These electron transport compo-
nents are reduced in darkness and become oxidized by P700+• after charge separa-
tion in PS I. Due to their midpoint redox potentials, the Rieske 2Fe–2S protein 
(300–320 mV) and Cyt f (300–370 mV) are able to oxidize PQH2 to PQ•−. {Note-
worthy, the midpoint redox potential of Cyt f in cyanobacteria is more negative than 
in higher plants [300–330 mV vs. 355–370 mV (Ponamarev et al. 2000; Albarrán 
et al. 2005; Alric et al. 2005)]; however, due to an accompanying shift in the P700/
P700+• redox potential (Hamacher et al. 1996; Nakamura et al. 2005) the redox 
gap between Cyt f/Cyt f + and P700/P700+• is almost identical resulting the same 
driving force for the electron transfer.} Also, the ET from Rieske cluster to Cyt f 
is facilitated by a movement (“tethered diffusion”) of the Rieske 2Fe–2S protein 
towards Cyt f.

The midpoint redox potential of the PQH2/PQ couple (100 mV) and the Rieske 
2Fe–2S center (300–320 mV) allows a 400–440 mV (two times the difference be-
tween the midpoint redox potentials given in parentheses) split between the PQH2/
PQ•− and the PQ•−/PQ couple [see e.g. (Chobot et al. 2008)]. This in turn enables 
the (“oxidant induced”) reduction of the other, so-called low potential chain which 
consists of two b-type hemes [Cyt bL (Em ≈ −50–−150 mV) and Cyt bH (0–−50 mV)] 
in a vectorial, membrane-spanning arrangement (Fig. 20.2b, red arrows) (Widger 
et al. 1984; Cramer et al. 1985). Surprisingly, X-ray structure determination of the 
Cyt b6   f complex (Kurisu et al. 2003; Stroebel et al. 2003) revealed a new redox-
active component, a c-type heme [heme ci; Em ≈ 100 mV, (Alric et al. 2005)] located 
in between the heme bL and the second quinone-binding niche, Qi. The Qi pocket, 
located close to the stromal/cytoplasmic surface of the membrane is formed, simi-
larly to the Qo pocket, by SU IV and Cyt b6 residues as well as by the heme ci, which 
apparently coordinates the quinone directly (Kurisu et al. 2003; Stroebel et al. 2003; 
Yamashita et al. 2007; Cramer et al. 2008a). The Qi site operates as a two-electron 
gate. Full reduction of the bound PQ molecule (to PQH2) requires two electrons 
and the bH/ci couple may act as a two-electron donor in this reaction (Cramer et al. 
2004; Cramer and Zhang 2006; Cramer et al. 2006, 2008a; Baniulis et al. 2008). As 
the low-potential chain receives only one electron from the quinol of the Qo site, 
two subsequent quinol oxidations at the Qo site are required for the PQ reduction 
at the Qi site—at least according to the “classical view” when this is the only way 
to reduce the components of the low-potential chain (see below). PQH2 at the Qi 
pocket can either enter the PQ/PQH2-pool or diffuse directly to the Qo site (Cramer 
et al. 2006; Baniulis et al. 2008) for oxidation which closes the cycle (Fig. 20.2b, 
open arrows). Thus, in summary, this “Q-cycle” (Mitchell 1975) recycles halves of 
the electrons transported to the Qo site. Apparently, this recycling has two major 
functions:

First, it is essential for converting the two-electron gated PQH2 oxidation into 
two sequential reductions of the mobile one-electron carriers (PC or Cyt c6). Sec-
ond, it is crucial for an effective proton translocation resulting in an electrochemical 
proton gradient (proton motive force) across the membranes which in turn is the 

G. Bernát and M. Rögner



579

driving force of ATP-synthesis (Mitchell 1961, for a review, see Junge 2008). PQH2 
oxidation and PQ reduction at the Qo and Qi site, respectively, are accompanied with 
the translocation of two protons from the cytoplasm/stroma to the lumen, i.e. in a 
continuously running Q-cycle (Sacksteder et al. 2000) two protons per electron are 
transported. In combination with the water-oxidation at PS II (1 H+/e−) this yields 
an overall H+/e−-stoichiometry of 3:1. The H+/ATP ratio is determined by the oligo-
meric ratio of the c subunit and α/β dimers of the ATP synthase (Junge 2008). The 
c ring stoichiometry in plant and cyanobacterial ATP synthase is varied from c13 to 
c15 (Seelert et al. 2000, Pogoryelov et al. 2007; Junge 2008) which results in H+/ATP 
ratios of 13/3, 14/3 or 15/3, respectively. These ratios is equivalent with the ATP/
NAD(P)H ratios of 18:13, 9:7 and 6:5 (as a theoretical minimum), respectively, 
which are close to the ratio (3:2) required for CO2 fixation, but not yet sufficient. 
The remaining ATP demand (e.g. 3/2–9/7 = 3/14 ATP/NAD(P)H for CO2 fixation at 
c14 stoichiometry) is provided by a cyclic electron transport around PS I (Bendall 
and Manasse 1995; Allen 2003a; Joliot et al. 2006; Shikanai 2007).

This electron flow around PS I [which, actually, was discovered before the linear 
ETC (Arnon et al. 1954)] transfers electrons from reduced ferredoxin (Fd) back 
to PQ, yielding ATP (cyclic photophosphorylation), but not NAD(P)H. By vary-
ing the ratio of cyclic and linear electron flow, the ATP/NAD(P)H ratio can be 
adjusted according to the actual physiological conditions within a wide range, i.e. 
from 18:13/9:7/6:5 (only linear ET) to 1:0 (only cyclic ET). Without such a con-
trol mechanism an imbalance in the ATP/NAD(P)H ratio would lead to a feedback 
inhibition of the ET processes [see (Avenson et al. 2005)]. In some cases, cyclic 
electron transport provides a better utilization of the absorbed light, for instance 
in cyanobacteria which often show high PS I/PS II ratios (Fujita et al. 1994) or in 
shade plants/leaves which are mainly exposed to PS I light. Cyclic flow enables to 
maintain ET (and ATP synthesis), when PS II is damaged or down-regulated. Redox 
poise of the PQ-pool via cyclic/linear ET ratio adjustment is essential not only for 
maximal light energy utilization but also for the protection against photodamage. 
[For PS I/PS II ratio and redox-control see (Allen 2003b; Pfannschmidt 2003); for 
cyclic vs. linear ET and state transitions, see (Wollman 2001; Finazzi et al. 2002)].

While in higher plants two major cyclic electron transport routes are consid-
ered—the FNR- and the FQR- (ferredoxin-plastoquinone oxidoreductase) mediated 
route [(Bendall and Manasse 1995; Bukhov and Carpentier 2004; Munekage et al. 
2004; Joliot et al. 2006; Rumeau et al. 2007), see also (Shikanai 2007; DalCorso 
et al. 2008; Endo et al. 2008)]—the situation in cyanobacteria is more complicated. 
In higher plants, photophosphorylation and oxidative phosphorylation are located in 
two separate organelles, the chloroplasts and mitochondria, respectively (see Chap-
ter Renger and Ludwig). Cyanobacteria, the phylogenetical ancestors of plants’ 
chloroplasts, perform both processes in parallel in the same compartment with PQ-
pool and Cyt b6   f complex being shared components of both photosynthetic and 
respiratory ET chains. [This is partly also true for the Cyt b6  f complexes in chlo-
roplasts, which retained some respiration, the so-called chlororespiration (Rumeau 
et al. 2007)]. Thus, the cyanobacterial Cyt b6  f-complex—in combination with the 
PQ-pool—plays a central role in the complex cyanobacterial ET network. With very 
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few exceptions like the unique Gloeobacter violaceus (Rippka et al. 1974), cya-
nobacteria contain two distinct membrane systems: the cytoplasmic (CM) and the 
thylakoid membranes (TM). Most recent data indicate that they are non-connected, 
separate entities, which possibly communicate by vesicle formation and transport 
(Liberton et al. 2006). While both photosynthetic and respiratory ET occurs in the 
TM’s, ET processes in the CM’s must be limited due to incomplete or missing com-
ponents. Importantly, the lack of all major Cyt b6   f subunits in CM—with the excep-
tion of the PetC3 Rieske isoform (for details see Sect. 20.2.2.1)—has been reported 
(Aldridge et al. 2008; Schultze et al. 2009), which strongly suggests the absence of 
a functional Cyt b6   f complex in the CM. This lack excludes a linear or cyclic ET in 
the CM and allows only a truncated ET chain via the PQ-pool [Fig. 20.1, (Schultze 
et al. 2009)], which is much more restricted than previously assumed (Pils and 
Schmetterer 2001; Teuber et al. 2001; Peschek et al. 2004; Paumann et al. 2005). In 
line with this, some major ET components such as type I NADPH dehydrogenase 
(NDH-1) and the aa3-type Cyt c oxidase (COX) seem to be completely absent (Pils 
and Schmetterer 2001; Ohkawa et al. 2002; Zhang et al. 2004b) in CM. [(For the 
role of CM in PS II and PS I assembly and turnover see (Zak et al. 2001; Nowaczyk 
et al. 2006)].

Cyanobacterial cyclic electron transport routes can be classified into direct- and 
indirect cyclic pathways (Yeremenko et al. 2005): While in the direct routes FQR 
and FNR guide (“photosynthetic”) electrons from PS I back to the PQ-pool via 
redox intermediates, the indirect routes guide (“respiratory”) electrons from me-
tabolism via NDH-1 or succinate dehydrogenase (SDH) to the PQ-pool (Fig. 20.1). 
However, reality is in between these arbitrary categories: While FNR is certainly a 
member of both (direct- and indirect) cyclic and linear ET, NDH-1 shows a large 
heterogeneity in subunit composition, function and involvement in ET processes 
for reviews see (Battchikova and Aro 2007; Ogawa and Mi 2007). This complex 
network of cyclic ET routes (together with pseudocyclic routes, see below) enables 
the rapid adaptation of cyanobacteria to changing environmental factors (light, 
temperature, nutrient availability, etc.), although quantitative experimental data are 
mainly lacking. For instance, it is still an open question whether NDH-1 or SDH 
is the main electron donor under certain environmental and metabolic conditions 
(Cooley and Vermaas 2001).

Although the direct involvement of Cyt b6  f in the cyclic ET from PS I back to 
PQ has been proposed for a long time, only recent structural data imply the pos-
sibility of a direct redox “wire” between Fd and the heme bH/ci couple: The narrow 
shielding of the bH/ci couple from the cytoplasm/stroma and the report of a purified 
FNR-Cyt b6  f complex—although up to now not from cyanobacteria (Zhang et al. 
2001)—support this view (Cramer et al. 2004; Cramer and Zhang 2006; Cramer 
et al. 2006, 2008a; Baniulis et al. 2008).

Pseudocyclic routes connect water oxidation at PS II and concomitant reduction 
of oxygen to water. This latter typically occurs at the PS I acceptor side via the 
so-called Mehler reaction (Mehler 1951; Asada 1999) or at terminal oxidases—in 
cyanobacteria usually cytochrome c oxidase (COX), the alternative terminal oxi-
dase (ARTO) and the cytochrome bd oxidase (Cyt bd) (Howitt and Vermaas 1998; 
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Pils and Schmetterer 2001; Berry et al. 2002; Hart et al. 2005; Paumann et al. 2005, 
see Chapter Bernroitner et al.). Although quinol oxidase activity of Cyt bd in cya-
nobacteria is still under debate (Peschek et al. 2004; Paumann et al. 2005), recent 
data with cyanobacterial Cyt bd overexpressed in Escherichia coli clearly show 
that this enzyme, indeed, functions as plastoquinol oxidase (Mogi and Miyoshi 
2009). Moreover, chlorophyll fluorescence data clearly show an increased Cyt bd 
activity (a) in cyanobacterial wild type (WT) strains exposed to conditions which 
result in a highly reduced PQ pool (Berry et al. 2002) and (b) in various mutants 
with impaired ET through Cyt b6   f complex [(Schneider et al. 2001, 2004a), see 
also Sects. 20.2.2, and 20.3.1]. In accordance with this, an enhanced Cyt bd protein 
level was recently detected in the Synechocystis sp. PCC 6803 petC1 strain with a 
rather low Cyt b6   f population size (Tsunoyama et al. 2009). These reports clearly 
show that Cyt bd has an important (protective) role in the PQ redox poise by taking 
over (partly) the role of the Cyt b6   f in PQH2 re-oxidation. Some cyanobacteria—
such as G. violaceus and Anabaena variabilis—use the plastid terminal oxidase 
(PTOX) as an alternative oxidase (McDonald et al. 2003). In contrast to Cyt bd 
and PTOX, which accept electrons from PQH2 (i.e. “before” the Cyt b6  f), COX is 
reduced by Cyt c6 or PC (i.e.“after” Cyt b6   f), while the substrate of ARTO is not 
yet identified. Terminal oxidases generate a membrane potential by ET-coupled 
proton translocation. In photoautotrophs they primarily seem to function as security 
valves to prevent over-reduction of the linear electron transport chain (e.g. under 
limited CO2 fixation or other conditions described above). However, similarly to 
the cyclic routes (see above), activation/regulation and usage of these processes is 
still largely unknown.

Beyond its very central role in the coupled proton/electron transport processes, 
Cyt b6   f also plays an important role in the redox regulation, notably as key compo-
nent of signal cascades. Especially for state transitions, the short-term regulation of 
light energy distribution between the two photosystems, a kinase is phosphorylated 
at the Cyt b6   f complex after its conformational change, induced by the occupation 
of the Qo site (Vener et al. 1995, 1997, 1998; Zito et al. 1999; Finazzi et al. 2001; 
Mao et al. 2002). For reviews see (Wollman 2001; Finazzi and Forti 2004); for the 
putative role of Rieske-heterogeneity and PetP subunits in regulatory processes, see 
Sects. 20.2.2.1 and 20.2.2.3, respectively.

20.2.2  Role of Cytochrome b6  f Subunits for Assembly 
and Function

The minimal functional Cyt b6  f should consist of six essential subunits: Cyt f, Cyt 
b6, the Rieske 2Fe–2S protein, subunit IV, PetG, and PetN. Deletion of the other 
two small subunits, PetL and PetM,—although they have an impact on the ET prop-
erties—keep the Cyt b6   f complex functional [(Schneider et al. 2001, 2007); see 
Sect. 20.2.2.2]. Also, deletion of some (but not all) Rieske-encoding petC isoforms 
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is possible—without impairing the function of Cyt b6  f complexes completely—(at 
least) in Synechocystis PCC 6803 (see Sect. 20.2.2.1).

The central role of this complex in the electron transport network (see Sect. 20.2.1) 
is the major reason why the essential cytochrome b6  f subunits cannot be deleted. 
The green alga Chlamydomonas reinhardtii is the only known example for viable 
mutants without functional Cyt b6   f complexes: These strains are still able to grow 
heterotrophically and to generate ATP and NAD(P)H by oxidative phosphoryla-
tion in mitochondria. Rieske- (de Vitry et al. 1999), Cyt b6- (Kuras and Wollman 
1994; Kuras et al. 1997), Cyt f (Kuras and Wollman 1994), and SU IV (Kuras and 
Wollman 1994; Zito et al. 1999) knock-out mutants have already been created and 
characterized. These mutants provided important data on the biogenesis of the Cyt 
b6  f complex and revealed that its accumulation in the membrane is a concerted 
process in which the stability or synthesis of certain subunits highly depends on the 
presence of other Cyt b6   f subunits (Kuras and Wollman 1994).

20.2.2.1  Multiple Rieske-Proteins and Cytochrome b6  f Heterogeneity

The availability of multiple sets of gene isoforms is a strategy of evolution for accli-
mation to changing environmental conditions. These isoforms encode two or more 
functionally distinct proteins from the same protein families. Under normal condi-
tions usually only one form is active while the silent gene(s) are expressed under 
certain physiological/stress conditions. Among the eight bona fide Cyt b6   f proteins 
the Rieske protein is the only one which is encoded by multiple genes (i.e., a petC 
family) in some cyanobacterial genomes. While in the genome of T. elongatus and 
G. violaceus (like in all eukaryotes) the Rieske protein is encoded by a single petC 
gene, in Nostoc punctiforme, Synechococcus PCC 7002 and Synechocystis PCC 
6803, three Rieske isoforms exist [for a review see (Schneider and Schmidt 2005)]. 
Some other cyanobacteria like Nostoc PCC 7120 even contain an additional fourth 
Rieske protein (Schneider and Schmidt 2005).

If an important protein is encoded by three genes, and if the gene products can 
partially substitute each other in a vital phenotype, six different mutants should 
be created: three single-, and three double mutants. In case there are combina-
tions where substitution is not possible, the number of vital mutants will be lower. 
The cyanobacterium Synechococcus PCC 7002 (containing 3 Rieske genes) was 
unable to survive a petC1 deletion (Yan and Cramer 2003), suggesting that only 
petC1 encodes a functional Rieske protein and that petC2 and petC3 are silent in 
function (although ∆petC2, ∆petC3 and ∆petC2/3 strains were not constructed). In 
contrast, in Synechocystis PCC 6803 petC1 alone can be deleted: In this organism 
five ∆petC strains have been generated of which only the double deletion mutant 
∆petC1/∆petC2 was lethal (Schneider et al. 2004a). This finding reveals that the 
presence of either PetC1 or PetC2 is essential and they can partly replace each other, 
which is also in good correlation with their high sequence identity.

An in depth in vivo analysis of the various petC gene deficient mutant strains 
indicated that PetC1, which is phylogenetically close to the group of chloroplast 
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Rieske proteins (Schneider et al. 2002), is the major Rieske iron-sulfur protein in 
Synechocystis PCC 6803. Its deletion results in a remarkably low electron transport 
rate through the Cyt b6   f complex—in spite of redox and functional similarities be-
tween proteins PetC1 and PetC2. This may be due to a lower expression of the Cyt 
f encoding petA gene which is organized with petC1 in the petCA operon (Kallas 
et al. 1988) as is apparent from the low amount of functional Cyt b6  f complexes 
(PetC2-Cyt b6  f) in this strain (Schultze et al. 2009; Tsunoyama et al. 2009). In con-
sequence, sufficient PQH2-oxidation is prevented, which results in the inability to 
perform state transitions, high light stress sensitivity, a decreased PS II/PS I ratio, 
and enhanced Cyd bd activity (Schneider et al. 2004a; Tsunoyama et al. 2009).

Although PetC2 exhibits low abundance in WT Synechocystis sp. PCC 6803 
under all examined conditions, significantly increased transcript accumulation was 
observed under high light (HL) conditions or in absence of PetC1 (see above). This 
phenomenon, in combination with the unusually high growth rate under HL condi-
tions of the ∆petC2 strains, suggests a role of PetC2 in long-term light adaptation 
(Tsunoyama et al. 2009).

PetC3 can neither substitute PetC1 nor PetC2 due to its unique features. At first: 
(a) its N-terminal end lacks more than ten residues in comparison with PetC1/
PetC2, (b) the sequence of its putative transmembrane helix is poorly conserved 
and (c) the connected hinge region is absent (Schneider et al. 2002). Second, its 
midpoint redox potential of 135 mV ( vs. 300–320 mV for PetC1/PetC2) excludes 
oxidation of PQH2, i.e. a role in the linear electron transport chain (Schneider et al. 
2002, 2004b). Third, in contrast to PetC1 and PetC2 with exclusive location in the 
thylakoid membrane, PetC3 is exclusively located in the cytoplasmic membrane 
with all other major Cyt b6  f subunits missing (Aldridge et al. 2008; Schultze et al. 
2009). In summary, these properties strongly indicate that PetC3 is not a compo-
nent of the “classical” Cyt b6  f complex which apparently is missing completely in 
the cytoplasmic membrane. Nevertheless, current data show a regulatory impact 
of PetC3 on the photosynthetic electron transport and long-term light adaptation, 
for instance by activation of the cyclic electron transport around PS I under high 
light conditions (Tsunoyama et al. 2009). Details of this regulation still have to be 
elucidated.

In Nostoc PCC 7120, the PetC4 protein, which has a high sequence similarity 
to PetC1 and PetC2, apparently plays a role in nitrogen fixation and/or heterocyst 
formation and is also proposed to be a redox sensor (Schneider and Schmidt 2005).

20.2.2.2  Small Cytochrome b6  f Subunits

The four low molecular weight Cyt b6   f subunits PetG, -L, -M and -N are located at 
the periphery of the dimeric complex and form a so-called “picket fence” structure. 
According to the current structure determinations (Yamashita et al. 2007; Baniulis 
et al. 2009), PetM and PetL are positioned (very) peripherally and PetG and PetN 
deeper inside the complex (Fig. 20.3) as was found also in the C. reinhardtii struc-
ture (Stroebel et al. 2003). Noteworthy, homologous small subunits are absent in the 

20 The Cytochrome b6   f Complex



584

corresponding Cyt bc1 structures [(Xia et al. 1997; Iwata et al. 1998; Zhang et al. 
1998), see also (Berry et al. 2004)].

In order to clarify the role of these small subunits, knock-out lines have been 
generated in Synechocystis [all four knock-outs, (Schneider et al. 2001, 2007)], in 
C. reinhardtii [∆petG, (Berthold et al. 1995); ∆petL, (Takahashi et al. 1996; Zito 
et al. 2002)] and in tobacco [∆petG, (Schwenkert et al. 2007), ∆petL, (Schöttler 
et al. 2007; Schwenkert et al. 2007), ∆petN, (Hager et al. 1999; Schwenkert et al. 
2007). Also, a chimeric SU IV-PetL fusion protein was designed in C. reinhardtii 
(Zito et al. 2002). In summary, in agreement with the structural data, these mutants 
showed that the deletion of petG- or petN genes causes dramatic effects, while dele-
tion of petM or petL gene results only in moderate phenotypes. However, disruption 
of petL results in impaired growths in C. reinhardtii which is probably due to the 
relatively high divergence of PetL (Schwenkert et al. 2007). Also, similar to PetG 
and PetN, the presence of PetL seems to be important for Cyt b6   f stability (Schöttler 
et al. 2007; Schwenkert et al. 2007), while its role as a sensor is still controversial 
[see (Zito et al. 2002; Schwenkert et al. 2007) vs. (Schöttler et al. 2007)]. In Syn-
echocystis sp. PCC 6803, a regulatory role of PetM has been proposed (Schneider 
et al. 2001).

20.2.2.3  The Newly Discovered PetP Subunit

Highly purified Cyt b6  f complexes from Synechocystis sp. PCC 6803 and T. elon-
gatus contained a potential new Cyt b6  f subunit with a molecular mass of 7.2 kDa 
which was coined PetP, i.e. the 9th Cyt b6  f subunit (Volkmer et al. 2007; Gen-
drullis et al. 2008). This polypeptide is highly conserved in cyanobacteria and en-
coded by the open reading frames (ORFs) ssr2998 and tsr0524 in Synechocystis sp. 
PCC 6803 and T. elongatus, respectively (Volkmer et al. 2007). Sequence analysis 
predicted PetP as a soluble protein. The absence of this subunit in all up to now 
published cyanobacterial structures suggests, that PetP is loosely/temporarily as-
sociated with the complex, similar to PetO of the plastid Cyt b6  f complex (Hamel 
et al. 2000). However, in contrast to PetO, PetP is apparently not a phosphoprotein 
and not (directly) involved in the regulation of state transitions. The fact, that the 
PetP-deletion mutant of Synechocystis sp. PCC 6803 shows a slower ET kinetics 
through the Cyt b6   f complex (Volkmer et al. 2007) indicates a regulatory role of 
PetP in ET processes of cyanobacteria.

20.3  Key Functional Sites of the Cytochrome b6  f Complex

During the last 4–5 decades several C. reinhardtii mutants with partially active Cyt 
b6  f complex have been generated by function-directed random mutagenesis which 
provided valuable information on the organization, assembly, structure-function re-
lationships and regulatory roles of the Cyt b6   f complex [see e.g. (Finazzi et al. 1997; 
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de Vitry et al. 1999; Shao et al. 2006)]. However, the lack of direct structural in-
formation strongly limited the conclusions drawn from these experiments. The cur-
rently available 3D structures based on X-ray crystallography (Kurisu et al. 2003; 
Stroebel et al. 2003; Yamashita et al. 2007; Baniulis et al. 2009) combined with the 
availability of (directed) mutants from Synechococcus PCC 7002, Synechocystis 
sp. PCC 6803 and C. reinhardtii (de Vitry et al. 1999; de Lavalette et al. 2008a) al-
lows in depth examinations of structure-function relationships on the level of target 
residues, i.e., a new dimension of gaining knowledge. In future, these techniques 
should be combined with focus on one organism, from which both 3D-structure 
and function of WT and directed mutants will be available. Up to now such an ap-
proach was hampered by the fact that directed mutants of C. reinhardtii are difficult 
to obtain and that the cyanobacterium M. laminosus is not transformable (see also 
Concluding remarks and future perspectives).

One drawback of site-directed mutagenesis is that only non-lethal mutations can 
be investigated. Site-directed mutagenesis of essential amino acids impairs the Cyt 
b6  f complex [see e.g. (Kuras et al. 1997; Lee et al. 2001)] and results in merodip-
loid cells (in cyanobacteria) instead of viable segregants. On the other hand, many 
cyanobacterial mutants with altered—but still functional—electron transport across 
Cyt b6   f are still vital. For this reason, site-directed mutagenesis is an efficient and 
appropriate tool for the investigation of the structure, function and regulation of this 
complex as will be outlined—also for C. reinhardtii—in the next sections.

20.3.1  The Qo Quinone Binding Site

Electrons are transported to/from the Cyt b6  f complex via mobile carriers, PQH2, 
PC (and possibly FNR) which are transiently attached to the complex at their dock-
ing/binding sites. The Cyt b6   f complex contains two quinone/quinol binding sites, 
Qo (=Qp) and Qi (=Qn), located close to the luminal and stromal/cytoplasmic surface 
of the membrane, respectively. The PQH2 binding site Qo, the “Qo pocket”, where 
oxidation and deprotonation of PQH2 occurs (see Sect. 20.2.1), is an antechamber 
which is connected with the quinone exchange cavity via a small portal and which 
is formed under participation of SU IV, Cyt b6 and the Rieske subunit/center. The 
structure of this chamber is shown in Fig. 20.4a, b where binding of PQ(H2) is visu-
alized by the quinone-analog tridecylstigmatellin (TDS, orange).

The first site-directed cyanobacterial Cyt b6f mutants with modified Qo quinone 
binding niche were reported by Kallas et al. (Lee et al. 2001) for Synechococcus 
PCC 7002. These mutations (Asp141Gly, Ala147Gly, Ser152Ala; Synechococcus 
numbering: Asp148, Ala154, Ser159) effected the lumen-extended cd1-helix of Cyt 
b6 (Fig. 20.4), which, according to the crystal structure, forms the p-side “floor” 
of the quinone exchange cavity together with the cd2 helix in the cd loop (Cra-
mer et al. 2006). These mutants showed no remarkable phenotype unless specific 
quinone-analogs such as 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DB-
MIB), stigmatellin and myxothiazol were applied in low concentrations (Lee et al. 
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Fig. 20.4  a Structure of the cyanobacterial Qo quinone binding pocket in presence of TDS (PDB, 
2e76; Yamashita et al. 2007) or DBMIB (PDB, 2d2c; Yan et al. 2006). The quinone binding pocket, 
with bound quinone analogs TDS ( orange) and myxothiazol [( olive—taken from the bc1 structure 
(PDB, 1sqp; Esser et al. 2004)], is surrounded by residues from Cyt b6 ( cyan) and SU IV ( sky 
blue/magenta), the Rieske 2Fe–2S center ( yellow/orange spheres), and heme bL ( red). The phytyl 
tail of Chl a ( green) extends into the chamber. Entry of the Qo pocket is close to the “tail” parts of 
TDS and myxothiazol ( upper right in the left scheme). The high affinity DBMIB ( yellow) binding 
site, connected to the Qo site, is surrounded by Cyt f ( pink), SU IV ( stale), and Cyt b6 ( green) resi-
dues. Amino acid residues located at ≤4 Å from the inhibitors are shown as sticks. The conserved 
“PEWY” sequence on the ef loop of SU IV is shown in magenta, while the substituted amino 
acids ( wheat) in the vicinity of the Qo pocket are shown with their identifier ( red). b Cartoon of 
the quinone-exchange cavity and the Qo quinone-binding pocket (Reproduced from Cramer et al. 
2006 with modifications; copyright ©: Annual Reviews) with bound quinone/quinone analogs. 
For details see text
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2001). The observed binding affinities of these agents to the mutant complexes in-
dicated a different binding mode (location, interacting partners) of different agents 
in the same binding niche, which was later supported by the structural data in pres-
ence of bound quinone analogs [Fig. 20.4; (Stroebel et al. 2003; Cramer et al. 2006; 
Yamashita et al. 2007; Yan et al. 2006)]. Although native quinones have not been 
detected in the Qo pocket (neither in b6  f nor in bc1), these inhibitors helped to define 
their coordinates. In this context, the surprisingly “deep” location of DBMIB in the 
chamber (Yan et al. 2006) may be explained by a movement from the Qo (inhibi-
tory) site to its high-affinity site (shown in Fig. 20.4) via an internal passage after its 
reduction (Roberts et al. 2004; Cramer et al. 2006; Yan et al. 2006).

Figure 20.4a shows TDS in the native “ring-in” conformation as found both 
in C. reinhardtii and the recent M. laminosus structure (Stroebel et al. 2003; 
Yamashita et al. 2007). Previously, to explain some alterations between the struc-
tures [(Kurisu et al. 2003) vs. (Stroebel et al. 2003)] a bimodal binding of the qui-
none, i.e. in “ring-in” and “ring-out” conformation was proposed (Yan and Cramer 
2004; Cramer et al. 2006). This (later neglected) hypothesis inspired the generation 
of a set of Synechococcus PCC 7002 mutants. They revealed that replacement of 

Fig. 20.5  The 2Fe–Fe cluster and its molecular environment (PDB, 1vf5 and 2e76; Kurisu et al. 
2003; Yamashita et al. 2007, respectively). The quinone binding pocket is shown with the bound 
quinone analog TDS ( orange, see also Fig. 20.4a). While subunits Cyt b6, SU IV, and Cyt f are 
marked by transparent cyan, sky blue, and pink, respectively, the Rieske 2Fe–2S is colored in grey. 
For clarity, residues 138–146 in the Rieske protein are omitted. The following color codes have 
been used for the cofactors and residues: Rieske 2Fe–2S center ( yellow/orange spheres), hemes 
bL and f ( red sticks), four cystein residues around the 2Fe–2S cluster ( yellow sticks), His129 ( grey 
sticks), sites of mutagenesis in the water soluble Rieske domain ( wheat sticks/cartoon, red identi-
fier), hinge region between water soluble domain and transmembrane helix of the Rieske 2Fe–2S 
protein ( magenta). Transmembrane helix ( upper left) and water soluble part of the Rieske protein 
( center) belong to opposing monomers. For details see text
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Rieske Leu111 (Figs. 20.4a and 20.5) by alanine or tyrosine, results in complete 
loss or more than tenfold decrease in sensitivity against TDS and stigmatellin, 
respectively. This indicates the critical role of Leu111 in inhibitor binding and/or 
proper docking of the Rieske water soluble domain to Cyt b6 and SU IV (Yan and 
Cramer 2004); see also the next paragraph and Sect. 20.3.2.1]. In contrast, substi-
tution of SU IV-Leu81 on the small ef helix at the immediate entrance of the Qo 
site (Fig. 20.4) by the bulkier phenylalanine highly increased the sensitivity, while 
substitution by the less bulkier alanine showed no strong effect (Yan and Cramer 
2004). Possibly, the smaller size of the quinone entrance portal in the Leu81Phe 
mutant stabilizes TDS at the inhibitory site in proper orientation and conformation 
(Yamashita et al. 2007).

These data clearly indicate that inhibitor binding properties of the Qo site can be 
modified without compromising catalytic activity. Model calculations reveal how 
changes in the PQH2 binding affinity affect the ET rate through the Cyt b6   f com-
plex. When assuming KM ≈ 2.0 × 104 M−1 (Kramer et al. 1994), 1 mM PQ/PQH2 in 
the thylakoid membranes (Rich 1982) and a tenfold excess of PQ/PQH2 compared 
to Cyt b6   f (Finazzi et al. 1997), a fivefold decrease in the binding affinity would 
result only in a 20% decrease of the electron transport rate [for a calculation, see 
(Finazzi et al. 1997)], which is still within range of the experimental error gained 
with cd1 helix mutants (Lee et al. 2001). For the Rieske-Leu111 mutants (Yan and 
Cramer 2004), the same calculation resulted in a 10- to 15-fold decrease in the 
PQH2-binding affinity. (The accelerated electron transport kinetics in the SU IV-
Leu81Phe mutant cannot be modeled solely by changes in the binding affinity.)

In this context, the FUD2-mutant of C. reinhardtii with a duplication of 12 ami-
no acids in the cd2 helix domain of the Cyt b6 subunit should be mentioned (Ben-
noun et al. 1978; Finazzi et al. 1997): This mutant exhibited an 8-times slower ET 
through the Cyt b6 than WT, due to a 100-times slower binding affinity of the Qo site 
for plastoquinols (Finazzi et al. 1997).

[For Rieske hinge mutants effecting sensitivity towards Qo site inhibitors see 
(Yan and Cramer 2003) and Sect. 20.3.2.1].

20.3.2  The High Potential Chain

20.3.2.1  The Rieske Protein and 2Fe–2S Center

The Rieske 2Fe–2S protein consists of an N-terminal transmembrane helix and a 
large (140 residue) mobile soluble domain which extends into the lumen and is 
connected by a flexible hinge region (Fig. 20.5). This soluble extrinsic domain 
is subdivided into a small and a large subdomain [Fig. 20.5, Carrell et al. 1997]. 
PQH2 is oxidized to semiquinone by the Rieske 2Fe–2S center which is localized 
in the small subdomain, 8–10 Å (edge-to-edge) away from the bound quinone with 
Rieske-Leu111 and His129 in between (see above, Figs. 20.4a and 20.5).

While site-directed hinge mutants have been generated from both Chlamydo-
monas and cyanobacteria (de Vitry et al. 1999; Yan and Cramer 2003; de Vitry 
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et al. 2004), mutations effecting the environment of the 2Fe–2S center were mostly 
carried out with Chlamydomonas, which tolerates—in contrats to cyanobacteria—
deletion of essential amino acids (de Vitry et al. 1999). Some lethal substitutions of 
key residues such as Cys113 and Cys128 ( C. reinhardtii numbering: Cys110, -125) 
of the Rieske disulfide bridge were investigated by overexpressing a corresponding 
fusion protein in E. coli (Ouyang et al. 2004). Generally, the larger the distance from 
the 2Fe–2S cluster in the available mutants [Ser131-Tyr90-Trp177/178-Trp165  
( C. reinhardtii: Ser128, Tyr87, Trp176, -177, -163)] the smaller the effect of mu-
tations on structure and catalytic activity of the cluster [Fig. 20.5, (de Vitry et al. 
1999)]. For instance, Ser131, which is in direct contact with the 2Fe–2S cluster 
(Fig. 20.5), tolerates only the conservative substitution with threonine under pho-
totrophic growth conditions, while mutations Ser131Ala and Ser131Cys are lethal. 
Replacement of the polar serine residue with such nonpolar residues unable to form 
H-bond may impair the catalytic site and/or shift the redox potential of the 2Fe–2S 
cluster which, in turn, prevents an effective ET as found in the analogous Rieske 
mutants of the mitochondrial bc1 complex (Denke et al. 1998). At larger distance 
(~10 Å) from the 2Fe–2S cluster, mutant Tyr90Asp (=mutant 794, created by Sa-
beeha Merchant) shows an approximately 20-fold slower ET activity and is unable 
to grow phototrophically [Fig. 20.5, de Vitry et al. 1999]. Interestingly, this mutant 
contains only 1% Rieske-subunit of WT due to its lower stability (de Vitry et al. 
1999). In summary, these observations indicate that Tyr90 is essential for the terna-
ry structure (and catalytic activity) of the Rieske protein. Another aromatic residue, 
Trp165 on the large subdomain (Fig. 20.5), also seems to be important for maintain-
ing the protein structure, while deletion of the C-terminal tail region (with Trp177 
and 178, see Fig. 20.5) has no impact on the electron transport (de Vitry et al. 1999).

Oxidation of the 2Fe–2S center by Cyt f needs a large motion (“tethered” dif-
fusion, see Sect. 20.2.1) of the Rieske soluble domain toward Cyt f. This should 
be highly influenced by the flexibility of the hinge region linking the α-helical 
anchor and the water-soluble domain (Fig. 20.5). While substitution with glycine 
residues and/or insertion of one or more residues increases, substitution with proline 
residues or shortening its length decreases its flexibility. Creation of such mutants 
showed, that, in contrast to the bc1 complex, the Cyt b6   f complex is relatively in-
sensitive to the modified length or flexibility of the hinge region (Yan and Cramer 
2003; de Vitry et al. 2004). Interestingly, decreased and increased hinge flexibilities 
were accompanied by a higher resistance or sensitivity, respectively, against Qo-site 
specific quinol analogs. While the former (truncated hinge) may alter the Qo-site, 
resulting in insufficient contact between the 2Fe–2S cluster and the quinol-binding 
niche, the latter (elongated hinge) allows a different fit of the 2Fe–2S center to the 
Qo site which, in turn, results in an increased affinity for site-specific inhibitors (Yan 
and Cramer 2003).

20.3.2.2  Cytochrome f and Mobile Carrier Binding

Cyt f is the largest Cyt b6  f subunit (MW ≅ 32 kDa). It is anchored in the membrane 
by only one transmembrane helix, while its redox-active heme is located in the large 
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extrinsic domain with approximately 250 amino acids. Its main function is mediat-
ing electrons from the reduced Rieske 2Fe–2S center [for details, see Sects. 20.2.1 
and 20.3.2.1] to the mobile water soluble carriers PC and Cyt c6. [For a proposed 
2Fe–2S—PC ET bypassing Cyt f, see (Fernández-Velasco et al. 2001)]. The soluble 
extrinsic domain of Cyt f has a predominant β-strand structure and can be sub-
divided (similar to the Rieske 2Fe–2S soluble domain) into a small and a large 
subdomain (Fig. 20.6.). Based on the high (1.96 Å) resolution 3D structure of the 
extrinsic domain (Martinez et al. 1996) many mutants have been designed, notably 
effecting (1) the heme f environment on the large subdomain (N-terminal mutants) 
(Zhou et al. 1996; Baymann et al. 1999; Gong et al. 2000b), (2) the whole small 
subdomain (Gong et al. 2001), (3) a water channel which was revealed by crystal-
lographic analysis (Martinez et al. 1994; Ponamarev and Cramer 1998; Chi et al. 
2000; Sainz et al. 2000), (4) five positively charged lysines which are responsible 
for the mobile carrier docking in C. reinhardtii (Soriano et al. 1996; Fernández-
Velasco et al. 1997; Soriano et al. 1998; Gong et al. 2000a).

The high-potential c-type ( f-type) heme is covalently bound via thioether bonds 
and has a histidine (His26) as fifth ligand. The sixth ligand is the α-amino group 
of (the N-terminal) Tyr1 (Fig. 20.6) which can be substituted without problem 
(Baymann et al. 1999) while substitution of the neighbouring Pro2 has more seri-
ous consequences, probably by disrupting the (helical) structure of the N-terminus 
which might effect the 2Fe–2S to Cyt f ET (Zhou et al. 1996). In agreement with 
this, even subtle changes in the hydrophobic patch around heme f alter its midpoint 
redox potential and the binding constant of PC which results in decreased ET rates 
(Gong et al. 2000b). Remarkably, the whole small subdomain can be deleted with-

Fig. 20.6  The Cyt f water-soluble domain (PDB, 1vf5 and 2e76; Kurisu et al. 2003; Yamashita 
et al. 2007, respectively) with its large ( pink) and small subdomain ( green). The color coding of 
the Cyt b6   f subunits and co-factors is as in Fig. 20.5. For clarity, residues 69–72 and 117–120 from 
the large subdomain are omitted. Some sites of mutagenesis are indicated ( wheat sticks, red identi-
fier). These are Tyr1 and Pro2 at heme f and Asn154, Gln159, Asn169 and Asn 236 which binds 
the H2O molecules of the proton channel via H-bonds. The PC/Cyt c6 docking site is down-left, 
possibly with the participation of both small and large subdomain. For details see text
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out affecting the ET to PC (Chi et al. 2000; Gong et al. 2001). According to Brown-
ian dynamics simulations (Haddadian and Gross 2006), one function of the small 
domain may be to guide PC or Cyt c6 to a uniform dock with Cyt f. Furthermore, 
intactness of the buried five-water channel (“proton wire”) is required for a high 
rate of Cyt f reduction (Ponamarev and Cramer 1998). According to the structural 
data, a H+-transfer from the 2Fe–2S cluster can only occur if Cyt f is in the proximal 
position (Cramer et al. 2006). Hence, a cascade of deprotonation-protonation steps 
in the water channel should precede the quinol-deprotonation at the Qo site (nota-
bly, Cyt f and the Rieske 2Fe–2S should be oxidized first by PS I before accepting 
electrons from PQH2).

20.3.3  The Low Potential Chain

20.3.3.1  The PEWY Sequence and Heme bL

Blocking of the channel(s) for deprotonation of PQH2 (or protonation of PQ at 
Qi, see Sect. 20.3.3.2) should impair the photosynthetic electron transport, too (see 
Sect. 20.3.2.2). The conservative Pro-Glu-Trp-Tyr (PEWY) sequence in the ef loop 
of SU IV (Fig. 20.4a)—located in the vicinity of both the Qo quinone binding site 
and heme bL—may also be involved in the deprotonation of PQH2. Non-conserva-
tive substitutions of Glu78 within this sequence in C. reinhardtii resulted in a 2- to 
5-fold decrease in the Cyt f reduction kinetics, but neither prevented Cyt b6   f assem-
bly nor phototrophy (Zito et al. 1998; Finazzi 2002). Glu78 was proposed to be in-
volved in the transport of the second proton of PQH2 (Cramer et al. 2006); however, 
as indicated by the slower ET, PQH2 may also be deprotonated by another base, i.e. 
water or amino acid side chains. (The huge size of the quinone-binding cavity and 
the unknown quinone location in it keeps several possibilities open.) As proposed 
by Crofts (Crofts et al. 2000; Crofts 2004), the (first) electron and proton is trans-
ferred in a concerted action to the 2Fe–2S center, protonating one histidine ligand 
of the center (His129, Fig. 20.5). This proton can then be released to the lumen via 
an internal water bridge in Cyt f [(Martinez et al. 1996; Ponamarev and Cramer 
1998), see Sect. 20.3.2.2]. Thus, possibly only the release-route of the second pro-
ton should be still identified. Interestingly, preventing PQH2 deprotonation seems 
to impair ET less severely than protonation of PQ at the Qi site (see next section).

Based on the Cyt b6 primary structure and structural predictions two Gln47Ala 
mutants (in Synechococcus PCC 7002 and Synechocystis PCC 6803; Gln54Ala) 
have also been designed (Tietjens, Ambill, Schneider, Berry, Rögner, unpub-
lished). Cyt b6-Gln47 (in helix A) is close to and faces heme bL (not shown). Fluo-
rescence induction measurements indicated impaired electron transport through 
the Cyt b6   f and an increased Cyt bd oxidase activity in the partially segregated 
b6-Gln47Ala mutant [(Ambill 2004); for the role of Cyt bd oxidase in cyanobacte-
ria see Sect. 20.2.1]. This effect may be due to a lower Cyt b6f population size or 
an impaired/blocked ET.
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20.3.3.2  The Heme bH  /ci Couple and the Qi Quinone Binding Site

Substitution of residues with direct interaction in heme bH and the Qi quinone-bind-
ing site (Cyt b6-Gly37Val, Gly37Asn and Cys35Val in helix A) in C. reinhardtii 
result phenotypes which are unable to grow phototrophically (de Lavalette et al. 
2008a). Substitution of Gly37, which is only 3.7 Å away from the heme bH por-
phyrin ring, with bulkier and/or more polar residues may shift the Cyt bH midpoint 
potential, disrupt the protein structure and inhibit heme binding or protein folding 
(or a combination of them). Recently, it has been shown that binding of both hemes 
is crucial for the formation of the holo-cytochrome b6 (Dreher et al. 2008). This 
may—together with the assumption of an improperly bound or lacking heme bH—
explain the low accumulation of the Cyt b6  f complex in these strains [see (Kuras 
et al. 1997; de Lavalette et al. 2008a; Saint-Marcoux et al. 2009)]. Noteworthy, the 
conserved Gly37 was also required in artificial proteins mimicking Cyt b (Rau and 
Haehnel 1998; Ghirlanda et al. 2004) indicating the space requirement for proper 
packing. Likewise, results on mutants with subsitution of the conserved Leu204 
(close to the heme-binding His202 in helix D; Fig. 20.7) which impairs photosyn-
thesis (Zito et al. 1997), underlines the importance of a well-defined protein struc-
ture for heme-binding.

Heme ci is a unique cofactor of Cyt b6  f complexes in oxygenic photoautotrophs 
(Kurisu et al. 2003; Stroebel et al. 2003; Baniulis et al. 2009) and in bc complexes of 
several phyla of gram positive bacteria (Ducluzeau et al. 2008), but it does not exist 
in the mitochondrial bc1 complex. Its still enigmatic role in the Cyt b6  f complex is a 
big challenge for future research. Heme ci is covalently bound ( via a thioether link-
age) to Cys35 (see above and Fig. 20.7) and coupled electronically to the perpendic-
ularly oriented Cyt bH (edge to edge distance ≈3.5 Å; iron-iron distance ≈9.8 Å) via 
a water (or hydroxide) bridge (Kurisu et al. 2003; Stroebel et al. 2003; Zhang et al. 
2004a; Alric et al. 2005; Cramer et al. 2006; Zatsman et al. 2006; Baymann et al. 

Fig. 20.7  Stereographic view of the cyanobacterial Qi quinone binding pocket and its molecu-
lar environment in presence of NQNO (semi-apparent pale green) (PDB, 2e75; Yamashita et al. 
2007). The quinone binding pocket is surrounded by residues from Cyt b6 ( cyan) and SU IV ( sky 
blue), and PetN ( orange). For clarity, subunits PetG, -L, and -M are omitted. The following color 
codes are used: heme bH ( red), heme ci ( violet), His100 and His202, axial ligands of heme bH ( cyan 
sticks), sites of mutagenesis ( wheat sticks/cartoon, red identifier), PetN-Arg26 ( orange sticks, red 
identifier). For details see text
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2007; Baniulis et al. 2008). However, as revealed by directed mutagenesis, covalent 
binding of heme ci is not a prerequisite for assembly of functional Cyt b6   f complex 
but contributes to the folding of the complex in a protease-resistant form (Saint-
Marcoux et al. 2009). Heme ci also interacts with Arg207 on helix D of Cyt b6 and 
with Phe40 on helix E of SU IV (see below and Fig. 20.7). Its unique arrangement 
and the fact that it binds PQ directly without any axial ligand from polypeptides led 
to speculations on its role (Zhang et al. 2004a; Cramer and Zhang 2006; Cramer 
et al. 2006, 2008a; Baniulis et al. 2008; de Lavalette et al. 2009). Heme ci has been 
proposed to prevent the formation of reactive oxygen species (ROS) at the Qi site 
(Allen 2004; Cape et al. 2006; Zatsman et al. 2006; Baymann et al. 2007; Baniulis 
et al. 2008; Cramer et al. 2008a; de Lavalette et al. 2009)—a protection which is not 
required in mitochondria and anoxygenic bacteria. In the proposed model the heme 
bH/ci couple functions as a two-electron gate in which heme ci remains reduced 
until heme bH is reduced—either by heme bL (after a second turnover) or by ferre-
doxin or another mobile carrier of the PS I-mediated cyclic electron transport. The 
latter route is suggested by the narrow shielding of ci from the cytoplasmic space 
and a co-isolated cytochrome b6  f/FNR-complex (Zhang et al. 2001). Thereafter 
PQ is reduced in a concerted 2-electron transfer (Cramer et al. 2004, 2006, 2008a; 
Cramer and Zhang 2006; Baniulis et al. 2008). Noteworthy, despite huge efforts 
and excellent instrumentation semiquinone was never observed in the Qi pocket 
of the complex (Christof Klughammer and Ron Pace, personal communication). 
Nevertheless, phylogenetical analysis shows that the appearance of heme ci coin-
cides with the split of the Cyt b into Cyt b6 and SU IV. Evolutionary, this appeared 
much earlier than oxygenic photosynthesis and maybe correlated with a role of ci in 
stabilizing the protein structure (i.e. connecting Cyt b6 and SU IV) (Saint-Marcoux 
et al. 2009). Since early attempts to engineer a Cyt b6–SU IV fusion protein failed 
(Deborah Berthold, personal communication), this problem still remains a chal-
lenging task of future research. The emergence of heme ci in anoxygenic organisms 
suggests that either heme ci does not play a role in protection against ROS formation 
or the prevention of ROS formation by heme ci is only an indirect consequence of 
the energetically favored two-electron process at the Qi site without formation of a 
stable semiquinone radical [see (Cape et al. 2006)]. However, very recently, ci was 
also proposed as a putative terminal oxidase [(Twigg et al. 2009), see also below].

The involvement of Cyt b6  f and especially heme ci in the cyclic ET processes 
around PS I is reinforced by heliobacteria which rely only on cyclic ET around 
a type I reaction center (Ducluzeau et al. 2008). In this organism, heme ci has a 
protonatable axial ligand, probably Glu8 of SU IV. In Cyt b6  f complexes heme 
ci does not have any axial sixth ligand (besides the quinone) and the protonatable 
glutamate residue (Glu8) is replaced by a phenylalanine (Phe40) which protrudes 
above the heme plane and is in steric clash with the bound quinone (Fig. 20.7; de 
Lavalette et al. 2009). Glu8 in heliobacteria can be replaced by the quinone ana-
log 2-n-nonyl-4-hydroxyquinoline-N-oxide (NQNO) below pH 7.0 indicating some 
pH-dependent (self-) regulation of the ET in heliobacteria (Ducluzeau et al. 2008). 
Periodic changes in the redox state of the bH/ci couple during the Q-cycle should 
involve changes in the local protein structure, and control the interaction between 
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PQ and heme ci (de Lavalette et al. 2009). Hence, transient orientation changes 
of Phe40 (as of Glu8 in heliobacteria) may play a role in the concerted 2-electron 
reduction of PQ. Mutagenesis studies have shown that the bH/ci couple may act not 
only an electron donor but also as a redox trigger in this process (de Lavalette et al. 
2009). Also, the importance of the changing accessibility of heme ci during the Q-
cycle is indicated by light-sensitivity of the SU IV-Leu36Ala C. reinhardtii mutant 
with enlarged entrance of the Qi site (de Lavalette et al. 2008a).

A mutation Asp35Ala, one residue away from Leu 36 (see Fig. 20.7), was det-
rimental for photosynthesis and accumulation of Cyt b6  f. It was proposed that this 
amino acid may participate in the protonation of the quinone (Ducluzeau et al. 
2008). [For a thorough review on the potential n-side proton transport routes, see 
(Cramer et al. 2008a); for p-side proton transport see Sects. 20.3.2.2 and 20.3.3.1] 
Blocking of the protonation pathway would result in inhibition of the ET which, in 
turn, prevents phototrophic growth. As Asp35 of SU IV is salt bridged to Arg26 on 
the small subunit PetN (Fig. 20.7; see Sect. 20.2.2.2) site-directed mutagenesis of 
Arg26 may provide more information on the role of SU IV-Asp35.

Another mutant in the heme ci/bH moiety, b6-Arg207His (Fig. 20.7; in Syn-
echococcus PCC 7002, b6-Arg214His), showed a blocked Cyt b6 re-oxidation 
kinetics, while both b6 reduction kinetics and midpoint redox potential remained 
unchanged (Nelson et al. 2005). An enhanced superoxide production was also re-
ported (Ouyang et al. 2004) which could probably be attributed to the semiquinone 
formation at the Qo site. However, this mutation removes the positively charged 
arginine from the vicinity of the ci heme which should lower its midpoint poten-
tial, resulting in the possibility of oxygen reduction by heme ci (Toivo Kallas, per-
sonal communication). Also, the obtained data indicate that Arg207 is important 
in modulating substrate (PQ) binding affinity and/or protonation of PQ. Arg207 is 
salt-bridged to the heme ci propionate group which may provide the second proton 
to PQ protonation; a similar propionate-mediated protonation at heme a3 was found 
in cytochrome c oxidase (Popovic and Stuchebrukhov 2004; Brändén et al. 2005; 
Hellwig et al. 2008, see also Chapter Renger and Ludwig). The presence of Arg207 
should facilitate this type of proton transfer. Finally, the propionate-arginine couple 
with heme ci may also form an oxygen/redox sensor as reported for the FixLH 
oxygen sensor from Bradyrhizobium japonicum (Balland et al. 2006). Current EPR 
detection of the O2 surrogate NO bound to heme ci further strengthen this hypoth-
esis (Twigg et al. 2009). A role of Cyt b6   f in the redox signal pathway which finally 
leads to state transitions, has already been outlined (Vener et al. 1995); however, in 
this process the Qo site rather than the Qi site seems to play the decisive role (Vener 
et al. 1997; Zito et al. 1999; Finazzi et al. 2001; Wollman 2001; Mao et al. 2002).

20.3.4  Pigments Molecules and Sulfolipid in the Cytochrome  
b6  f Complex

As first shown by spectroscopy and later confirmed by the 3D crystal structures, the 
Cyt b6  f complex contains two pigment molecules, i.e. one chlorophyll a and one 
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carotenoid (Bald et al. 1992; Pierre et al. 1997; Peterman et al. 1998; Zhang et al. 
1999; Boronowsky et al. 2001; Kurisu et al. 2003; Stroebel et al. 2003; Wenk et al. 
2005). While the chlorine ring of Chl a is sandwiched between the F and G trans-
membrane helices of SU IV and probable also H-bonded to residues in helices B and 
C of Cyt b6 (Fig. 20.8), its phytyl side-chain protrudes into the entrance of the Qo 
site (Fig. 20.4a; Stroebel et al. 2003; de Lavalette et al. 2008b; Yan et al. 2008). The 
porphyrin ring of Chl a faces two small, non-polar residues (Val104 and Gly136 in 
helix F and G, respectively) and is coordinated by two water molecules, H-bonded 
to Phe135 and Thr140 in helix G, as a fifth (axial) ligand (of the Mg2+ ion). It is 
also surrounded by four aromatic residues [Tyr105 and Trp118 (Tyr112 and Trp125 
in Synechococus sp. PCC 7002) on the B and C helices of Cyt b6 and Phe133 and 
Phe135 from SU IV; see Fig. 20.8] which possibly stabilize its configuration via 
π-π electronic interactions (Yan et al. 2008). The Car molecule is inserted between 
the PetG and PetM helices (Fig. 20.3; see Sect. 20.2.2.2). This carotenoid is 9-cis 
β-carotene in C. reinhardtii and higher plants and echinenone in cyanobacteria, re-
spectively (Wenk et al. 2005). Surprisingly, deletion of the crtO gene resulted in a 
phenotype with normal growth and Cyt b6   f properties in Synechocystis (Wenk et al. 
2005). Both Chl a and Car is exclusively found in Cyt b6   f complexes but not in oth-
er, including heliobacterial, bc-type complexes (for the role of the other unique Cyt 
b6  f cofactor, heme ci, in heliobacteria, see Sect. 20.3.3.2). Despite several indica-
tions, the function of these prosthetic groups is still enigmatic. It has been proposed 
that Chl a may facilitate the electron transport, regulate the Cyt b6    f assembly and/
or stabilize the structure of the complex (Pierre et al. 1997; Wenk et al. 2005). Its 
short (~200–250 ps) singlet excited-state lifetime (Peterman et al. 1998; Dashdorj 
et al. 2005; Yan et al. 2008) as well as the detected long-range Chl-Car triplet en-
ergy transfer (Kim et al. 2005) may indicate their participation in protection against 
singlet oxygen formation (Dashdorj et al. 2007; Ma et al. 2009). Among several 
Synechococcus PCC 7002 and C. reinhardtii mutants in the vicinity of the Chl a 
cofactor (de Lavalette et al. 2008b; Yan et al. 2008) only the b6-Tyr105Phe mutation 
(Fig. 20.8) seems to be lethal (Yan et al. 2008). Both in vitro and in vivo character-

Fig. 20.8  Stereographic view of the Chl a molecule ( green) and its molecular environment (PDB, 
2e74; Yamashita et al. 2007). The color coding of the Cyt b6f subunits and co-factors is as before. 
The chorine ring of Chl a is inserted between helices F and G of SU IV ( sky blue), and its phytyl 
side-chain protrudes into the entrance of the Qo site (see also Fig. 20.4a). The four aromatic resud-
ies around the chlorine ring and SU IV-Thr140 are shown as sticks. Some sites of mutagenesis is 
also shown ( wheat sticks/cartoon, red identifier). For details see text
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ization of these mutants suggest that Chl a stabilizes the structure of the Cyt b6  f 
complex and affects the electron transport kinetics. Purified Cyt b6   f complexes from 
these strains showed a lowered Chl a content, indicating a weakened Chl a binding. 
In combination with the observed monomerization of purified mutant complexes 
from C. reinhardtii (Gly136Phe and Val104Phe/Gly136Phe) these data strongly in-
dicate a structural role of Chl a (de Lavalette et al. 2008b; Yan et al. 2008). Structur-
ally, Chl a was suggested to substitute the extra transmembrane helix in the bacterial 
bc complex as a stability element (de Lavalette et al. 2008b). The recent finding 
of protochlorophyll a, a chlorophyll a precursor, in dimeric Cyt b6  f complexes of 
barley etioplast, strongly suggests that phytylated tetrapyrrol is essential for the as-
sembly of the complex (Reisinger et al. 2008). Functionally, in vivo characterization 
of SU IV mutants in C. reinhardtii indicates a potential role of Chl a in triggering 
state transitions, i.e. the mechanism balancing the supply of excitons between the 
two photosystems—possibly by the induction of a conformational change via Chl 
a (de Lavalette et al. 2008b). Also, for Car a structural role is proposed, which may 
be replaced by other Car’s in case blocked synthesis pathways (Wenk et al. 2005).

The Chlamydomonas Cyt b6  f structure showed an endogenous sulfolipid, sul-
foquinovosyl diacylglycerol (SQDG) (Stroebel et al. 2003) which is also visible 
in the recent M. laminosus and Nostoc structures (Yamashita et al. 2007; Baniulis 
et al. 2009). [For the role of SQDG in photosynthesis see also (Sato et al. 1995; Sato 
et al. 2003; Aoki et al. 2004; Riekhof et al. 2003)]. This SQDG molecule is inserted 
between Rieske- and Cyt f-transmembrane helices close to the stromal/cytoplasmic 
surface of the membrane. It is hydrogen-bonded by Rieske Arg16 and Asn20 and 
Cyt f-Lys275 residues (Arg13, Asn17 and Lys272 in Chlamydomonas) and mu-
tagenesis studies suggest a participation in the autoregulation of Cyt f synthesis 
(Choquet et al. 2003; de Vitry et al. 2004).

20.4  Concluding Remarks and Future Perspectives

The X-ray structure determination of Cyt b6   f in 2003 was a milestone in under-
standing structure-function relations of this complex. This achievement gave rise to 
a very important boost to studies especially on the Qi site of Cyt b6   f with the previ-
ously hidden heme ci which is absent in the homologous Cyt bc1 complex. How-
ever, many basic questions on Cyt b6  f still remain to be answered. For instance:

• Is ET in the high- and low-potential chain always concerted?
• What is the role of heme ci in the low-potential ETC? Is it just a “wire” between 

heme bH and the PQ acceptor or a decisive component for the “buffering” of 
electrons?

• Can heme ci (or heme bH) be reduced directly by FNR or other components of the 
PS I mediated cyclic ET?

• What is the molecular mechanism of proton and electron transfer at the Qo and 
Qi sites?
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• What is the role of Cyt b6   f in signal transduction(s) including the regulation of 
state transitions? In which extent are these processes identical/different in cya-
nobacteria and higher plants?

• What is the role of PetC heterogeneity in cyanobacteria, especially PetC2, -C3 
and -C4?

• What is the role of transiently or weakly bound subunits, PetO and PetP? What 
is the specified role of the four small bona fide subunits?

• What is the role of the pigment molecules in the Cyt b6  f complex? Why is 
echinenone found in some Cyt b6  f complexes and β-carotene in others? Is there 
a light-triggered effect of Chl a and why was its potential structural role not re-
placed by other components during evolution?

Most of these questions are best addressed by the combination of structural and 
functional analysis of WT in comparison with directed mutants. X-ray data provide 
in-depth information on possible structure-function relationships of the complex 
which can be tested by the creation and functional analysis of mutants. However, 
while structural analysis was mainly performed on the non-transformable thermo-
philic cynobacterium Mastigocladus laminosus, mutant analysis had to be per-
formed using the transformable mesophilic cyanobacteria Synechococcus sp. PCC 
7002 and Synechocystis sp. PCC 6803, which yield no stable Cyt b6   f crystals. The 
recent 3D structure at (3.0 Å resolution) of the transformable cyanobacterium Nos-
toc sp. PCC 7120 (Baniulis et al. 2009) paves the way for a straightforward com-
bination of structural and mutagenesis investigations by using the same organism 
which should be an important step forward to solve the still open questions outlined 
above.
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21.1  Introduction

The soluble metalloproteins cytochrome c6 (Cc6) and plastocyanin (Pc), which are 
both located in the thylakoidal lumen of most oxygen-evolving photosynthetic or-
ganisms, play the same physiological role, that is the transfer of electrons between 
the photosynthetic membrane-embedded complexes cytochrome b6-f and photosys-
tem I (PSI). In cyanobacteria, the two proteins play an extra respiratory role as they 
can serve as donor of electrons to cytochrome c oxidase (CcO) (Peschek 1999).

In higher plant chloroplasts, the only carrier is the copper protein Pc (Molina-
Heredia et al. 2003). In many, but not all, eukaryotic algae and cyanobacteria, the 
carrier is also Pc, but their metabolism is so versatile as to allow them to adapt 
to changing environments: in copper-sufficient cells, Pc is used, but under copper 
deficiency this is replaced by Cc6 (Wood 1978; Ho and Krogmann 1984). In each 
organism, the synthesis of either Cc6 or Pc is controlled by copper availability, and 
so electrons can flow through the heme protein rather than the copper protein when 
the latter metal is in short supply. Finally, there are some other cyanobacteria and 
algae which can only synthesize Cc6.

Some years ago, we proposed as a plausible hypothesis that there has been a 
gradual evolution from Cc6 to Pc, with the first being replaced by the latter at the 
end of the evolutionary pathway (De la Rosa et al. 2002; Hervás et al. 2003). In this 
chapter, such a hypothesis will be analyzed from a geochemical point of view, so 
suggesting that the changing availability of the chemical elements iron and copper 
with time as the atmospheric dioxygen content increased along the Earth’s life has 
been the force driving the transition from Cc6 to Pc (cf. De la Rosa et al. 2006; Díaz-
Quintana et al. 2008, for recent reviews). We will also review and summarize¸ from 
an evolutionary point of view, the most recent experimental data in the literature on 
the structural and functional features of the two metalloproteins.

G. A. Peschek et al. (eds.), Bioenergetic Processes of Cyanobacteria, 
DOI 10.1007/978-94-007-0388-9_21, © Springer Science+Business Media B.V. 2011
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21.2  Iron and Copper

Iron and copper are two of the most important elements used by proteins to play 
their biological function. Actually, the two metals are essential for all living cells 
and organisms, ranging from bacteria to plants and animals. They are even classical 
elements in Mankind’s history as they were widely used by the human beings from 
the very early stages of their existence on the Earth, namely the “Bronze Age”, in 
which the most advanced metalworking included techniques for smelting copper 
and tin, and the “Iron Age”, in which iron was the main component of tools and 
weapons.

21.2.1  Two “Classical” Elements

In the Middle Ages, the alchemists linked metals to planets, so Mars (the Roman 
god of war) was linked to iron, and Venus (the Roman goddess of love and beauty) 
was linked to copper (Crichton and Pierre 2001). Mars is usually characterized as a 
youthful and aggressive warrior, whose attributes are usually a spear, a sword and 
sometimes a halberd (iron), whereas the attribute of Venus is usually a mirror (cop-
per) (Fig. 21.1).

The two planets were also linked to male and female, so Men are from Mars 
and Women are from Venus. It then also links all three—namely, Iron/Mars/Men 
and Copper/Venus/Women—by pointing out that men have a much higher concen-
tration of iron in their blood stream than women, and women have a much higher 
concentration of copper in their blood than men. Actually, the symbols ♂ and ♀, 
first used by the alchemists to design iron and copper, were after widely used in 
modern biology to distinguish male and female organs and individuals. They il-
lustrate how an apparently simple question in science—namely, the way in which 
the conventional signs for iron/male and copper/female, known as the Shields of 
Mars and the Mirror of Venus, first came to be used—also has a long complexity 
history which touches upon mythology, astrology, alchemy, pharmacy, chemistry, 
etc. (Stearn 1962).

21.2.2  Chemistry and Biochemistry

Iron is the fourth most abundant element of the Earth’s crust and the second most 
abundant metal. In the middle of the first transition series of the Periodic Table, iron 
possesses 26 electrons arranged in the following configuration: [Ar] 3d64s2. Copper 
is also one of the most abundant metals in the planet; its atomic number is 29 and its 
electronic configuration is [Ar] 3d104s1 (Fig. 21.1). Iron can exist in various oxida-
tion states, the principal being 2+ (3d64s0) and 3+ (3d54s0). Copper can also exist in 
various oxidation states, the principal being 1+ (3d104s0) and 2+ (3d94s0).

M. A. De la Rosa et al.
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Fig. 21.1  From Mars/Iron/Men to Venus/Copper/Women. In alchemy, metals were linked to plan-
ets, so Mars was linked to iron and Venus was linked to copper. These two planets were also linked 
to male and female, so Men are from Mars and Women are from Venus. Therefore, the conven-
tional signs for iron and copper, known as the Shields of Mars and the Mirror of Venus, came to 
be used for male and female, respectively. Left, Mars ( upper) and Venus ( lower) by Velázquez and 
Rubens, respectively. Middle, old alchemist manuscript from the 1600s. Right, alchemist symbols 
and electronic structure for iron and copper
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The solubility of iron and copper in water strongly depends on their redox state, 
although many other factors—namely, formation of precipitates and formation of 
complexes, including acid-base equilibria—can also affect the solubility of sub-
stances and, hence, govern the main types of processes that occur in aqueous solu-
tions. At equilibrium, the quantitative connection between the contents of a solution 
and the solids with which it is in contact—for example, the sea and the minerals on 
the sea bed—is determined by the solubility product constant ( Ksp), which stands 
for the product of the concentrations of the ions in solutions. Table 21.1 shows how 
precipitation of hydroxides and sulfides of both iron and copper varies. Actually, 
the Ksp value for iron sulfide is much higher than that for iron hydroxide, whereas 
the Ksp value for copper sulfide is much lower than that for copper hydroxide. This 
point has been of extreme importance for the evolution of living organisms (see 
below).

Although at low concentrations, iron and copper are crucial elements for living 
cells, which possess a lot of proteins containing one or even more metal atoms—the 
so-called metalloproteins—to play their physiological role. Discussing this topic 
is beyond the scope of this review, but it is worth mentioning that a number of 
biological questions are currently being addressed, within the framework of the 
“omics” revolution, through the construction of genome-scale data sets for all the 
metal species present within a cell (metallomics) and, in particular, for metallopro-
teins (metalloproteomics) (Bertini and Cavallaro 2008). Among them, the iron- and 
copper-containing proteins are mostly abundant.

The classification of metalloproteins based on the coordination chemistry of 
the metal allows us to highlight the diversity of biochemical functions that metals 
can play viewed through the ligands, which bind it to the protein. Both Fe(II) and 
Fe(III) are most frequently coordinated by six ligands in octahedral geometry, 
but Cu(I) can form complexes with coordination numbers 2, 3 or 4, and Cu(II) 
prefers coordination numbers 4, 5 or 6. Whereas four-coordinate complexes 
of Cu(II) are square-planar, the corresponding Cu(I) complexes are tetrahedral 
(Crichton 2008).

In the particular case of iron, we may consider the following classification: (1) 
hemoproteins, in which an iron porphyrin is incorporated into different apo-pro-
teins to give O2 carriers, O2 activators and electron transfer proteins; (2) iron-sulfur 
proteins, most of which are involved in electron transfer; and (3) non-heme, non-

Table 21.1  Solubility-product constant ( Ksp) of iron and copper compounds. (Data from Williams 
and Fraústo da Silva 1996)
Substance Formula Ksp

a

Copper(II)sulfide CuS 6 × 10−36

Iron(II)sulfide FeS 6 × 10−16

Copper(II)hydroxide Cu(OH)2 1.6 × 10−19

Iron(III)hydroxide Fe(OH)3 4 × 10−38

a The solubilities of the ions are in units of molarity (mol l−1 )
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iron sulfur, iron-containing proteins, which include proteins of iron storage and 
transport. In copper-containing proteins, three major types of metal centers can be 
found. Types 1 and 2 have one copper atom—which has an intense blue colour in 
the former and is almost colourless in the latter—whereas Type 3 has two copper 
atoms. Also the multicopper centers can be classified in two types, namely Type 4, 
which has three metal atoms, and Type 5, which consists of a dinuclear (CuA) and 
mononuclear (CuB) center (Table 21.2).

21.3  Geochemical Changes

During the whole Earth’s existence, there have been almost continuous chemical 
changes of the environment mostly due to life’s activities and these have had a huge 
effect on speciation (Williams 2007). The strong interplay of geochemical change 
and biological evolution is now a well accepted fact, with the evolution of biologi-
cal molecules (mainly, nucleic acids and proteins) being driven by the geochemical 
environment and the appearance of microorganisms determining the chemical com-
position of the planet surface (Kasting and Siefert 2003; Macalady and Banfield 
2003). Microbes affected the chemistry and distribution of many elements in the 
Periodic Table at the beginning of the Earth’s life and, thus, directly influenced their 
bioavailability (Newman and Banfield 2002).

Table 21.2  Iron and copper centers in metalloproteins
Examples Function

Iron proteins
Heme proteins Myoglobin, hemoglobin

Cytochromes
Catalases, peroxidases, terminal 

oxidases
Sulfite and nitrite reductases

O2 storage and transport
Electron transfer
O2 activation
S and N metabolism

Fe-S proteins Ferredoxin, rubredoxin
Oxygenases, hydrogenase, nitrogenase
Hybrid cluster proteins (HCP)

Electron transfer
Redox reaction
Unknown

Others Ferritin, transferrin Fe storage and transport
Copper proteins
Type 1 (tetrahedral) Blue copper proteins (plastocyanin, 

amycianin, azurin, etc.)
Electron transfer

Type 2 (square-planar) Nitrite reductase, superoxide dismutase, 
amino and galactose oxidases

Redox reaction

Type 3 (dinuclear) Hemocyanin
Tyrosinase

O2 transport
Hydroxylation

Type 4 (trinuclear) Ceruloplasmin
Ascorbate oxidase, laccase

Fe metabolism
Redox reaction

Type 5. CuA (dinuclear) 
and CuB (mononuclear)

Cytochrome c oxidase O2 reduction
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21.3.1  Increase in Atmospheric Dioxygen Content

The evolution of Earth’s atmosphere is linked tightly to the evolution of its biota. 
The planet is ca. 4.6 billion years old, and life (biosphere) appeared ca. 3.8 billion 
years ago (BYA) (Fig. 21.2). At the beginning, the biosphere was exclusively uni-
cellular and was dominated by hyperthermophiles that utilized chemical sources 
of energy and employed a range of metabolic pathways for CO2 assimilation (Des 
Marais 1998). When the first living organism, unicellular bacteria, appeared on the 
primitive Earth, molecular oxygen did not exist in the atmosphere. Non-oxygenic 
photosynthesis arose very early, and the oxygen-evolving process arose later but 
still prior to 2.7 BYA. It appears that oxygenic photosynthesis—an extremely 
complex biochemical process—was “invented” only once, and a primitive cya-
nobacterium was the organism responsible. Cyanobacteria elaborated an efficient 
light-driven machinery and gradually developed into unicellular and multicellular 
photosynthetic organisms, which produced more and more molecular oxygen. The 
transition toward the modern global environment was paced by a decline in volca-
nic and hydrothermal activity (Des Marais 1998).

Fig. 21.2  Change in atmo-
spheric dioxygen content and 
major evolutionary events 
along the Earth’s life. Oxygen 
concentration is expressed 
as fractions of the Present 
Atmospheric Level (PAL). 
Years before present are 
expressed as Billions Years 
Ago (BYA)
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So the largest chemical transition in the history of the Earth—which has been 
characterized by a series of major transitions separated by long periods of relative 
stability—was the ‘Great Oxidation’. It took place ca. 2.4 BYA, when atmospheric 
oxygen concentrations rose from less than 10−5 of the present atmospheric level 
(PAL) to more than 0.01 PAL, and possibly to more than 0.1 PAL. This transition 
happened long after oxygenic photosynthesis is thought to have evolved, but the 
causes of this delay and of the Great Oxidation itself remain uncertain (Goldblatt 
et al. 2006).

It has been proposed that molecular oxygen did not enter the atmosphere during 
at least two billion years of photosynthetic activity, and so dioxygen concentration 
remained stable at a low level because it was being used for chemical oxidation 
of huge amounts of reduced compounds (namely sulfide and ferrous iron) as long 
as cyanobacteria were producing it. With the appearance of eukaryotic organisms, 
oxygen concentration began to increase rapidly and the limit marked by the Pasteur 
point (0.01 PAL) was reached ca. 0.6 BYA. The Pasteur point—which means that 
respiration consuming molecular oxygen can produce energy much more efficiently 
than anaerobic fermentation—does represent the minimum to sustain the aerobic 
life (Fig. 21.2).

Accompanying the buildup of O2 was a new atmospheric development that also 
had an important effect on the biosphere, namely, the emergence of an ozone layer. 
The presence of atmospheric ozone is essential to the existence of most land life 
since ozone is the only important absorber of solar near-ultraviolet radiation be-
tween 200 and 300 nm. This dependence led Berkner and Marshall (1965) to link 
the spread of life onto land with the development of the ozone layer ca. 0.42 BYA. 
The so-called Berkner-Marshall point (0.1 PAL) marks the formation of a substan-
tial ozone layer in the upper atmosphere along with the land colonization by plants 
and animals (Fig. 21.2) (Fischer 1965; Peschek 1999). However, the uncertainty 
inherent in calculations on the establishment of the ozone screen and the invasion 
of land leaves open the possibility that a causal relationship between the evolution 
of atmospheric ozone and the appearance of land life did indeed exist (Kasting and 
Donahue 1981).

21.3.2  Changing Availability of Iron and Copper  
with Rising Dioxygen

The environment played a critical role as the driving force behind the evolution of 
internal cellular mechanisms. The oxygen released by cyanobacteria changed the 
world from anaerobic to aerobic and made possible the last great advance in energy-
yielding metabolism, aerobic respiration (Williams and Fraústo da Silva 1996).

The slow development of a dioxygen atmosphere had a gradual effect on many 
elements on the surface of the Earth and in the sea. There was a gradual rise in redox 
potential of the surface of the sea as the partial pressure of O2 rose. The initial redox 
potential in the reducing atmosphere some 4.5 BYA could have been well below 
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0.0 V. If we take this value as a starting point and then introduce dioxygen up to 
present-day levels then the potential rose slowly and today, near the sea’s surface, 
must be around that of the water/dioxygen couple of 0.82 V at pH 7. The change 
was slow and remains far from complete since the reducing components of the early 
surface and sea formed a large buffer, especially through iron sulfides. Dioxygen 
itself could only appear in quantity after most of the surface elements had been 
oxidized (Williams and Fraústo da Silva 1996).

Amongst the metals iron and copper, the change in availability due to oxygen 
advent is largely due to the difference in solubility of sulfides relative to hydroxides 
(see above, and Table 21.1). So copper became more available, and at the same time 
iron became of greatly reduced availability. The corresponding changes in avail-
ability of the two metals with the gradually increasing redox potential of surface 
water are shown in Fig. 21.3. In stages with the rise of redox potential, when most 
of the H2S had been oxidized, there must have been first the simultaneous loss of 
Fe/S complexes and precipitation of Fe(OH)3 (Williams and Fraústo da Silva 1996).

The redox potential value for the Fe2+/Fe3+ couple is extremely variable but can 
be tuned by the ligands provided by the protein matrix, so making iron most suit-
able for catalysis in living organisms. Actually, the redox potential value of iron-
containing proteins ranges from ca. −0.5 to ca. +0.6 V so as to encompass the whole 
spectrum of biologically relevant redox functions. Thus the first enzymes involved 
in anaerobic metabolism contained iron and were designed to act in the lower por-
tion of the range of redox potentials. The presence of dioxygen created the need for 
new redox systems with redox potentials in the range from 0.0 to 0.8 V. And copper 
proved eminently suitable for this role. For aerobic metabolism, enzymes and other 
proteins with higher redox potentials came to be utilized to take advantage of the 
oxidizing power of dioxygen (Crichton 2008).

Iron and copper are actually metals which play an important role in the living 
world. From a brief consideration of their chemistry and biochemistry (see above) 
it can be concluded that the early chemistry of life used water soluble ferrous iron 

Fig. 21.3  The changing 
bioavailability of some 
chemical elements with time 
as atmospheric dioxygen 
content increases 
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while copper was in the water-insoluble Cu(I) state as highly insoluble sulfides. In 
contrast to the oxidation of iron and its loss of bioavailability as insoluble Fe(III), 
the oxidation of insoluble Cu(I) led to soluble Cu(II) (Crichton and Pierre 2001). 
In summary, life’s ‘addiction’ to iron is thought to reflect this early evolution in 
an iron-rich reducing environment. Large-scale seeding experiments confirm that 
today iron availability limits growth of oceanic cyanobacteria possibly due to its 
requirement in photosynthesis and nitrogen fixation (Martin et al. 1994; Cavet et al. 
2003). On the other hand, copper is contained in a number of enzymes and proteins, 
but most of them are found only in eukaryotes (Ochiai 1983). Thus the early evolu-
tion of life was the “iron age”, but the subsequent was the “copper age”, or rather 
the “iron-copper age”, where both metals are involved together (Crichton 2008).

On the basis of the changing bioavailabilities of iron and copper throughout the 
Earth’s life, the transition form Cc6 to Pc can be interpreted as a consequence of mi-
crobial adaptation to environmental conditions. This means that the first O2-gener-
ating photosynthetic organisms produced the heme protein, as iron was much more 
abundant than copper, to transfer electrons from cytochrome b6-f to PSI and CcO. 
When copper became available as the atmosphere turn from reducing to oxidizing, 
the photosynthetic organisms learnt to use such a “novel” metal and incorporated 
it into proteins to play the same role as some of the “old” iron proteins (De la Rosa 
et al. 2006).

21.4  Iron-Copper Homeostasis in Cyanobacteria

Like other organisms, cyanobacteria require metal cofactors (mainly, iron and cop-
per) for the functioning of an ample variety of proteins (Messerschmidt et al. 2001). 
Thus cyanobacteria have developed elaborated metal homeostasis mechanisms and 
regulation processes not only to ensure an adequate metal supply in a changing en-
vironment but also to avoid harmful reactions coming from free metal ions (Bryant 
1994; Shcolnick and Keren 2006). Whereas iron and copper participate in essen-
tial metabolic pathways, namely photosynthesis and respiration, both free metals 
also promote at high concentration the generation of reactive oxygen species (ROS) 
causing oxidative damage, cell malfunction and even death (Halliwell and Gutter-
idge 1984; Crichton and Ward 2006). This is of particular relevance in the case of 
photosynthetic organisms, in which photosystems’ redox chemistry provides sev-
eral active sites where ROS can be generated (Shcolnick and Keren 2006).

Cyanobacterial photosynthetic and respiratory proteins require iron (including 
iron-sulfur clusters and heme groups) and/or copper (either as mono o multi-nuclear 
centers) cofactors (Hervás et al. 2003). As a result, the demand for both metals of 
photosynthetic organisms surpasses that of non-photosynthetic ones, resulting in an 
increased sensitivity to metal limitation and in the developing of mechanisms for 
metal uptake and collection (Shcolnick and Keren 2006). Thus, the occurrence of 
Fe(III) chelators, such as the ubiquitous ferritin iron-storage protein family, con-
tributes to increase the iron bioavailability and to decrease the deleterious effects of 
metal free ions (Keren et al. 2004).
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Since the insoluble ferric species became the prevalent form of iron for living 
organisms, a supplementary case of adaptation arose by developing new analogue 
enzymes possessing other metals and, in particular, copper (Table 21.3). In some 
cases, the organisms were even able to use one protein over the other depending on 
metal availability, thus adding an extra capability for metabolic adaptation to envi-
ronmental changes (Merchant et al. 2006). In particular, as many algae and cyano-
bacteria can synthesize Pc or Cc6 depending on copper availability (Sandmann et al. 
1983; Ho and Krogmann 1984), iron limitation also induces the replacement of the 
iron-containing protein ferredoxin by the flavin-containing protein flavodoxin to 
accept electrons from PSI and to function in other redox pathways (Rogers 1987). 
In both cases, protein alternation results in maintaining the metal uses in other es-
sential (and irreplaceable) redox proteins under metal limitation, thus suggesting 
that cyanobacteria can experience iron and copper-deficiency in nature (Martin 
et al. 1994; Morel and Price 2003).

In the particular case of Pc and Cc6, the occurrence of a cytochrome as electron 
donor to the chlorophyllic system of the primitive anoxygenic photosynthetic bac-
teria is an extra evidence in favour of our evolutionary hypothesis that the heme 
protein represents the ancestral photosynthetic redox carrier (Blankenship 1992; De 
la Rosa et al. 2006). Pc, in its turn, is evolutionarily related to other bacterial blue-
copper proteins with redox functions yet not involved in photosynthetic electron 
transfer, namely azurins and amicyanins (Messerschmidt et al. 2001). Thus, the re-
placement of Cc6 by Pc implies the recruitment of a copper-protein as a response to 
iron limitations. The synthesis of either Pc or Cc6 seems to be regulated by copper at 
the level of the initiation of transcription in Synechocystis and other cyanobacteria, 
thus acting on the amount of mRNA for the Pc-encoding petE and Cc6-encoding 
petJ genes (Briggs et al. 1990; Zhang et al. 1992). In consequence, Pc-mRNA is de-
tected only in the presence of copper and Cc6-mRNA is detected only in the absence 
of this metal (Zhang et al. 1992).

The cyanobacterial thylakoid is the site for both photosynthetic and respiratory 
electron transports, with the participation of an ample variety of iron proteins, the 

Table 21.3  Examples of iron and copper proteins that play equivalent roles. (Adapted from Mer-
chant et al. 2006)
Function Iron protein Copper protein
Electron transfer Cytochrome c6 Plastocyanin
Oxygen transport Hemoglobin

Hemerythrin
Hemocyanin

Hydroxylation Di-iron MMO
Cytochrome P450

Particulate MMO
Mononuclear tyrosinase

Oxidation Catechol dioxygenase Dinuclear catechol oxidase
Terminal oxidase Di-iron alternative oxidase CuACuB cytochrome c oxidase

CuACuZ N2O reductase
Anti-oxidant Fe-SOD Cu/Zn-SOD
Nitrite reduction Heme nitrite reductase Cu nitrite reductase
SOD superoxide dismutase, MMO methane mono-oxygenase
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copper protein Pc and cytochrome c oxidase (CcO)—the latter containing both iron 
and copper (Vermaas 2001). Pc and Cc6 are imported into the thylakoidal lumen as 
unfolded protein precursors (Van der Plas et al. 1989; Bovy et al. 1992). Cyano-
bacterial thylakoids are currently the only location for copper proteins known to 
require this metal entering into bacterial cytoplasms, and Pc in particular seems to 
be responsible for most of copper requirements as Pc concentration in the lumen 
is estimated to be in the range of sub-millimolar (Finazzi et al. 2005). Copper is 
transferred across the plasma and thylakoidal membranes by the consecutive action 
of two different copper-transporting P-type ATPases, the CtaA and PacS complexes 
(Fig. 21.4) (Shcolnick and Keren 2006). Inside the cell, copper is associated to 
Atx1, a small soluble copper metallochaperone (Banci et al. 2006; Shcolnick and 

Fig. 21.4  Pathways for copper and iron transport into Synechocystis cells and thylakoidal proteins 
requiring them in photosynthesis and respiration. FutA1, FutA2, FutB and FutC are the compo-
nents of the FutABC ferric iron transporter; FeoB is responsible for ferrous iron uptake; CtaA and 
PacS are two P-type ATPases for copper transport across the plasma and thylakoidal membranes, 
respectively. Iron is stored in Bacterioferritin A and B (BfrA, BfrB). Copper is associated to Atx1, 
a metallochaperone that delivers it to PacS. ‘X’ denotes transporters that are still unknown. The 
abbreviations for the photosynthetic and respiratory components are: PSI and PSII, photosystem 
I and II; PQ, plastoquinone; b6 f, cytochrome b6-f complex; Pc, plastocyanin; Cc6, cytochrome c6; 
Fdx, ferredoxin; Fld, flavodoxin; NDH, NADH dehydrogenase; SDH, succinate dehydrogenase; 
CcO, cytochrome c oxidase. Red, blue and black arrows stand for metal transport, copper incor-
poration to redox proteins and electron transfer reactions, respectively. (The scheme has been 
adapted from Shcolnick and Keren (2006) and De la Cerda et al. (2008)) 
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Keren 2006). Atx1 is supposed to obtain copper from CtaA and release it to PacS 
(Fig. 21.4) (Tottey et al. 2002, 2005; Banci et al. 2006), although it may also acquire 
copper from another unknown importer (Tottey et al. 2005).

In Synechocystis, the ferric iron ATP-binding cassette transporter FutABC plays 
a major role in iron transport across the plasma membrane (Fig. 21.4) (Katoh et al. 
2001). This transporter appears to be composed of four polypeptide subunits: FutA1 
and FutA2 as periplasmic proteins, and FutB and FutC, probably forming an inner-
membrane bound unit (Katoh et al. 2001). Alternatively, ferrous iron transport de-
pends on the FeoB transporter, although it is not essential for iron acquisition unless 
the ferric pathway is disabled (Katoh et al. 2001). Inside the cyanobacterial cell, up 
to 50% of the stored Fe(II) is associated to bacterioferritins, where it is oxidized to 
the insoluble Fe(III) form before being transferred to the different protein substrates 
(Keren et al. 2004; Shcolnick and Keren 2006). Cyanobacteria possess two bacte-
rioferritins (BfrA and BfrB) that would be able to form a heterodimeric structure 
(Keren et al. 2004).

21.5  Plastocyanin versus Cytochrome c6

Pc and Cc6 are by now well-characterized proteins. A great number of crystal and 
solution structures are already available for the two molecules from both prokary-
otes and eukaryotes, and functional analyses of their roles in differently evolved or-
ganisms have also been carried out. On the basis of such a structural and functional 
background, a comparative analysis is herein presented to highlight not only their 
main general features but also their particular similarities and differences depending 
on the organism from which both proteins come from.

21.5.1  Structural Features

The main structural characteristics of Pc and Cc6 are very well conserved among 
photosynthetic organisms (cf. De la Rosa et al. 2006 and Díaz-Quintana et al. 2008, 
for recent reviews). Whereas Cc6 is a typical Class I c-type cytochrome, with a 
heme group as redox center and a α-helix-based tertiary structure, Pc is a typical 
Type-1 blue copper protein, which consists of several β-strands and a short α-helix 
(Fig. 21.5) (De la Rosa et al. 2006; Díaz-Quintana et al. 2008).

The iron atom in the heme group of Cc6 presents a typical histidine-methionine 
axial coordination (Frazão et al. 1995; Sawaya et al. 2001), with part of the heme 
structure (pyrrole ring C and the ring D propionic group) being accessible to the 
solvent as to establish the most probable electron transfer port of the protein (Frazão 
et al. 1995; Ubbink et al. 1998; Crowley et al. 2002; Díaz-Moreno et al. 2005a, b). 
In Pc, the copper atom is coordinated by two histidines, one cysteine and one me-
thionine in a distorted tetrahedral geometry (Guss and Freeman 1983; Guss et al. 
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1986; Inoue et al. 1999). As the copper atom is not accessible to the solvent, His87 
(according to plant residue numbering) is the only solvent-exposed Cu-ligand, thus 
making this group the most probable electron transfer pathway to and from the 
redox cofactor (Fig. 21.5).

In summary, the main structural features—including the redox cofactor, the 
amino acid sequence and 3D structure—are dramatically different in Pc and Cc6. 
So the following question arises: How can two proteins so different play the same 
physiological role and interact with three different partners, namely the membrane 
protein complexes cytochrome b6-f, PSI and CcO? (see below).

Although Pc and Cc6 are two structurally unrelated proteins, they do howev-
er share a number of critical parameters related to their functional equivalence, 
namely the midpoint redox potential (ca. +350 mV, at pH 7), molecular mass (ca. 
9–10 kDa), and isoelectric point (pI). In particular, the pI value varies from one or-
ganism to another but is practically the same for the two proteins isolated from the 

Fig. 21.5  Structural 
comparison between redox 
centers (a), overall foldings 
(b) and surface electrostatic 
potentials (c) of Synechocys-
tis plastocyanin (PDB code, 
1PCS) ( left) and Synechococ-
cus cytochrome c6 (PDB 
code, 1C6S) ( right). The 
two molecules are oriented 
with their respective site 1 at 
the top and site 2 in front. 
Calculations for the surface 
electrostatic potential were 
made at 40 mM ionic strength 
and pH 7, with positively 
and negatively charged areas 
being depicted in blue and 
red, respectively. The arrows 
point to the electron transfer 
port
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same source (De la Rosa et al. 2002). As the main structural framework is strongly 
conserved in Pc and Cc6 from differently evolved organisms, these variations in 
pI reveal changes in the acidic and basic residues at the protein surface. Actually, 
the pI values for cyanobacterial Pc and Cc6 can be slightly acidic in Synechocystis 
(ca. 5.5), neutral in Arthrospira (ca. 7), or even strongly basic in Nostoc (ca. 9) (De 
la Rosa et al. 2006; Díaz-Quintana et al. 2008). This finding reveals a unique and 
intriguing feature in the evolution of these two alternative proteins. Noteworthy is 
that flavodoxin and ferredoxin exhibit in all cyanobacteria a strongly conserved 
acidic protein surface, with no significant differences from one organism to another 
(Rogers 1987).

The comparative structural and functional analysis of the protein surface areas 
of Pc and Cc6 has made possible to identify well-defined regions that could play 
similar functions (De la Rosa et al. 2002, 2006). Thus, Pc contains a hydrophobic 
patch at the protein surface around the His87 residue coordinating the copper atom 
(the so-called north pole, or site 1), whereas Cc6 exhibits a series of hydrophobic 
residues surrounding the solvent accessible part of the heme cofactor (Fig. 21.5) 
(Guss and Freeman 1983; Frazão et al. 1995; Sigfridsson 1998). In addition, Pc 
and Cc6 possess an electrostatically charged region, similarly located at the surface 
of both proteins related to their respective hydrophobic regions and redox centers 
(the so-called east face, or site 2) (Fig. 21.5) (Guss and Freeman 1983; Frazão 
et al. 1995; Sigfridsson 1998; Díaz-Quintana et al. 2003). The electrostatic patch 
is negatively-charged in the eukaryotic proteins, but is formed by acid or basic 
residues in cyanobacterial Pc and Cc6 so as to vary in parallel and in consonance 
with the pI of their respective partner (Fig. 21.5) (De la Rosa et al. 2002, 2006). 
From both kinetic analyses of site-directed mutants of Pc and Cc6 and NMR data, 
it is now clear that site 2 is responsible to electrostatically drive the formation of 
the transient complex with PSI and Cf, whereas the hydrophobic residues at site 
1 are responsible to maintain the surface complementarity with PSI and Cf and to 
establish the electron transfer pathway (Díaz-Quintana et al. 2008). However, it 
still remains to be established if the same areas are involved in the interaction with 
CcO, the respiratory partner.

In agreement with the close similarity of their functional areas, identical residues 
can be identified in Pc and Cc6 that are similarly located in relation to sites 1 and 2 
(De la Cerda et al. 1999; Molina-Heredia et al. 2001; Albarrán et al. 2005, 2007). 
Actually, cyanobacterial Pc and Cc6 possess just one arginine—the only arginyl 
residue in the whole amino acid sequence—between their hydrophobic and electro-
static areas. In Nostoc, this residue (Arg88 in Pc, Arg64 in Cc6) has been shown to 
be critical for the efficient oxidation of Cf (Albarrán et al. 2005, 2007) and reduction 
of PSI (Molina-Heredia et al. 2001). In addition, the replacement of an aspartate 
residue (Asp49 in Pc, Asp72 in Cc6) that is similarly located at the edge of site 2 in 
Pc and Cc6 by a positively-charged amino acid accelerates PSI reduction by the two 
proteins (Molina-Heredia et al. 2001).

Thus Pc and Cc6 represent a fascinating case of biological evolution at the 
molecular level that is both convergent and parallel. Actually, they are two geneti-
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cally unrelated proteins that have evolved to acquire a number of similar struc-
tural features so as to play the same physiological role; however, such structural 
features can be different from one organism to another but similar within the same 
organism.

21.5.2  Reaction Mechanisms

The double photosynthetic and respiratory role of cyanobacterial Pc and Cc6 as re-
dox carriers has been unequivocally demonstrated. However, their functioning has 
been more in depth analyzed in photosynthesis than in respiration (Paumann et al. 
2005; Díaz-Quintana et al. 2008). Actually, the functional interaction of Pc and Cc6 
with PSI has been exhaustively studied not only in cyanobacteria but also in an 
ample variety of eukaryotic organisms, ranging from green algae to plants (Hope 
2000; De la Rosa et al. 2002; Díaz-Quintana et al. 2003; Hervás et al. 2003). As 
regards the interaction with Cf, the kinetic analyses have been performed with Pc 
from a limited number of organisms (Kannt et al. 1996; Hope 2000; Schlarb-Ridley 
et al. 2002; Albarrán et al. 2005, 2007), whereas no information with Cc6 has been 
attained because of the similar spectral properties of Cc6 and Cf and overlap of 
absorbance bands.

The experimental data demonstrating the involvement of the two cyanobacterial 
metalloproteins in respiration is comparatively scarce. A kinetic analysis using the 
recombinant, soluble CuA domain of the CcO subunit II from Synechocystis shows 
that it is reduced by Cc6 and Pc with bimolecular rate constants of ca. 5 × 105 and 
5 × 104 M−1 s−1, respectively (Paumann et al. 2004a, b, c). Another time-resolved 
analysis using the whole enzyme reveals that both Cc6 and Pc can be efficiently 
oxidized by the aa3-type cytochrome c oxidase in Nostoc sp. PCC 7119 (Navarro 
et al. 2005).

To simplify the analysis of the experimental data, we have proposed (Hervás 
et al. 1995; De la Rosa et al. 2002; Díaz-Quintana et al. 2008) three different kinetic 
models: Type I, when the acceptor and donor proteins interact with each other by 
following a collisional reaction mechanism, with no formation of any kinetically 
detectable transient complex; Type II, when an intermediate transient complex be-
tween the acceptor and donor proteins can be detected; and Type III, when an ad-
ditional step resulting from the structural rearrangement of the two redox partners 
within the complex, prior to electron transfer, can be observed. The three kinetic 
models are represented in the following scheme:

I) Aox + Dred
k2→ Ared + Dox

II) Aox + Dred
KA←→ [Aox. . .Dred]

ket→ Ared + Dox

III) Aox + Dred
KA←→ [Aox. . .Dred]

KR←→ [Aox. . .Dred]∗
ket→ Ared + Dox

21 Evolution of Cytochrome c6 and Plastocyanin



622

where A and D stand for the acceptor and donor proteins, respectively; the brack-
ets indicate formation of the transient complex; and the asterisk denotes the prop-
erly rearranged complex. Whichever the kinetic model is applied in every case 
will depend on the relative values of the equilibrium constants for complex as-
sociation ( KA) and rearrangement ( KR), as well as of the rate constant for electron 
transfer itself ( ket). As noted by Hope (2000), the Type III model does correspond 
to the full description of the whole reaction in all systems, although kinetically 
they will appear as one of the above three models depending on the relative rate-
limiting steps. This classification of models for the reaction mechanisms applies 
to the interaction of Pc and Cc6 with all their known redox partners, namely PSI, 
Cf and CcO.

In most Pc/PSI and Cc6/PSI systems from different organisms analyzed so far, 
the kinetics of PSI reduction can be well fitted to one of such kinetic models (Hervás 
et al. 1995; Sigfridsson et al. 1995; Hippler et al. 1997). Actually, the two proteins 
react with PSI following the same kinetic model and exhibit similar rate constants 
when they are both isolated from the same organism but vary from one organism to 
another. As to the interaction with CcO, both Pc and Cc6 follow a Type II model in 
Nostoc sp. PCC 7119 (Navarro et al. 2005). And finally, Pc seems to react with Cf 
by following a Type II model in Nostoc and plants (Hope 2000; Albarrán et al. 2005, 
2007), but the experimental data could not be assigned to any kinetic model in other 
organisms, such as the cyanobacterium Phormidium laminosum (Kannt et al. 1996; 
Schlarb-Ridley et al. 2002).

The comparative analysis of PSI reduction by its two donor proteins in a wide 
variety of organisms has shed new light on the evolution of the electron transfer 
mechanism, whereas the lack of data on the interaction of Pc and Cc6 with their 
other redox partners prevents such evolutionary analysis. PSI reduction by Pc and 
Cc6 has experienced a long evolutionary process, from the Type I to Type II and 
III models, in order not only to reach the maximum kinetic efficiency but also to 
promote the transition from the iron- (Cc6) to the copper-protein (Pc). Thus PSI 
was first being adapted to react with Cc6 so as to evolve from Type I to Type III, 
but the further appearance of Pc required a second adaptation of PSI to its new 
electron donor protein (De la Rosa et al. 2002; Hervás et al. 2003; Díaz-Quintana 
et al. 2008). In fact, in most cyanobacteria the reaction mechanism of Cc6 with 
PSI ranges from Type I to Type II and even Type III. Pc, in turn, is always less 
efficient than Cc6 and only reacts with PSI according to Type I or Type II models 
(Díaz-Quintana et al. 2003, 2008). In eukaryotic algae, however, the experimental 
data is just the opposite, with both Pc and Cc6 following the Type III kinetic model 
but with Pc being even more reactive than Cc6, so suggesting that Pc has got time 
enough to evolve and learn to interact with PSI by following the most efficient 
way. Finally, in plants, Cc6 has lost its original function so as to be definitively 
replaced by the copper protein as donor to PSI (De la Rosa et al. 2006; Díaz-
Quintana et al. 2008).

In summary, our proposal is that molecular recognition between partners and 
complex formation were not well established at the beginning of the evolutionary 
process, when the interaction forces were mainly hydrophobic. Later on, the subse-
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quent evolution made the attractive electrostatic interactions the factors governing 
the redox reaction; the electron transfer was thus optimized within a rather stable 
transient complex, wherein the partners are oriented to allow the establishment of 
the hydrophobic interactions needed for efficient electron transfer upon complex 
reorganization. Finally, local structural changes in the interaction area between the 
two partners were designed to reach the last stage—that is, complex dissociation 
after electron transfer—and start a new redox cycle (De la Rosa et al. 2002; Hervás 
et al. 2003; Díaz-Quintana et al. 2008).

21.5.3  Knockout Mutants for Plastocyanin  
and Cytochrome c6 Genes

The relevance of copper homeostasis in cyanobacteria—not only as such but also 
as a model system for higher plants and even for humans—has made our group to 
analyze the effect of copper deprivation in Synechocystis cells, with particular at-
tention on the differential copper-regulated expression of Pc- and Cc6-coding genes 
(Malakhov et al. 1999; Hervás et al. 2003; De la Cerda et al. 2008). First, we con-
structed two deletion mutants—each lacking either the petE or petJ gene, which 
respectively codes for Pc or Cc6—in order to analyze their behavior, as compared 
with WT, when growing in media with or without copper. As expected, the WT 
cells do similarly grow under photoautotrophic conditions either in the absence or 
presence of added copper, so confirming that Synechocystis possesses a metabolism 
so versatile as to synthesize either Pc or Cc6 as a function of copper bioavailability. 
The two deletion mutants grow at rates equivalent to that of WT in media that allow 
them to express one of the two electron donor proteins. In fact, ∆petE is only able 
to grow at a standard rate in the absence of copper, when Cc6 is being produced, 
whereas ∆petJ grows normally when Pc is synthesized because of copper induction. 
When the ∆petE and ∆petJ strains are under conditions at which the expression lev-
els of both Pc and Cc6 are not detectable, their respective growth rate is much lower 
than that of WT cells (Durán et al. 2004).

Taking into account that the cyanobacterial respiratory and photosynthetic 
electron transfer chains share a number of redox components, such as Cc6 and Pc 
(Schmetterer 1994; Pils et al. 1997; Paumann et al. 2005), the ability of the WT, 
∆petE and ∆petJ strains to grow in glucose-supplemented culture media was also 
investigated. Under such heterotrophic conditions, glucose is used as an organic 
carbon source (Anderson and McIntosh 1991) and the electrons are transported 
from the sugar molecule to dioxygen throughout the respiratory pathway. None of 
the cell strains (including the WT) can grow in Cu-free medium. This is as expected 
because of the specific requirement for copper of CcO to be correctly assembled 
and function (Pils et al. 1997). In Cu-containing media, however, the WT and ∆petJ 
strains synthesize Pc and grow at a normal rate, but the ∆petE strain produces nei-
ther Cc6 nor Pc and is thus unable to grow because of the absence of a donor of 
electrons to CcO (Durán et al. 2004).
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The in vivo PSI reduction kinetics of the mutants were also compared with those 
of the WT cells. In WT Synechocystis cells growing in culture media supplemented 
with copper, PSI reduction is only ascribed to Pc—as Cc6 synthesis is repressed—
and the kinetics are well fitted to monoexponential curves (Fig. 21.6). The value for 
the observed rate constant of such a monophasic kinetic is ca. 2,700 s−1. In WT Syn-
echocystis cells growing in Cu-depleted cultures, in which Pc synthesis is repressed, 
Cc6-dependent PSI reduction follows a biphasic kinetic, with a fast phase (rate con-
stant of ca. 45,000 s−1) and a second, slower phase (rate constant of ca. 2,000 s−1) 
(Fig. 21.6). The fast and slow phases account for 37 and 63%, respectively, of the 
total signal amplitude (Durán et al. 2004, 2006). The fast phase has been typically 
assigned to the formation of a donor-PSI complex prior to laser excitation. Accord-
ing to the so-called Type II or III kinetic models (see above), the transient complex 
is formed before electron transfer. Thus, it seems that Cc6 interacts with PSI in vivo 
by following a more complex and efficient mechanism—involving transient com-
plex formation—than Pc.

The results reported for the in vivo reduction of PSI contrast with the kinetic 
behaviour previously described for the isolated proteins, where monophasic kinet-
ics corresponding to a single collisional mechanism (Type I) was reported for the 

M. A. De la Rosa et al.

Fig. 21.6  Kinetic traces showing in vivo PSI reduction in WT, ∆petE and ∆petJ Synechocystis 
cells. The cells were previously cultured in the presence or absence of copper, as indicated. The 
reaction cell contained an amount of Synechocystis cells equivalent to a total chlorophyll content 
of 150–300 µg ml−1 in 20 mM Tricine-KOH buffer, pH 7.0, supplemented with 10% (w/v) Ficoll, 
to avoid cell aggregation, and 1 mM sodium ascorbate. Absorbance changes were recorded at 
820 nm. The continuous lines correspond to theoretical fittings to mono or biexponential kinet-
ics. Interferences arising from photosystem II were avoided by preillumination of the samples 
with white light in the presence of 10 µM 3-(3′,4′-dichlorophenyl)-1,1-dimethylurea (DCMU) and 
10 mM hydroxylamine. (Adapted from Durán et al. (2004)) 
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interaction of both Pc and Cc6 with PSI (Díaz-Quintana et al. 2003). The disagree-
ment between the in vitro and in vivo data can be explained by assuming that the 
donor-PSI complex formation is a very precise process, which can be altered by 
subtle changes coming from the different donor-PSI environment existing both in 
vitro and in vivo. First, the ionic strength inside the thylakoid is 0.2–0.3 M; second, 
the presence of the thylakoidal membrane imposes additional electrostatic and hy-
drophobic interactions, along with a diffusion constraining factor; and third, the 
molecular crowding inside the cell can also impose severe limitations to the diffu-
sion and encounter of protein partners (Durán et al. 2006).

In vivo PSI reduction in ∆petE and ∆petJ cells growing under conditions that al-
low the expression of one of the two electron donor proteins follows kinetics similar 
to those observed in the WT strain. In fact, the kinetics with the ∆petE mutant in 
the absence of Cu and with the ∆petJ mutant in the presence of Cu are respectively 
biphasic and monophasic, and their observed rate constants are equivalent to those 
attained with the WT cells, but no PSI reduction is detected in mutant cells in which 
neither Pc nor Cc6 is expressed (Fig. 21.6).

Taken together, all this data also indicate that, contrary to previous proposals 
(Zhang et al. 1994; Metzger et al. 1995), there is no any other alternative redox 
mediator as efficient as Cc6 and Pc in the photosynthetic and respiratory electron 
transport chains, and therefore Synechocystis cells strictly depend on the synthesis 
of either Cc6 or Pc to grow not only photoautotrophically but also heterotrophically.

To further characterize the WT and mutant strains, a fractionation of cells grown 
either in the presence or absence of copper was performed, with the thylakoidal 
and plasma membranes being clearly solved on sucrose gradient. The same gradi-
ent pattern was attained with WT cells independently of copper availability, thus 
confirming that copper is not strictly required by Synechocystis cells to grow pho-
toautotrophically. As to the mutants, both ∆petE in the absence of Cu and ∆petJ in 
the presence of Cu showed a pattern very similar to WT. However, in mutant cells in 
which neither Pc nor Cc6 is expressed, the lack of the thylakoidal membrane band as 
well as a more intense blue colour band of soluble phycobiliproteins were observed, 
indicating that the membrane organization and pigment synthesis are significantly 
altered in the mutants with no electron donors to PSI and the terminal oxidase.

A preliminary proteomic study of WT and mutant Synechocystis cells has also 
been carried out. The soluble fractions of the three variants photoautotrophically 
grown in the presence or absence of copper were subjected to 2D electrophoresis, 
and some of the differentially expressed proteins were selected and analyzed by 
MALDI-TOF. The mutants grown under restrictive conditions showed a pattern of 
over-expressed proteins (tiorredoxins, superoxide dismutase, etc.) similar to that 
obtained with oxidatively stressed cells. This is as expected, because the absence 
of Pc and Cc6 blocks the photosynthetic chain, so inducing the accumulation of 
oxidized PSI, the reduction of quinones and the oxidation of final acceptors. The 
response of mutants to oxidative stress is the over-expression of peroxiredoxin (Ko-
bayashi et al. 2004) and DnaK (Deuerling et al. 1999). Moreover, over-expression 
of enzymes involved in the main metabolic pathways has also been observed, as 
expected from the metabolic alteration induced by oxidative stress.
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It is worth to note that some of the mutants are able to revert spontaneously, at 
a high frequency, under restrictive conditions. Research is now in progress in our 
lab with such revertants—which are probably affected not only in the regulation by 
copper of several metabolic pathways but also in copper intake itself—as they can 
be a powerful model system to get a deeper insight into the complex process of cop-
per homeostasis in cyanobacteria.
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22.1  Introduction

The flavodiiron proteins (FDP) constitute a large family of enzymes that reduce 
nitric oxide (nitrogen monoxide) to nitrous oxide (N2O) or oxygen to water (for 
recent reviews see Saraiva et al. (2004); Vicente et al. (2008a–d)). These enzymes 
were given this name because they contain a flavin mononucleotide (FMN) and 
a diiron centre as the common prosthetic groups. The first reported example was 
rubredoxin:oxygen oxidoreductase, ROO, from the sulphate reducing bacterium 
Desulfovibrio ( D.) gigas. This enzyme was shown to be the terminal oxidase of 
a three-component electron transfer chain coupling NADH oxidation (by an 
NADH:rubredoxin oxidoreductase, NRO) to oxygen reduction (Chen et al. 1993a, 
b). Electron transfer from NRO to ROO is mediated by a small iron-protein, ru-
bredoxin (Rd), which contains a FeCys4 centre (Chen et al. 1993b; Gomes et al. 
1997). This process, which occurs in the cytoplasm, was proposed to confer oxygen 
tolerance to this anaerobic bacterium, simultaneously enabling NAD+ regeneration 
(Fareleira et al. 2003). The first structure of an enzyme of the flavodiiron family 
was also that obtained for the D. gigas ROO, that allowed to clearly identify the 
catalytic centre, built by two iron ions ligated by the side chains of histidines and 
aspartates/glutamates (H79-X-E81-X-D83-X62-H

146-X18-D
165-X60-H

226, numbering of 
D. gigas ROO), and to envisage the intramolecular electron transfer pathways. 
Whereas the initial studies suggested a general role in oxygen stress alleviation in 
anaerobes, evidence for a role in nitric oxide detoxification broadened the interest 
on this protein family. In fact, nitric oxide is a well recognized toxic molecule, in 
concentrations above the nanomolar range, being either a weapon of the immune 
system or an intermediate of microbial denitrification; thus, organisms need to have 
enzymes able to deal with NO or its derived and toxic species. Until the discovery 
of this function of the FDPs, NO detoxification was thought to be mainly restricted 
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DOI 10.1007/978-94-007-0388-9_22, © Springer Science+Business Media B.V. 2011

Chapter 22
Flavodiiron Proteins and Their Role 
in Cyanobacteria

Vera L. Gonçalves, João B. Vicente, Lígia M. Saraiva and Miguel Teixeira

M. Teixeira ()
Instituto de Tecnologia Química e Biológica, Universidade Nova de Lisboa, Av. da República, 
2780-157 Oeiras, Portugal
e-mail: miguel@itqb.unl.pt



632

to the flavohemoglobin family (for a recent review see Lewis et al. (2008)), while 
the heme-iron membrane-bound NO reductases are mainly considered as enzymes 
of the denitrification pathway.

Since those early findings, a wealth of data has been accumulated in this field for 
different organisms. The main features of this challenging enzyme family will be 
discussed, with a particular focus on what is so far known on flavodiiron enzymes 
from cyanobacteria.

22.2  FDPs: A Family of Modular Enzymes

The analysis of the primary structure of the large number of FDPs encoded in mi-
crobial and eukaryotic genomes revealed a common flavodiiron core with ca 400 
amino acids, composed by a ~250-amino acids metallo-β-lactamase domain and a 
~150-amino acids flavodoxin domain, and the presence of extra structural domains 
fused at the C-terminus of the flavodiiron core. This latter observation led us to es-
tablish four subfamilies (Classes A–D), according to the type of structural domains 
present in each protein (Fig. 22.1a–d); the domain arrangement is intimately associ-
ated with the type of electron transfer chains involved in each case (e.g., Saraiva 
et al. 2004; Vicente et al. 2008b).

The prototype enzymes, which constitute the bulk of identified FDPs, are those 
that have only the core domains, i.e., the β-lactamase and the flavodoxin-like do-
mains (Class A, Fig. 22.1a). In several organisms these enzymes receive electrons 
from rubredoxins, acting as the terminal oxidase of a three components chain that 
involves also an NADH:rubredoxin oxidoreductase. However, in most organisms 
the immediate electron donor is not known and, as far as it can be predicted from 
genomic data, it is not a rubredoxin, since genes coding for this type of proteins are 
absent. Distinct types of electron donors have been reported, namely the F420H2 co-
factor in methanogenic Archaea (Seedorf et al. 2007), and the pyruvate:ferredoxin 
oxidoreductase system for the Trichomonas vaginalis hydrogenosomal FDP (Smut-
na et al. 2009).

The second type of enzyme to be described was the so-called flavorubredoxin, 
FlRd, since it contains at the C-terminus a third structural domain, similar to rubre-
doxins. The ca 50 amino acids rubredoxin domain is fused to the flavodiiron core by 
an apparently unstructured linker of about 20 amino acids. So far, this type of enzymes 
(Class B, Fig. 22.1b) is restricted to enterobacteria, such as Escherichia and Salmo-
nella species. FlRd has been shown to accept electrons directly from an NADH:FlRd 
oxidoreductase (from the family of NADH:rubredoxin oxidoreductases), establish-
ing a two component electron transfer chain (Gomes et al. 2000, 2002; Vicente et al. 
2007). The crystallographic structure of these enzymes remains to be determined, but 
structural studies by small angle X-ray scattering proposed that the linker between the 
Rd domain and the flavodiiron core is highly flexible, and thus the Rd domain pro-
trudes into the solvent extending from the tetrameric quaternary structure, resembling 
an independently-behaving “quasi” free rubredoxin (Petoukhov et al. 2008).

V. L. Gonçalves et al.
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Class C FDPs (Fig. 22.1c) were firstly identified in cyanobacteria (further dis-
cussed below)—these enzymes also bear a third domain at the C-terminus, homolo-
gous to NAD(P)H flavin reductases (Wasserfallen et al. 1998; Saraiva et al. 2004; 
Vicente et al. 2002, 2008a, b). Therefore, these FDPs have the interesting feature 
of condensing in a single polypeptide chain the whole electron transfer chain that 
couples NAD(P)H oxidation to oxygen and/or NO reduction.

The fourth class of FDPs (Class D, Fig. 22.1d) is composed by enzymes that ap-
pear to result from the fusion of a Class B FDP with the respective NADH:FlRd oxi-
doreductase, yielding a condensed four-domain polypeptide that is likely to directly 
accomplish O2 or NO reduction at the expense of NAD(P)H oxidation. So far, the 
only examples were found in the genomes of the anaerobic protozoan Trichomonas 

Fig. 22.1  Flavodiiron proteins are modular enzymes. Scheme depicting the modular nature of 
flavodiiron proteins, which in several organisms display extra C-terminal structural domains and 
were classified accordingly. a—Class A FDPs are the structural prototype of this protein family, 
being composed of an N-terminal β lactamase-like domain ( light blue box) and a C-terminal flavo-
doxin-like domain ( light yellow box). b—Class B FDPs, found thus far only in enterobacteria, bear 
an extra C-terminal rubredoxin domain ( dark red box), harbouring a FeCys4 center. c—Class C 
FDPs, from cyanobacteria and some eukaryotic oxygenic phototrophs, having a NAD(P)H:flavin 
oxidoreductase domain ( light green box) fused at the C-terminus of the flavodiiron core, that may 
bind one FMN or one FAD moiety. d—Class D FDPs are, so far, only found in the genomes of 
Trichomonas vaginalis and in a few Clostridia species. These FDPs appear to result from a fusion 
between a Class B FDP and its reductase partner, of the rubredoxin reductase family ( light orange 
box) 
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vaginalis (Carlton et al. 2007) and of the anaerobic bacterial pathogen Clostridium 
perfringens (Shimizu et al. 2002).

22.3  Amino Acid Sequences Analyses and FDPs 
Distribution

A BLAST search on the sequence databases using several queries (such as the se-
quences of the enzymes from cyanobacteria and from anaerobic bacteria) retrieved 
close to 500 sequences of flavodiiron proteins, which were aligned using Clust-
alX (Larkin et al. 2007). A dendrogram was constructed, based only on the com-
mon FDP core (discarding the extra C-terminal domains and several types of signal 
peptides at the N-terminus), using the neighbour joining method implemented in 
ClustalX (Fig. 22.2). FDPs, which were originally thought to be present only in pro-
karyotes, are also found in uni- and multicellular Eukarya, including oxygenic pho-
tosynthetic organisms (Table 22.1) and anaerobic protozoa ( Trichomonas, Giardia 
and Entamoeba species). As previously proposed, there are evidences for multiple 
gene transfer events, but it is also possible to distinguish groups corresponding to 
particular phylogenies (Andersson et al. 2003, 2006; Vicente et al. 2008b). A strik-
ing example is the observation that sequences retrieved for the cyanobacteria and 
for all the other oxygenic photosynthetic organisms so far known to contain genes 
encoding FDPs (algae, mosses, lycophytes or even the higher plant Picea sitchensis, 
see Table 22.1) form a distinct clade from the other classes of FDPs. The sequences 
of 82 putative FDPs of cyanobacteria were aligned separately, together with those 
from eukaryotic oxygenic phototrophs (Table 22.1) and with a few other proto-
typic FDPs, which served as a reference; a subset of this alignment is presented in 
Fig. 22.3, and the resulting dendrogram in Fig. 22.2b. Genes coding for FDPs are 
present in all complete genomes of cyanobacteria, and each cyanobacterium se-
quenced has always at least two FDP encoding genes; cyanobacteria are also among 
the organisms that have a higher number of homologues in a single genome (up 
to six homologues, as in Anabaena sp. PCC7120 and Anabaena variabilis ATCC 
29413, see Table 22.1). As already mentioned, all cyanobacterial FDPs and those 
from oxygenic phototrophs are of the C-type, i.e., have the extra C-terminal flavin-
reductase domain; the only exception is the FDP from Picea sitchensis, which, in 
spite of having high amino acid identity/similarity with the homologues of the re-
maining photosynthetic organisms, lacks the flavin reductase domain. The fact that 
the FDP sequences of the eukaryotic oxygenic photosynthetic organisms are closer 
to the cyanobacterial ones than to those from other eukaryotes (see Fig. 22.2a, b), 
indicates that eukaryotes acquired these genes more than once, i.e., their origin is 
not monophyletic. It had already been proposed that the anaerobic protozoa had ac-
quired FDPs from multiple lateral gene transfers from anaerobic prokaryotes (An-
dersson et al. 2003, 2006). Although a similar in-depth analysis is out of the context 
of this review, at least two arguments suggest a different scenario for the origin of 
the FDPs in oxygenic eukaryotes: (1) a close inspection of the sub-tree obtained 

V. L. Gonçalves et al.
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Fig. 22.2  a Dendrogram of selected flavodiiron proteins. A few sequences are highlighted: D. 
gigas (Dg), Moorella thermoacetica (Mth), E. coli (Ec), Methanothermobacter marburgensis 
(Mm), Giardia intestinalis (Gi), Trichomonas vaginalis (Tv1, Tv2), and several Entamoeba species  
(Ent). b Dendrogram of the flavodiiron proteins from cyanobacteria and oxygenic photosynthetic 
eukaryotes. The numbers correspond to the several Types of FDPs. Colors according to each type: 
green—1; red—2; dark blue—3; light blue—4; magenta—5; light orange—6; gray—7; black—8; 
light green—9; pink—10; ocean blue—11; dark orange—12. The dendrogram was obtained using 
ClustalX (Larkin et al. 2007), and Dendroscope, version 2.4 (Huson et al. 2007)
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only for the oxygenic photosynthetic organisms (Fig. 22.2b) strongly suggests that 
the higher organisms obtained FDPs from an ancient, possibly non extant, cyano-
bacterium; (2) several putative FDPs of algae, mosses, lycophytes and of the tree 
Picea sitchensis, are nuclear encoded, and the deduced amino acid sequences reveal 
clear signal peptides at the N-terminus (peptides rich in aliphatic residues, as well 
as in basic residues, namely arginines (Gould et al. 2008)) which suggest that the 
FDPs will be present in cellular organelles. Quite interestingly, the FDPs of Pau-
linella chromatophora (an organism considered to have acquired its plastid from a 
recent endosymbiotic event that may have occurred only a few millions years ago 
(Bodyl et al. 2007; Yoon et al. 2009)), lack those signal peptides and, accordingly, 
are encoded in the plastidic genome. In a speculative way, it appears that migration 

V. L. Gonçalves et al.

Table 22.1  Oxygenic photosynthetic organisms with genes coding for flavodiiron proteins
Organism Order No. of FDP 

genes
Cyanobacteria
Acaryochloris marina (MBIC11017) Acaryochloris 2
Anabaena (PCC7120) Nostocales 6
Anabaena variabilis (ATCC 29413) Nostocales 6
Cyanothece (ATCC 51142) Chroococcales 4
Gloeobacter violaceus (PCC7421) Gloeobacteria 2
Microcystis aeruginosa (NIES-843) Chroococcales 4
Nostoc punctiforme (ATCC 29133) Nostocales 5
Prochlorococcus marinus (MIT 9211, 9215, 9301, 9303, 

9312, 9313, 9515; AS9601; NATL1A, 2A; MED4; 
SS120)

Prochlorales 2

Synechococcus (JA-2-3B′a(2-13); JA-3-3Ab; WH 
7803, 8102; RCC307; CC9311, 9605, 9902, 9902; 
PCC7002)

Chroococcales 2

Synechococcus elongatus (PCC6301, 7942) Chroococcales 2
Synechocystis (PCC6803) Chroococcales 4
Thermosynechococcus elongatus (BP-1) Chroococcales 2
Trichodesmium erythraeum (IMS101) Oscillatoriales 2
Eukarya
Algae
Chlamydomonas reinhardtii Chlamydomonadales 1
Micromonas pusilla (CCMP1545, RCC299) Mamiellales 2
Ostreococcus lucimarinus (CCE9901) Mamiellales 2
Ostreococcus tauri Mamiellales 2
Paulinella chromatophora Euglyphida 2
Lycophyte
Selaginella moellendorffii Selaginellale 2
Tree
Picea sitchensis Coniferales 1
Moss
Physcomitrella patens ( subsp. Patens) Funariales 2
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of the FDP genes from the plastidic chromosome to the nucleus did not yet occur 
in Paulinella chromatophora, contrary to what already happened quite longer ago 
in the other photosynthetic organisms. On this basis, as well as taking into account 
the proposed function for FDPs in cyanobacteria (see Sect. 22.7), it is tempting to 
suggest localization in the chloroplasts for the FDPs of the other eukaryotic photo-
trophs, but experimental work will be needed to prove this hypothesis. This situa-
tion is reminiscent of that for at least one of the FDPs of the protozoan Trichomonas 
vaginalis, which possesses a signal peptide targeting the enzyme to the hydrogeno-
some (Smutna et al. 2009).

As recently noted by E.M. Aro and co-workers (Zhang et al. 2009), the FDP 
sequences of the cyanobacteria form two distinct clusters (Fig. 22.2b), which those 
authors named A and B. However, due to the above mentioned classification of 
the FDPs according to the respective modular arrangement, we prefer a different 
nomenclature for this division. Indeed, a detailed analysis of the cyanobacterial 
sequences (c.f. Fig. 22.3) reveals another remarkable characteristic, as compared 
to the remaining FDP-encoding organisms: while about half of the sequences have 
conserved residues matching the “canonical” ones known to be involved in iron 
coordination (H81-X-E83-X-D85H86-X62-H

148-X18-D
167-X60-H

228, Morella thermo-
acetica FDP numbering), which correspond to what we now propose to designate 
as Class C, Type 1 FDPs (Cluster B in Fig. 8 of Zhang et al. (2009)), a significant 
variation in these residues is present in the sequences forming the other cluster 
(Cluster A in Fig. 8 of that reference): up to eleven possible different ligand sub-
stitution combinations could be detected (Types 1–12, see Table 22.2, Figs. 22.2b 
and 22.3), with the corresponding sequences scattered along that second cluster, in 
between the second major group, the Type 2 enzymes. It is striking that the amino 
acid changes involve, in general, substitutions by neutral or positively charged 
residues (arginines, lysines and asparagines), or even aliphatic residues, such as 
isoleucines or alanines. It should also be noted that almost all cyanobacterial and 
photosynthetic eukaryotic organisms contain at least two FDP genes, one coding 
for a “canonical”, Type 1 enzyme, and a second, encoding one of the multiple 
types identified (Tables 22.1, 22.2 and Fig. 22.3). Some sub-types appear to be 
more common than others (c.f. Table 22.2), and Types 9–12 are, so far, restricted 
to eukaryotes.

These multiple putative ligand substitutions will be further discussed in the next 
section, regarding the possible involvement of these amino acids as ligands for the 
iron ions. At present, no rationale can be proposed for this diversity and its appar-
ent occurrence only in oxygenic phototrophs, either from the Bacteria or from the 
Eukarya domains.

The genomic organization of the genes encoding flavodiiron proteins is, in gen-
eral, very diverse. In enterobacteria, the gene coding for the FDP forms a dicistronic 
unit with that coding its NADH oxidoreductase; in D. gigas, roo forms also a di-
cistronic unit with the gene encoding rubredoxin, the immediate electron donor to 
ROO. However, in the majority of the cases, the FDP-encoding genes have in their 
vicinity genes coding for proteins whose functions are unrelated to oxidative or 
nitrosative stress responses. We analysed the genome regions surrounding the 82 

22 Cyanobacterial Flavodiiron Proteins
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Fig. 22.3  Amino acid sequence alignment of the FDPs from Class C—Types 1–12. The align-
ment was performed using one example from each type, and the sequence of M. thermoacetica 
FDP as a reference (Mth). Syn 1 and Syn2: Sll0550 and Sll1521, respectively from Synechocys-
tis sp. PCC6803; Ana: All0177 from Anabaena sp. PCC7120; Pma1: P9215_00501 from Pro-
chlorococcus ( P.) marinus MIT 9215; Pma2: P9515_00491 from P. marinus MIT 9515; Pma3: 
PMN2A_1375 from P. marinus NATL2A; Sno: SynRCC307_2387 from Synechococcus sp: 
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FDP-encoding genes retrieved from the Cyanobase website (http://genome.kazusa.
or.jp/cyanobase/). From the 35 genomes scrutinized, 20 have genes coding for FDPs 
adjacently transcribed (Fig. 22.4a), where one of the genes corresponds always to 
a type 1 FDP, and the other to types 2–7. The flanking regions surrounding these 
contiguous FDP-encoding genes are variable. However, we found some examples 
of a common organization, as depicted in Fig. 22.4a. A particularly interesting case 
is found in a few Prochlorococcus marinus strains, where a rubrerythrin-encoding 
gene (a protein involved in oxidative stress response, as an H2O2 reductase (Kurtz 
2006)) is adjacently upstream to one of the FDP coding genes and transcribed in the 
same direction.

In four genomes (including that of Synechocystis sp. PCC6803), two of the genes 
coding for FDPs are almost contiguous (always encoding a type 1 and a type 2 FDP 
enzymes), displaying only one gene (encoding a hypothetical protein) in between 
them, and the three genes are transcribed in the same direction (sll0217-sll0219 in 
Synechocystis sp. PCC6803, Fig. 22.4b). That same gene is conserved among the 
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Fig. 22.3   (continued) RCC307; Ter: Tery_0770 from Trichodesmium erythraeum IMS101; Mpu: 
EEH_58658 from Micromonas pusilla CCMP1545; Olu: XP_001416100 from Ostreococcus luci-
marinus CCE9901; Cre: XP_001692916 from Chlamydomonas reinhardtii; Ota: CAL52487 from 
Ostreococcus tauri. Several N-terminal extensions were deleted. The residues implicated in the 
binding of the diiron site in Moorella thermoacetica FDP are marked with an asterisk (*). Black 
shadows correspond to strictly conserved residues; Gray shadows correspond to the putative diiron 
site ligands. Too large non-conserved segments from the sequences designated by Mpu and Ota 
were removed for clarity and are represented by -//- 
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Fig. 22.4  Genomic regions surrounding cyanobacterial FDP encoding genes. The genome regions 
around each cyanobacterial FDP encoding gene were analyzed in the Cyanobase website (http://
genome.kazusa.or.jp/cyanobase). a Types of genome loci that were found in at least two genomes, 
and the corresponding Type of Class C FDPs encoded. b In four genomes (including that of Syn-
echocystis sp. PCC6803), genes encoding FDPs were found to be interspaced by a conserved gene 
encoding a hypothetical protein containing a transmembrane domain; these encoded FDPs are in 
every case a Type 1 and a Type 2 
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Table 22.2  Ligands of the diiron site in “canonical” FDPs, and corresponding amino acids substi-
tutions in the enzymes from cyanobacteria and eukaryotic oxygenic phototrophs
Type (No. of examples) Fe 1 Fe 2
1 (49) H91-X-E93-X-D95-H96 H158-X18-D

177-X56-H
233

2 (29) H108-X-N110-X-N112-R113 R178-X18-K
197-X56-H

254

3 (4) H87-X-S89-X-N91-R92 R155-X18-K
174-X56-H

231

4 (4) H96-X-N98-X-Q100-I101 R174-X18-K
193-X56-H

250

5 (2) H96-X-N98-X-K100-I101 R174-X18-K
193-X56-H

250

6 (1) H105-X-N107-X-N109-K110 R190-X18-K
209-X56-H

226

7 (1) N89-X-N91-X-D93-R94 R168-X18-R
187-X56-Y

244

8 (1) H88-X-N90-X-N92-R93 K156-X18-K
175-X56-H

232

9 (4) H147-X-S149-X-K151-R152 R236-X18-K
255-X122-H

378

10 (1) H70-X-S72-X-R74-R75 R160-X18-K
179-X57-H

237

11 (1) H60-X-D62-X-K64-A65 R128-X18-K
147-X57-H

205

12 (1) R143-X-A145-X-R147-R148 R233-X18-K
252-X99-H

352

Aminoacids numbering according to the sequences presented in Fig. 22.3, excluding Morella ther-
moacetica FDP. 1—Synechocystis sp. PCC6803 sll0550; 2—Synechocystis sp. PCC6803 sll1521; 
3—Anabaena sp. PCC7120 all0177; 4—Prochlorococcus ( P.) marinus MIT 9215 P9215_00501; 
5—P. marinus MIT 9515 P9515_00491; 6—P. Marinus NATL2A PMN2A_1375; 7—Syn-
echococcus sp RCC307 SynRCC307_2387; 8—Trichodesmium erythraeum IMS101 Tery_0770; 
9—Micromonas pusilla CCMP1545 EEH_58658; 10—Ostreococcus lucimarinus CCE9901 
XP_001416100; 11—Chlamydomonas reinhardtii XP_001692916; 12—Ostreococcus tauri 
CAL52487
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genomes displaying this organization, which suggests that transfer events may have 
included the set of FDP genes interspaced by this gene. Another interesting obser-
vation is that a secondary structure prediction (using the PSI-PRED server (Jones 
1999, p. 839)) suggests the presence of transmembrane helices in that putative gene 
product. It should be recalled that the Synechocystis sp. PCC6803 sll0217-sll0219   
gene products (the type 1 and 2 FDPs in this kind of genomic organization) are 
found, at least partially, in the bacterial membranes, despite lacking any predictable 
transmembrane helices. Whether that hypothetical transmembranar protein contrib-
utes to this localization is an interesting question that requires experimental data to 
be answered.

22.4  Three Dimensional Structure of Flavodiiron 
Enzymes

The first step in the elucidation of the structural features of FDPs consisted in the 
resolution of the crystallographic structure of D. gigas FDP, rubredoxin:oxygen oxi-
doreductase (Frazão et al. 2000). This three dimensional structure confirmed the 
homodimeric quaternary arrangement determined in solution, with each ~43 kDa 
monomer being built by two structural domains: a diiron-containing domain, struc-
turally analogous to zinc β-lactamases (despite the poor amino acids sequence simi-
larity), followed by a short-chain flavodoxin-like domain, harbouring an FMN. In 
each monomer, the redox active cofactors are placed ca. 30 Å apart, precluding 
biologically active electron transfer between each other. However, the quaternary 
structure is such that, due to the “head-to-tail” arrangement of each monomer within 
the dimer, the diiron site of one monomer is almost in Van der Waals contact with 
the FMN from the other monomer, ensuring a fast electron transfer between the 
two redox centres (c.f. Fig. 22.5). The iron ions from the diiron centre are bound by 
histidines and glutamates/aspartates, and are bridged by a µ-hidroxo(oxo) species 
and one aspartate residue (Fig. 22.5c). Several FDP´s structures are now available 
(Silaghi-Dumitrescu et al. 2005; Seedorf et al. 2007; Di Matteo et al. 2008), reveal-
ing a conservation of the dimeric “head-to-tail” arrangement (even when the quater-
nary structure is a tetramer), as well as of the diiron ligand sphere.

As this revision was being written, the structure of a truncated form of Anabae-
na sp. PCC7120 FDP encoded by all0177 (a Type 3 FDP), consisting solely of its 
lactamase-like domain was deposited in the Protein Data Bank (code 3HNN). The 
amino acids that act as iron ligands in “canonical”, Type 1, FDPs, are herein replaced 
in several positions (Table 22.2); furthermore, the structure model does not contain 
any metal ion. Whereas the overall fold of this truncated domain resembles the cor-
respondent ones in the other FDPs (Fig. 22.5a), the structure of the diiron site pocket 
is markedly different (Fig. 22.5d). In this structure, the side chain of a lysine (K174, 
all0177 numbering, equivalent to K197 in Fig. 22.5d—see sequence alignment in 
Fig. 22.3), which replaces the bridging aspartate in Type 1 FDPs, protrudes into the 
space occupied by the iron ions in the other FDPs. Moreover, the number of basic 
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residues, such as asparagine and arginine (that replace the “canonical” carboxylate 
ligands) crowding the pocket may be the reason why a phosphate ion is stabilized 
inside the cavity. Since this structure was obtained for a truncated domain, one has to 
take into account a possible destabilization of the overall structure, in spite of the ap-
parently retention of the lactamase fold (as described above and shown in Fig. 22.5a). 
This raises the question whether iron is missing because of the nature of the “alterna-
tive ligands”, or due to any technical issue related with the protein production, purifi-

V. L. Gonçalves et al.

Fig. 22.5  Structural models of cyanobacterial flavodiiron proteins. a Structures of β-lactamase 
domains of a Class A FDP ( Moorella thermoacetica FDP, PDB code 1YCG, in blue), and of a 
Class C Type 3 FDP ( Anabaena sp. PCC7120 all0177, PDB code 3HNN, in green). The struc-
tures were aligned in Pymol (DeLano 2002) with an RMS of 1.364 Å for 185 aligned residues. b 
Models of the flavodiiron core of cyanobacterial FDPs (the C-terminal flavin reductase domains 
were removed from the modelled sequences). Two types of Synechocystis sp. PCC6803 FDPs 
were modelled using deposited FDPs structures as templates. sll550 (Type 1 FDP) was modelled 
using 1E5D, 1VME and 2OHH as templates (model in blue); sll1521 (Type 2 FDP) represented in 
red and orange, modelled using 2OHH as template. Each monomer is displayed either in cartoon 
or ribbon representation. c Superimposed modelled diiron site of sll550 (in blue) and of Moorella 
thermoacetica FDP (in red); iron ions as orange spheres. d Superimposition of the modelled diiron 
sites of sll1521 (Type 2), using different modelling strategies: blue, ligand substitutions modelled 
with structures of “canonical” Class A FDPs structures; yellow, the same “substituting” residues 
modelled with the structure of Anabaena sp. PCC7120 Type 3 FDP lactamase domain (PDB code 
3HNN)
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cation or crystallization processes, which may trigger a rearrangement of the binding 
pocket. It should be noted that in several of the other types of enzymes (Types 2–8) 
the residue that replaces the bridging aspartate is preceded by another aspartate or by a 
glutamate, which may fulfil the same role, as will be discussed below. However, from 
the amino acid sequences comparison (see data on Table 22.2 and Fig. 22.3), it is clear 
that while some amino acid substitutions are conservative, in the sense that the amino 
acid substitute may bind to a metal ion through its side chain (even if representing less 
frequent modes of biological metal coordination), other amino acids may bind only 
through the backbone carbonyls, as the respective side chains are aliphatic (for exam-
ple, the cases of isoleucine and alanine). Also, in many cases it is not possible to find 
in the sequences possible sensible amino acid substitutes, being the bridging aspar-
tate a possible exception to this observation. These multiple amino acid substitutions 
raise the question whether some of those “unusual” FDPs are indeed metalloenzymes, 
which may be clarified only by appropriate experimental data. Of course, the possible 
absence of the iron ions will have unpredictable influences on the protein function.

Physiological studies on cyanobacterial FDPs have thus far focused on Synecho-
cystis sp. PCC6803 enzymes (Vicente et al. 2002; Helman et al. 2003; Hackenberg 
et al. 2009; Zhang et al. 2009). This organism’s genome codes for four FDP ho-
mologues, two of which fall into Type 1 and the other two into Type 2 subgroups. 
Since there appears to be no difference in terms of physiological roles between the 
two types of FDPs (see Sect. 22.7), we attempted to predict the structures of one 
of each type using deposited PDB files as templates. Since Class C FDPs have the 
extra C-terminal flavin reductase domain, the sequences used for modelling the 
structure were previously truncated, in order to model only the flavodiiron core. 
The protein coded by gene sll0550 (a Type 1 enzyme) was modelled by combining 
the generated optimal structural alignments between sequence segments and several 
FDP structures ( D. gigas ROO (1E5D), Thermotoga maritima FDP (1VME) and 
Methanothermobacter marburgensis F420H2 oxidase (2OHH)). The resulting model 
is thus an assembly of the best-fit models for different parts of the sll0550 sequence. 
The predicted structure (Fig. 22.5b) is quite similar to those of the “canonical” 
FDPs. Looking in detail at the binuclear site (Fig. 22.5c, red), it is observed that the 
conserved diiron ligands are modelled in the same positions and geometries as those 
of Moorella thermoacetica FDP (Fig. 22.5c, blue).

The Type 2 FDP, encoded by sll1521, was modelled by two different strate-
gies. First, it was modelled using as template the structure of Methanothermobacter 
marburgensis F420H2 oxidase (2OHH). By this approach, it was possible to obtain 
a model where the residues substituting the “canonical” ligands display a geometry 
compatible with an iron coordination equivalent to Type 1 FDPs (Fig. 22.5d). More-
over, this modelling strategy resulted for sll1521 in a structure where the iron ions 
are present and the aspartate preceding the substituting lysine is placed in the same 
three dimensional position as the “canonical” aspartate. This model for sll1521 is 
thus compatible with a protein where the alternative amino acids indeed bind the 
iron ions. However, when we modelled sll1521 using the structure of the lactamase-
like domain of Anabaena sp. PCC7120 Type 3 FDP (PDB code 3HNN) as a tem-
plate, the structure of the diiron binding pocket changed dramatically, as expected 
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(Fig. 22.5d). As already noted for the Anabaena truncated enzyme, the side chain of 
the lysine that substitutes in the sequence of all177 the bridging aspartate protrudes 
into the space occupied by iron in Type 1 FDPs. Moreover, the equivalent basic 
residues that substitute the Type 1 ligands are placed in the same position as those in 
the al177 structure. Therefore, the fact that both models are plausible leaves an open 
question, whether the metal ions that constitute the diiron site are present or not in 
the native sll1521 enzyme, and which would be the effect of their presence or ab-
sence on the protein’s function. As above mentioned, this question may be answered 
only with further structural and functional studies of the different types of FDPs.

22.5  Biochemical Properties

The FDPs thus far characterized are homodimers or homotetramers (a dimer of “head-
to-tail” homodimers) in solution. Each monomer has ~45 kDa (Class A), ~54 kDa 
(Class B), and ~63 kDa (Class C) (no Class D FDP has been characterized), and con-
tains two iron ions and one FMN per flavodiiron core, plus one iron per rubredoxin 
domain in Class B FDPs, and one flavin per flavin reductase domain in Class C FDPs. 
The latter extra domain is promiscuous in terms of flavin, being capable of harbouring 
FMN or FAD (Vicente et al. 2002). Due to the very low molar absortivity of the diiron 
centres, the electronic spectra of these enzymes are dominated by the flavin absorp-
tion, with maxima at ~460 and ~380 nm. In Class B enzymes, due to the presence of 
the FeCys4 centre the band at ~460 nm shifts to ~470 nm and an extra band appears 
at ~570 nm. Most Class A flavodiiron proteins thus far characterized displayed vis-
ible spectra which were broad and smooth in the band centred at ~460 nm. However, 
the spectra of a cyanobacterial FDP (Synechocystis sp. PCC6803 sll0550 (Vicente 
et al. 2002)) and of a methanogenic FDP (Wasserfallen et al. 1995) display this band 
with two shoulders. It has been noted that the FDPs with this kind of spectrum, lack a 
conserved tryptophan residue in the flavodoxin-like domain (Trp347 in D. gigas ROO 
numbering) which is coplanar with the FMN isoalloxazine ring. It was thus proposed 
that the presence/absence of this Trp residue was responsible for the heterogeneity in 
the spectral shape of the flavin moiety (Saraiva et al. 2004).

The diiron centre was first assessed by the structure of the D. gigas enzyme 
(Frazão et al. 2000). Later, it was studied in detail by EPR spectroscopy for the E. 
coli enzyme (Vicente and Teixeira 2005), and more recently for the Giardia and 
Thrichomonas enzymes (Vicente et al. 2009; Smutna et al. 2009). As characteristic 
of this type of iron centre, it can exist in three different oxidation states: difer-
ric (Fe(III) Fe(III)), mixed valence (Fe(III) Fe(II)) and diferrous (Fe(II) Fe(II)). 
The diferric state is EPR silent, since the two iron ions (high-spin, S = 5/2) are 
antiferromagnetically coupled, yielding a total spin S = 0; for the E. coli enzyme 
a resonance at g ~ 11 for the diferrous state was detected, suggesting a S = 4 spin 
ground state. The mixed valence state has a total spin S = 1/2 and is EPR active, 
yielding a typical set of resonances below g = 2.0. The diiron centre of Moorella 
thermoacetica FDP was characterized by Mössbauer spectroscopy, confirming that 

V. L. Gonçalves et al.



645

the iron ions in the binuclear site are magnetically coupled (Silaghi-Dumitrescu 
et al. 2003).

The spectroscopic signatures from the several redox cofactors of FDPs were 
used to study their redox properties, combining Visible and EPR spectroscopies 
with potentiometric titrations. The flavodoxin domain-bound FMN cofactor of 
several FDPs displayed reduction potentials in the −224 to +25 mV range for the 
FMNoxFMNsq transition and −117 to +25 mV range for the FMNsqFMNred 
transition (Gomes et al. 1997; Silaghi-Dumitrescu et al. 2003; Vicente and Teix-
eira 2005; Vicente et al. 2009; Smutna et al. 2009). The majority of the FDPs 
studied have reduction potentials that are enough separated to allow transient 
stabilization of the one electron-reduced semiquinone (Sq) state, which so far is 
always of the red, anionic type. However, recent studies on protozoan FDPs re-
ported very close reduction potentials for the two redox transitions of the flavin, 
suggesting that the semiquinone state is not stabilized in these enzymes. Nota-
bly, those enzymes are only able to efficiently reduce oxygen, whereas the other 
FDPs, which stabilize the semiquinone flavin state, are either only NO (Vicente 
and Teixeira 2005) or ambivalent NO/O2 reductases (Silaghi-Dumitrescu et al. 
2003; Rodrigues et al. 2006). Until now, it has not been possible to propose a 
rationale for this difference in redox behaviour between O2-reducing and NO/
O2-reducing FDPs, mainly because, at the available structural resolutions, the 
flavin-binding pockets are essentially identical among the several FDPs. Con-
cerning the binuclear iron active site, the reduction potentials have been de-
termined only for the E. coli flavorubredoxin (Vicente and Teixeira 2005) and 
for the protozoan FDPs (of Trichomonas vaginalis and Giardia intestinalis) (Di 
Matteo et al. 2008; Smutna et al. 2009), coupling redox potentiometry to EPR 
spectroscopy. The diiron sites of the protozoan enzymes have much higher re-
duction potentials than those of the E. coli FDP. However, whereas the reduction 
potentials in all three cases are compatible with oxygen or nitric oxide reduc-
tion, it is noteworthy that the two protozoan enzymes, that display only O2 re-
ductase activity, have reduction potentials markedly different from those of the 
NO-reducing E. coli enzyme. As mentioned for the flavin cofactor, the available 
structures do not allow yet understanding the differences in redox properties of 
the diiron centers.

One interesting aspect of FDPs redox properties is the observation, for the E. coli 
FlRd, that the reduction potentials of the iron center are altered in the presence of 
the reductase partner, which strongly suggests the formation of an electron transfer 
complex between the two enzymes (Vicente and Teixeira 2005).

22.6  Enzymatic Studies

Enzymatic studies to assess the putative role of FDPs as oxygen or nitric oxide re-
ductases have been performed in Clark-type electrodes specific for each molecule. 
In typical experiments, in vitro electron transfer chains were assembled to medi-
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ate, under non rate-limiting conditions, electron delivery from NAD(P)H to FDP 
and determine its reductase activity towards each substrate. Fast kinetics methods, 
namely stopped-flow coupled to Visible spectroscopy was also used to further con-
firm the steady-state activity of the Giardia enzyme (Di Matteo et al. 2008).

The first enzymatic studies on a member of this protein family, performed for D. 
gigas ROO, led to the proposal that FDPs would be involved in the detoxification 
of dioxygen, which is both an inhibitor of many enzymes from anaerobes and a 
source of deleterious reactive oxygen species. Following the initial characterization 
of the E. coli enzyme that was shown to be capable of binding nitric oxide (Gomes 
et al. 2000), Gardner and co-workers proposed that E. coli FlRd was involved in NO 
detoxification under anaerobic conditions (Gardner et al. 2002). This proposal led 
to the in vitro demonstration of nitric oxide reduction by FlRd, coupled to NADH 
oxidation by its physiological partner, the NADH:FlRd oxidoreductase, with a turn-
over of 15–20 s−1 (Gomes et al. 2002). Since then, nitric oxide reductase activities of 
the same order of magnitude have been determined for several other FDPs (Gomes 
et al. 2002; Silaghi-Dumitrescu et al. 2003, 2005; Rodrigues et al. 2006). However, 
the data so far available indicate that the FDPs may have an ambivalent activity, 
i.e., some are able to reduce mainly NO, others mainly, or even exclusively, O2 (Di 
Matteo et al. 2008; Smutna et al. 2009), and there are few cases for which compa-
rable activities with both substrates were measured (Silaghi-Dumitrescu et al. 2003, 
2005; Rodrigues et al. 2006; Hillmann et al. 2009). Concerning Synechocystis sp. 
PCC6803, preliminary data obtained for Sll0550 revealed that the enzyme has a 
relatively low oxygen reductase activity, which could have been hampered by the 
sub-stoichiometric flavin load (Vicente et al. 2002). It is important to emphasize 
that the data available also suggest a sluggish reaction of the reduced enzymes with 
hydrogen peroxide, H2O2, and with several reactive nitrogen species (Di Matteo 
et al. 2008; Smutna et al. 2009 and our own unpublished data), i.e., the enzymes 
appear to favour NO and O2 as substrates. In this respect, it should be mentioned 
that the substrate binding cavity present in zinc β-lactamases is occluded in FDPS 
(e.g., Frazão et al. 2000). The dual oxygen/nitric oxide reducing activity raises the 
question whether both activities are physiologically relevant and what dictates the 
preference for each substrate. The evidences for the physiological roles of FDPs 
will be further discussed in the next section.

22.7  Physiological Roles of FDPs: FDPS as O2 
and/or NO Reductases

The work by Gardner and co-workers first showed that FlRd protects E. coli against 
nitric oxide; deletion of the flrd gene highly compromised the growth viability of 
E. coli upon exposure to NO, under anaerobic conditions (Gardner et al. 2002). 
Furthermore, it was shown that flrd transcription is regulated by NO via NorR 
(Gardner et al. 2003), a transcriptional regulator that in enterobacteria is located 
immediately upstream, and divergently transcribed of the dicistronic unit that en-
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codes both FlRd and its NADH oxidoreductase (da Costa et al. 2003). Saraiva 
and co-workers (Justino et al. 2005a) further showed that the binding of the NorR 
trimer to three sites of the flavorubredoxin gene promoter is required for nitric 
oxide-dependent induction of flrd. Several transcriptomic studies confirmed that 
flrd transcription is indeed up-regulated by NO (Mukhopadhyay et al. 2004; Flatley 
et al. 2005; Justino et al. 2005b; Pullan et al. 2006), including in E. coli cells grown 
under anaerobic conditions (Justino et al. 2005b). On the contrary, transcriptional 
studies performed for E. coli under several oxidative stress conditions did not re-
veal a significant alteration on the expression of the FlRd-encoding gene. These 
in vitro studies established a role for flavorubredoxin (a Class B FDP) in E. coli, 
as an enzyme responsive to the deleterious action of nitric oxide, namely under 
anaerobic conditions. Similar evidences were later on obtained for a few other 
bacteria, such as D. gigas (Rodrigues et al. 2006). But, in apparent agreement with 
the fact that the D. gigas enzyme has comparable NO and O2 reducing activities, 
ROO seems to be important also under oxidative stress conditions (Rodrigues et al. 
2006). A similar situation was recently reported for Clostridium acetobutylicum, 
in which the flavodiiron proteins were shown to be up-regulated upon exposure of 
C. acetobutylicum to O2 and important to protect this anaerobic bacterium against 
oxygen (Hillmann et al. 2009).

For cyanobacteria, there is no data regarding the role of FDPs in response to 
nitrosative stress conditions; however, as will be described below, several experi-
mental data clearly suggest a function for their FDPs in oxidative stress protection.

A survey of DNA microarray data so far reported for Synechocystis sp. showed 
that the genes encoding FDPs have their expression modified under certain condi-
tions. The expression of the already mentioned gene cluster sll0217-0219 was found 
to be induced during Synechocystis acclimation from low- to high-light intensity 
(Hihara et al. 2001). The sll0217 gene is also among the 36 genes encoding poten-
tial FMN-containing proteins that were induced by UV-B light (Huang et al. 2002). 
The induction of the FDP encoding genes observed under high energy supply is pos-
sibly related to the higher generation of reactive oxygen species under these condi-
tions; in fact, other genes encoding ROS scavenging enzymes, such as superoxide 
dismutase and glutathione peroxidase, were also up-regulated under those condi-
tions (Huang et al. 2002). Chauvat and co-workers (Houot et al. 2007) reported 
that the transcription of the sll1521, sll0217 and sll0219 genes, encoding FDPs, 
increases in Synechocystis cells exposed to 3 mM hydrogen peroxide, or grown in 
the presence of excess of metals such as cadmium, iron and zinc. Nevertheless, the 
observed variations were low (2-4-fold) and contradictory data has been reported 
(Hihara et al. 2003; Kobayashi et al. 2004; Li et al. 2004). In summary, the DNA 
array data is still too scarce and somehow ambiguous. More specific and clarifying 
studies were performed also for Synechocystis sp. PCC6803, mainly based on the 
analysis of the behaviour of several single and multiple deletion mutants of its FDP 
genes under different growth conditions, namely illumination and carbon dioxide 
fluxes, and combinations of both these factors (Helman et al. 2003; Hackenberg 
et al. 2009; Zhang et al. 2009). It was concluded that sll1521 and sll0550 (enzymes 
of Types 2 and 1, respectively) were essential for the Mehler reaction, i.e., for elec-
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tron transport from photosystem I to oxygen, without formation of reactive oxygen 
species. In the same report it was proposed that the two enzymes could assemble 
as a heterodimer, and that sll0550 could be sufficient to sustain photoreduction of 
dioxygen. More recently was studied in further detail the possible role of the other 
two FDPs, sll0217 and sll0219 (Zhang et al. 2009). The main conclusion was that 
both enzymes were important to protect photosystem II against oxidative stress, 
caused by conditions of high illumination intensity and/or low carbon dioxide flux-
es. Interestingly, it was further shown that those FDPs are membrane associated, 
and that the expression of sll0217 was enhanced in the single deletion mutants of 
sll1521 or sll0550, i.e., it appears that sll0217 may substitute also for either of those 
two enzymes.

These proposals are in line with an oxygen reductase activity of the cyanobacte-
rial enzymes, as first shown for the gene product of sll0550 (Vicente et al. 2002): 
the depletion of dioxygen by a NAD(P)H:oxygen oxidoreductase activity of the 
FDPs is fully consistent with their proposed roles in acting against oxidative stress-
ing conditions, avoiding the formation of reactive oxygen species through the di-
rect reduction of oxygen to water and enabling the elimination of excess reducing 
equivalents in the photosynthetic electron transfer chain. Nevertheless, these activi-
ties remain to be directly proven in vitro for the other three Synechocystis FDPs. 
This is particularly relevant, due to the fact that there is no apparent correlation 
between the proposed functions for the Synechocystis enzymes and their types, i.e., 
the presence or absence of the “canonical” ligands: sll1521 and sll0219 are enzymes 
of Type 2, lacking some of those ligands, while sll0550 and sll0217 are enzymes of 
the “canonical” Type 1.

22.8  Concluding Remarks

In summary, the flavodiiron proteins are a family of modular enzymes having nitric 
oxide and/or oxygen reductase activities. Both activities are supported either by 
in vitro experiments or by in vivo approaches, namely through transcriptional and 
phenotypic analysis of wild type and deletion strains. The abundance of homo-
logues in cyanobacteria is particularly striking and may be related to the fact that 
oxygenic phototrophs are particularly prone to oxidative stress, due in special to the 
endogenous production of dioxygen and to the delicate balance between photonic 
energy supply and carbon dioxide availability. As flavodiiron enzymes appear to 
have evolved quite early, eventually before the split between Bacteria and Archaea, 
they may have been already present when oxygenic photosynthesis started, ca 3–3.5 
billion years ago, as one of the first mechanisms to respond to the “oxygen para-
dox”, i.e., to avoid its intracellular toxicity. A similar scenario has been proposed for 
another type of diiron proteins, the rubrerythrins (Gomes et al. 2001), which more 
recently were proposed to act as hydrogen peroxide reductases, forming water di-
rectly through reduction of H2O2 (e.g., Kurtz 2006) and which are also quite spread 
among cyanobacteria (our unpublished observation). A schematic representation of 
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the diverse mechanisms involved in oxidative stress protection in cyanobacteria is 
presented in Fig. 22.6, where it becomes clear the importance of having enzymes, 
such as FDPs, that avoid the production of reactive oxygen species, like the super-
oxide anion (detoxified by superoxide dismutases), or hydrogen peroxide (scav-
enged by catalases, peroxidases, rubrerythrins or ascorbate peroxidases). It has still 
to be shown if in cyanobacteria FDPs play also a role in nitrosative stress defence. 
But whatever the actual function of the several homologues of FDPs will be, their 
multiplicity suggests a crucial role in cyanobacteria.

Several challenging questions remain to be answered: one relates to the evolution 
of FDPs and their function in higher eukaryotes; the second, the unusual diversity of 
putative “ligands” to the diiron site—do all types of FDPs here described contain in-
deed a metal site? If yes, they will have quite unprecedented ligand combinations; if 
no, which will then be the function of the non-metal containing enzymes? Answers 
to these questions will bring new insights into the structure and function of diiron 

Fig. 22.6  Scheme illustrating oxidative stress and response mechanisms in cyanobacteria. Zoom-
in into the thylakoid membranes in cyanobacteria and the cytoplasmatic space in between, where 
formation of reactive oxygen species and their breakdown by specialized enzymes are likely to take 
place. Oxygen is produced by water oxidation at the oxygen-evolving complex in Photosystem II 
(PS II, in dark green). Excess electrons in Photosystem I (PS I, in light green) generate superoxide 
anion from reaction with molecular oxygen; superoxide can self-dismutate to yield oxygen and 
hydrogen peroxide. Excess oxygen can be fully reduced to water by flavodiiron proteins (FDP, in 
orange), soluble and possibly also membrane-associated. Besides its self-dismutation, superoxide 
anion can be efficiently scavenged by superoxide dismutase (SOD, in light blue), both soluble and 
membrane-bound, whose products are O2 and H2O2. Hydrogen peroxide can be removed by at 
least three different enzymatic systems detected in the genomes of cyanobacteria: both ascorbate 
peroxidase (APX, in yellow, soluble and membrane-bound forms) and rubrerythrin (Rbr, in red) 
can reduce hydrogen peroxide to water; catalase (Kat, in darker blue) generates oxygen and water 
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proteins and into the field of oxidative stress, and will further enlarge the knowledge 
on the physiology of oxygenic phototrophs.
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23.1  Introduction

Cyanobacteria (blue-green algae) are the paradigmatic organisms of oxygenic 
(plant-type) photosynthesis and aerobic (mitochondrial) respiration in bioenergetic, 
evolutionary and ecological respects. They have uniquely accommodated both a 
photosynthetic electron transport chain (PET) and a respiratory electron transport 
chain (RET) within a single prokaryotic cell (Jones and Myers 1963). Since many 
cyanobacteria in addition are also capable of N2-fixation (Gallon 1992; Berman-
Frank et al. 2003; Zhang et al. 2006) these oxygenic phototrophic organisms are 
often called the bioenergetic “nonplus-ultra” among living beings. At the expense 
of sunlight, water, atmospheric air and a few ubiquitous minerals they cover all 
their needs for growth and proliferation. From the estimated 1011 t of carbon (in 
the form of CO2) per year that are converted into biomass by plant-type photosyn-
thesis between 20% and 30% are assigned to cyanobacteria, in particular to small 
unicellular marine Synechococcus species (Waterbury et al. 1979) and to likewise 
unicellular planktonic Prochlorophytes that are widespread in all oceans (Chisholm 
et al. 1988).

Cyanobacterial respiration is much less well understood than photosynthesis. 
Most cyanobacteria are obligate photoautotrophs which, in the dark, depend com-
pletely on respiration to maintain energy levels. In almost all cyanobacteria PET is 
localized in intracytoplasmatic membranes (ICM) or thylakoids, which are also the 
site of RET. The two processes share several components such as the cytochrome 
b6   f complex and the redox carriers plastoquinol (PQ), cytochrome c6 (CYTc6, pre-
viously known as cytochrome c553) and plastocyanin (PC) (Lockau 1981; Scherer 
et al. 1988; Scherer 1990; Peschek et al. 2004). The cytoplasmic membrane (CM) 
does not contain a functional PET, but contains a second respiratory chain. The 
presence of RET in CM is essential to provide energy for various transport pro-
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cesses and its importance increases under stress conditions such as high salt (“salt-
respiration”) and nitrogen fixation (Wolk et al. 1994; Fry et al. 1986).

Understanding of RET in cyanobacteria is hampered by the high complex-
ity of its components and their interactions. Common to all other prokaryotes, 
electron-transfer chains are branched (Poole and Cook 2000) and recent experi-
mental findings and genome analysis (Bernroitner et al. 2008) underline the pres-
ence of multiple terminal oxidases and (putative) electron donors downstream of 
plastoquinol. This review summarizes the present knowledge how cyanobacterial 
branched RET chains could help to meet the energetic and (micro)environmental 
demands under a variety of environmental conditions and differentiation states 
(e.g. heterocyst formation in some N2-fixing cyanobacteria). It is focused on ter-
minal heme-copper oxidases and the one-electron donors cytochrome c6, plasto-
cyanin and cytochrome cM.

23.2  Terminal Heme-Copper Oxidases in Cyanobacteria

Heme-copper oxidases (or oxygen reductases) are redox driven proton pumps that 
couple the four-electron reduction of molecular oxygen to water to the vectorial 
translocation of protons across the membrane. This transmembrane proton and volt-
age gradient generated by heme-copper oxidases and the other complexes of RET 
is directly converted to more useful energy forms via energy conserving systems 
such as ATP synthase. Heme-copper oxidases can use cytochromes (Lockau 1981; 
Michel et al. 1998), type-1 (or blue-) copper proteins (Lockau 1981; Lubbern et al. 
1994; Paumann et al. 2004a) or quinols (Abramson et al. 2000) as electron donors 
and are characterized for having a heme-copper binuclear reaction center compris-
ing a CuB electronically coupled with a high-spin heme. Additionally, all heme-
copper oxidases contain a low-spin heme in subunit I (Pereira and Teixeira 2004). 
Depending on the nature of electron donors, the superfamily of (cyanide sensitive) 
heme-copper oxidases is divided into two branches, namely cytochrome c oxidases 
(COX, aa3-type cytochrome oxidase) or quinol oxidases (QOX, bo-type quinol oxi-
dase) (Musser et al. 1993; Howitt and Vermaas 1998; Hart et al. 2005). In contrast, 
the cytochrome bd-quinol oxidases do not belong to this protein superfamily, since 
they lack the binuclear reaction center and instead contain two heme groups. Ad-
ditionally, they do not pump protons. This review focuses on heme-copper oxidases, 
i.e. COX and QOX.

Cytochrome c oxidase (COX) has been found in all cyanobacteria by spectro-
scopic (Peschek et al. 1982), inhibitor (Peschek et al. 1982), EPR studies (Peschek 
et al. 1988) and immunological studies (Fry et al. 1989). In 1993 a gene cluster 
( coxBAC or ctaCDE) encoding subunits II, I and III of COX from Synechocystis 
PCC6803 has been cloned for the first time (Alge and Peschek 1993; Schmetterer 
et al. 1994). Further operons encoding subunits I-III in the same order have also 
been cloned from Synechococcus vulcanus (Sone et al. 1993), Anabaena variabilis 
(Schmetterer et al. 2001) and Nostoc PCC7120 (Jones and Haselkorn 2002). It has 
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been demonstrated by analysis of completely or partially sequenced genomes (Ber-
nroitner et al. 2008) that all cyanobacteria contain at least one complete coxBAC op-
eron. Nostocales (heterocyst forming N2-fixing cyanobacteria, see below) have two 
coxBAC operons (designated coxBAC1 and coxBAC2) (Table 23.1). In Gloeobacter 
violaceus also two clusters are found but one lacks subunit III.

The 3D structure of a cyanobacterial COX is still unknown. Figure 23.1 presents 
the two-subunit structure of P. denitrificans COX (Iwata et al. 1995). Paracoccus 
denitrificans COX is a four-subunit enzyme, but only subunits I and II contain all 
redox cofactors and residues involved in O2 reduction and proton pumping (Michel 
et al. 1998). Subunit III possesses seven transmembrane helices and subunit IV only 
one. Subunits III & IV are most likely not involved in catalysis (Michel et al. 1998). 
Usually, subunit I in heme-copper oxidases is strikingly-well conserved. Several 
high-resolution 3D structures of heme-copper oxidases are known including COX 
from P. denitrificans (Iwata et al. 1995) and Rhodobacter sphaeroides (Svensson-
Ek et al. 2002). Similar to Paracoccus COX, all cyanobacterial COX subunits I 
have 12 (predicted) transmembrane helices with a short loop between helices I and 
II, similar to many other SU-I but much shorter than that of P. denitrificans or R. 
sphaeroides (Pereira et al. 2001; Bernroitner et al. 2008). There are no extended 
loops between the transmembrane helices comparable to other bacterial COXs and 
the C-terminal extensions of some cyanobacterial SU-I are 10–40 amino acid resi-
dues longer than that of P. denitrificans or R. sphaeroides (Bernroitner et al. 2008). 
The core of 12 transmembrane helices are known to form three arcs within the 
membrane with each arc being shaped by four transmembrane helices and together 
with the last segment of the previous arc pore-like arrangements are formed (Iwata 
et al. 1995; Svensson-Ek et al. 2002). The first pore is filled with aromatic residues, 
the second holds the binuclear reaction center, and the third one the low-spin heme. 
Additionally, the first and second pores form two uptake pathways for protons from 
the N-side, viz. the so-called D- and K-channels (see below).

Amino acid residues coordinating the three metal centers are strictly conserved 
in all cyanobacterial COX subunits I: His94, His276, His325, His326, His411 and 
His413 ( Paracoccus numbering) (Fig. 23.1 & Bernroitner et al. 2008). Also in cya-
nobacterial COX SU-I His276 could be covalently linked with a conserved Tyr280, 
which has been reported to form a transient tyrosyl radical during catalysis (Soulim-
ane et al. 2000). In addition to the six inner-sphere histidine ligands of metal centers 
(Fig. 23.1), several other amino acids are strongly conserved in cyanobacterial COX 
SU-I. Additional residues interacting with heme a are Arg54 on helix I and Trp87 
(Tyr in all cyanobacterial COXs) on helix II (Iwata et al. 1995). Almost all residues 
in helix VI are conserved including Trp272, which interacts with CuB-coordinating 
His276 and Val279 (Bernroitner et al. 2008). The latter has been described as part 
of the oxygen diffusion channel (Riistama et al. 1996). In helix VIII Thr344 (Ser 
in Gloeobacter) is close to another CuB coordinating His. Between helices IX and 
X, all cyanobacteria possess Asp399, which interacts with heme a3. Phe412 may be 
involved in electron transfer between the two hemes, yet it is replaced in all Nos-
tocales COX1 by Leu as well as in Gloeobacter and Acaryochloris marina by Met 
(Bernroitner et al. 2008).

23 Cyanobacterial Respiratory Electron Transport
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According to the classification of heme-copper oxidases suggested by Pereira 
et al. (2001) cyanobacteria are type A2 (YS-) enzymes having D- and K-channels 
for proton pumping including the highly conserved helix VI sequence -YQHX2W-
FYSHPAVX- (see Paracoccus Phe274, Ser275) (Bernroitner et al. 2008). Other 
residues involved in proton translocation are for the D-channel Tyr35, Asn113, 
Asp124, Asn131, Ser134 (Ala in most cyanobacteria), Ser193 and Asn199. The K-
channel comprises Tyr280, Ser291, Thr351 and Lys354 at the second pore, which 
leads directly to the binuclear reaction center.

Cytochrome c oxidase subunit II (Fig. 23.1b) includes a typical hairpin-like 
structure comprising two transmembrane helices and a peripheral domain on the 
P-side of the membrane, which latter can be either CM or ICM. In case of cyano-
bacterial COXs, this extrinsic domain has been shown to be uniquely located in two 
entirely distinct environments, viz. the periplasmic space and the thylakoid lumen 
(Pereira et al. 2001; Peschek 1996). Besides some deviations in sequence at the 
N- and C-termini of cyanobacterial COXs as compared to the P. denitrificans or 
R. sphaeroides enzymes (Bernroitner et al. 2008), the core of the extrinsic domain 
shows similar structural elements, viz. a β-barrel formed by 10 β-sheets. Cyanobac-
terial COX subunit II sequences display an insertion located between the second 

Fig. 23.1  Structure of cytochrome c oxidase subunit I (a) and subunit II (b) from Paracoccus 
denitrificans (PDB code: 1QLE) (Iwata et al. 1995). Figure was built by using SWISS-PDB 
Viewer (www.expasy.ch/spdbv). In addition the conserved complexation pattern of the metal cen-
ters is shown
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transmembrane helix and the cupredoxin-like domain. This characteric insertion 
seems to be another typical feature of heme-copper oxidases of the A2 subfamily 
(Pereira and Teixeira 2004). Furthermore, most of cyanobacterial COX subunits II 
have an extended C-terminus (Bernroitner et al. 2008).

Subunit II of COX participates in both electron transfer and proton pumping. All 
cyanobacterial SU-II have in common a glutamate residue (Glu106, Paracoccus 
numbering) at the beginning of the second transmembrane helix (Bernroitner et al. 
2008). Since Glu106 is close to the conserved Lys in the K-channel (see above), it 
has been suggested to regulate proton entry or transit through this channel (Pereira 
and Teixeira 2004). In COX structures published so far, donated electrons enter the 
oxidase complex via a conserved tryptophan on subunit II (Trp149), which, when 
mutated, abolishes electron transfer (Witt et al. 1998; Zhen et al. 1999). Interesting-
ly, the amino acid pattern in this region in cyanobacterial COX SU-II is completely 
different (Bernroitner et al. 2008). Finally, electrons are transferred to the CuA cen-
ter, which is composed of two electronically coupled, mixed-valence copper ions 
(Michel et al. 1998). In all COXs with known structure, this center is binuclear and 
the ligands are located near the C-terminus. The strictly conserved residues also 
found in all cyanobacterial COXs are His209, Cys244, Glu246, Cys248, His252 
and Met255, respectively (Fig. 23.1, Bernroitner et al. 2008). The two cysteine resi-
dues bridge the two copper atoms.

Phylogenetic analysis of COX subunits I and II revealed that cyanobacterial 
genes diverged early in the evolutionary history from other bacterial cox-genes 
(Bernroitner et al. 2008). Cyanobacterial COXs are rather distantly related to COX 
counterparts with known 3D structure (e.g. P. denifricans or R. sphaeroides) thus 
representing an own subfamily with above-average diversity of the cox-genes (in 
comparison to e.g. proteobacterial sequences). Gene duplication occurred frequent-
ly within this subfamily as obvious from the presence of closely related genes in 
branches of related species. In any case, COX subunits I expressed in heterocyst 
forming N2-fixing cyanobacteria are closer related to diazotrophic Trichodesmium 
COX, whereas COXs expressed in vegetative cells are related to those of diazotro-
phic Chroococcales and Oscillatoriales (Bernroitner et al. 2008). It is important to 
note that subunits I of both COX1 and COX2 of Nostocales reveal a high sequence 
homology, whereas subunits II show some significant differences. In detail, cyto-
chrome c oxidase expressed in vegetative cells (COX1, see below) have a character-
istic insertion in SU-II between the second transmembrane helix and the cupredoxin 
domain. The C-terminal end of this insertion comprises a conserved sequence with 
charged residues (-NLNQEK-) neither found in other cyanobacterial COX nor in 
the enzymes from P. denitrificans or R. sphaeroides. This could indicate different 
binding patterns and/or electron donors for COX expressed in vegetative cells or 
N2-fixing heterocysts (see Table 23.1).

Deletion of coxBAC in Synechocystis PCC6803 resulted in a mutant strain that 
was still viable under both photoautotrophic and photomixotrophic conditions. The 
strain respired at near wild-type rates, and this respiration was cyanide-sensitive 
(Schmetterer et al. 1994). Isolated membranes from the mutant were unable to oxi-
dize reduced horse heart cytochrome c. This was the first evidence for a second 
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cyanide-sensitive terminal respiratory oxidase in Synechocystis. Although COX 
appears to be the main terminal oxidase, as is reflected by its occurrence in all 
cyanobacteria (Table 23.1) there is also evidence of the presence and function of 
the other branch of the heme-copper oxidase superfamily [i.e. the quinol oxidase 
(QOX) or bo-type quinol oxidase] in many cyanobacteria. QOX is encoded by a set 
of genes ( qoxBAC) very similar in sequence to the coxBAC genes. Other similari-
ties between the two branches of heme-copper oxidases include the presence of one 
low-spin (six-coordinated heme b in QOX) and one high-spin (five-coordinated 
heme o3 in QOX) heme, exchange coupling between high-spin heme and CuB in the 
binuclear reaction site in subunit I, heme-heme interaction as well as alignment of 
these hemes with respect to the membrane bilayer (Abramson et al. 2000; Musser 
et al. 1993). Figure 23.2 shows the two-subunit structure of bo3 ubiquinol oxidase 
from E. coli (since no 3D-structure of a cyanobacterial QOX is available). QOX 
from E. coli is a four-subunit heme-copper oxidase that catalyzes the four-electron 
reduction of O2 to water and also functions as a proton pump (Puustinen et al. 1991). 
QOX subunit I contains all redox cofactors and is homologous to the corresponding 
subunit in COX. The ligands of the two heme groups and of CuB have been identi-
fied as invariant His residues (Abramson et al. 2000): His106, His284, His333, 
His334, His419 and His421, respectively ( E. coli numbering). These histidines are 
also strictly conserved in all cyanobacterial QOXs (Bernroitner et al. 2008). In con-
trast to cytochrome c oxidases, QOX subunit II has neither a binuclear CuA center 

Fig. 23.2  Structure of quinol oxidase subunit I and subunit II from E. coli (PDB code 1FFT) 
(Abramson et al. 2000). Figure was built by using the SWISS-PDB Viewer (www.expasy.ch/
spdbv). In addition the conserved complexation pattern of the metal centers is shown
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nor a cytochrome c binding site (Abramson et al. 2000). In QOX the CuA center 
found in COX is completely blocked by hydrophobic residues which prevent ac-
cess from the P-side (Abramson et al. 2000; Paumann et al. 2005). Instead, heme b 
receives electrons directly from a membrane solubilized quinol molecule (ubiquinol 
in case of E. coli QOX). The protons produced upon quinol oxidation are released 
on P-side of the membrane. In cyanobacteria plastoquinol (PQ-9) is used in both 
PET and RET and is functionally equivalent to ubiquinol. Cyanobacteria are devoid 
of any other major quinol species (Peschek 1980). It has been proposed that ubi-
quinol in QOX from E. coli binds to the membrane domain of subunit I (Abramson 
et al. 2000) which is defined by mostly hydrophobic α-helices (Fig. 23.2). The ubi-
quinol binding site lies within the lipid bilayer on the surface of helices I and II and 
contains a striking patch of conserved polar and charged residues. These include 
Arg71, Asp75, Met78, Met79, His98 and Gln101 ( E. coli QOX numbering). These 
residues are highly conserved in QOXs (Abramson et al. 2000) but, interestingly, 
not in cyanobacterial enzymes (Bernroitner et al. 2008). In cyanobacterial QOXs 
only Met78 and Met79 are found. Nevertheless, also in cyanobacterial QOX the 
conserved hydrophobic residues Met79 and Phe103 are situated between the pro-
posed quinol binding site and heme b.

The two proton transfer pathways of COX appear to be present also in sub-
unit I of ubiquinol oxidase with a series of polar residues that are also found in 
the cyanobacterial enzymes. The D-channel in E. coli QOX begins with Asn124, 
Asp135, Asn142, Ser145 (Ala in most cyanobacteria), Thr201 (Ser in cyanobacte-
ria), Asn207 and Glu286 (Ala in cyanobacteria) (Abramson et al. 2000; Bernroitner 
et al. 2008). Likewise, the K-channel of E. coli QOX contains many conserved resi-
dues like Ser299, Thr359, Lys362 and Tyr288 which are also present in cyanobacte-
rial QOXs. In subunit II of cyanobacterial QOXs (but not in the E. coli enzyme) a 
conserved Glu (Ala90 in E. coli QOX) homologous to Glu106 in P. denitrificans 
SU-II of COX, which is close to the conserved Lys362 (SU-I) in the K-channel, is 
found.

No qox operon is found in the genomes of many unicellular cyanobacteria, i.e. 
it is absent in most of the Prochlorococcus species, in Gloeobacter, Synechococ-
cus elongatus, Thermosynechococcus elongatus and Acaryochloris marina (Ta-
ble 23.1). By contrast, all nitrogen fixing species have usually one qox operon. In 
Anabaena variabilis three operons are found but one lacks subunit III. Transcrip-
tion of qoxBAC has been detected in Nostoc PCC7120 (Valladares et al. 2003), 
Anabaena variabilis (Pils et al. 2004) and Synechocystis PCC6803 (Howitt and 
Vermaas 1998; Hart et al. 2005). Two studies using deletion mutants of Synechocys-
tis PCC6803 and inhibitors proposed that QOX is active and contributes to energy 
metabolism (Pils et al. 1997, 2001). On the other hand, in Synechocystis PCC6803, 
qoxC transcripts could only be detected in cells grown under low light in strains 
with deletions in both coxBAC and in those genes that encode the bd-quinol oxidase 
(Howitt and Vermaas 1998). In strains lacking PSI, deletion of cox but not of qox 
genes had an impact on the fluorescence decay kinetics after illumination (Berry 
et al. 2002). Thus, it has been suggested that COX is the major oxidase at least in 
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ICM (Howitt et al. 1998). The presence of a putative FNR binding site (a transcrip-
tional regulator of the switch from aerobic to anaerobic growth in E. coli) upstream 
of the qoxBAC operon may indicate that QOX functions under anaerobic or micro-
aerobic conditions. As will be discussed below, in Nostocales, QOX transcripts 
were exclusively detected in the heterocysts (Valladares et al. 2003). One major 
obstacle in understanding the role of QOX in cyanobacterial RET is the absence of 
its characterization at protein level. The operon is transcribed but the low level of 
mRNA (Howitt and Vermaas 1998; Pils et al. 2004) suggests that characterization 
at the protein level may remain problematic.

23.3  Role of Cytochrome c6 and Plastocyanin 
in Cyanobacterial Respiration

It is well known that in oxygenic photosynthesis the transport of electrons from 
the cytochrome b6f complex to PSI is performed by either plastocyanin (PC) or 
cytochrome c6 (CYTc6), which are both small soluble metalloproteins (Fig. 23.3) 
located on the P-side of membranes containing PET. Whereas PC is the only car-
rier in plants, both PC and CYTc6 are synthesized by most cyanobacteria and green 
algae (Hervas et al. 2003; De la Rosa et al. 2006). Actually, despite having different 
structures, the two proteins can replace each other and play the same physiological 
role in cyanobacterial PET, but the synthesis of either one is controlled by copper 
availability within each organism (Wood 1978). Plastocyanin (encoded by the petE 
gene) consists of a single polypeptide chain forming a β-barrel with eight β-strands 
and a small α-helix, along with a type-1 blue copper center (Fig. 23.3). The metal 
is coordinated by two histidines (His39 and His86, Synechocystis numbering), one 
methionine (Met91) and one cysteine (Cys83) (Bertini et al. 2001; Guss and Free-
man 1983; Guss et al. 1986; Bernroitner et al. 2008). His86 is the only solvent-
exposed Cu-ligand, thus making this residue the most probable electron entry site of 
PC. On the other hand, CYTc6 (encoded by the petJ gene) is a typical class I c-type 
cytochrome containing four α-helices and a covalently-linked heme group (Cys14, 
Cys17, Arthrospira maxima numbering) in which the iron atom is axially coordi-
nated by a histidine (His18) and a methionine (Met62) (Fig. 23.3, Bernroitner et al. 
2008) (Sawaya et al. 2001; Frazao et al. 1995; Kerfeld et al. 1995). The edge of pyr-
role ring C and the ring D propionic groups are solvent accessible, thus establishing 
a tentative electron transfer pathway to and from the heme iron atom (Ubbink et al. 
1998; Diaz-Moreno et al. 2005).

Despite their very different structures, both proteins share a number of physico-
chemical properties: their molecular masses are about 10 kDa and their midpoint 
redox potential values are around 350 mV at pH 7, which is in accordance with their 
role as electron shuttle between cytochrome b6   f and PSI (Molina-Heredia et al. 
2002). Moreover, their isoelectric points are often similar within the same organism 
but can vary in parallel from one organism to another. Beside Synechococcus sp 
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Fig. 23.3  Structure of plastocyanin from Synechocystis PCC6803 (PDB code 1J5D) (Bertini et al. 
2001) and structure of cytochrome c6 from Arthrospira maxima (PDB code 1F1F) (Sawaya et al. 
2001). Figure was built by using the SWISS-PDB viewer (www.expasy.ch/spdbv). In addition the 
conserved complexation pattern of the metal centers and the cysteines, which participate in the 
covalent heme to protein linkage, are depicted
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RCC307 and Thermosynechococcus el. BP-1, all cyanobacteria contain one petE 
gene (exception: Gloeobacter violaceus with two paralogs) (Table 23.1). Roughly, 
in filamentous cyanobacteria PC is usually positively charged at pH 7, whereas PC 
from unicellular species is mostly acidic (exception: Gloeobacter) (Table 23.2). Es-
pecially in cyanobacteria that have several (2–4) petJ genes, the isoelectric points of 
PC and CYTc6 can also be dissimilar (compare Tables 23.1 and 23.2). Nevertheless, 
regarding PET the kinetic information, along with structural data, indicate that PC 
and CYTc6 possess similar surface regions to interact with their redox partners in 
PET, but also that they are responsible for determining the reaction mechanism and 
the spatial conformation of the transient reaction complex (for a review of the role 
of PC and CYTc6 in PET see (De la Rosa et al. 2006 and this book).

The role of both mobile electron carriers in RET is still under discussion. A re-
cent investigation of two deletion mutants of Synechocystis PCC6803 (each mutant 
lacking either petE or petJ) and their photoautotrophic and heterotrophic growth 
rate in copper-free and copper-supplemented medium clearly demonstrated that ef-
ficient function of respiration requires the presence of either CYTc6 or PC (Duran 
et al. 2004). These data confirm an early suggestion of Lockau (1981) that cyano-
bacterial RET can use both PC and Cytc6 as electron donor. This is also underlined 
by investigations of the electron transfer kinetics between PC or Cytc6 and the re-
combinant CuA domain of SU-II of COX from Synechocystis PCC6803 (Paumann 
et al. 2004a, b). Recently, it could be demonstrated that both mobile electron carri-
ers can efficiently be oxidized by COX in Nostoc PCC7119 (Navarro et al. 2005).

Both CYTc6 and PC are located inside the thylakoid lumen, and also a periplas-
mic CYTc6 was identified as an electron donor to CM-bound COX (Obinger et al. 
1990; Serrano et al. 1990). The occurrence of PC in the periplasmic space has not 
yet been proven. Regarding interchangeable CYTc6 and PC in cyanobacterial RET, 
different redox carriers with acidic IPs were investigated in their interaction with 
respiring membranes from unicellular species showing that reaction at low ionic 
strength was slow but increased at higher ionic strength (Kienzl and Peschek 1982; 
Moser et al. 1991). By contrast, in the same organisms PC reacted effectively with 
PSI at low ionic strength (De la Rosa et al. 2006). It is known that in the thylakoid 
lumen ionic strength may rise as ions such as H+, Mg2+ and Cl− accumulate during 
PET activity. And it is also known that COX activity is induced in CM by growth 
under high ionic strength (see below). So it was hypothesized that the ionic strength 
can act as a “switch” for the electron transfer pathways in both CM and ICM (Nich-
olls et al. 1992). However, these data are contrasted with the oxidation kinetics of 
CYTc6 and PC by Nostoc PCC7119 COX (Navarro et al. 2005). In this filamentous 
species the oxidation was significantly impaired by salt, a finding that reveals the 
existence of strong electrostatic attractive interactions between the reactants, as was 
reported for other COX/cytochrome c systems (Lappalainen et al. 1993; Wang et al. 
1999; Maneg et al. 2004). These discrepancies could reflect mechanistic differenc-
es between unicellular and filamentous cyanobacteria. It is interesting to note that 
strong ionic effects have been also reported for the PC and CYTc6 interaction with 
PSI in Nostoc as compared with Synechocystis (Diaz-Quintana et al. 2003).
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Table 23.2  Isoelectric points of electron donors. Isoelectric points of plastocyanin, cytochrome 
c6 and cytochrome cM calculated from proteins without signal peptides [ProtParam (http://www.
expasy.org/tools/protparam.html)]. SignalP (http://www.cbs.dtu.dk/services/SignalP/) was used to 
predict the signal peptide cleavage sites

M. Bernroitner et al.

                  



669

23.4  Respiration and Stress

With respect to stress and adaptation, it is the cytoplasmatic membrane (CM) and 
not the intracellular thylakoid membrane (ICM) that is closest to the environment 
and, thus to practically any environmental stress. It will therefore also be primarily 
affected. Respiratory membrane energization and ATP supply are crucial to stressed 
cyanobacteria, which usually shut down PET first (Peschek 2001). It has been dem-
onstrated that ATPases are located in CM (Peschek et al. 1994) and that energization 
of CM is a KCN-sensitive process (Pils and Schmetterer 2001).

In A. nidulans ( Synechococcus PCC6301) exposed to a variety of seemingly 
unrelated stress conditions (e.g. high-salt or light limitation) RET in CM was shown 
to be significantly enhanced while ICM-bound respiratory chain was much less af-
fected (‘salt respiration’) (Peschek 2001). Additionally, the amount of COX in CM 
(but not in ICM) was increased (Fry et al. 1986). The increased respiration was pro-
posed to generate a proton gradient required to drive H+/Na+ exchange. H+/Na+ an-
tiporters have been identified in Synechocystis PCC6803 (Inaba et al. 2001). COX 
was shown to be necessary and sufficient for ‘salt respiration’ (Pils and Schmetterer 
2001).

Recently, a role of both COX and QOX in photoinhibition and high light toler-
ance in Synechococcus PCC7002 was demonstrated (Nomura et al. 2006). Both 
coxA and qoxA genes were reported to be dispensable for growth under normal to 
moderately high and stressful light conditions. In Synechococcus PCC7002, COX 
seems to be the primary oxidase under stress conditions, while QOX contributes 
very little to RET (Nomura et al. 2006). A coxA mutant in Synechococcus PCC7002 
exhibited drastically reduced rates of oxygen consumption under stress. Usually, 
photoinhibition occurs under conditions of excessive light intensities or electron 
flow limitations due to environmental stresses. In Synechococcus PCC7002 the ab-
sence of coxA caused changes in the electron flow around the photosystems that 
were similar to those observed in cells grown under photoinhibitory conditions 
(Nomura et al. 2006). Additionally, there was also a decrease in the total amount of 
chlorophyll in the mutants underlining that the lack of a functioning COX causes 
photoinhibition. The inability of the cells to deal with an increased amount of reduc-
tive stress becomes more evident when the cells were exposed to increasing light 
conditions. As the light intensity increased, the cells lowered the number of active 
PSII complexes (Nomura et al. 2006). These findings suggest a role of COX in ICM 
to account for possible excessive reductive stress since both COX and photosystems 
are placed within the same membrane.

There have been suggestions that a small c-type cytochrome, CYTcM (cyto-
chrome cM; Fig. 23.4) is capable of interacting with COX and/or PSI as an alterna-
tive to PC and CYTc6 under stress conditions such as high light and low tempera-
tures (Zhang et al. 1994; Malakhov et al. 1994; Manna and Vermaas 1997; Malak-
hov et al. 1999). Its association with CM and ICM has been demonstrated recently 
(Bernroitner et al. 2009). Table 23.1 shows that (with the exception of one Prochlo-
rococcus strain) all cyanobacteria contain a gene encoding cytochrome cM with IPs 
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varying from 4.4–9.0 (Table 23.2). In contrast to CYTc6 the IPs of cyanobacterial 
CYTcM seem to be randomised between unicellular and filamentous species. Syn-
echocystis cytochrome cM has a molar mass of about 8 kDa and a midpoint redox 
potential value of 150 mV, which is significantly lower than that reported for PC 
and CYTc6 (Molina-Heredia et al. 2002). Similar to CYTc6 the heme is covalently 
linked and the heme axial ligands are histidine and methionine, but most likely due 
to the specific environment of the latter (-TPPMP-, see Bernroitner et al. 2008, 
2009) the actual heme architecture and thus the electron density at the heme iron is 
different. So far no 3D-structure of a CYTcM is available. From a thermodynamic 
point of view, it is difficult to see how CYTcM with a redox potential of 150 mV 
could be reduced by cytochrome f in PET that has a redox potential of +320 mV 
(Metzger et al. 1995). Indeed, in Synechocystis PCC6803 CYTcM reacts slowly with 
PSI compared to PC and CYTc6 as was determined by laser-induced kinetic analy-

M. Bernroitner et al.

Fig. 23.4  Scheme of the branched dual-function photosynthetic (PET) -respiratory (RET) elec-
tron transport chain(s) in cyanobacteria (Bernroitner et al. 2008). Note that PET is only localized 
in intracytoplasmic membranes or thylakoids (ICM), whereas RET is active in both ICM and 
cytoplasmic membrane (CM). Electron donor and acceptor as well as protein complexes involved 
exclusively in PET are depicted in green, those found only in RET in blue color. Electron com-
ponents used in both PET and RET are shown in black. In contrast to cytochrome c ( aa3-type) 
oxidase (COX, hexagon), which has been detected on a protein level in both CM and ICM (Wolk 
et al. 1994), there is no unequivocal information about the localization of heme-copper (QOX, 
hexagon) and non-heme-copper quinol oxidases (triangle). Depending on copper-availability plas-
tocyanin (PC) and/or cytochrome c6 (CYTc6) functions as electron donor for both, photosystem 
I (PSI) or COX. Another mobile electron carrier exclusively found in cyanobacteria (cytochrome 
cM, CYTcM) most probably is involved in electron shuttling between cytochrome b6   f (Cytb6  f) and 
COX during environmental stress. COX is the main terminal oxidase in RET, but—depending on 
growth conditions and nitrogen supply—can partially be substituted by QOX or non-heme-copper 
oxidases that both use plastiquinol-9 (PQ) as electron donor. In contrast to PC and CYTcM, up to 
four paralogs for CYTc6 are found in cyanobacterial genomes (#). In Nostocales two paralogs for 
COX are found (#). Cyclic electron flow around PSI is shown in green dashed line
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sis of PSI reduction (Molina-Heredia et al. 2002). In an in vitro system its reactivity 
with the soluble CuA domain of COX from Synechocystis has been demonstrated to 
be between CYTc6 and PC (Bernroitner et al. 2009).

A role of CYTcM in RET is under discussion. A deletion mutant of Synechocystis 
lacking the petJ gene was able to grow at near wild-type rates in copper-free media, 
that is, when the synthesis of PC is repressed (Zhang et al. 1994). This is not amaz-
ing since, as has been outlined above, deletion of coxBAC in Synechocystis had also 
no effect on growth and RET rates (Howitt and Vermaas 1998), because alternative 
(quinol-dependent) oxidases are present. To identify the electron carriers in a PSI-
less Synechocystis PCC6803 mutant from PSII to COX, genes encoding PC, CYTc6 
and CYTcM were deleted and the electron flow out of PSII was monitored through 
chlorophyll fluorescence yields (Manna and Vermaas 1997). Loss of CYTc6 or PC, 
but not of CYTcM, decreased the rate of electron flow out of PSII. Surprisingly, 
CYTcM could not be deleted in a PSI-less background strain, and also a double 
mutant lacking both PC and CYTc6 could not be obtained. Due to some homology 
of CYTcM with cytochrome c-binding regions of the caa3-type COX from Bacillus 
spp. and Thermus thermophilus, it has been suggested that CYTcM is a component 
of COX in cyanobacteria that serves as a redox intermediate between the soluble 
electron carriers and COX, and that either PC or CYTc6 can shuttle electrons from 
the b6   f complex to cytochrome cM (Manna and Vermaas 1997).

On the other hand, Northern blotting analysis revealed that CYTcM is scarcely 
expressed under normal conditions in Synechocystis PCC6803 but its expression is 
enhanced when cells were exposed to low temperature or high-intensity light. By 
contrast, the expression of petJ and petE genes was suppressed under these stress 
conditions (Malakhov et al. 1999). These data suggest that PC and/or CYTc6, which 
are the dominant electron donors for COX under non-stressed conditions, could be 
replaced by CYTcM under stress conditions.

23.5  Respiration in Nitrogen Fixing Cyanobacteria

Cyanobacteria are the only diazotrophs (nitrogen-fixing organisms) that produce 
oxygen as a by-product of PET, and which must negotiate the inevitable presence of 
molecular oxygen with an essentially anaerobic enzyme. The biological reduction 
of N2 is absolutely restricted to prokaryotes and is catalyzed by a multimeric metal-
loenzyme (nitrogenase), which is irreversibly inhibited by molecular oxygen and re-
active oxygen species (Fay 1992; Postgate 1998). Moreover, O2 not only affects the 
protein structure but also inhibits the synthesis of nitrogenase in many diazotrophs 
(Gallon 1992). Phylogenetic analyses of the nifDK (encoding for α- and β-subunits 
of nitrogenase) and the nifEN genes (encoding for the two subunits of the NifEN 
protein complex involved in biosynthesis of the Fe-Mo cofactor) suggest that all 
extant nitrogenases sequenced so far are derived from a single ancestor and that the 
catalytic subunits of the enzyme complex existed prior to oxygenation of Earth’s 
atmosphere (Broda and Peschek 1983; Burgess and Lowe 1996). The change from 
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an anoxic to an oxygenic atmosphere resulting from cyanobacterial photosynthesis, 
posed major challenges to diazotrophic organisms (including cyanobacteria them-
selves). During the course of planetary evolution, cyanobacteria have co-evolved 
with the changing oxidation state of the ocean and atmosphere to accommodate the 
machinery of PET and RET and oxygen-sensitive N2-fixation within the same cell 
and/or colony of cells. These strategies have been generally described as temporal 
and/or spatial separation of photosynthesis and N2-fixation.

The severe energy (ATP) requirement of biological N2-fixation can be regarded 
also as a stress situation for diazotrophic organisms. Correspondingly, it was found 
that generation times of photoautotrophically growing Anabaena variabilis cells 
were 3.8 h on NH4Cl, 4.9 h on NaNO3 but 5.2 h on N2 (Van Baalen 1987). Quite in 
accordance with what has been found about the role of respiration as a bioenergetic 
stress defense mechanism in cyanobacteria (see above and Winkenbach and Wolk 
1972) rates of RET go steeply up when cyanobacteria grew on atmospheric N2 as 
the sole source (Wastyn et al. 1988; Peschek et al. 1991; Bergman et al. 1993). 
Moreover, RET efficiently lowers the concentration of dissolved O2 and may help 
to maintain nitrogenase in a virtually oxygen-free cellular environment (respiratory 
protection) (Peschek et al. 1991).

The simplest adaptation is seen for the genus Trichodesmium (order Oscillato-
riales), the major bloom-forming diazotrophic organism in modern oceans. Tricho-
desmium is a non-heterocystous filamentous cyanobacterium that fixes nitrogen 
during the day (Capone et al. 1997). Phylogenetic trees of diazotrophic cyanobac-
teria, based on nifH gene sequences, suggest that Trichodesmium branched out very 
early in evolution (Zehr et al. 1998). Protection against oxygen in Trichodesmium 
was found to be a complex interaction between spatial and temporal segregation of 
PET, RET and N2-fixation within the photoperiod. In Trichodesmium, nitrogenase 
is compartmentalized in a fraction of the cells (10–20%) that are often arranged 
consecutively along the trichome. However, active photosynthetic components 
(PSI, PSII, Rubisco, carboxysomes) are found in all cells, even those harboring 
nitrogenase (Berman-Frank et al. 2001). Light initiates photosynthesis, providing 
energy and reductants for carbohydrate synthesis and storage, stimulating cyclic 
and pseudocyclic (Mehler) electron flow through PSI, and poising the PQ pool at 
reduced levels. Interestingly, respiration has been shown to be active also early 
in the photoperiod at high rates (Carpenter and Roenneberg 1995) supplying car-
bon skeletons for amino acid synthesis (the primary sink for fixed nitrogen). RET 
in Trichodesmium erythraeum could use two heme-copper oxidases. The present 
genome analysis suggests the presence of two ORFs, one encoding a cytochrome 
c oxidase (COX) and one a quinol oxidase (QOX). Putative electron donors for 
cytochrome c oxidase are PC (1 ORF; cIP = 8.8) and CYTcM (1 ORF; cIP = 5.1) 
and CYTc6 (2 ORFs; cIPs = 9.4 and 9.6) (Tables 23.1 and 23.2). In any case, RET 
reduces the PQ pool further, sending negative feedback to linear PET. As a conse-
quence, PSII becomes down-regulated and oxygen consumption exceeds oxygen 
production. This opens a window of opportunity for N2-fixation during the pho-
toperiod. As the carbohydrate pool is consumed, PET through the PQ pool di-
minishes. The PQ pool becomes increasingly oxidized, net O2 production exceeds 
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consumption and nitrogen activity is lost during the following day (Berman-Frank 
et al. 2001).

The combination of spatial and temporal segregation of N2-fixation and oxygen-
ic photosynthesis during the photoperiod represents the simplest oxygen-protective 
mechanism in diazotrophic cyanobacteria and could reflect their evolutionary his-
tory of N2-fixation. Filamentous Plectonema boryanum (order Oscillatoriales) is an 
interesting organism, since it still remained specialized to fix N2 only in low oxygen 
environments. Plectonema contains nitrogenase in all cells in equal amounts (Rai 
et al. 1992) and it will only fix nitrogen under microaerobic conditions (under 1.5% 
oxygen in darkness and 0.5% oxygen in light) (Tuli et al. 1996). Plectonema is 
unable to fix nitrogen when grown anaerobically, reflecting the need of oxygen 
for RET which is an important source of ATP and reductant. Under microaerobic 
environment, Plectonema temporally separates PET and N2-fixation. Other Oscil-
latoriales that fix nitrogen only under microaerobic conditions are Phormidium and 
Pseudoanabaena ( Limnothrix). Under contemporary oxygen levels, all these organ-
isms are relegated to narrow environmental niches.

With the evolution of cyanobacteria and the subsequent generation of molecular 
oxygen, more sophisticated oxygen protective mechanisms became essential. A full 
temporal separation, in which nitrogen is fixed only at night, then developed in 
other filamentous genera of the order Oscillatoriales (e.g. Lyngbya or Symploca) as 
well as in unicellular members of the order of Chroococcales (e.g. Gloeothece, Cya-
nothece and Crocosphaera). Finally, in yet other filamentous organisms (order Nos-
tocales), complete segregation of N2-fixation and photosynthesis was achieved with 
the cellular differentiation and evolution of heterocystous cyanobacteria. Concomi-
tantly with these developments, the number of genes encoding heme-copper oxidas-
es and electron donors increased most probably by gene duplication (Table 23.1).

A temporal separation without the need for a microaerobic environment is ob-
served in the filamentous cyanobacteria Symploca (Kumazawa et al. 2001), Lyng-
bya majuscula (Omoregie et al. 2004) and the unicellular Gloeothece, Cyanothece 
and Crocosphaera (Colon-Lopez et al. 1997; Gallon 2001). These organisms fix ni-
trogen at night and nitrogenase is typically found in all cells. Cyanothece shows ex-
tensive metabolic periodicities of photosynthesis, respiration and nitrogen fixation 
when grown under N2-fixing conditions. Nitrogen fixation and respiration peaked 
at 24 h intervals early in the dark or subjective-dark period, whereas photosynthe-
sis was approximately 12 h out of phase and peaked toward the end of the light 
or subjective-light phase. Gene regulation studies demonstrated that nitrogenase is 
carefully controlled at the transcriptional and posttranslational levels. Indeed, Cya-
nothece has developed an expensive mode of regulation, such that nitrogenase was 
synthesized and degraded each day (Colon-Lopez et al. 1997). These patterns were 
seen when cells were grown under either light-dark or continuous-light conditions. 
Nitrogenase mRNA was synthesized from the nifHDK operon during the first 4 h of 
the dark period under light-dark conditions or during the first 6 h of the subjective-
dark period when grown in continuous light. It has been hypothesized that cellular 
O2 levels were kept low by decreasing photosynthesis and by increasing respiration 
in the early dark or subjective-dark periods to permit nitrogenase activity. The sub-
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sequent increase in O2 levels resulted in nitrogenase damage and eventual degrada-
tion (Colon-Lopez et al. 1997). The genomes of diazotrophic cyanobacteria that 
fix nitrogen at night contain one ORF for COX and one for QOX (Table 23.1). All 
so far sequenced cyanobacteria that fix nitrogen at night contain one ORF for PC 
(cIPs = 5.4–5.5) and one for CYTcM (IPs = 6.8–8.7), respectively, and at least two 
ORFs for CYTc6. In Crocosphaera three ORFs for CYTc6 are found (Tables 23.1 
and 23.2). At the moment it is completely unclear why these organisms have more 
than one CYTc6 and how this could be related to temporal segregation of nitrogen 
fixation. It was interesting to see that the calculated isolelectric points of these pro-
teins are different within the same organism: Crocosphaera watsonii (IPs: 6.8, 9.4, 
9.7), Cyanothece sp. CCY0110 (IPs: 5.7, 9.2) and Lyngbya sp. PCC8106 (IPs: 9.5, 
9.0), respectively.

A highly refined specialization is found in heterocystous cyanobacteria and this 
is also reflected by the increased number of genes encoding terminal heme-copper 
oxidases and their putative electron donors. In these organisms, nitrogenase is con-
fined to a micro-anaerobic cell, the heterocysts, which differentiates completely 
and irreversibly 12–20 h after combined nitrogen sources are removed from the 
medium. Heterocysts are enveloped by two superimposed layers, one consisting 
of polysaccharides and the other of glycolipids, the latter slowing the diffusion of 
O2. Heterocysts have high PSI activity but lack PSII, increased RET, and have lost 
the capability of cell division. Heterocysts rely on vegetative cells as source of 
carbon and reductant and, in return, they supply the surrounding vegetative cells 
with fixed nitrogen. Cyclic electron flow around PSI and RET supplies ATP. Het-
erocyst formation represents a striking example of prokaryotic cellular differentia-
tion and the regulatory network has been described recently (Zhang et al. 2006; 
Golden and Yoon 2003). Promotors appear to be confined either to vegetative cells 
or to heterocysts, with genes active in both cell types possessing multiple promotors 
(Ramasubramanian et al. 1996). Respiration involving COX has been identified in 
heterocysts where it seems to provide ATP for nitrogen fixation and creates a mi-
crooxic environment (Häfele et al. 1988). Interestingly, heterocysts prefer ICM as 
the site of RET, while unicellular N2-fixing species prefer CM (Wastyn et al. 1988; 
Peschek et al. 1991).

Nostocales possess 2 ORFs for COX (Table 23.1). It has been demonstrated 
that in both Anabaena variabilis (ATCC29413) and Nostoc PCC7120 expression 
of COX1 ( coxBAC1) occurs in vegetative cells, whereas expression of COX2 ( cox-
BAC2) is dependent on the transcription factors NtcA and HetR and limited to het-
erocysts (Jones and Haselkorn 2002; Valladares et al. 2003; Lopez-Gomollon et al. 
2007; Jones et al. 2003). NtcA is required for the full activation of genes that are 
involved in nitrogen metabolism and for the early stages of heterocyst development, 
whereas HetR is one of the key regulators of heterocyst development. Moreover, 
the availability of iron has been shown to play an important role in nitrogen signal-
ing (Lopez-Gomollon et al. 2007). In Nostoc PCC7120 iron uptake is controlled 
by FurA and, interestingly, expression of FurA is modulated by NtcA suggesting a 
tight link between the reserves of iron and nitrogen metabolism. Upon using a bio-
informatic approach, Lopez-Gomollon and colleagues found a significant number 
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of NtcA-regulated genes exhibiting iron boxes in their upstream regions encoding 
for proteins involved in photosynthesis and respiration (e.g. coxB2), heterocyst dif-
ferentiation, transcriptional regulation or redox balance.

Interestingly, in Nostoc PCC7120 a coxB2 disruption mutant was still able to 
grow diazotrophically. Nostoc PCC7120 has been shown to express qoxBAC (en-
coding a QOX) in dependence on ntcA and hetR (Valladares et al. 2003). When 
genes of both coxBAC2 and qoxBAC operons were inactivated, nitrogenase activity 
was significantly reduced and cultures failed to grow diazotrophically under aerobic 
conditions. This suggests that both COX and QOX contribute to respiration in the 
heterocysts, thus generating an environment adequate for nif gene expression and/
or nitrogenase operation. The observation that also under light conditions one of 
either COX2 or QOX is required to attain high nitrogenase activities (Valladares 
et al. 2003). indicates a role of both types of terminal heme-copper oxidases in O2 
protection of nitrogenase.

Nostoc PCC7120 is an obligatory photoautotrophic cyanobacterium, whereas 
Anabaena variabilis is able to grow also chemoheterotrophically in darkness, with 
combined nitrogen or with dinitrogen as nitrogen source. It has been demonstrat-
ed that COX1 is absolutely essential for fructose-dependent growth in the dark 
(Schmetterer et al. 2001) very similar to Synechocystis PCC6803, where removal 
of coxBAC also led to loss of its chemoheterotrophic growth (Pils et al. 1997). 
Transcription of coxBAC1 in Anabaena variabilis has two starting points, one was 
constitutive and one was induced by fructose (Schmetterer et al. 2001). Removal of 
coxBAC1 did not lead to loss of RET activity in cells grown photoautotrophically in 
nitrate suggesting the expression of other terminal oxidase(s). Diazotrophic growth 
under autotrophic conditions was also unaffected by deletion of coxBAC1 (Schmet-
terer et al. 2001) since in heterocysts of Anabaena variabilis COX2 and at least one 
QOX is expressed similar to Nostoc PCC7120 (Pils et al. 2004). Moreover, deletion 
of coxBAC2 as well as double mutants lacking both coxBAC1 and coxBAC2 could 
grow diazotrophically, suggesting a role of QOX in RET and oxygen protection 
in heterocysts. Nevertheless, COX2 activity was dominating in heterocysts and it 
was the only heme-copper oxidase that was significantly upregulated under nitro-
gen-fixing conditions (Pils et al. 2004). A recent work has confirmed that deletion 
of qoxBAC impaired nitrogenase activity in the heterocysts of Nostoc PCC7120 
whereas in a double mutant (deletion of both coxBAC2 and qox BAC) nitrogenase 
activity was undetectable (Valladares et al. 2007). Moreover, it has been proposed 
that both COX2 and QOX, besides protecting the N2 fixation machinery against 
oxygen, are required for the normal development and performance of heterocysts 
(Valladares et al. 2007).

It has to be mentioned that under anaerobic conditions some heterocystous cya-
nobacteria, such as Anabaena variabilis, can synthesize alternative nitrogenase(s) 
(e.g. Nif2) in vegetative cells (Thiel and Pratte 2001). Nif2 is expressed shortly 
after nitrogen depletion but prior to heterocyst formation, and can support the fixed 
nitrogen needs of the filaments independently of Nif1.

As Table 23.1 shows in Nostocales the number of ORFs encoding QOXs var-
ies from 1 to 3. As an example, Anabaena variabilis has three operons that encode 
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putative heme-copper quinol oxidases (Table 23.1), but one operon is incomplete 
encoding only SU-I and -II. Further investigations have to be performed in order 
to establish the role of each of these oxidases in RET and especially in heterocyst 
metabolism. In any case, COXs expressed in heterocysts are closer related to Trich-
odesmium COX, whereas COXs expressed in vegetative cells are related to those 
of diazotrophic Chroococcales and Oscillatoriales (Bernroitner et al. 2008). All 
Nostocales possess one ORF for PC (cIPs 7.1–8.7) and one for CYTcM (cIPs 6.0–
7.0). Most interestingly all heterocyst forming cyanobacteria can have 2–4 ORFs 
encoding CYTc6 and these cytochromes c6 can differ in cIPs: Anabaena variabilis, 
cIPs = 5.4, 9.0, 9.0; Nostoc PCC7120, cIPs = 8.1, 8.9; Nostoc punctiforme, cIPs = 5.6, 
8.7, 9.4; Nodularia spumigena, cIPs = 8.7 (2×), 9.2 (2×). The recently discovered 
cross-talk between iron and nitrogen regulatory networks in Nostoc PCC7120 and 
that expression of COX2 is dual regulated by NtcA and FurA (Lopez-Gomollon 
et al. 2007) might reflect also the need for cytochrome(s) c6 as electron donor(s) for 
COX2. The cellular localization of at least one CYTc6 in the heterocysts of Ana-
baena variabilis has been demonstrated (Serrano et al. 1990). Clearly more data are 
needed about the regulation of expression of cytochrome(s) c6 (and plastocyanin) in 
vegetative cells and heterocysts and their interaction with COX1 and COX2.

23.6  Conclusion

The scheme in Fig. 23.4 presents a generalized summary about the branched dual-
function PET-RET pathways downstream of plastquinol (PQ), with PET being 
localized exclusively on ICM. Membrane protein complexes and mobile electron 
carriers involved in both pathways are PQ, cytochrome b6   f, plastocyanin and cy-
tochrome c6. All cyanobacteria possess a coxBAC operon encoding subunits I-III 
of cytochrome c ( aa3-type) oxidase that catalyzes the four-electron reduction of O2 
to water and acts as a proton pump. The occurrence of COX in both CM and ICM 
has been demonstrated. In diazotrophic Nostocales two coxBAC paralogs are found 
with COX2 being expressed only in heterocysts. Depending on copper availability 
electron donors for COXs have been shown to be PC and/or CYTc6. For the latter 
several paralogs (1–4) can be found. However, besides eventually having differ-
ent activities towards COX1 and COX2, the physiological role of several CYTc6 
isoforms within one organism (often of different isoelectric points) remains to be 
investigated. In any case, the interplay between iron metabolism in nitrogen sig-
naling and the fact that all diazotrophic cyanobacteria have at least two paralogs 
for CYTc6 suggests that this mobile heme protein and not plastocyanin could act 
as electron donor for COX during nitrogen fixation. Another electron carrier ex-
clusively found in all cyanobacteria is cytochrome cM. Since it is a bad electron 
donor to PSI and upregulated under environmental stress (where PC and CYTc6 are 
down-regulated) it has been proposed to act as alternative electron donor for COX. 
This fits with the observation that under stress conditions PET is down- and RET 
is upregulated. Genomes of all diazotrophic and many other (unicellular) cyano-

M. Bernroitner et al.



677

bacteria contain the qoxBAC operon that encodes subunits I-III of a heme-copper 
quinol oxidase (QOX). The present sequence analysis suggests that QOX, which 
uses plastoquinol-9 as electron donor, can also function as both four-electron re-
ductant of O2 and proton pump. Due to the absence of its characterization at protein 
level, its localization (CM and/or ICM) and physicochemical properties (e.g. KM 
for O2 compared to COX) are unknown. Nevertheless, transcription of QOX and 
its involvement in cyanobacterial metabolism, e.g. in oxygen protection in hetero-
cysts and during reductive stress, have been demonstrated. Additionally, Fig. 23.4 
reflects the fact that many cyanobacterial genomes have also the genes or ORFs for 
another terminal oxidase, namely the bd-quinol oxidase, which is not a member of 
the heme-copper protein superfamily since it does not contain a binuclear reaction 
site and is incapable of proton pumping. The role of this enzyme in cyanobacterial 
electron transport chains is even more speculative.
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24.1  Introduction

The stable accommodation of a cyanobacterium into a non-photosynthetic eukary-
ote was a milestone in the evolution of all other oxygenic photosynthetic organisms. 
This process, called endosymbiosis appeared only once during evolution and con-
stitutes the origin of chloroplasts (Douglas 1998; Rodriguez-Ezpeleta et al. 2005). 
It is therefore not surprising that photosynthetic processes in higher plants are very 
similar to those in cyanobacteria and that their photosynthetic complexes have most 
of the subunits in common.

This is the principal reason for the extensive use of cyanobacteria to study funda-
mental processes in photosynthesis and the structure of photosynthetic complexes 
(Chitnis and Chitnis 1993; Shen and Vermaas 1994; Jordan et al. 2001; Ferreira 
et al. 2004; Loll et al. 2005). Moreover, cyanobacteria are fast growing prokaryotic 
organisms, some of which can easily be genetically modified. The sequencing of the 
genome of the naturally transformable cyanobacterium Synechocystis sp. PCC 6803 
(Kaneko et al. 1996) was pioneering work in the development of this bacterium into 
a model organism for the research into photosynthesis and related processes. This 
would not have been possible without the entry of techniques and genetic tools to 
aid mutational experiments.

In addition, several laboratories are searching for biotechnological applications 
of cyanobacteria in terms of hydrogen or biofuel production (Tamagnini et al. 2007; 
Dismukes et al. 2008; Gressel 2008), expressing foreign proteins (Lluisma et al. 
2001) or exploitation of interesting pigments or bioactive compounds from cyano-
bacteria (Singh et al. 2005; Eriksen 2008).

In this chapter, we will cover known methods for the genetic manipulation of 
cyanobacteria with a particular focus on Synechocystis sp. PCC 6803, depicting 
representative applications of these methods to study gene function. Where ap-
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propriate, advances made in genetic engineering of other cyanobacterial strains 
will be considered in this review. However, since the available data concerning 
genetic manipulation systems for many other cyanobacteria—unicellular as well 
as filamentous strains—is huge, this review does not attempt to review the history 
of that field, but rather concentrates on the current state of the art and on potential 
applications. Known processes of DNA transfer in the laboratory and nature as 
well as genetic tools for cyanobacteria have been described in detail in recent 
reviews (Koksharova and Wolk 2002a; Nakasugi and Neilan 2006). Different ap-
proaches to mutagenize the chromosome of Synechococcus elongatus together 
with detailed protocols have been described recently (Clerico et al. 2007; Mackey 
et al. 2007).

24.2  DNA Transfer in Cyanobacteria

There have been two major processes of DNA transfer into cyanobacterial cells 
intensively used so far in the laboratory: transformation and conjugation. Transduc-
tion, which is the third known mechanism mediating DNA transfer, has never been 
demonstrated in cyanobacteria; although there is increasing evidence that a number 
of phages has the potential to transfer DNA via infection (Khudiakov and Gromov 
1973; Waterbury and Valois 1993; McDaniel et al. 2002; Yoshida et al. 2008).

Shestakov and Khyen (1970) showed for the first time that Synechococcus elon-
gatus sp. PCC 7942 (former name: Anacystis nidulans R2) could be transformed 
by exogenous DNA. This cyanobacterial strain is naturally transformable, a prop-
erty that was also shown for other unicellular cyanobacteria such as Synechococcus 
sp. PCC 7002 (former name: Agmenellum quadruplicatum PR-6), the thermophilic 
Thermosynechococcus elongatus BP-1 and the mesophilic freshwater bacterium 
Synechocystis sp. PCC 6803. The latter one has become a very attractive model 
organism since the publication of its genome sequence by Kaneko et al. (1996). 
This was the first complete genome sequence of a photosynthetic organism thus 
raising not only cyanobacterial genetics and physiology to a higher level but also 
photosynthesis research. As Synechocystis sp. PCC 6803 is able to grow mixotro-
phically on glucose with impaired photosystems I and II, several laboratories started 
to use this organism for the study of photosynthesis in the eighties of the last century 
(Carpenter and Vermaas 1989; Smart et al. 1991; Shen and Vermaas 1994; Smart 
et al. 1994). In addition, electroporation has also been used to transform several 
cyanobacteria, e.g. Microcystis aeruginosa, Thermosynechococcus elongatus BP-1 
or filamentous cyanobacteria (Thiel and Poo 1989; Chiang et al. 1992). Although 
transformation was also utilized for manipulation of filamentous strains, nowadays 
conjugation is the prevailing method to manipulate these cyanobacteria genetically 
(Wolk et al. 1984; Elhai and Wolk 1988; Zhu et al. 2001). In addition, conjugation is 
commonly used for genetic manipulation of unicellular cyanobacteria (Tsinoremas 
et al. 1994; Dienst et al. 2008). 
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24.2.1  Natural Competence and Type IV Pili (Fimbriae)

Type IV pili (Tfp) are multifunctional hair-like filaments extending from the out-
er membrane of diverse genera of both gram-negative and gram-positive bacteria 
(Mattick 2002; Nudleman and Kaiser 2004). These dynamic structures predomi-
nantly consist of a highly conserved structural protein encoded by the pilA gene 
and are known to be involved in bacterial cell adhesion. Tfp are most extensively 
studied in Neisseria gonorrhoeae and Pseudomonas aeruginosa and functionally 
range from bacteriophage adsorption (Bradley 1974) to biofilm maturation (Chiang 
and Burrows 2003; Jurcisek et al. 2007; Barken et al. 2008). For several pathogens, 
Tfp act as central host colonization factors by mediating cell adhesion and translo-
cation across epithelial tissue (Mattick et al. 1996). In addition, they use a mecha-
nism termed “twitching motility”. This type of locomotion can also be observed in 
cyanobacteria as a prerequisite for phototactic movement (reviewed in Bhaya 2004; 
Yoshihara and Ikeuchi 2004) on solid surfaces, and has been attributed to an ATP 
dependent “extension and retraction mechanism” of the pilus through assembly and 
disassembly (reviewed recently by Burrows 2005).

Clear indications for a functional link between Tfp and natural competence—this 
term refers to the ability of bacteria to take up extracellular DNA—were first pro-
vided by Sparling (1966) and later by Biswas et al. (1977). Many bacteria exhibiting 
Tfp indeed are naturally transformable (Lorenz and Wackernagel 1994); and this 
competence is often dependent on intact piliation, whereupon in some cases, Tfp 
assembly factors rather than the pili structures itself are required for transformation 
(Averhoff 2004). For naturally transformable bacteria that exhibit Tfp on their sur-
faces, the presence of these appendages appears to be connected with competence 
(Sparling 1966; Stone and Kwaik 1999; Kennan et al. 2001; Yoshihara et al. 2001).

Yoshihara and co-workers (Yoshihara et al. 2001) suggested a fundamental role 
of type IV pili in the natural competence of unicellular cyanobacteria. The corre-
sponding studies demonstrated that inactivation of homologs of the pil genes pilA1, 
pilQ, pilM, pilN, pilO and pilB1in Synechocystis sp. PCC 6803 resulted in the loss 
of Tfp structures that was accompanied by an impairment of motility and transfor-
mation efficiency. In fact, pilA1 encodes the homolog of the major pilin, account-
ing for the main structural component of the apparatus, whereas pilQ encodes the 
homolog of the outer membrane secretin, that is likewise one of those components, 
that are shared by Tfp and Ψ-pili. pilM-O represent a cluster of homologs of the 
corresponding Pseudomonas aeruginosa genes, encoding constituents of pilus as-
sembly with unknown function (Nudleman and Kaiser 2004). The gene product 
of pilB1 exhibits NTPase activity and is regarded as a pilus extension motor that 
is indispensible for pilus assembly (Nudleman and Kaiser 2004; Jakovljevic et al. 
2008). Thereupon, also a set of homologs of regulatory pil genes was shown to be 
involved in natural competence of Synechocystis sp. PCC 6803 (Yoshihara et al. 
2002). Okamoto and Ohmori (2002) in turn provided genetic evidence that a homo-
log of pilT1 was essential for natural competence in Synechocystis sp. PCC 6803. 
Homologs of this gene encode an AAA+ type ATPase driving the pilus apparatus as 
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retraction motor (Brossay et al. 1994; Merz et al. 2000; Nakasugi et al. 2007), which 
is indispensable for natural competence and motility (Wolfgang et al. 1998).

In addition to pil genes, the gene slr0197, encoding a putative DNA binding 
protein (Yura et al. 1999), appeared to be essential for natural competence but not 
for motility (Yoshihara et al. 2001). It was designated comA, since its gene product 
shows similarity to the DNA receptor ComEA, which is required for natural trans-
formation of Bacillus subtilis (Provvedi and Dubnau 1999). Nakasugi et al. (2006) 
recently proposed the locus slr0388 as an additional competence factor, encoding 
a protein with reasonable sequence identity to ComF proteins, which are required 
for natural transformation of heterotrophic bacteria. In fact in Synechocystis sp. 
PCC 6803 this designated comF gene emerged to be essential for competence of 
Synechocystis sp. PCC 6803 as well.

24.2.2  Maintenance of Foreign DNA

Among others, Synechocystis sp. PCC 6803 is known to harbor a highly efficient 
homologous recombination system, which facilitates the targeted inactivation of 
genes by genomic integration of foreign DNA via double-crossover. Note that the 
efficiency of such events strongly depends on the size of the homologous stretches 
on the DNA molecules (Williams 1988; Chauvat et al. 1989; Labarre et al. 1989).

Transformation is a widely employed method to inactivate genes by integration 
of genetic material into the chromosome of cyanobacteria. For this type of genetic 
manipulation, researchers frequently use so called suicide vectors, plasmids that do 
not replicate autonomously in the recipient cell. However, since uptake of extracel-
lular (vector-) DNA into Synechocystis sp. PCC 6803 instantly leads to linearization 
and conversion of a circular plasmid into single-stranded DNA fragments (Barten 
and Lill 1995), natural transformation cannot be used to transfer and maintain self-
replicating plasmids for expression studies or mutant complementations. In such 
cases, conjugation provides an alternative way to transfer recombinant DNA into 
cyanobacterial cells. These purposes require autonomously replicating plasmids 
that can be mobilized for conjugational transfer.

The ability of autonomous replication in cyanobacterial cells has been attributed 
to two groups of cloning vectors, which can be mobilized: the first group includes 
shuttle vectors that are hybrids between a native cyanobacterial plasmid and the E. 
coli plasmid pBR322 or its closely related derivatives allocating the oriT region. 
For conjugational transfer, this group depends on the conjugative plasmid RP-4 and 
further trans-acting mobilization genes, which are encoded on the plasmid ColK 
and its relatives (Wolk et al. 1984). Vectors of the second group harbor a replicon 
from plasmid RSF1010 (Marraccini et al. 1993), which belongs to the IncQ group 
of plasmids. These vectors are able to be mobilized by several conjugative plas-
mids and replicate in a very broad range of bacterial hosts including cyanobacteria 
(reviewed in Mermet-Bouvier et al. 1993; Rawlings and Tietze 2001). They harbor 
the cis-acting “origin of transfer site” oriT as well as three trans-acting mob genes 
encoding proteins that interact with oriT (Derbyshire and Willetts 1987). 
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The IncP (P-incompatibility) group plasmid RP-4 and its relatives are able to 
transfer themselves into a wide range of gram-negative bacteria, but self-replication 
of RP-4 within cyanobacteria has not been described yet. Certainly, these plasmids 
are also able to mobilize non-conjugative vectors for conjugation and in their corre-
sponding review, Koksharova and Wolk (2002a) provide a number of examples for 
(RP-4 mediated) mobilization of plasmid DNA from E. coli to cyanobacteria. These 
mobilizing plasmids (e.g. RP4) in turn provide the tra genes that encode pili and a 
membrane pore, the Mfp (mating pair formation) complex as well as further com-
ponents specifically required fur conjugational transfer (Lanka and Wilkins 1995).

A set of IncQ vectors that are particularly suitable for gene cloning in unicel-
lular cyanobacteria was constructed by Zinchenko et al. (1999). These pVZ vec-
tors, deriving from RSF1010, were equipped each with two antibiotic resistance 
genes, which contain and are flanked by unique restriction recognition sites fa-
cilitating efficient cloning and subsequent selection of transconjugants. In practice, 
conjugational gene transfer is performed with two strains of E. coli, harboring the 
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Fig. 24.1  Schematic mechanism of triparental mating for conjugational transfer of pVZ321 based 
plasmids from E. coli to Synechocystis sp. PCC 6803. The depicted example shows the hypotheti-
cal plasmid pVZ-GOI harboring the gene of interest, which is inserted into pVZ321 substitutional 
for the chloramphenicol resistance cassette. RP4 acts as the mobilizing plasmid providing the tra 
gene products (as described in the text). The following symbols are used: Km, kanamycin resis-
tance; mob region, region harboring the mobilization genes mobA, mob and mobC; GOI, gene of 
interest
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mobilizing helper plasmid (e.g. RP4) and the cargo plasmid (e.g. pVZ321), re-
spectively and a cyanobacterial recipient strain. In this process termed “tri-parental 
mating”, the cargo plasmid is transferred to the cyanobacterial cells, as described 
in Fig. 24.1.

Within the course of reverse genetics research, the pVZ321 vector has served as a 
reliable tool in our lab to emphasize phenotypical effects of knock-out mutations in 
Synechocystis sp. PCC 6803 by reintroduction of the corresponding gene on this self-
replicating plasmid (Baier et al. 2001; Dühring et al. 2006a, b; Dienst et al. 2008).

24.3  Examples of Genetic Approaches to Study 
Cyanobacterial Physiology and Gene Regulation

24.3.1  Inactivation of Specific Genes—Different Strategies

The soaring amount of sequenced genomes of diverse organisms bears a multitude 
of putative open reading frames (ORF) with completely unknown or computational 
predicted functions. Since such predictions might be misleading without experi-
mental evidence, reverse genetics and/or biochemical approaches are necessary to 
shed light on the functions of these genes.

Cyanobacterial genetic studies initially were based upon the isolation of spon-
taneous mutants on UV light as well as chemical mutagenesis. Cells were selected 
for specific (e.g. nutritional) requirements or loss of specific physiological charac-
teristics like photoautotrophic growth or heterocyst formation (in diazotrophic fila-
ments) under nitrogen limitation. Searching for the site of a mutation usually was 
a time consuming process, since e.g. libraries of chromosomal fragments had to be 
constructed for complementation of the mutation, that way facilitating recovery of 
the wild-type phenotype (Wolk et al. 1988; Buikema and Haselkorn 1991; Shesta-
kov et al. 1994).

Utilization of the powerful homologous recombination system of many cyano-
bacterial strains has therefore developed into a major tool for directed mutagenesis 
of genes. Williams and Szalay (1983) were the first to publish the technique of stable 
integration of foreign DNA into the chromosome of Anacystis nidulans R2. In this 
process, a piece of chromosomal DNA containing the gene of interest (GOI) is now-
adays amplified by PCR and ligated into a cloning vector that replicates in E. coli. 
Thereafter, part of the GOI should be replaced by an antibiotic resistance cassette, 
which can alternatively be ligated just into a single site, thus inactivating the respec-
tive gene. Instead, gene disruption can be achieved without cloning procedures, just 
by integrating the resistance marker gene into the GOI by a two-step PCR approach 
(Taroncher-Oldenburg and Stephanopoulos 2000; Lee et al. 2004). The amplified 
DNA fragment is then transferred into the wild-type strain, thereupon replacing the 
original gene by the mutated gene copy by homologous recombination.
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Whereas in Synechocystis sp. PCC 6803 integration of homologous DNA usu-
ally happens by double reciprocal recombination, in many other cyanobacteria 
like Nostoc sp. PCC 7120 (former name Anabaena sp. PCC 7120) the second 
recombination event has to be selected by using the sacB gene (Cai and Wolk 
1990). SacB encoding levan sucrase is a conditionally lethal gene that should 
be included within the suicide plasmid bearing the mutated version of the GOI. 
Expression of sacB is induced by sucrose and the gene product is lethal for many 
gram-negative bacteria. Because single-crossover events lead to integration of 
the whole plasmid, these recombinant cells harbor the sacB gene and thus are 
sucrose-sensitive. Double-crossover leads to loss of the sacB gene resulting in 
sucrose-resistant clones. Double recombinants are selected on medium contain-
ing 5% sucrose.

However, as many cyanobacteria often harbor multiple copies of their chro-
mosome per cell (Herdman et al. 1979), the experimenter has to verify complete 
genomic segregation by the use of PCR and/or Southern Blot analysis. That phe-
nomenon might on the other hand be beneficial to investigation of essential genes, 
whose disruption would be lethal to the cells. In such cases, a “partial knock-out” 
of the GOI could permit survival of the mutant cells, still providing an insight into 
the function of the gene.

A different approach to alter gene expression in cyanobacteria has been proposed 
by Collier and Grossman (1994), who demonstrated that induced overexpression of 
an RNA molecule with a sequence antisense to the mRNA encoding the phycobili-
some degradation protein NblA actually prevented these structures from being de-
graded. This method is based on the ability of an antisense RNA to bind to its sense 
RNA counterpart (typically an mRNA), thereby disturbing translation or facilitating 
degradation of RNA duplexes by RNAses.

Over the past years, there has been collected increasing evidence for the exis-
tence of a significant number of regulatory non-coding RNAs (ncRNAs) that fulfill 
central roles in post-transcriptional regulation of gene expression in bacteria as well 
as in eukaryotes. These ncRNAs are a heterogeneous group of RNA molecules nor-
mally (but not always) lacking a protein-coding function. They are usually smaller 
than 200 nt in size and act to regulate mRNA translation/decay but can also bind 
to proteins and thereby modify protein function (for recent reviews see Gottesman 
2004, 2005). The method described by Collier and Grossman (1994) is particularly 
useful when working with such RNAs. Since ncRNA genes can be found in anti-
sense orientation within an open reading frame (Dühring et al. 2006a) or maybe 
within the 5′- or 3′-untranslated regions of genes (Kawano et al. 2005), it is not al-
ways reasonable to introduce a resistance cassette into the respective DNA region in 
order to knock out a ncRNA. Introduction of a construct into the cell that harbours 
a sequence antisense to the ncRNA (excluding terminator regions) together with a 
promoter that facilitates expression of the antisense RNA can lead to decreasing 
amounts of the ncRNA. For most purposes the addition of a Rho-independent ter-
minator sequence (e.g. oop terminator from phage lambda) should be considered as 
described in Dühring et al. 2006a.
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24.3.2  Rps12-Mediated Gene Replacement

Multiple targeted gene deletions or interruptions are often restricted by the number 
of available drug resistance markers. Moreover, use of cyanobacterial strains in 
biotechnology has a demand of mutants that are free from drug resistance markers. 
Matsuoka et al. (2001) have reported on a method termed rps12-mediated gene re-
placement for construction of such mutants in Synechococcus elongatus PCC 7942 
(Fig. 24.2).

Fig. 24.2  Schematic illustration of rps12-mediated gene replacement in cyanobacteria. First, the 
wild-type rps12 gene is a replaced by a streptomycin resistant variant using homologous recombi-
nation. Second, the gene of interest is replaced by the wild-type rps12 gene in combination with a 
kanamycin resistance cassette (Kmr). Flanking regions that are use for homologous recombination 
are shown as wavy lines. Using a construct bearing only the flanking regions of the deleted gene 
and selecting on streptomycin resistance the rps12-Kmr cassette will be removed from the genome
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There are several reports on point mutations in the S12 ribosomal protein subunit 
that confer resistance to streptomycin (Funatsu and Wittmann 1972; Timms et al. 
1992). These changes in the amino acid sequences of mutated subunits are thought 
to destabilize the streptomycin-ribosome complex, resulting in resistance to this an-
tibiotic. The system described by Matsuoka et al. (2001) is based on a streptomycin 
resistant rps12-R43 allele with a lysine to arginine substitution. First, the dominant 
wild-type rps12 allele is inserted into an ectopic site of a streptomycin resistant 
rps12- R43 mutant using an associated antibiotic resistance cassette for selection 
of transformants.

The selected merodiploid clones (concerning rps12) are sensitive to streptomy-
cin but resistant to the drug used for selection. Second, using the wild-type rps12 
locus any GOI can be inserted into the chromosome by homologous recombination. 
Streptomycin resistant clones can be selected that contain the desired gene in com-
bination with elimination of the wild-type rps12/drug resistance cassette. Takahama 
et al. (2004) have improved the method by employing a heterologous rps12 gene 
from Synechocystis sp. PCC 6803, thus, inhibiting gene conversion between the ho-
mologous rps12 alleles occurring together in mutants after first transformation. Al-
ternatively, if inactivation of a specific gene was the aim of the study, the wild-type 
rps12 gene associated with an antibiotic resistance cassette should replace the GOI. 
Here, flanking regions of the GOI can be used for homologous recombination. After 
transformation with a second construct bearing these flanking regions but missing 
the GOI, streptomycin resistant gene knockout clones can be selected (Fig. 24.2).

24.3.3  Complementation Studies

In order to determine whether the phenotypical outcomes of a gene mutation are 
really due to the gene inactivation itself or rather to polar effects (e.g. by interrup-
tion of the regulatory integrity of an operon) implementation of complementation 
studies should be taken into consideration. The wild-type gene will therefore be 
re-introduced into the mutant cell either by expressing it on a self-replicating plas-
mid like the pVZ vectors or by inserting it into a “neutral site” on the chromosome. 
“Neutral sites” are thought to be sequences on the cyanobacterial chromosome 
where ectopic sequences can be inserted without generating a phenotype. Such a 
sequence might be a silent or redundant gene, whose inactivation has been proved 
to be without any phenotypical effects under the relevant growth conditions.

However, so-called intergenic regions, referring to chromosomal segments 
in between of protein encoding genes, should not be taken into consideration as 
“neutral sites”, since there is increasing evidence for an enormous coding potential 
with regard to ncRNAs within these regions, also in cyanobacteria (Steglich et al. 
2008; Georg et al. 2009; Mitschke et al. 2011). In addition, inserting foreign DNA 
into 3′-untranslated reagions can lead to destabilization of the respective transcript 
(Meyer et al. 1996), since the 3′-ends of bacterial mRNAs are protected against 
exonucleolytic digestion by secondary terminator structures (reviewed in Rauhut 
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and Klug 1999). In either case, one should run a control approach, additionally 
transforming the mutant cells with the complementation vector devoid of the GOI, 
thereby excluding phenotypical restoration by secondary effects.

Vectors for ectopic expression of genes by means of introduction of DNA into 
the chromosome should contain an antibiotic-resistance marker, a controllable or 
constitutive promoter (unless the own promoter of the GOI is used) and a site 
where the GOI can be inserted. These (clustered) features are flanked by two DNA 
sequences that are similar to the chromosomal site of recombination. If gene ex-
pression should be controlled by an inducible promoter, one should be aware of 
physiological outcomes, which may accompany gene expression. PpetJ, PpetE, PnirA 
or a constitutive promoter (e.g. PrnpB) can be used (see Sect. 24.4). The definition 
of a site, where DNA sequences could be inserted without a phenotypic effect can 
be difficult.

Generally, it seems more reasonable to use self replicating plasmids for this kind 
of studies. But note that in this case problems might occur with respect to the copy 
number of the respective plasmid. Using a plasmid with a copy number higher than 
the amount of chromosomal copies can lead to an overexpression of the GOI with 
new effects on the mutant phenotype. The same holds true, when using different 
promoters for expression. In order to avoid such problems, expression studies have 
to be made to exclude additional phenotypic alterations due to non adequate expres-
sion of the respective gene.

24.3.4  Overexpression and Isolation of Proteins

The most common strategy for study of gene function is classical inactivation 
strategy of a gene followed by phenotypical analysis. However, this approach 
may not be suitable if the phenotype is complex and the contribution of the gene 
product should be studied in time and space. The above described methods on 
complementation analysis can also be used for overexpression studies in order to 
demonstrate the effects of abundance of protein or ncRNA on cell metabolism or 
to isolate native proteins from cells. Therefore, a self-replicating plasmid with an 
appropriate copy number is suggested in combination with a strong but inducible 
promoter, as overexpression of certain genes might be deleterious to the cells. 
Moreover, controlled induction of expression allows the evaluation of immediate 
cellular responses to overexpression of an ectopic gene rather than steady-state 
conditions.

In Synechococcus elongatus PCC 7942 a lacI-lacO repression system similar to 
the E. coli system is effective (Clerico et al. 2007). Our laboratory and others (Tous 
et al. 2001) frequently use the petJ promoter for gene expression. The petJ gene 
encodes the electron carrier protein cytochrome c553, which is normally expressed 
under copper (Cu2+) limitation, thereby replacing plastocyanin. Cu2+ regulates the 
activity of this promoter proportionally to its concentration in the medium. In stan-
dard BG-11 medium—which contains about 0.3 µM of Cu2+—this promoter facili-
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tates a basal expression level. Increasing the Cu2+ concentration up to 5 µM during 
growth leads to complete repression, whereas PpetJ dependent expression is in-
duced in Cu2+-free medium. Basal expression (in standard BG-11 medium) has been 
experienced to be typically sufficient for complementation of null mutants (Peter 
et al. 2009). Tous et al. (2001) have used this system to create a mutant of the gene 
encoding the RNA subunit of ribonuclease P (RNP), which is essentially involved in 
tRNA processing by cleaving at the 5′ ends of tRNA precursors. The RNA subunit 
( rnpB) as well as the protein component ( rnpA), are essential in vivo. In order to 
analyze the in vivo processing pathway of tRNA precursors, the authors constructed 
a strain, which conditionally expresses rnpB. The rnpB gene was therefore inserted 
downstream of the petJ promoter within an appropriate vector, followed by its in-
tegration into a neutral genomic locus. The wild-type rnpB allele was hereupon 
deleted from its original locus. Addition of repressing amounts of Cu2+ eventually 
enabled the detection of defects in tRNA processing.

The Cu2+-inducible promoter of petE (encoding the copper-binding electron car-
rier plastocyanin) (Briggs et al. 1990; Zhang et al. 1992), on the other hand, is an 
established tool for controlled overexpression of heterocyst differentiation factors 
in Nostoc sp. PCC 7120 (Buikema and Haselkorn 2001; Callahan and Buikema 
2001; Wu et al. 2004), but has recently been proved successful for genetic studies in 
Synechocystis sp. PCC 6803 as well (Yang et al. 2008).

Another inducible expression system was established by Qi et al. (2005), who 
used the nitrate-inducible promoter of nirA from Synechococcus sp. strain PCC 
7942 for the expression of transgenes in Synechocystis sp. PCC 6803. Since this 
promoter is repressed by ammonium-containing medium, the authors point at its 
suitability especially for the engineered production of potentially toxic peptides or 
intermediates in Synechocystis sp. PCC 6803.

Expression of gene fusion products has developed into a critical need for co-
purification approaches to identify components of protein complexes. Therefore, 
several affinity-tags turned out to be useful in cyanobacteria. The histidine tagging 
technique is a common approach to facilitate purification of specific proteins or pro-
tein complexes. Bricker et al (1998) have constructed a Synechocystis sp. PCC 6803 
strain fusing an extension of six histidines to the carboxyl terminus of the CP47 
protein allowing rapid purification of highly active photosystem II complexes. In 
addition, a couple of proteins associated with photosystem II were highly enriched 
in such preparations. Further work of different groups revealed the existence of sev-
eral photosystem II associated proteins, which were identified after purification of 
His-tagged photosystem II from Thermosynechococcus elongatus (Nowaczyk et al. 
2006) or Synechocystis sp. PCC 6803 (Inoue-Kashino et al. 2008).

Our group routinely uses the 3xFLAG tag (Sigma-Aldrich) as a very sensitive 
epitope tag for isolation of less abundant proteins. Using this tag it was shown that 
the putative assembly factor Ycf37 binds to photosystem I (Dühring et al. 2006b). 
Furthermore, the H subunit of the magnesium chelatase was co-immunopurified 
with the 3xFLAG tagged regulator Gun4 (Sobotka et al. 2008). Karradt et al. (2008) 
have used GST-tagged NblA protein expressed in Nostoc sp. PCC 7120 to co-pre-
cipitate ClpC a component of the Clp protease.
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24.3.5  Promoter Studies

In order to improve studies on gene expression in cyanobacteria, the promoterless 
luxAB genes, which encode for the structural proteins of luciferase from Vibrio har-
veyi, were introduced as reporter system several years ago. Likewise the reporter 
gene gfp, which encodes for the light-emitting green fluorescent protein (Gfp) of 
the jellyfish Aequorea victoria, has been widely used to monitor gene expression in 
cyanobacteria (Yoon and Golden 1998).

The luxAB reporter system, which was initially used to analyze the response to 
nitrogen depriviation in Anabaena strains (Wolk et al. 1991) has been widely ap-
plied to continuative studies on nitrogen fixation in filamentous strains (e.g. Lega-
nes et al. 1994; Cai and Wolk 1997) and on environmental- and circadian-regulated 
gene expression in unicellular strains (recently reviewed by Mackey et al. 2007). 
The groups of S. Golden and T. Kondo used the luxAB system to identify individual 
colonies exhibiting mutations in genes involved in the circadian clock system of 
Synechococcus elongatus PCC7942 (Kondo et al. 1994). In principle any promoter 
can be cloned upstream of a reporter gene. In Synechococcus elongatus bacterial 
luciferase ( luxAB) has been widely used for measuring circadian activity driven by 
different promoters permitting assays within particular colonies. Liu et al. (1995) 
inserted bacterial luciferase genes randomly into the Synechococcus genome and 
screened transformed clones for bioluminescence. Using this method the authors 
showed that the control of gene expression by circadian clocks is very widespread 
and targets the majority of genes.

Other reporters like GFP were especially helpful to demonstrate transcription 
within particular types of cells in a filament (e.g. Yoon and Golden 1998) or to show 
subcellular localization of FtsZ (Sakr et al. 2006). Kunert et al. (2000) constructed 
promoter probe vectors for Synechocystis sp. PCC 6803 using gfp and luxAB genes 
for studies of the promoter of the isiAB operon.

24.3.6  Transposon Mutagenesis

Transposon mutagenesis is a powerful screening tool to identify structural and 
regulatory components that are important for specific cellular functions. Random 
mutagenesis in Nostoc sp. PCC 7120 using the Tn5 transposon was first described 
by Borthakur and Haselkorn (1989). Tn5 is a DNA-element, which inserts into any 
DNA-sequence and thereby causes gene inactivation. The advantage of Tn5-muta-
genesis is the possibility of positive selection using transposon mediated antibiotic 
resistance, while the site of integration can be idientified by various molecular tech-
niques. These techniques include the recovery of transposon containing plasmids 
(Katayama et al. 1999; Koksharova and Wolk 2002b), direct genomic sequencing 
(Bhaya et al. 2001) or inverse PCR (Huang et al. 2000; Fujimori et al. 2005). Using 
this method, transposon mutants with a wide variety of phenotypes were obtained 
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in Nostoc sp. strain ATCC 29133 (Cohen et al. 1994) and in Nostoc sp. PCC 7120 
(Ernst et al. 1992). Recently established strategies involve commercialized trans-
poson-based in vitro systems to insert transposons randomly into a genomic library 
(e.g. Bhaya et al. 2001; Shibata et al. 2001; Ozaki et al. 2007). Many more studies, 
which are not listed here, were conducted to identify genes that are involved in ni-
trogen or carbon fixation, in photosynthesis, motility, differentiation, metabolism, 
cell division and other processes.

In addition, reporter genes such as luciferase can be inserted into genomes us-
ing transposon mutagenesis in order to identify regulatory components (Wolk et al. 
1991; Cai and Wolk 1997; Schwartz et al. 1998).

24.4  Conclusion

The publication of many cyanobacterial sequences in the last 10 years has gener-
ated interest in developing tools for different organisms. Although genetic tools 
are available for several freshwater cyanobacteria, only very few techniques have 
been published for marine cyanobacteria. These have to be developed in future. 
Some genetic tools used with freshwater strains may also be applicable for marine 
cyanobacteria. The next phase of genome analysis is the elucidation of the func-
tion of open reading frames with unknown function and regulatory RNA genes that 
will be identified in genome sequences. The combination of genome sequencing, 
identification of genes and genetic tools provides the opportunity to understand how 
cyanobacteria survive, how they adapt to their environment and to elucidate their 
physiological capacities for biotechnological applications.
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Flavodoxin-like domain, 641
Flavohemoglobin family, 632
Flavorubredoxin (FlRd), 632
Flow-equilibrium, 19, 33
Flow-force relationship, 117, 119
FlRd, 646
flrd gene, 646
FNR, 48, 143, 149, 451, 577, 579
Fo part, 240
Foerster Resonance Energy Transfer (FRET), 

244
FoF1-ATPase, 26, 239
Formaldehyde, 34
Formation of NH3, 138
Fossil record, 90
Four helix bundle, 500
FR state COX, 373
Franck, J., 194
Franck-Condon factor, 543, 544
Free-living proto-chloromitochondria, 35
Fremyella diplosiphon, 227
Frequency Chaos Game Representation 

(FCGR), 101
matrices, 100

FtsZ, 696
F-type ATPases, 59
Fumarate hydratase, 222
FurA, 674
Fusion model, 277
Fusion organism, 277
FutA2, 618
FutB, 618
FutC, 618
Fx, 311, 319

G
Galderia sulfuraria, 314
Gallus gallus, 477
Gamow’s tunnelling equation, 543
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Light-limited growth, 44
Linker polypeptides, 226
Linker proteins, 221

Linker protein LCM, 397
Lipids, 307, 322
Lithotrophic nutrition, 21
Lithotrophy, 33
LOV domain, 415 
Low potential chain, 578
Low potential cyt c550, 517
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NAD(P)H-PQ reductase, 197
NAD+-reducing hydrogenase, 146
NADH, 48

dehydrogenases, 47
oxidoreductase, 637

NADH:FlRd oxidoreductase, 633, 646
NADH:rubredoxin oxidoreductase NRO, 631, 

632
NADP+ reductase (FNR), 386, 576
Natromonas pharaonis, 474
ncRNAs, 691
NDH-1, 47, 48, 96, 580
NDH-1 complexes, 457, 461
NDH-1 M, 197
NDH-1 subunits, 447, 453
NDH-1L, NDH-1MS, NDH-1S, 197, 452, 

453, 455, 460
NDH-2, 47, 48, 96 
NDH subunits, 446, 450, 452
Negentropy, 21
Neisseria gonorrhoeae, 687
nifD, 141, 275
nifDK, 140, 671
NiFe active site, 144
nifH, 138, 140
Ni-hydrogenases, 144
nirA, 695
Nitrate respiration, 40, 42
Nitric oxide, 631
Nitrogen metabolism, 222
Nitrogenase, 47, 56, 137, 222, 671, 674

protein-1, 138

protein-2, 138
reductase, 138
substrates, 138

Nitrogen fixing organisms, 137
Nodularia spumigema CCY9414, 519, 520
Nodularia spumigena, 401, 676

CCY9414, 518
Nonadiabatic electron transfer (NET), 352
Non-coding nucleotide Sequences, 98
Non-equilibrium thermodynamics, 116
Nonheme iron (NHFe), 305, 345
Non-heterocystous filamentous 

cyanobacterium, 672
Non-heterocystous species, 142
Non-oxygenic photosynthesis, 612
Nonphotochemical quenching (NPQ), 396
Nostacales, 51, 58, 178, 279, 472, 665
Nostoc, 549, 553, 620

8009, 48
MAC, 51
muscorum, 152
PCC 7120, 582, 583
PCC7119, 667
PCC7120, 169, 658, 674, 675

Nostoc sp. 
PCC 7119, 561, 563, 622
PCC 7120, 160, 576, 597, 691, 695–697
strain ATCC 29133, 697

Nostoc punctiformae, 142, 160, 169, 405, 582, 
676

sp. ATCC29133, 472, 485
29133/73102, 519
PCC73102, 162

n-side, 28
NtcA, 141, 146, 674, 675
NTF2 domain, 408
NTG-treatment, 153
Nuclear genomes, 102
2-n-nonyl-4-hydroxyquinoline-N-oxide 

(NQNO), 593

O
O2 back pressure effect, 362
O2 reduction, 341, 365
O2-cycle, 30
Obligate anaerobes, 32
Obligate photoautotroph, 222
OEC, 30, 32, 37, 234, see also WOC
Oligomycin-sensitivity-conferring protein 

(OSCP), 247
Oligotrophic lakes, 109
OmcF, 529
Ontological nothingness, 14

Index



714714

Oparin, A. 11
Open reading frames (ORFs), 403, 408
Orange carotenoid protein (OCP), 396, 399

structure, 408
photoconversion, 410, 417
red form, 411 
orange form, 410
his-tagged, 411

Organellar genomes, 102
Organelles, 89
Organotrophy, 33
Origin of life, 9
Origin of phototrophy, 271
oriT region, 688
Oscillatoria, 472, 533
Oscillatoria sp., 92
Oscillatoriales, 56, 472, 534, 662, 672
Osmotically inert structures, 110
O stateCOX, 373
Outer membrane, 199
Oxic biosphere, 40
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Proton pump, 232, 365
Proton pumping, 662
Proton transfer (PT), 341
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γ-Proteobacteria, 276

Q
QA, 286, 299, 346, 429
QB, 286, 299, 308, 363, 429
QC, 300, 308, 363
Q-cycle, 38
qE, 396, 414
qEcya, 398, 408, 411, 413
Qi pocket, 578
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Rieske iron-sulfur protein, 37
Rieske isoforms, 582
RNase, 556
rnpA, 695
rnpB, 695
Rotary catalysis, 242
Rotary molecular machine, 241
Rotenone, 47
Rotor, 241
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