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Foreword

A huge energy crisis is before us, and, in my opinion, the field of photosyn-

thesis is being borne again; we are indeed seeing its reincarnation in what we

may call “sustainability.” Those who would solve the energy crisis need all

the information on different parts of the process of photosynthesis. They

would want to know how to replicate it, how to mimic it, how to modify it,

and how to exploit it to our benefit using all sorts of tools from various

disciplines of science: biology, physics, chemistry, mathematics (for

modeling), and engineering. This book Photosynthesis: Structures,

Mechanisms, and Applications, edited by four international authorities,

Harvey Hou (USA), Mahdi Najafpour (Iran), Gary Moore (USA), and

Suleyman Allakhverdiev (Russia), is one of the first books in that direction.

Harvey Hou is a leading scientist and pioneer in assessing the thermody-

namic parameters of photosynthesis and in developing manganese/semicon-

ductor catalysts for artificial photosynthesis. Mahdi Najafpour is an active

and successful expert in exploring transition-metal compounds as water-

oxidizing catalysts. Gary Moore is a prominent specialist in artificial photo-

synthesis and solar-to-fuel technology. Suleyman Allakhverdiev is an

established world leader in the field of photosystem II and artificial photo-

synthesis. This book appears at a particularly appropriate time with a bal-

anced combination of topics related to both basic and applied aspects of

photosynthesis (see the Preface and the Table of Contents). It is in the right

direction toward the goal of finding a solution to the energy crisis facing us

all—because of growing world population and climate change. The book

deals not only with possible ways and means to understand and improve

natural photosynthesis, but it also includes possibilities around the corner

(maybe by 2050) for what some of us call “artificial photosynthesis.” For

several highly innovative ideas being discussed where photosynthesis plays

an important role, I refer the readers to a paper by Donald R. Ort (with 24 top

international authorities): Redesigning photosynthesis to sustainably meet
global food and bioenergy demand, Proceedings of the National Academy

of Science USA 112 (28): 8529-8536. I strongly recommend this highly

informative and innovative book to all the major libraries in the world as

well as to all researchers engaged in solving problems related to bioenergy.

I end my remarks by citing the hope Jules Verne (1875) gave us—we

should, of course, modify it after reading this remarkable book,
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Photosynthesis: Structures, Mechanisms, and Applications: “I believe that

one day water will one day be used as a fuel because the hydrogen and

oxygen which constitute it, used separately or together, will furnish an

inexhaustible source of heat and light. I therefore believe that, when coal

(oil) deposits are oxidized, we will heat ourselves by means of water. Water

is the fuel of the future.” I am an optimist and have faith in the next

generation of scientists to solve the problems of global warming and of

both food and energy facing us today. For background on all aspects of

photosynthesis, I refer the readers to now 42 volumes in the Springer series

Advances in Photosynthesis and Respiration Including Bioenergy and

Related Processes (see http://www.springer.com/series/5599).

University of Illinois at Urbana-Champaign Govindjee

Urbana, IL, USA

URL: http://www.life.illinois.edu/govindjee/
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Preface

Photosynthesis powers our biosphere and offers an intellectual challenge to

deepen our understanding of this globally important process. It is an

inherently interdisciplinary field of research, involving times that span

from geologic to sub-femtosecond scale. The process occurs in plants,

algae, and cyanobacteria and has evolved over 3 billion years. Photosynthesis

currently produces more than 100 billion tons of dry biomass annually,

equating to a global energy storage rate of ~100 TW. However, addressing

the environmental, socioeconomic, and geopolitical issues, associated with

increasing global human energy consumption, will require the identification

and development of new technologies capable of using renewable carbon-

free or carbon-neutral energy sources. Among the renewable sources, solar is

indeed quite promising as it alone is sufficient to meet global human energy

demands well into the foreseeable future. In this context, photosynthesis

inspires us to transform our current technological energy infrastructure to

one that utilizes sunlight for the direct production of fuels and other industri-

ally important chemicals.

Recent advances in understanding the detailed structures of photosyn-

thetic systems have set the stage for dynamic functional studies. Likewise,

sophisticated spectroscopic techniques have revealed important mecha-

nistic details. In this book, we provide examples of such important

advances and progress. The book contains chapters written by experts

and leaders in their respective fields, representing an international collab-

orative effort including 52 leading experts and scientists in photosynthesis

research from 27 laboratories in 13 countries including Bulgaria, Canada,

China, Germany, India, Iran, Japan, New Zealand, Russia, Slovakia,

Sweden, the UK, and the USA. We envision this book to serve as a

resource for both young and established researchers as well as students

in colleges and universities at the graduate as well as advanced under-

graduate level.

Several new topics on photosynthesis are covered in this book; these

include structural and mechanistic information on biological photosynthetic

systems and on human engineered constructs that are inspired by their

biological counterparts. The notion that biology can inspire technology is

an embedded theme, and the chapters are organized in terms of the temporal

sequence of events occurring in the process of photosynthesis. For example,
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chapters on the topic of light harvesting are followed by those on charge

separation at the reaction centers, followed by charge stabilization and then

chemical reactions and protection mechanisms. The book concludes with

more specialized topics including artificial photosynthetic constructs and

their potential applications in future technologies.

The opening chapter, by Mohammad Mahdi Najafpour, Harvey J. M.

Hou, and Suleyman I. Allakhverdiev, provides an introduction and over-

view of natural and artificial photosynthesis. Chapter 2, by Pu Qian, and

Chap. 3, by Erica Belgio and Alexander V. Ruban, evaluate the structure

and function of native and recombinant light-harvesting systems from

purple photosynthetic bacteria and higher plants. The next three Chaps.

(4, 5, 6 and 7) focus on the charge transfer mechanisms of photosystem II

and the oxygen-evolution complex: Chap. 4 is by Jessica Wiwczar and

Gary W. Brudvig; Chap. 5 by Alice Haddy, Vonda Sheppard, Rachelle

Johnson, and Eugene Chen; and Chap. 6 by Mahir D. Mamedov and

Alexey Yu. Semenov. The structure, function, and organization of photo-

system I are reviewed and discussed in Chap. 7 by Wu Xu and Yingchun

Wang. The following seven Chaps. (8, 9, 10, 11, 12, 13 and 14) deal with

the regulation and protection mechanisms of photosynthesis under diverse

environmental conditions: Chap. 8 is by Seiji Akimoto and Makio Yokono;

Chap. 9 by Leonid V. Kurepin, Alexander G. Ivanov, Mohammad Zaman,

Richard P. Pharis, Vaughan Hurry, and Norman P.A. Hüner; Chap. 10 by

Marek Zivcak, Katarina Olsovska, and Marian Brestic; Chap. 11 by

Anjana Jajoo; Chap. 12 by Krishna Nath, James P. O’Donnell, and Yan

Lu; Chap. 13 by Beth Szyszka, Alexander G. Ivanov, and Norman

P.A. Hüner; and Chap. 14 by Amarendra N. Misra, Ranjeet Singh,

Meena Misra, Radka Vladkova, Anelia Dobrikova, and Emilia

L. Apostolova. Several stimulating new approaches on the topic of artifi-

cial photosynthesis are presented in the next five Chaps. (15, 16, 17, 18 and

19): Chap. 15 is by Mohammad Mahdi Najafpour, Saeideh Salimi,

Małgorzata Hołyńska, Fahime Rahimi, Mojtaba Tavahodi, Tatsuya

Tomo, and Suleyman I. Allakhverdiev; Chap. 16 by Mohammad Mahdi

Najafpour, Seyed Esmael Balaghi, Moayad Hossaini Sadr, Behzad Soltani,

Davood Jafarian Sedigh, and Suleyman I. Allakhverdiev; Chap. 17 by

Harvey J.M. Hou; Chap. 18 by Art Van Der Est and Prashanth

K. Poddutoori; and Chap. 19 by Babak Pashaei and Hashem Shahroosvand.

The final chapter, Chap. 20, by Gary F. Moore, offers concluding remarks

and a forward-looking perspective regarding research in natural as well as

artificial photosynthesis.

We acknowledge all the authors for their contributions that have made this

book possible. The book chapters were reviewed by Seiji Akimoto, Erica

Belgio, Marian Brestic, Gary Brudvig, Alice Haddy, Anjana Jajoo, Leonid

Kurepin, Krishna Nath, Pu Qian, Art Van Der Est, and Wu Xu. The complete

book was reviewed by the four editors and revised by the authors. We are

deeply thankful to Govindjee for his valuable advice and continued support.

We are very grateful to André Tournois, Jacco Flipsen, and Mariska van der

Stigchel of Springer for their help during the production of this book. Finally,
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Japan, and in the Département de Chimie-Biologie, Universite du Quebec at

Trois Rivieres (with Prof. Robert Carpentier), Quebec, Canada (1988–1990).

He has been a guest editor of many (more than 30) special issues in interna-

tional peer-reviewed journals. At present, he is a member of the editorial

board of more than 15 international journals. Besides being editor-in-chief of

SOAJ NanoPhotoBioSciences, associate editor of the International Journal

of Hydrogen Energy, section editor of BBA Bioenergetics, and associate

editor of Photosynthetica, he also acts as a referee for major international

journals and grant proposals. He has authored (or co-authored) more than

350 research papers, 6 patents, and 7 books. He has organized several (more

than 10) international conferences on photosynthesis. His research interests

include the structure and function of photosystem II, water-oxidizing com-

plex, artificial photosynthesis, hydrogen photoproduction, catalytic conver-

sion of solar energy, plants under environmental stress, and photoreceptor

signaling.

About the Editors xxi



Photosynthesis: Natural Nanomachines
Toward Energy and Food Production 1
Mohammad Mahdi Najafpour, Harvey J.M. Hou,
and Suleyman I. Allakhverdiev

Summary

Photosynthesis is of the most important

reactions on Earth and it is a scientific field

that is intrinsically interdisciplinary. This

chapter provides a brief discussion on the

importance of photosynthesis and potential

future applications of photosynthesis as a

blueprint for artificial photosynthetic systems.
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1.1 Introduction

Nature uses unique and powerful strategies to

capture the solar energy in an amazing process:

Photosynthesis (from Greek, photo: light and

synthesis: putting together). The phenomenon is

the most important photobiological reaction on

our planet and occurs in plants, algae and

cyanobacteria. All creatures need energy to

their life. Phototrophy is a process used by

organisms to trap photons and store energy as

chemical energy in the form of adenosine triphos

phate (ATP), which transports energy within

cells (Fenchel et al. 2012). There are three types

of phototrophy: anoxygenic photosynthesis,
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oxygenic photosynthesis, and rhodopsin-based

phototrophy (Fenchel et al. 2012). Photosynthe-

sis usually converts carbon dioxide into different

organic compounds using solar energy.

Although, some anoxygenic photosynthetic

organisms such as heliobacteria can’t fix carbon

photoautotrophically.

In anoxygenic photosynthesis used by green

bacteria, phototrophic purple bacteria, and

heliobacteria, light energy is captured and stored

as ATP, without the production of oxygen

(Bryant and Frigaard 2006; Blankenship et al.

1995; Feiler and Hauska 1995). This means

water is not used as the primary electron donor.

Such organisms use a single photosystem, which

restricts them to cyclic electron flow only, and

they are therefore unable to produce O2 from the

oxidization of H2O. Anoxygenic phototrophs

have photosynthetic pigments called bacterio-

chlorophylls. Bacteriochlorophyll a and b have

maxima wavelength absorption at 775 nm and

790 nm, respectively.

In contrast, oxygenic photosynthesis in

plants, algae and cyanobacteria results not only

in the fixation of carbon dioxide (CO2) from the

atmosphere, but also release of molecular oxy-

gen to the atmosphere (Blankenship 2013; Allen

et al. 2011). The name of cyanobacteria is based

on the bluish pigment phycocyanin, which is

used to harvest light for photosynthesis in

these cells. Plants, algae and cyanobacteria not

only capture approximately 3000 EJ and pro-

duce more than 100 billion tons of dry biomass

annually (Blankenship et al. 1995), but also

they form oxygen, which is necessary for

many organisms. The transition from

anoxygenic to oxygenic photosynthesis in the

eubacterial lineage was an important innovation

in evolution and the vast majority of the scien-

tific community is in agreement regarding the

correlation between this event and the begin-

ning of oxygen accumulation on Earth (Canfield

2005). The evidence from chemical markers

(Kazmierczak and Altermann 2002; Summons

et al. 1999), stromatolite fossils (Olson and

Blankenship 2004), and microfossils (Schopf

1975) attest that cyanobacteria arose before

2.5 billion years ago (Konhauser et al. 2011;

Gould et al. 2008). Before cyanobacteria, the

atmosphere had much more carbon dioxide

and organisms used hydrogen or hydrogen sul-

fide as sources of electron (Olson 2006), but the

new oxygen-rich atmosphere was a revolution

for complex life.

1.2 Organization and Function of
Photosynthetic Nanomachines

In plants and algae, photosynthesis takes place in

chloroplasts. Each plant cell contains about

10–100 chloroplasts (Fig. 1.1). The chloroplasts

in modern plants are the descendants of these

ancient symbiotic cyanobacteri (Gould et al.

2008). Chloroplast is one of three types of

plastids, indicated by its high concentration of

chlorophyll (Fig. 1.1a) (McFadden 2001). The

plastids in plant cells are highly dynamics

structures and divide during reproduction. Their

behavior is strongly influenced and regulated by

environmental factors like light color and inten-

sity. They are composed of two inner and outer

phospholipid membrane and an intermembrane

space between them. Within the membrane is an

aqueous fluid called the stroma, which contains

stacks (grana) of thylakoids (Fig. 1.1b). The

thylakoids are flattened disks, bounded by a

membrane with a lumen or thylakoid space

within it. The thylakoid membrane forms the

photosystems (Fig. 1.1b, c, d). On the other

hand, Cyanobacteria have an internal system of

thylakoid membranes where the outer mem-

brane, plasma membrane, and thylakoid

membranes each have specialized roles in the

cyanobacterial cell (McFadden 2001).

The process of photosynthesis starts with the

absorption of light by pigments (Fig. 1.2) located

in PSII (Blankenship 2013). Then, the energy is

transferred to the reaction center, which are spe-

cial chlorophyll (P680
+). Energy transfer between

the antenna pigments transports the excitation to

the reaction center and is an important part of the

photosynthetic process. Excitons trapped by a

reaction center provide the energy for the pri-

mary photochemical reactions and causes the

oxidation of its adjacent tyrosine (Yz) and
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Fig. 1.1 Structures of a typical higher-plant chloroplast

(a), thylakoid (b), thylakoids inside a cyanobacterium

(c), and major protein complexes in a chloroplast (d).
PSII; cytochrome b6f (Cyt b6f); PSI; ATP synthase; and

Rubisco. Subunits are given single-letter names, omitting

the three-letter prefix that denotes the complex of which

each forms part. These prefixes are: psa for PSI; psb for

PSII; pet (photosynthetic electron transport) for the

cytochrome b6f complex and secondary electron carriers;

atp for the ATP synthase; and rbc for Rubisco. Polypep-

tide subunits encoded in the chloroplast are coloured

green; polypeptide subunits encoded in the nucleus are

coloured yellow. Each major complex, such as PSI, PSII

or ATP synthase, can be considered as a nano machine

(see the scale in the image) (Reprinted with permission

from Allen et al. 2011. Copyright (2011) by Elsevier)
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afterwards, the Yz+ is reduced to Yz by the

electron captured from the water oxidation com-

plex (WOC) or the oxygen-evolving complex

(OEC) (Ferreira et al. 2004; Umena et al. 2011).

Two photosystems are connected by a series of

intermediate carriers named plastoquinol, cyto-

chrome b6f, and plastocyanin. Electrons transfer

from P680 via Pheo QA to QB to give

plastoquinol after two turnovers. Cytochrome

b6f acts as an electron carrier mediates electron

transfer between the two carriers plastoquinol

and plastocyanin. The electron due the P680 exci-

tation is carried to PSI to restore the function of

chlorophyll P700. The light absorption and electron

Fig. 1.2 Chemical structures of chlorophylls (a) chlorophyll a; (b) chlorophyll b; (c) chlorophyll c1; (d) chlorophyll
c2; (e) chlorophyll c3; (f) chlorophyll d; (g) chlorophyll f
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transition in PSI lead to production of NADPH. In

the reactions, Ferredoxin and Ferredoxin NADP

oxido Reductase are intermediates. Overall, the

net reaction is electron transition resulting from

water oxidation in PSII to NADP+ and formation

of NADPH form in PSI. These electrons are shut-

tled through an electron transport chain, the

so-called Z-scheme shown in Fig. 1.3.

The proton gradient across the chloroplast

membrane is used by ATP synthase for the con-

comitant synthesis of ATP. The chlorophyll mol-

ecule regains the lost electron from a water

molecule and oxidizes it to dioxygen (O2) by a

complicated mechanism:

2H2Oþ 2NADPþþ 3ADPþ 3Pi þ light

! 2NADPHþ 2Hþþ 3ATPþ O2

1.3 Structures and Mechanisms
of the Water Oxidation
Nanomachines

Recently, the crystal structure of the PSII WOC

at atomic resolution was determined (Umena

et al. 2011; Suga et al. 2015). In this structure,

one calcium and four manganese ions are bridged

by five oxygen atoms. The structure also

shows four water molecules, two of which are

Fig. 1.3 Z-Scheme of electron transport in photosynthe-

sis. Abbreviations used are (from left to the right of the

diagram): Mn for a manganese complex containing 4 Mn

atoms, bound to Photosystem II (PSII) reaction center;

Tyr for a particular tyrosine in PSII; O2 for oxygen; H+

for protons; P680 for the reaction center chlorophyll (Chl)

in PSII: it is the primary electron donor of PSII; Excited

(Chl) P680 for P680* that has the energy of the photon of

light; Pheo for pheophytin molecule (the primary electron

acceptor of PSII; it is like a chlorophyll a molecule where

magnesium (in its center) has been replaced by two “H”s);

QA for a plastoquinone molecule tightly bound to PSII;

QB for another plastoquinone molecule that is loosely

bound to PSII; FeS for Rieske Iron Sulfur protein;Cyt. f

for Cytochrome f; Cytb6 (L and H) for Cytochrome b6

(of Low and High Energy); PC for copper protein plasto-

cyanin; P700 for the reaction center chlorophyll (Chl;

actually a dimer, i.e., two molecules together) of PSI; it

is the primary electron donor of PSI; Excited (Chl) P700

for P700* that has the energy of the photon of light; Ao

for a special chlorophyll a molecule (the primary electron

acceptor of PSI); A1 for a phylloquinone (Vitamin K)

molecule; FX, FA, and FB are three separate Iron Sulfur

Centers; FD for ferredoxin; and FNR for Ferredoxin

NADP oxido Reductase (FNR). Three major protein

complexes are involved in running the “Z” scheme:

(1) PSII; (2) Cytochrome bf complex (containing Cytb6;

FeS; and Cytf) and (3) PSI. The diagram does not show

where and how ATP is made (Images from Govindjee and

Wilbert Veit)
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suggested as the substrates for water oxidation

(Fig. 1.4).

Joliot et al. (1969) showed that short flashes

produced an oscillating pattern in the oxygen

evolution and a maximum of water oxidation to

oxygen production occurred on every fourth

flash. Because water oxidation needs the removal

of four electrons, these patterns were very inter-

esting. Kok was the first scientist to propose an

explanation for the observed oscillation of the

oxygen evolution pattern (Kok et al. 1970).

Kok’s hypothesis was that in a cycle of water

oxidation, a succession of oxidizing equivalents

is stored on each separate and independent water

oxidizing complex, and when four oxidizing

equivalents have been accumulated oxygen is

spontaneously evolved (Kok et al. 1970). Each

oxidation state of the water-oxidizing complex is

known as an “S-state” and S0 being the most

reduced state and S4 the most oxidized state in

the catalytic cycle (Fig. 1.5) (Kok et al. 1970).

The S1 state is dark-stable. The S4 ! S0 transi-

tion is light independent and in this state oxygen

is evolved. Other S-state transitions are induced

by the photochemical oxidation by P680
+

(Blankenship 2013).

Light is also used to synthesize ATP and

NADPH in photosynthesis. Cyclic and

non-cyclic are two forms of the light-dependent

reaction. In the non-cyclic reaction, the photons

are captured in the light-harvesting antenna

complexes of PSII by different pigments

(Blankenship 2013). The NADPH and ATP is

used by the photosynthetic organisms to drive

the synthesis in the Calvin – Benson cycle in the

light-independent or dark reactions (Fig. 1.6) [22].

By the Calvin – Benson, the enzyme

RuBisCO captures CO2 from the atmosphere

and in a process that requires the newly formed

NADPH, releases three-carbon sugars, which are

later combined to form sucrose and starch. The

overall equation for the light-independent

reactions in green plants is (Lundqvist and

Schneider 1991):

3CO2þ9ATPþ 6NADPHþ 6Hþ

! C3H6O3-phosphateþ 9ADP þ 8Pi

þ6NADPþþ3H2O

There is a Mg(II) ion in the active site of

RuBisCO, which stabilizes formation of an

enediolate carbanion equivalent that is

Fig. 1.4 The structure of

PSII WOC (Suga et al.

2015) (Reprinted with

permission from Suga et al.

2015. Copyright (2015) by

McMilan publications)
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subsequently carboxylated by CO2 (Lundqvist

and Schneider 1991).

1.4 Applications of Artificial
Photosynthetic Nanomechines

Our food, energy, environment and culture,

directly or indirectly, depend on the photosynthe-

sis. Because the solar energy absorbed by Earth is

huge, approximately 3,850,000 exajoules per

year, which is more energy in one hour than the

world used in one year!, recently, artificial photo-

synthesis has been used as a model for how a

sustainable supply of energy could be obtained.

The term artificial photosynthesis is a general

term (Najafpour et al. 2015; Tachibana et al.

2012; Nocera 2012). Recently, the phenomenon

have been a blueprint to obtain a sustainable fuel

for human as artificial photosynthesis, which is a

general term to cover all strategies to mimic the

photosynthetic process especially to provide a

solar-based sustainable energy supply in the future

(Fig. 1.6) (Najafpour et al. 2015; Tachibana et al.

2012; Nocera 2012). In other words, photosynthe-

sis can provide paradigms for sustainable global

energy production and efficient energy transfor-

mation (Najafpour et al. 2015; Tachibana et al.

2012; Nocera 2012; Ort et al. 2015; Lin et al.

2014; Blankenship et al. 2011). As an excellent

example, artificial leaf, which is a machine that

can harness sunlight to split water into molecular

hydrogen and oxygen without needing any exter-

nal connection, is being developed (Nocera

2012). The artificial leaf (Fig. 1.6) may be com-

parable to real leaves, which converts the energy

of sunlight into chemical form, and represents

one of the most promising directions in solar

fuel and food production. In addition, several

inspiring cases using different approaches in arti-

ficial photosynthesis are presented and discussed

in Chaps. 15, 16, 17, 18, 19 and 20 in this book.

Fig. 1.5 S-state cycle of photosynthetic water oxidation

(Kok cycle). Starting in the dark-stable S1 state, absorp-

tion of a photon and subsequent electron transfer leads to

oxidation of tyrosine YZ, which in turn removes an elec-

tron from the WOC advancing it from state Si to Si + 1.

The electron transfer steps are accompanied by charge-

compensating deprotonation steps. A plausible set of

oxidation-state combinations of the four Mn ions is

shown for the various Si states. Models show the

optimized geometry, protonation pattern and Mn oxida-

tion states of the inorganic core. The cofactor exists in two

forms in the S2 state, an open cubane (S2A) and a closed

cubane (S2B) structure, which differ in their core connec-

tivity by the reorganization of O5 (Reprinted with permis-

sion from Cox et al. 2013. Copyright (2013) by the

American Chemical Society)
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Structure and Function of the Reaction
Centre – Light Harvesting 1 Core
Complexes from Purple Photosynthetic
Bacteria

2

Pu Qian

Summary

Reaction centre-light harvesting 1 core complex

is a fundamental unit in photosynthetic bacte-

rium. It is the place where light energy is col-

lected and used to power photosynthetic redox

reaction, leading to the synthesis of ATP ulti-

mately. The reaction centre is surrounded by

elliptical LH1 complex. The subunit of the

LH1 ring is a heterodimer of α-, β-polypeptide
pair, to which pigment molecules, BChl a or

BChl b and carotenoid are non-covalently

bonded. There are at least three different types

of the RC-LH1 core complexes found in photo-

synthetic bacteria so far. The core complex from

Rps. palustris is a monomer. Its LH1 ring

consists of 15 pairs of α/β-polypeptide with an

extra protein ‘W’ located between two

α-polypeptides, forming an incomplete ring.

The gap of the LH1 ring was proposed as a

gate to facilitate quinone/quinol exchange

between reaction centre and cytochrome bc1
complex. A dimeric core complex was found

in PufX-containing species, such as Rba.

sphaerides. Two RCs are associated by

28 α/β-apoprotein pairs and two pufX proteins,

forming an S-shaped RC-LH1-PufX core com-

plex. The pufX protein causes incomplete LH1

ring and dimerization of the core complex.

Monomeric RC-LH1 from Tch. tepidum has a

complete elliptical LH1 ring that is composed

of 16 pair α/β-apoprotein pairs without pufX-

like protein. Sixteen Ca2+ are coordinated on

C-terminal region of the α/β-polypeptide to sta-
bilize the core complex and cause BChl a Qy

absorption redshift to 915 nm. Carotenoid,

spirilloxthanin contacts with α/β-apoproteins
intimately to form an inter subunit interaction

within the core complex, providing a further

stability of the complex.

Keywords
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Reaction center • Light harvesting 1 core

complex • RCLH1 • Carotenoid •
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2.1 Introduction

Purple photosynthetic bacteria refer to a unique

group of microorganism that use sun light as their

energy source. The light energy is absorbed by

pigment molecules, such as bacteriochlorophyll

(BChl) and carotenoids (Car), which are

non-covalently bound to so-called light

harvesting complexes. In general, there are two

major classes of light harvesting complex in the

purple photosynthetic bacteria, light harvesting

complex 1 (LH1) and light harvesting complex

2 (LH2). The LH2, sometime called peripheral

antenna complex, is composed of oligomer of

two short polypeptides (α and β) with associated

pigments, Car and BChl a or BChl b. The

α/β-polypeptide pair, therefore, is a building

block of this cylinder-like complex (Koepke

et al. 1996; McDermott et al. 1995). The building

block of the LH1 is constructed similar as molec-

ular architecture as that in the LH2 complexes.

The LH1 complex is always intimately interacted

with the reaction centre (RC) in a fixed stoichi-

ometry. The term of core complex usually refers

to the combination of the RC and the light

harvesting complex 1 in the purple photosyn-

thetic bacteria. A short name, such as RC-LH1

or RC-LH1-PufX is often used in literatures. As

its name implies that the photosynthetic core

complex or RC-LH1 is the central part of bacte-

rial photosynthesis. This chapter will focus on

the recent development on structural determina-

tion of the RC-LH1 core complexes from the

purple photosynthetic bacteria by starting with

basic background of bacterial photosynthesis

and building blocks of the core complex. For

the readers who are interesting in general works

on the purple photosynthetic bacteria, two recent

books edited by Blankenship, R. E. and Hunter,

C. N. provide more detailed and comprehensive

information on the bacterial photosynthesis.

(Blankenship 2014; Hunter et al. 2009).

2.2 The Purple Photosynthetic
Bacteria

The purple photosynthetic bacteria, much like

the name suggested, are a group of dark coloured

bacteria, with different morphologies such as

rod, spirilla, cocci or vibrios, which can convert

light energy to chemical energy to maintain their

metabolism. The pigment molecules that are

involved in the light absorption are usually

BChl a or BChl b and carotenoids. It is these

pigments that give the purple bacteria such gor-

geous colours, from purple, red to green,

depending on the amount and type of different

carotenoids in an individual purple bacterium.

The purple photosynthetic bacteria can be

divided into two groups, i.e., purple non-sulphur

bacteria and purple sulphur bacteria according to

their tolerance and utilization of sulphide (Imhoff

et al. 1984). The purple sulphur bacteria use sul-

phur or sulphide, such as hydrogen sulphideH2S as

an electron donor for carbon dioxide reduction in

its respiration, while the purple non-sulphur bacte-

ria use organic electron-donor, such as succinate or

malate instead. Usually, sulphide is toxic for the

purple non-sulphur bacteria although the most spe-

cies of the purple non-sulphur bacteria can still

grow at low level of sulphide (<0.5 mM). Differ-

ent from higher plant or cyanobacteria photosyn-

thesis, photosynthesis in the purple bacteria does

not give off oxygen, and it only occurs under

anoxic conditions, which is called as anoxygenic

photosynthesis. Therefore, an environment having

abundance of oxygen hinders their photosynthetic

growing. That is why they are typically found in

hot sulphuric spring (for purple sulphur bacteria

especially) or stagnant water.

The purple non-sulphur bacteria, such as

Rhodobacter (Rba.) sphaeroides, Rhodopseu
domonas (Rps.) palustris, Blastochloris (Blc.)

virids can grow photoheterotrophically or even

photoautotrophically and chemoheterotrophs in

darkness as well. It is therefore relatively easy to

grow them in laboratory conditions. Having such
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versatile metabolisms, the purple non-sulphur bac-

teria become the most intensively studied species

for the bacterial photosynthesis.

Growing conditions for the purple sulphur bac-

teria, in the other hand, is relatively stricter than

that in the purple non-sulphur bacteria. Firstly, they

need sulphide as electron donor. That is why the

large population of the purple sulphur bacteria spe-

cies are found in hot springs containing sulphide.

Secondly, many of them prefer high illuminated

condition, implying they grow phototrophically in

nature. Thirdly, some species are isolated from

extreme growing conditions, such as halophilic,

high or low temperature, acidic, alkaline etc.

These extremophilic purple bacteria provide us

chances to study photosynthesis under harsh

conditions related to molecular adaptation, protein

stability etc. A high thermo-stability of the core

complex from a thermophilic purple sulphur bacte-

rium, Thermochromatium (Tch.) tepidum, leading

to a successful 3.0 Å resolution 3D structure deter-

mination of the RC-LH1 core complex, is a good

example (Niwa et al. 2014; Suzuki et al. 2007).

2.3 Mechanism of Photosynthesis
in the Purple Photosynthetic
Bacteria

Photosynthesis is one of the most crucial reactions

taking place on the Earth. By converting light

energy from the Sun to chemically useful form

that is used to fuel the organisms’ activities, it

provides almost all foods, energies we need

alone with oxygen we breathe. Although the con-

cept of photosynthesis is commonly related to

oxygenic higher plant, much of milestone results

revealing the mechanism of the photosynthesis in

nature come from the purple photosynthetic bac-

teria due to their relatively simpler photosynthetic

system (Cogdell et al. 2006).

In the purple bacteria, photosynthesis takes

place in bacterial cell membrane, which is

located near the surface of the cell. The major

protein complexes involved in the reaction chain

are embedded in lipid bilayer. These include

peripheral light harvesting antenna complexes,

such as LH2; RC-LH1; cytochrome bc1 complex

and ATP synthase. Water soluble cytochrome c2
and quinone/quinol are needed to complete pro-

ton and electron cycles in the reaction chain. A

schematic arrangement of all required

components is shown in Fig. 2.1. Photosynthetic

reaction starts from absorption of incident light

photons by antenna system, e.g., LH2

(Vangrondelle et al. 1994). The energy absorbed

by LH2 complexes is then rapidly transferred to

LH1 in ~5 ps. Accepted excitation energy both

by transferred from the LH2 and absorbed by

LH1 itself is stored in LH1 ring by delocalization

in ~80 fs. Finally, the energy is delivered to the

RC special pair of BChl a (B870) in a relatively

longer time constant of ~35 ps due to a longer

distance between LH1 BChl a (B875) and RC

B870. Subsequently, the RC special pair B870 is

excited. When the excited B870 returns to its

stale ground state, it releases an electron to

bacteriophephytin (BPhe) via accessory BChl a.

This electron travels continuously down to ubi-

quinone site (QB), where ubiquinone is reduced.

By the second cycle of electron transferring, the

ubiquinone is fully reduced to ubiquinol (QH2).

In the meantime, two protons are taken from

cytoplasmic side. After fully reduction, QH2

molecule is released from the RC QB site to

quinone pool toward cytochrome bc1 complex,

where quinol is oxidised to quinone by releasing

two protons to periplasmic side and two electrons

to a mobile electron carrier cytochrome c2 that

brings electrons back to the RC special pair,

completing the electron cycle. Successive elec-

tron cycle companied with proton translocation

from cytoplasmic side to periplasmic side leads

to the formation of electric potential, proton

motive force (pmf), across the membrane. It is

this pmf that is used to power a variety of energy-

requiring biological reactions in cells, for exam-

ple, the synthesis of adenosine triphosphate

(ATP), which is the most commonly used as

“energy currency” of cells. Companied the syn-

thesis of ATP, protons are pumped back to cyto-

plasm across the membrane, completing the

proton cycle in the process of photosynthesis.

2 Structure and Function of the Reaction Centre – Light Harvesting 1 Core. . . 13



2.4 Building Block of the Core
Complex of Purple
Photosynthetic Bacteria

2.4.1 Pigment Molecules

The RC-LH1 core complex plays an important

role in the process of bacterial photosynthesis.

The LH1 complex not only transfers excitation

energy from LH2 complexes to RC but also

absorbs light energy alone. Actually, in some of

non-sulphur purple bacteria, such as

Rhodospirillum (Rsp.) rubrum and Blc. virids,

there are no peripheral antenna LH2 complexes

at all, and the LH2 deletion mutant of Rba.
sphaeroides can still grow photosynthetically.

Strong absorbance caused by pigment molecules

in the core complex in visible and near infrared

regions ensure that they still have enough absorbed

energy to maintain cell’s biological processes.

Figure 2.2 shows the absorption spectra of

four different RC-LH1 core complexes purified

from (A) Rba. sphaeroides, (B) Rps. palustris,
(C) Tch. tepidum and (D) Blc. virids respectively.

The spectra show that the major pigment

molecules in the core complexes from the purple

bacteria are BChl a or BChl b and carotenoids.

Absorbance between ~425 and 550 nm is caused

by carotenoids. BChl a possesses a strong Qy

absorbance band in the near infrared region,

~875 nm (B875). The Qy can red-shift depending

on different molecular environments. For exam-

ple, the Qy band of the BChl a in the RC-LH1

core complex of Tch. tepidum is red-shifted to

915 nm (B915). In the case of BChl b-containing

Fig. 2.1 Schematic arrangement of major protein

complexes involved in the bacterial photosynthesis. On

right side is LH2 of Rps. acidophila (McDermott et al.

1995) that consists of nine α/β subunits, forming a

cylinder-like complex embedded in lipid bilayer. Next

to the LH2 is RC-LH1 core complex from Tch.
Tepidum (Niwa et al. 2014). RC, composed of subunit

H in cyan, M in magenta, L in orange and C in dark khaki,

is surrounded by 16 α/β LH1 subunits with α-polypeptide
in olive drab and β-polypeptide in medium blue. Pigment

organization in the RC is shown just below the RC-LH1

core complex. 3D crystal structure of cytochrome bc1
complex from Rba. sphaeroides was used (Esser et al.

2008). This dimeric complex comprises cytochrome b in

blue, cytochrome c1 in green and Rieske Fe-S protein in

red. On left side is an ATP synthase from E. coli. (Rastogi
and Girvin 1999). A water-soluble protein, cytochrome c2
(Paddock et al. 2005) and a putative quinone pool are

shown as well

14 P. Qian



core complex, the Qy is red-shifted further to

~1005 nm, e.g., in Blc. virids. Bchl a/b Soret

band appears at ~376/398 nm and Qx band at

~590/600 nm.

Two types of bacteriochlorophyll occur in the

purple bacterial core complexes, either BChl a or

BChl b depending on different species. Both of

them are a substituted tetrapyrrole. The tetrapyr-

role ring is stabilised by a central magnesium

atom that coordinates with four nitrogen atoms

in the tetrapyrrole ring. A highly hydrophobic

C20 alcohol tail, either phytol or geranylgerniol

is esterified to an acid side chain of the tetrapyr-

role ring. The alternative arrangement of C–C and

C¼ C bonds in the tetrapyrrole ring of BChl a and
BChl b decides that they are strong and efficient

photoreceptor molecules. In organic solution,

such as diethyl ether, BChl a has a maximum

absorption (Qy) at ~771 nm, and BChl b at

~796 nm. Once associated into the core

complexes, however, their Qy absorption

red-shift to ~875 nm (e.g. in Rba. sphaeroides)

and ~1005 nm (e.g. in Blc. virids) (Jay et al. 1984)

in purified core complexes respectively. The dif-

ference between BChl a and BChl b is very small

indeed. Actually, they share the same biosynthetic

pathway until a branch-point at 8-vinyl-Chlide a.
Tsukatani and co-workers found that

chlorophyllide a oxidoreductase (COR) from

BChl b-producing species, such as Blc. visids,
use 8-vinyl-Chlide a to synthesize 8-ethylidene

group on BChlide g, a precursor to final product

of BChl b. The COR enzyme from BChl a-pro-
ducing species, such as Rba. capsulatus, in the

other hand, catalyses 8-vinyl reduction, leading

to BChl a as its final product in its biosynthetic

pathway (Tsukatani et al. 2013). Therefore, it only

has one bond different between BChl a and BChl

b on C8 position. In the former case, an ethyl

group is attached to C8. In the later case, however,

an ethylidene group is connected to C8. It is this

difference that provides BChl b a wider carbon-

carbon conjugated region than BChl a, resulting in

further red-shift, which makes BChl b containing

species to utilise infrared light energy in longer

wavelength. Figure 2.3 shows their structural dif-

ference and absorption spectra in organic solvent.

The secondmajor photoreceptor pigment in the

purple bacteria is carotenoid. Generally speaking,

carotenoids in photosynthetic bacteria possess

three main functions. Light harvesting, light pro-

tection and light harvesting complex structural

stability (Cogdell and Frank 1987; Frank and

Cogdell 1996; Polivka and Frank 2010). By strong

absorbing light in the blue-green spectral region

(450–550 nm), where BChls have weaker absor-

bance, and transferring absorbed energy fast and

efficiently to BChls, they actually act as an impor-

tant energy donor in the photosynthesis. By dissi-

pation excess amount of light exposure in antenna

Fig. 2.2 Absorption spectra of purified RC-LH1 core

complexes from (A) Rba. sphaeroides; (B) Rps.
palustric; (C) Tch. Tepidum and (D) Blc. virids, which
contains BChl b. Peaks at ~280 nm are ascribed to protein;

Peaks at 376 nm are Soret band of BChl a in the LH1,

which is overlapped with the Soret band of BChl a of

special pair, accessory BChl a and Bphe in the RC;

425–550 nm absorption peaks are attributed to

carotenoids; BChl a Qx band appears at ~590 nm; Qy

bands of Bphe, accessory BChl a and special pair BChl

a are located at 752, 800 and 863 nm; The strongest

absorbance band in near infrared region is Qy band of

BChl a. The Soret, Qx and Qy bands of BChl b in the LH1
complex of Blc. virids are red-shifted
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complexes, they also act as a photo-protector.

Finally, by interacting with polypeptides in the

antenna complexes, the carotenoid molecules sta-

bilize the structure of the light harvesting

complexes (Davis et al. 1995; Fiedor and Scheer

2005; Karrasch et al. 1995; Niwa et al. 2014).

Molecular structure of the carotenoid can be

considered as a result from joining together of

eight isoprene units. Four of the units connected

in head-to-tail manner form a half carbon skele-

ton of the carotenoid molecule, and two halves of

this carbon skeletons join together in reverse way

to form a whole C40 prototype carotenoid, which

looks central symmetry. By structural modifica-

tion, such as hydrogenation, dehydrogenation,

cyclization, hydration, methylation etc. on half

or two halves of the prototype, a huge number of

different carotenoids can be synthesised. In real-

ity, each structural modification is controlled by

an individual enzyme, which is encoded by a

gene in the bacterium cell. In Rba. sphaeroids,

for example, the carotenoid genes (crt) are clus-
tered within a 9.1 kb region of the chromosome

and mapped to a region with the 45.7 kb photo-

synthetic gene cluster by transposon mutagenesis

(Coomber et al. 1990).
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Similar to BChl molecules, all carotenoid

molecules possess a conjugated structure. The

length of conjugated double bonds and various

function groups attached decide the colour of

individual carotenoid molecule. Generally

speaking, the greater of the number of conju-

gated double bond, the further red-shift of maxi-

mum absorption wavelength (λmax) (Khoo et al.

2011). As a result, the colour of carotenoids

found in the purple bacteria vary from yellow,

orange to deep red due to the different molecular

structure they have.

There are more than 50 different carotenoids

found in the purple bacteria. Most of their chem-

ical structures are quite distinct from those found

in higher plant. They are synthesised in the pur-

ple bacteria cell following two different biosyn-

thetic pathways, i.e., spirilloxanthin pathway

(normal spirilloxanthin, unusual spirilloxanthin,

spheroidene and cartenal pathways) and

Okenone pathway (okenone, and R. g.-keto

carotenoid pathways) (Takaichi 1999). Usually,

almost all carotenoids in a biosynthetic pathway,

whatever final product or its precursors, can be

detected in purified protein complexes,

indicating that all carotenoids have ability to

bound light harvesting complexes. The prefer-

ence binding of carotenoid to the light harvesting

complexes, however, exists in nature (Qian et al.

2001). By artificial reconstitution or mutagenesis

modification of the carotenoid biosynthesis path-

way, selected carotenoid can be inserted into

light harvesting complexes (Akahane et al.

2004; Chi et al. 2015). The carotenoids listed in

Fig. 2.4 are some commonly found in the purple

photosynthetic bacteria.

2.4.2 LH1 Subunit, a/b-Polypeptide
Pair

Bacterial light harvesting 1 complex is consisted

of two polypeptides called α and β, which forms a

heterodimer. The heterodimer, together with

associated carotenoids and BChls consists a sub-

unit of the LH1 complexes called as

α/β-polypeptide pair or even shortly as α/β pair.

Early researches on diverse purple bacteria

revealed abundant structural information on the α
and β polypeptides (Brunisholz and Zuber 1992;

Zuber 1985; Zuber and Cogdell 1995). (1) They

have relative small molecular weight, ~5.5 kDa,

corresponding 40–70 amino acid residues. (2) All

of them possess a central hydrophobic core that is

long enough to cross the photosynthetic mem-

brane once as a single transmembrane α-helix,
with both polar N- and C-termini. (3) A histidine

residue is reserved, which was proposed as a

ligand to the central Mg atom of the BChl.

Amino acid sequences of α-, β-polypeptides from
seven different purple bacteria are aligned against

the His residue. This is shown in Fig. 2.4.

Reversible dissociation of LH1 complex to its

subunit, α/β pair, which has a maximum absor-

bance at ~820 nm (B820) revealed more struc-

tural details of the subunit. To dissociate LH1

ring to its subunit, the carotenoid involved in the

LH1 ring need to be removed first by either

extraction or blocking its biosynthetic pathway

genetically because the stabilization of the LH1

from carotenoids is so strong that no any suitable

detergent can dissociate it (Loach and Parkes-

Loach 1995; Miller et al. 1987). By the use of

detergent such as n-octyl β-D-glucopyranoside
(β-OG), and careful control dissociation

conditions, LH1 ring subunit, B820, can be

obtained from a variety of species (Chang et al.

1990b; Heller and Loach 1990; Jirsakova and

Reiss-Husson 1993; Kerfeld et al. 1994;

Meckenstock et al. 1992; Miller et al. 1987;

Parkes-Loach et al. 1994). The B820 has shown

that it has a composition of α1β1BChl2 (Chang

et al. 1990a; Loach and Parkes-Loach 1995;

Miller et al. 1987). If carotenoid molecules

were added back, the B820 subunit can be

re-associated to LH1 ring (Davis et al. 1995;

Fiedor and Scheer 2005; Karrasch et al. 1995).

Further reversible dissociation of B820 subunit

to fundamental components and association back

to B820 using a series of BChl analogues

revealed that C3 acetyl and C132 carbonyl

groups are required to form subunit and LH1

complexes (Davis et al. 1996; Parkes-Loach

et al. 1990). Site-directed mutagenesis in the

LH1 complex of Rba. sphaeroides showed that

C3 acetyl group of BChl a interact with Trp

2 Structure and Function of the Reaction Centre – Light Harvesting 1 Core. . . 17



residues, one with αTrp + 11 and another with

βTrp + 9 (Davis et al. 1997; Kehoe et al. 1998;

Olsen et al. 1994; Sturgis et al. 1997). The role of

His0 acting as an electron donor to coordinate

central Mg atom of the BChl a was proved by

mutagenesis work. Mutation to other amino acid

residues resulted in no or very low level of LH1

expression (Olsen et al. 1997).

According to mutation experimental data on

Rba. sphaeroides LH1 complex, a cross-

hydrogen bonding via His0 residue was proposed

as well (Olsen et al. 1997). In addition to

providing ligand to BChl a, His0 residue in one

polypeptide may also form a hydrogen bond with

the C131 keto group of BChl a that coordinates

with the His0 in other polypeptide, to stabilize

B820 and LH1 complex (Olsen et al. 1997).

NMR determination of BChl a in the B820 sub-

unit of Rsp. rubrum revealed the relative position

of two BChl a molecules (Wang et al. 2002).

They form a dimer with overlap of ring C and

ring E, which is very similar to the B850 BChl

a in the LH2 crystal structures of Phs.
molischianum (Koepke et al. 1996) and Rps.

acidophila (McDermott et al. 1995). All experi-

mental data from reversible dissociation, site-

direct mutagenesis, NMR, spectroscopy, electron

microscopy etc. on the LH1 subunit build up a

clear framework of the LH1 complex before its

high resolution 3D structure available.

Fig. 2.4 Selected

carotenoids found in the

purple photosynthetic

bacteria. The number of

n refers to the number of

conjugated double band
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2.4.3 Reaction Centre

As described above, RC is the place where a

light-induce charge separation across membrane

takes place. The basic components in a simplest

RC include three polypeptide chains associated

with pigment molecules. A high resolution 3D

structure of the RC from Blc. virids became

available in 1985 as the first membrane protein

structure solved by X-ray crystallography

(Deisenhofer et al. 1985; Deisenhofer and

Michel 1989). Except for three polypeptides

called H (heavy), M (medium) and L (light)

based on their apparent molecular weight as

determined by electrophoresis, the RC from

Blc. virids contains a subunit C (cytochrome). L

and M subunits both have five membrane-

spanning helices, forming a core of the complex

by associating four BChl b, two Bphe b, one

non-heam iron, two quinones and one 15-cis-

carotenoid. The segment polypeptides

connecting transmembrane helices form a flat

surface parallel to membrane surface. H subunit

has two distinctive parts: a single membrane

spanning helix on N-terminal side, and a globular

domain on C-terminal, which attaches M and L

subunit on cytoplasmic side. On the opposite

side, M and L subunit are attached by the cyto-

chrome. The total height from tip of the

cytochrome to tip of the H subunit is ~130 Å.
Importantly, it has an elliptical cross section with

long and short axis of ~70 and ~30 Å respec-

tively. Later, we will see that it is this ellipse that

decides the overall shape of the RC-LH1

complexes. Shortly after the RC of Blc. virids,

3D structure of the RC from Rba. sphaeroides
were published (Allen and Holmes 1986; Chang

et al. 1986). Overall, two structures have been

shown to be very similar each other except that

there is no cytochrome attached in the RC of

Rba. sphaeroides and it associates BChl

a molecules instead of BChl b. The third 3D

high resolution RC from a purple sulphur bacte-

ria Thc. tepidum showed a similar architecture

compared with the RC from Blc. virids. It has a C
subunit, but use BChl a and BPhe a as its major

pigments (Nogi et al. 2000). These structures

showing in Fig. 2.5 help people to understand

how photosynthetic bacteria convert light energy

to proton motive force by light powered charge

separation, redox reactions of quinone/quinol

and cytochrome movement etc.

2.4.4 PufX Protein

With basic building blocks, i.e., B820, RC and

pigment molecules, the core complex RC-LH1

Fig. 2.5 3D structural models of RC from purple photo-

synthetic bacteria. (a) Blc. Virids; (b) Rba. sphaeroides;
(c) Tch. tepidum. Subunits are coloured as follows: RC–H
in cyan, RC–M in magenta, RC–L in orange, RC–C in

green, hem in red and BChl in blue. Orientations of (b)
and (c) are aligned against (a) with cytoplasmic side on

bottom and periplasmic side on top
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can be reconstituted (Bustamante and Loach

1994), although the assembly mechanism of the

RC-LH1 core complexes in vivo and in vitro

could be different from each other not only on

the assembly procedure (Pugh et al. 1998) but

also on different building blocks. In Rba.
sphaeroides, for example, an extra polypeptide

called PufX was found in its core complex,

which was shown to be important for the photo-

synthetic growth of the cell and molecular archi-

tecture of the core complex(Holden-Dye et al.

2008).

PufX is a small transmembrane polypeptide

encoded by PufX gene that is located at the

position downstream of the pufM gene, and was

first found in Rba. capsulatus and Rba.

sphaeroides (DeHoff et al. 1988; Youvan et al.

1984a, b; Zhu et al. 1986). Later, this gene was

known in other Rhodobacter genus, including

species of blusticus, veldkampi and azotoformans

(Tsukatani et al. 2004). The pufX encodes a

polypeptide that consists of 78 and 82 amino

acids in Rba. sphaeroides and Rba. capsulatus

respectively (Lee et al. 1989). The analysis of the

isolated mature PufX polypeptides has shown

that they are processed at C- and N-termini.

Met on N-termini encoded by pufX gene are not

presented in both species, 12 and 8 amino acids

on C-termini were removed as well respectively

(Parkes-Loach et al. 2001). Intriguingly, amino

acid alignment of PufX polypeptides from both

species showed a very low degree of identity

being between 23 and 29% depending on the

alignment details (Fulcher et al. 1998; Lilburn

et al. 1992). This little homology is also shown in

all other Rhodobacter species (Tsukatani et al.

2004), implying that some polypeptides could be

pufX-like proteins that have low identity com-

pared with pufX but act as it. The W protein

found in the core complex of Rps. palustris is a

good example (Roszak et al. 2003).

The pufX gene was shown to be essential for

photosynthetic growth in Rba. sphaeroides

because pufX gene deleted mutants failed to

grow photosynthetically (Barz et al. 1995a, b;

Farchaus and Oesterhelt 1989; Lilburn and

Beatty 1992; Lilburn et al. 1992). By deleting

LH1 gene or reducing size of LH1, however,

photosynthetic growth can be restored (McGlynn

et al. 1994, 1996). It was suggested, therefore,

that instead of directly facilitating cyclic electron

transfer between RC and the cytochrome bc1
complex, pufX protein provides a gate to allow

the qunione/quinol to pass through the LH1

helixes (Cogdell et al. 1996; Parkes-Loach et al.

2001). It was demonstrated that the pufX protein

is co-purified with RC-LH1 core complex, lead-

ing to a conclusion that the pufX is a component

of the core complex(Recchia et al. 1998), with a

1:1 stoichiometry of pufX/RC in the core com-

plex(Francia et al. 1999). Two independent

determined solution structures of the PufX from

Rba. sphaeroides by NMR spectroscopy con-

firmed that the PufX has a single transmembrane

α-helix of 34 amino acid residues, which is much

longer than typical transmembrane α-helix
(Tunnicliffe et al. 2006; Wang et al. 2007). How-

ever, the conformation of the α-helix they

provided is different. One is approximately

straight (Wang et al. 2007), resulting in protrud-

ing of the α-helix out of membrane a couple of

turns at both the C- and N-terminal end. The

other is bended (Tunnicliffe et al. 2006), permit-

ting the α-helix to accommodate in membrane.

This conformation difference could reflect the

flexibility of this α-helix hinged by Gly residue

and imply structural function of the PufX.

It is clear now that PufX affects the assembly

of the core complexes. Electron microscopy

image analysis on negatively stained tubular

membrane isolated from a mutant Rba.

sphaeroide lacking of LH2 antenna showed a

dimeric structure of the core complex. Two

RCs, each of which is associated by an incom-

plete C-shaped LH1 ring join together to form an

S-shaped dimer (Jungas et al. 1999). Deletion of

pufX gene results in the formation of monomer

RC-LH1 core complex, in which the RC is

enclosed by a complete LH1 ring (Siebert et al.

2004). In the later section, we will see more

detailed structural description of this core

complex.
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2.5 Structural Diversity of the
RC-LH1 Complexes

The light harvesting core complex from photo-

synthetic bacteria was first visualized in Blc.

virids membrane by the use of electron micros-

copy (Miller 1979, 1982). This BChl

b-containing core complex is shown rather regu-

lar arrangement in membrane due to the lack of

LH2 complexes. Image synthesis using Furrier

Transform on this well ordered membrane

revealed its subunit structural details of the core

complex. Central density protruded on both cyto-

plasmic and periplasmic sides was attributed to

RC and the density surrounding RC, with a diam-

eter of 110 Å, was interpreted as LH1. Similar

characteristic feature was observed in the core

complex from Phs. molischianum (Boonstra

et al. 1994) and Rhodobium (Rbi.) marinum
(Meckenstock et al. 1992) using electron micros-

copy. However, the resolution of ~20–30 Å
provided by negatively stained EM was not

high enough to resolve subunits in the LH1

ring. The precise number of subunit in the LH1

ring was not known unambiguously until in

1995. Karrasch and co-workers reconstituted a

LH1 complex of Rsp. rubrum from its building

block, B820. 2D crystal of the reconstituted LH1

was applied for electron crystallography using

cryo-EM. Image processing resulted in an 8.5 Å
resolution projection map, which is good enough

to show individual electron density caused by

single transmembrane helix. Sixteen B820

subunits or α/β-apoprotein pairs form a closed

LH1 ring with a hole in the middle which can

just hold a RC (Karrasch et al. 1995). An 8.5 Å
cryo-EM projection structure of the core com-

plex purified from wild type Rsp. rubrum showed

a same number of α/β subunit of the LH1 ring

surrounding one RC in middle (Jamieson et al.

2002). Two different shapes of the LH1 ring,

circle and ellipse, reflect the fact that the LH1

ring is quite flexible (Jamieson et al. 2002; Qian

et al. 2003). The model of RC-LH1 being a RC

enclosed by a closed LH1 ring also was observed

by atomic force microscopy in 2D crystals or

photosynthetic membranes (Scheuring and

Sturgis 2009). Recent published 3.0 Å resolution

X-ray crystal structure of the RC-LH1 core com-

plex from Tcl. tepidum confirmed the model

unambiguously, i.e., an elliptical LH1 ring

consisting of 16 α/β subunits encloses one RC

in the middle to form a monomeric RC-LH1 core

complex.

An exceptional monomeric RC-LH1 complex

was found in Rps. palustis. Its 4.8 Å resolution

X-ray crystal structure showed that the existence

of an extra small polypeptide called W causes an

incomplete LH1 ring which only consists of 15 α/
β subunits (Roszak et al. 2003). Their structural

details will be described in later sections.

As mentioned above, the PufX protein affects

the assembly of the core complexes: the PufX

protein hinders the completion of the LH1 ring

and facilitates the dimerization of the core com-

plex. During the past decade, there have been

controversial interpretations on the structure of

the dimeric core complex RC-LH1-PufX

(Bullough et al. 2008; Cogdell et al. 2006;

Holden-Dye et al. 2008). Initially, two halves of

dimeric core complex found in tubular mem-

brane of Rba. sphaeroides was proposed being

associated by a cytochrome bc1 complex (Jungas

et al. 1999). However, cytochrome bc1 complex

cannot be detected in purified tubular membrane,

ruling out the existence of the cytochrome bc1

complex in the dimeric core complex(Siebert

et al. 2004). By measuring the length of LH1

arc on its projection map from 2D crystal of the

dimer core complex, 24 α/β subunits of the LH1

from Rba. sphaeroides was estimated, and a den-

sity in the centre of the dimer was attributed to a

pair of pufX based on 26 Å resolution projection

map (Scheuring et al. 2004a). An 8.5 Å projec-

tion map of the same complex, however, showed

28 density pairs which were assigned as α/β
subunits. An extra density between RC and

LH1 and near the LH1 gap was attributed to

PufX (Qian et al. 2005). 28.4 � 2.2 BChl

a molecules per RC obtained from quantitative

pigment analysis of purified dimeric core com-

plex supported the assignment of 14 α/β subunits
per RC. Furthermore, the orientation of the RCs

in the dimeric core complex was determined by
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comparing its projection map with the simulated

RC projection map at 8.5 Å derived from 3D

X-ray structure of the RC from Rba. sphaeroides.

This produced an orientation of the planes of the

special pair BChl a porphyrin rings relative to the
long axis of the dimer is ~17.5�, a good agree-

ment with the orientation determined by LD

measurements (Frese et al. 2000). Based on

AFM topographs, a model of the dimeric pufX

containing core complex from Rba. blasticuswas

presented (Scheuring et al. 2005). The model

contains 26 α/β pairs, a dimer pufX in centre of

the core, and an orientation of special pair rela-

tive to long axis is ~ � 40.0�. PufX protein was

also identified in an alkaliphilic non-sulphur pur-

ple bacterium Rhodobaca (Rca.) bogoriensis

(Milford et al. 2000), a sole example that PufX

is found out of Rhodobacter genus. A 13 Å pro-

jection map of dimeric core was interpreted in a

different way—two C-shaped LH1 ring, which

compose of 13 α/β pairs and two PufXs, surround
the RCs. They form a dimer through an interface

of two LH1 subunits (Semchonok et al. 2012).

Obviously, 3D structures of the core complex,

with resolution high enough to resolve trans-

membrane helix at least, are absolutely necessary

for an unambiguously interoperation. By the time

of this writing, only three X-ray crystal structures

of the core complex from the purple bacteria are

available in protein data bank (PDB). Their

structural features will be described in the next

section in the order of their publication time.

2.5.1 X-Ray Crystal Structure
of the Core Complex from
Rps. palustris

The crystal structure of the core complex from the

purple bacterium Rps. palustris was determined at

4.8 Å resolution by X-ray crystallography. The

phase was obtained by molecular replacement

with the RC of Rba. sphaeroides (McAuley et al.

1999). The model of this RC-LH1 core complex is

shown in Fig. 2.6. An elliptical LH1 ring has a

dimension of ~110 Å by ~95 Å measured as

centre to centre distance of opposite β-helices.

The inner α-apoprotein elliptical ring with a long

axis of ~78 Å matches with overall shape of the

RC very well, so that the LH1 subunits appears to

be wrapped around the RC. These features are

similar with that seen in EM projection maps

and AFM topographs of the RC-LH1 core

complexes (Jamieson et al. 2002; Scheuring

et al. 2006, 2004b). However, the LH1 ring is

interrupted by a transmenbrane helix ‘W’, which

is located between α polypeptides, resulting in a

gap in the LH1 ring. This W protein, having a

molecular weight of ~11.0 kDa, has been

suggested as an analogous protein to the PufX

although very little is known about it, even includ-

ing its amino acid sequence. Nevertheless, the

unique orientation of the W protein respect to

the RC provided us a possible way to understand

how ubiquinone (QB)/ubiquinol (QBH2) shuttle

between RC and cytochrome bc1 complexes.

Located on the opposite of RC-H single trans-

membrane helix, and near the gap of LH1 ring,

the W protein is suggested as a part of gate

through which QBH2 can be released from its

binding side to membrane lipid phase outside of

the RC. It is also likely that W plays a key role for

assembly of the core complex. It should be

emphasized that at 4.8 Å resolution, it is impossi-

ble to resolve individual amino acid and pigment

molecules in the core complex. To fully under-

stand structure and function of this core complex,

a higher resolution 3D structural data and more

biochemical measurements are absolutely

necessary.

2.5.2 X-Ray Crystal Structure
of the Core Complex from
Rba. sphaeroides

It is clear that the core complex in Rba.

sphaeroides takes dimeric form, i.e., two mono-

meric core complexes, each of which consists of

one RC surrounded by an incomplete C-shaped

LH1, are associated together to form a bended

S-shaped dimer (Ashby et al. 1987; Bahatyrova

et al. 2004; Jungas et al. 1999; Qian et al. 2008,

2005; Scheuring et al. 2004a; Siebert et al. 2004;
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Westerhuis et al. 2002). However, controversies

are never stopped during the last decade on the

issues, such as stoichiometry of the pufX, size of

LH1 ring, orientation of RC, conformation of

LH1 polypeptides, and location of the pufX. An

8.0 Å X-ray crystal structure of the core complex

from Rba. sphaeroides, which clearly shows the

interaction among individual polypeptides provides

us clearer insight into the structural-function

relationship of the complex (Qian et al. 2013).

Overall Structure Having a molecular weight

of ~521 kDa, the dimeric core complex of Rba.

sphaeroides is composed of 64 polypeptides.

Each half of the dimer consists of a PufX and a

RC surrounded by 14 LH1 α/β subunits, with two
BChl a molecules sandwiched between α- and

β-transmembrane helices. Two halves of the

complex are associated together through the

PufX protein, which intimately interacts with

RC-H subunit in one half monomer and 14th

β-helix of the other half monomer, forming a

S-shaped LH1 ring if viewed from periplasmic

side. Two halves of monomer inclines each other

~11 degrees against periplasmic side, forming a

V-shaped molecule if viewed parallel to the

membrane surface. Its 3D view is showed in

Fig. 2.7.

Polypeptide Interactions Involved the PufX It

has long been suggested that the PufX plays a

key role for dimerization of the RC-LH1-PufX

core complex. The 3D X-ray crystal model of the

core complex shows three important interactions

that involve the PufX protein (see Fig. 2.8).

The 3D model of the dimeric complex shows

that orientation of LH1 α/β subunits, among α2/
β2 to α14/β14 are quite similar, being nearly

straight transmembrane part, but α1/β1 is signifi-

cant different from the others. Figure 2.8a shows

that PufX contacts with the N-termini of LH1 α1/
β1 on the cytoplasmic side of the membrane

forming a α1/β1/pufX cluster. In this cluster,

the bended confirmation of the PufX polypeptide

chain can be superimposed onto its minimized

averaged solution structure determined by NMR

(Tunnicliffe et al. 2006) with an RMS deviation

of 2.08 Å. Distinct bended confirmation of β1
polypeptide was observed in the cluster as well,

reflecting a flexibility of the β polypeptide, which
could possess different confirmations depending

on different environments. The PufX polypeptide

also intimately contacts with extrinsic domain of

the RC-H subunit, with PufX N-terminal residues

~Asn 8 and RC-H C-terminal residues ~244–247

(see Fig. 2.8b). It is likely that this interaction

forms a start point of the LH1 complex, with

Fig. 2.6 3D structure of the RC-LH1 core complex from

Rps. palustris at 4.8 Å resolution (a) Top view from

cytoplasmic side, β-apoprotein in blue, α-apoprotein in

green, RC-H in cyan, RC-M in magenta, RC-L in orange
and W in red. A pair of BChl a (in blue stick) without

phytal tail was modelled into the complex based on the

density between α- and β-helices. For the purpose of

clarity, pigment molecules in the RC are not shown (b)

Side view by rotating (a) 90� so that cytoplasmic side is on

top. Only transmembrane part of the polypeptides of the

LH1 is modelled using ploy alanine
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which the rest of LH1 subunits can follow. Given

relative bigger volume of this cluster compared

with normal α/β pair, this is also likely a point

that stops encirclement of the LH1 ring. The third

interaction comes from PufX and β140 polypep-
tide both on the N- and C-termini extrinsic

regions (see Fig. 2.8c). It was suggested that

these interactions are crucial for dimerization of

the core complex. The model predicts that Asn12

of the PufX on the one half of the dimer is close

to Asp13 of LH1 β140 on the other half. This

explains why the truncation of 12 or more

amino acids from N-terminus of the PufX stops

dimerization of the core complex (Francia et al.

2002; Ratcliffe et al. 2011). C-terminal trunca-

tion of the PufX also affects dimerization,

suggesting this part is involved protein-protein

interactions. The model provides such evidence

showing that PufX C-terminal from residues

49 contacts with β140 C-terminal residues from

38. Unfortunately, 8.0 Å resolution structural

data cannot provide precise contact information.

However, alternation of PufX Arg49 and Arg53

to Leu or even only PufX Gly52 to Leu abolishes

the formation of the dimer, indicating that all

alternation of C-terminal confirmation of the

Fig. 2.7 The structure of dimeric core complex from

Rba. sphaeroides (a) Top view from cytoplasmic side.

PufX protein is coloured in red. For clarity, only α1/β1

and α10/β10 pairs are labelled (b) Side view parallel to the

membrane surface with cytoplasmic side on top

Fig. 2.8 PufX interactions that stabilize the dimer core

complex (a) Side view of the interaction of the pufX with

the α1/β1 pair on the cytoplasmic side. PufX in red, β1 in
blue and α1 in yellow (b) Interaction of pufX with RC-H

on the cytoplasmic side of the membrane. RC-H in cyan,
ubiquinone in brown (c) Interactions of the pufX on

one half of the dimer with β140 on the other half of the

dimer
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PufX will likely change its interaction with β140,
and affect dimerization of the core complex

(Ng 2008).

Quinone Channel To allow the turnover of RC

photochemistry, a shuttle of quinol/quinone

between RC QB binding side and quinone pool

out of the complex through LH1 barrier is

needed. A continuous 3D volume enclosed by

the LH1 ring inside of the complex was found.

This volume, as a putative quinone channel, has

two gates. One at LH1 ring gap, allowing Q/QH2

to be in and out of the complex directly, and the

other at the interface of the dimer, allowing

Q/QH2 migrate between two halves of monomer

possibly. By the use of this channel, it is possible

for the migration of Q/QH2 within spherical

membrane or even through long tubular mem-

brane that is densely packed with dimeric core

complexes. A 3D model of the quinone channel

can be viewed on youtube website (https://www.

youtube.com/watch?v¼vsaYyjfNGmI)

It should bear in mind that only with massive

different experimental data support the 3D X-ray

structure of the core complex of Rba.

sphaeroides at 8.0 Å resolution can be solved.

These data include electron microscopy (Qian

et al. 2005, 2008), NMR (Conroy et al. 2000;

Ratcliffe et al. 2011; Tunnicliffe et al. 2006),

available high resolution structures of RC

(Ermler et al. 1994) and LH2(Koepke et al.

1996; McDermott et al. 1995), and site-direct

mutagenesis (Olsen et al. 1994, 1997; Sturgis

et al. 1997). At this resolution, individual amino

acid, carotenoid and phytyl tails of BChl a cannot

be resolved from its electron density map. There-

fore, we still need to wait for a higher resolution

data for the precise description of the structure-

function relationship of the complex.

2.5.3 X-Ray Crystal Structure of Core
Complex from Tch. tepidum

Thermochromatium tepidum is a thermophilic

purple sulphur photosynthetic bacterium found

originally from a hot spring in Yellowstone

National Park. Growing anaerobically at opti-

mum temperature between 48 and 58 C, its

BChl a–containing RC-LH1 core complex

presents a unique optical property, a maximum

absorbance at 915 nm (B915). The 3D X-ray

crystal structure of the core complex from Tch.

tepidum was solved to 3.0 Å. This is the first core
complex structure showing at near-atomic reso-

lution level so far. It provides us more details to

understand its molecular mechanism involved in

primary photosynthetic reactions.

Overall Structure The core complex of Tch.

tepidum is composed of a LH1, a RC, a cyto-

chrome and 80 cofactors with a molecular

weight ~ 380 kDa. Sixteen LH1 α/β subunits

form a double complete elliptical LH1 ring

surrounding the RC which has four subunits L,

H, M and C, a cytochrome attached on periplas-

mic side of the RC. The major and minor axis

length of outer elliptical LH1 ring is 105 Å and

96 Å, and 82 Å and 73 Å for inner LH1 elliptical

ring were measured. Each α/β heterodimer sub-

unit associates two BChl a molecules and one

carotenoid molecule, spirilloxanthin. No PufX-

like protein has been found in the core complex

of Tch. tepidum. Figure 2.9 shows its 3D

structure.

Protein-Protein Interactions in the LH1 The

structure of the LH1 subunit α/β pair is very

similar to those in LH2 complexes, especially

to that in Phs. molischianum LH2(Koepke et al.

1996). Each α/β sandwiches two BChl

a molecules and one spirilloxanthin. In

C-terminal region, a Ca2+ ion was identified.

Figure 2.10 shows their relative position in LH1

ring. Central Mg atom of the β-B915 is coordi-

nated by β-His 36; its C3-acetyl group forms a

hydrogen bond with β-Trp 45; its carbonyl oxy-

gen of the phytyl ester group is hydrogen bonded

to α-Gln 28 and β-Trp 28. Similarly, α-His
36 coordinates the central Mg atom of α-B915;
its C3-acetyl group forms a H-bond with α-Trp
46. No H-bonds were found on C13-keto groups

of the B915. All of these intra-subunit

interactions not only fix BChl a molecules onto
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Fig. 2.9 The structure of RC-LH1 core complex of Tch.
tepidum (a) Top view from cytoplasmic side. Colour

codes are same as in Fig. 2.7, except for cytochrome in

green (b) Side view parallel to the membrane surface with

cytoplasmic side on top

Fig. 2.10 Intra- and inter-subunit interactions in the LH1

ring. α-polypeptides in olive green, β-polypeptide in

blue, spirilloxanthin in brown, β-B915 in cyan, α-B915

in green, Mg2+ in purple and Ca2+ in bright green. Insert
is an enlargement of the area covered by a dashed square
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the scaffold of α/β-polypeptide in a correct ori-

entation but also keep α/β-polypeptides together
to stabilizes LH1 subunits.

The structure also reveals two important inter-

subunit interactions that strengthen stability of

the LH1 ring further. Sixteen Ca2+ binding sites

were identified in the C-terminal regions of

α/β-apoproteins. Six coordinated bonds can

assign to a Ca2+, four of them from C-terminal

of α-polypeptide (αn + 1-Trp46, αn + 1-Asp

49, αn + 1-Asn 50, αn + 1-Ile 51) and two others

from its neighbouring β-polypeptide Leu 46’s

carboxyl group, forming an inter-subunit linker

within the LH1 ring. It is suggested that these

linkages give the RC-LH1 of Tch. tepidum an

extra thermo-stability and cause BChl a Qy red--

shift. It should note that under current resolution

the number of coordinated bond to each Ca2+ ion

and corresponding bond lengths vary slightly

within the LH1 ring. A recent 1.9 Å resolution

structure of the core complex provides more

details of the coordinations (unpublished per-

sonal communication).

All-trans spirilloxanthin curves through the α/
β pair at approximately 30� to the membrane

normal. In addition to intimate interactions with

α/β polypeptides and BChl a tails, one of the

methoxy groups of the spirilloxthanin is in

close proximity to the upstream neighbouring

(n + 1) α-His 36, and the other methoxy group

to the downstream neighbouring N-termini of

(n�1) α/β-polypeptides, forming another inter-

subunit linker. It has long been known that carot-

enoid has a function to stabilize light harvesting

complexes. This structure for the first time shows

such molecular mechanism clearly.

Putative channels for Q/QH2 shuttling

between RC and cytochrome bc1 complex are

located on the cytoplasmic side of the transmem-

brane region between adjacent α/β pairs. Given

the intrinsic flexibility of the LH1 ring the Q/QH2

channel with an averaged dimension that approx-

imately equals to the head of ubiquinone could

let Q/QH2 pass through the apparent LH1 barrier.

The structure confirms the conclusions from pre-

vious electron microscopic study and molecular

dynamic simulation that proposed a quinone

diffusion mode through LH1 ring by LH1

‘breathing’ movement (Aird et al. 2007;

Jamieson et al. 2002).
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(1999) Supramolecular organization of the photosyn-

thetic apparatus of Rhodobacter sphaeroides. EMBO J

18: 534–542

Karrasch S, Bullough PA, Ghosh R (1995) The 8.5 Å
projection map of the light-harvesting complex I

from Rhodospirillum rubrum reveals a ring composed

of 16 subunits. EMBO J 14: 631–638

Kehoe JW, Meadows KA, Parkes-Loach PS, Loach PA

(1998) Reconstitution of core light-harvesting

complexes of photosynthetic bacteria using chemi-

cally synthesized polypeptides. 2. Determination of

structural features that stabilize complex formation

and their implications for the structure of the subunit

complex. Biochemistry 37: 3418–3428

Kerfeld CA, Yeates TO, Thornber JP (1994) Biochemical

and spectroscopic characterization of the reaction-

center LH1 complex and the carotenoid-containing

B820 subunit of Chromatium purpuratum. Biochim
Biophys Acta 1185: 193–202

Khoo HE, Prasad KN, Kong KW, Jiang YM, Ismail A

(2011) Carotenoids and Their Isomers: Color

Pigments in Fruits and Vegetables. Molecules 16:

1710–1738

Koepke J, Hu XC, Muenke C, Schulten K, Michel H

(1996) The crystal structure of the light-harvesting

complex II (B800-B850) from Rhodospirillum
molischanum. Structure 4: 581–597

Lee JK, DeHoff BS, Donohue TJ, Gumport RI, Kaplan S

(1989) Transcriptional analysis of puf operon expres-

sion in Rhodobacter sphaeroides 2.4.1. and an

intercistronic transcription terminator mutant. J Biol

Chem 264: 19354–19365

Lilburn TG, Beatty JT (1992) Suppressor mutants of the

photosynthetically incompetent pufX deletion mutant

Rhodobacter capsulatus D RC6(pTL2). FEMS

Microbiol Lett 100: 155–159

Lilburn TG, Haith CE, Prince RC, Beatty JT (1992)

Pleiotropic effects of pufX gene deletion on the struc-

ture and function of the photosynthetic apparatus of

Rhodobacter capsulatus. Biochim Biophys Acta 1100:

160–170

Loach PA, Parkes-Loach PS (1995) Structure-function

relationships in core light-harvesting compelxes

(LHI) as determined by characterization of the struc-

tural subunit and by reconstitution experiments. In

Anoxygenic Photosynthetic Bacteria, Blankenship

RE, Madigan MT, Bauer CE (eds) pp 433–471. The

Netherlands: Kluwer Academic Publishers

McAuley KE, Fyfe PK, Cogdell RJ, Isaacs N, Jones MR

(1999) Structural details of an interaction between

cardiolipin and an integral membrane protein. Proc

Natl Acad Sci USA 96: 14706–14711

McDermott G, Prince SM, Freer AA, Hawthornthwaite-

Lawless AM, Papiz MZ, Cogdell RJ, Isaacs NW

(1995) Crystal structure of an integral membrane

light-harvesting complex from photosynthetic bacte-

ria. Nature 374: 517–521

McGlynn P, Hunter CN, Jones MR (1994) The

Rhodobacter sphaeroides PufX protein is not required

for photosynthetic competence in the absence of a

light harvesting system. FEBS Lett 349: 349–353

McGlynn P, Westerhuis WH, Jones MR, Hunter CN

(1996) Consequences for the organisation of reaction

center-light harvesting antenna 1 (LH1) core

complexes of Rhodobacter sphaeroides arising form

deletion of amino acid residues at the C terminus of

the LH1 α polypeptide. J Biol Chem 271: 3285–3292

Meckenstock RU, Brunisholz RA, Zuber H (1992) The

light-harvesting core-complex and the B820-subunit

from Rhodopseudomonas marina.1. Purification and

characterization. FEBS Lett 311: 128–134

Milford AD, Achenbach LA, Jung DO, Madigan MT

(2000) Rhodobaca bogoriensis gen. nov and sp nov.,

an alkaliphilic purple nonsulfur bacterium from Afri-

can Rift Valley soda lakes. Arch Microbiol 174: 18–27

Miller KR (1979) Structure of a bacterial photosynthetic

membrane. Proc Natl Acad Sci USA 76: 6415–6419

Miller KR (1982) 3-Dimensional Structure of a Photosyn-

thetic Membrane. Nature 300: 53–55

Miller JF, Hinchigeri SB, Parkes-Loach PS, Callahan PM,

Sprinkle JR, Riccobono JR, Loach PA (1987)

2 Structure and Function of the Reaction Centre – Light Harvesting 1 Core. . . 29



Isolation and characterization of a subunit form of the

light-harvesting complex of Rhodospirillum rubrum.
Biochemistry 26: 5055–5062

Ng IW (2008) A structural and functional study of the

RC-LH1-PufX core complex from Rhodobacter
sphaeroides. In University of Sheffield

Niwa S, Yu LJ, Takeda K, Hirano Y, Kawakami T,Wang-

Otomo ZY, Miki K (2014) Structure of the LH1-RC

complex from Thermochromatium tepidum at 3.0 Å.
Nature 508: 228–32

Nogi T, Fathir I, Kobayashi M, Nozawa T, Miki K (2000)

Crystal structures of photosynthetic reaction center

and high-potential iron-sulfur protein from

Thermochromatium tepidum: thermostability and

electron transfer. Proc Natl Acad Sci USA 97:

13561–6

Olsen JD, Sockalingum GD, Robert B, Hunter CN (1994)

Modification of a hydrogen bond to a bacteriochloro-

phyll a molecule in the light harvesting 1 antenna of

Rhodobacter sphaeroides. Proc Natl Acad Sci USA

91: 7124–7128

Olsen JD, Sturgis JN, Westerhuis WH, Fowler GJS,

Hunter CN, Robert B (1997) Site-directed modifica-

tion of the ligands to the bacteriochlorophylls of the

light-harvesting LH1 and LH2 complexes of

Rhodobacter sphaeroides. Biochemistry 36:

12625–12632

Paddock ML, Weber KH, Chang C, Okamura MY (2005)

Interactions between Cytochrome c2 and the Photo-

synthetic Reaction Center from Rhodobacter
sphaeroides: The Cation-Pi Interaction. Biochemistry

44: 9619–9625

Parkes-Loach PS, Michalski TJ, Bass WJ, Smith U, Loach

PA (1990) Probing the bacteriochlorophyll binding

site by reconstitution of the light-harvesting complex

of Rhodospirillum rubrum with bacteriochlorophyll a

analogues. Biochemistry 29: 2951–2960

Parkes-Loach PS, Jones SM, Loach PA (1994) Probing

the structure of the core light-harvesting complex

(LH1) of Rhodopseudomonas viridis by dissociation

and reconstitution methodology. Photosynth Res 40:

247–261

Parkes-Loach PS, Law CJ, Recchia PA, Kehoe J,

Nehrlich S, Chen J, Loach PA (2001) Role of the

core region of the PufX protein in inhibition of recon-

stitution of the core light-harvesting complexes of

Rhodobacter sphaeroides and Rhodobacter
capsulatus. Biochemistry 40: 5593–5601

Polivka T, Frank HA (2010) Molecular Factors

Controlling Photosynthetic Light Harvesting by

Carotenoids. Accounts Chem Res 43: 1125–1134

Pugh RJ, McGlynn P, Jones MR, Hunter CN (1998) The

LH1-RC core complex of Rhodobacter sphaeroides:

interaction between components, time-dependent

assembly, and topology of the PufX protein. Biochim

Biophys Acta 1366: 301–316

Qian P, Saiki K, Mizoguchi T, Hara K, Sashima T,

Fujii R, Koyama Y (2001) Time-dependent changes

in the carotenoid composition and preferential binding

of spirilloxanthin to the reaction center and anhydror-

hodovibrin to the LH1 antenna complex in Rhodobium
marinum. Photochem Photobiol 74: 444–452

Qian P, Addlesee HA, Ruban AV, Wang P, Bullough PA,

Hunter CN (2003) A reaction center-light-harvesting

1 complex (RC-LH1) from a Rhodospirillum rubrum
mutant with altered esterifying pigments: characteri-

zation by optical spectroscopy and cryo-electron

microscopy. J Biol Chem 278: 23678–85

Qian P, Hunter CN, Bullough PA (2005) The 8.5Å pro-

jection structure of the core RC-LH1-PufX dimer of

Rhodobacter sphaeroides. J Mol Biol 349: 948–60

Qian P, Bullough PA, Hunter CN (2008) Three-

dimensional reconstruction of a membrane-bending

complex: the RC-LH1-PufX core dimer of

Rhodobacter sphaeroides. J Biol Chem 283: 14002–11

Qian P, Papiz MZ, Jackson PJ, Brindley AA, Ng IW,

Olsen JD, Dickman MJ, Bullough PA, Hunter CN

(2013) Three-dimensional structure of the

Rhodobacter sphaeroides RC-LH1-PufX complex:

dimerization and quinone channels promoted by

PufX. Biochemistry 52: 7575–85

Rastogi VK, Girvin ME (1999) Structural changes linked

to proton translocation by subunit c of the ATP

synthase. Nature 402: 263–268

Ratcliffe EC, Tunnicliffe RB, Ng IW, Adams PG, Qian P,

Holden-Dye K, Jones MR, Williamson MP, Hunter CN

(2011) Experimental evidence that the membrane-

spanning helix of PufX adopts a bent conformation

that facilitates dimerisation of the Rhodobacter
sphaeroides RC-LH1 complex through N-terminal

interactions. Biochim Biophys Acta 1807: 95–107

Recchia PA, Davis CM, Lilburn TG, Beatty JT, Parkes-

Loach PS, Hunter CN, Loach PA (1998) Isolation of

the PufX protein from Rhodobacter capsulatus and

Rhodobacter sphaeroides: Evidence for its interaction
with the α-polypeptide of the core light-harvesting

complex. Biochemistry 37: 11055–11063

Roszak AW, Howard TD, Southall J, Gardiner AT, Law

CJ, Isaacs NW, Cogdell RJ (2003) Crystal structure of

the RC-LH1 core complex from Rhodopseudomonas
palustris. Science 302: 1969–1972

Scheuring S, Sturgis JN (2009) Atomic force microscopy

of the bacterial photosynthetic apparatus: plain

pictures of an elaborate machinery. Photosynth Res

102: 197–211

Scheuring S, Francia F, Busselez J, Melandri BA,

Rigaud JL, Levy D (2004a) Structural role of PufX

in the dimerization of the photosynthetic core complex

of Rhodobacter sphaeroides. J Biol Chem 279:

3620–6

Scheuring S, Sturgis JN, Prima V, Bernadac A, Levy D,

Rigaud JL (2004b) Watching the photosynthetic appa-

ratus in native membranes. Proc Natl Acad Sci USA

101: 11293–7

Scheuring S, Busselez J, Levy D (2005) Structure of the

dimeric PufX-containing core complex of

Rhodobacter blasticus by in situ atomic force micros-

copy. J Biol Chem 280: 1426–31

30 P. Qian



Scheuring S, Goncalves RP, Prima V, Sturgis JN (2006)

The photosynthetic apparatus of Rhodopseudomonas
palustris: structures and organization. J Mol Biol 358:

83–96

Semchonok DA, Chauvin JP, Frese RN, Jungas C,

Boekema EJ (2012) Structure of the dimeric

RC-LH1-PufX complex from Rhodobaca bogoriensis
investigated by electron microscopy. Philos T R Soc B

367: 3412–3419

Siebert CA, Qian P, Fotiadis D, Engel A, Hunter CN,

Bullough PA (2004) Molecular architecture of photo-

synthetic membranes in Rhodobacter sphaeroides: the
role of PufX. EMBO J 23 690–700

Sturgis JN, Olsen JD, Robert B, Hunter CN (1997)

Functions of conserved tryptophan residues of the

core light-harvesting complex of Rhodobacter
sphaeroides. Biochemistry 36: 2772–2778

Suzuki H, Hirano Y, Kimura Y, Takaichi S, Kobayashi M,

Miki K, Wang ZY (2007) Purification, characterization

and crystallization of the core complex from thermo-

philic purple sulfur bacterium Thermochromatium
tepidum. Biochim Biophys Acta 1767: 1057–63

Takaichi S (1999) The Photochemistry of Carotenoids. In

Carotenoids and Carotogenesis in Anoxygenic Photo-

synthetic Bacteria, Frank HA, Young AJ, Britton G,

Cogdell RJ (eds) pp 39–69.

Tsukatani Y, Matsuura K, Masuda S, Shimada K,

Hiraishi A, Nagashima KVP (2004) Phylogenetic

distribution of unusual triheme to tetraheme cyto-

chrome subunit in the reaction center complex of

purple photosynthetic bacteria. Photosynth Res 79:

83–91

Tsukatani Y, Yamamoto H, Harada J, Yoshitomi T,

Nomata J, Kasahara M, Mizoguchi T, Fujita Y,

Tamiaki H (2013) An unexpectedly branched biosyn-

thetic pathway for bacteriochlorophyll b capable of

absorbing near-infrared light. Sci Rep-Uk 3

Tunnicliffe RB, Ratcliffe EC, Hunter CN, Williamson

MP (2006) The solution structure of the PufX poly-

peptide from Rhodobacter sphaeroides. FEBS Lett

580: 6967–71

Vangrondelle R, Dekker JP, Gillbro T, Sundstrom V

(1994) Energy-transfer and trapping in photosynthe-

sis. Biochim Biophys Acta 1187: 1–65

Wang ZY, Muraoka Y, Shimonaga M, Kobayashi M,

Nozawa T (2002) Selective Detection and Assignment

of the Solution NMR Signals of Bacteriochlorophyll

a in a Reconstituted Subunit of a Light-Harvesting

Complex. Journal of the American Chemical Society

124: 1072–1078

Wang ZY, Suzuki H, Kobayashi M, Nozawa T (2007)

Solution Structure of the Rhodobacter sphaeroides

PufX Membrane Protein: Implications for the Qui-

none Exchange and Protein-Protein Interactions. Bio-

chemistry 46: 3635–3642

Westerhuis WH, Sturgis JN, Ratcliffe EC, Hunter CN,

Niederman RA (2002) Isolation, size estimates, and

spectral heterogeneity of an oligomeric series of light-

harvesting 1 complexes from Rhodobacter
sphaeroides. Biochemistry 41: 8698–8707

Youvan DC, Alberti M, Begusch H, Bylina EJ, Hearst JE

(1984a) Reaction center and light-harvesting I genes

from Rhodopseudomonas capsulata. Proc Natl Acad

Sci USA 81: 189–192

Youvan DC, Bylina EJ, Alberti M, Begusch H,

Hearst JE (1984b) Nucleotide and deduced poly-

peptide sequences of the photosynthetic reaction

center, B870 antenna and flanking polypeptides

from Rhodopseudomonas capsulata. Cell 37:

949–957

Zhu YS, Kiley PJ, Donohue TJ, Kaplan S (1986) Origin of

the mRNA stoichiometry of the puf operon in

Rhodobacter sphaeroides. J Biol Chem 261:

10366–10374

Zuber H (1985) Structure and function of light-harvesting

complexes and their polypeptides. Photochem

Photobiol 42: 821–844

Zuber H, Cogdell RJ (1995) Structure and organization of

purple bacterial antenna complexes. In Anoxygenic

Photosynthetic Bacteria, Blankenship RE, Madigan

MT, Bauer CE (eds) pp 315–348. The Netherlands:

Kluwer Academic Publishers

2 Structure and Function of the Reaction Centre – Light Harvesting 1 Core. . . 31



Recombinant Light Harvesting
Complexes: Views and Perspectives 3
Erica Belgio and Alexander V. Ruban

Summary

This review introduces to the method of

in vitro reconstitution of pigment-protein

complexes of higher plants, a technique

which allows for the assembly of functional

antenna proteins starting from free pigments

and bacterially-expressed apoprotein. After

discussing the reconstitution method itself,

the key elements required for it (xanthophylls

and chlorophyll b) and the timescales of the

process, a few examples of the achievements

made by using recombinant proteins are

presented. Site-directed mutagenesis of

chlorophyll-binding residues of recombinant

complexes provided an important contribu-

tion to the field of photosynthesis by allowing

the identification of the transition energy

levels of individual chromophores. Progress

has also been made employing recombinant

antenna complexes in photovoltaic

applications (quantum dots and Ti2O cata-

lyst), a recent and still largely unexplored

field of research. Finally, the recent use of

luminal loop mutants of LHCII for the study

of the non-photochemical quenching (NPQ)

mechanism, one of the most studied phenom-

ena in photosynthesis, revealed insights into

how NPQ is triggered by low pH. It is pro-

posed that reconstituting the NPQ locus

in vitro in liposomes with a natural thylakoid

membrane lipid composition, containing

purified/recombinant LHCII, minor antennae

and PsbS in various combinations and

concentrations may clarify how the NPQ

mechanism works at a molecular level
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Abbreviations

CP chlorophyll binding protein

D aspartate

DCCD dicyclohexylcarbodiimide

DM dodecylmaltoside

E glutamate

FFEM freeze-fracture electron microscopy

G glycine

H histidine

HOMO highest occupied molecular orbital

HPLC high pressure liquid chromatography

IPTG Isopropil-β-D-1-tiogalattopiranoside
LHCII light harvesting complex II

LUMO lowest unoccupied molecular orbital

Ni-NTA Nickel- Nitrilotriacetic acid

NMR Nuclear magnetic resonance

NPQ non-photochemical quenching

OGP Octyl β-D-glucopyranoside
PSII photosystem II

Q glutamine

QD quantum dot

R arginine

RT room temperature

SDS sodium-dodecyl sulphate

V valine

W tryptophan

WT wild type

Y tyrosine

3.1 Pigment-Protein
Reconstitution: The Technique

When Plumley and Schmidt (Plumley and

Schmidt 1994) published a paper entitled

“Reconstitution of chlorophyll a/b light-

harvesting complexes: xanthophyll-dependent

assembly and energy transfer”, they provided

for the first time a method for the in vitro assem-

bly of photosynthetic proteins starting from

denatured thylakoid membranes and extracted

pigments. The main steps of the procedure

consisted of: (1) poaching purified thylakoid

proteins; (2) solubilisation of extracted pigments

with ethanol; (3) protein incubation with

pigments (4) series of freeze (�20 �C) and thaw

(RT) cycles. Since the procedure used total thy-

lakoid protein extracts, it did not allow for the

selective reconstitution of specific complexes

and therefore a further step was required in

order to separate the mixture of different

reconstituted complexes (major and minor

LHCIIs). This was done by non-denaturing

LiDodSO4/PAGE, which unavoidably induced a

decrease in the yield and/or damage of the

complexes. For this reason, the application of

genetic engineering to the method was highly

advantageous, because it allowed for the produc-

tion of a specific recombinant Lhcb apoprotein

which was readily usable in the reconstitution

process (Paulsen et al. 1990). Briefly, E. coli

bacterial strain JM101 was transformed with the

pea CAB gene AB80 (Cashmore 1994) trimmed

(BamHI/DraI) and ligated into a pQE52 expres-

sion vector (pDS series, Quiagen). Upon induc-

tion with IPTG, a protein of the expected

molecular weight (~31 kDa) reacting positively

with antibodies raised against LHCII, was pro-

duced. The apoprotein thus obtained was suc-

cessfully used for pigment-protein

reconstitution following the same procedure of

Plumley and Schmidt, yielding a reconstituted

LHCII complex similar to the native complex

(see below). This method is currently broadly

adopted for the reconstitution of various photo-

synthetic complexes. A schematic diagram of the

procedure is presented in Fig. 3.1. In terms of

yields, Paulsen et al. (Plumley and Schmidt

1994) report that the amount of LHCII

apoprotein is usually no more than 20% of the

total E. coli protein extract. Of this, only ~30%

assembles into a folded pigment-protein complex

(Remelli et al. 1999), revealing the rather low

yield of the process. It should be mentioned,

however, that replacement of the pQE52 expres-

sion vector by pET-3d was shown to double

apoprotein production from BL21(DE3)
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bacterial strain (Qinmiao et al. 2000). This group

also reported an increased efficiency of reconsti-

tution and a shortening of the procedure time

when freeze (�20 �C)/thaw cycles are performed

using liquid nitrogen.

Regarding pigment-protein complex stability,

although LiDodSO4 is fundamental for keeping

the apoprotein fully denatured, once reconstitu-

tion is achieved (i.e. after freeze-thaw cycles), it

is important to replace it with OGP via KCl

precipitation (Giuffra et al. 1996). This is to

avoid chlorophyll detachment from the

reconstituted complex induced by the harshness

of LiDodSO4. The following ratios in the recon-

stitution mixture have been reported to give max-

imal reconstitution yields for LHCII:

chlorophyll/protein¼ 20, carotenoid/protein¼ 7,

chlorophyll a/b ¼ 2.3 (Croce et al. 1999).

Insights into the folding process have been

obtained from time-resolved circular dichroism

spectroscopy in the far-UV region (Horn and

Paulsen 2004). Different time steps have been

identified that can be divided into fast, interme-

diate and slow components. The fast component

(timescale, 10 ms) is independent of pigment and

protein concentration and involves protein

rearrangements in the lipid/detergent micelles.

The intermediate component lasts a few seconds

and involves pigment binding to the protein. The

slow component lasts up to several minutes and

corresponds to the establishment of efficient

energy transfer from chlorophyll b to chlorophyll

a along with the formation of a folded state

similar to the native complex.

The rationale behind the in vitro folding pro-

cess still remains partially unknown. For exam-

ple, it is puzzling why the in vitro folding

capacity appears to be a prerogative of the outer

antenna complexes of PSII – LHCII, CP29,

CP26, CP24 whilst similar PSII antenna

complexes like the inner antennae CP43 and

CP47, despite many repeated attempts, could

not be reconstituted (Casazza et al. 1797). It is

interesting to notice in this context, that all the

complexes which have not been reconstituted so

far (reaction centers and inner antennae), lack

chlorophyll b. Chlorophyll b is indeed thought

to promote the reconstitution process (Horn and

Paulsen 2004; Storf et al. 2005). What is also

known is that: (1) the protein must be completely

denatured when it comes into contact with the

pigments – this is because the chlorophyll bind-

ing sites must be exposed to the pigments in

order to be bound; (2) chlorophyll b and

xanthophylls are indispensable to the folding

(see below); (3) freeze and thaw cycles provide

the small “energy kicks” required for the protein

to travel along the imaginary potential energy

hyper-surface of all possible protein

conformations of which the global energy mini-

mum corresponds to the folded native conforma-

tion. Finally, since the α-helix content in the

protein secondary structure was found to increase

with time constants similar to those observed for

the establishment of efficient energy transfer, it

was concluded that pigment binding is the trigger

for protein folding.

From the very first report (Plumley and

Schmidt 1994) it was clear that xanthophylls

are required in order for chlorophyll a and b to

associate with the apoprotein. When β-carotene
was used instead of xanthophylls, no reassembly

was observed. Rearranging the epoxide bonds of

xanthophylls with HCl (Goodwin 1980)

Separation from 
free pigments by 
sucrose gradients/ 
gel filtration.

Freeze-thaw

reconstituted
complex identical 

to the native

denaturated
apoprotein

extracted pigments

Fig. 3.1 Diagram of the pigment-protein reconstitution procedure
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eliminated reconstitution. These evidences

pointed at a specific effect induced by

xanthophylls which promotes the folding pro-

cess. Not all parts of the protein are important

for reconstitution. Removing the N-terminus of

LHCII, for example, did not affect the reconsti-

tution result, in terms of yield and pigment com-

plement, proving that this portion of the protein

is not involved in reconstitution or pigment bind-

ing (Plumley and Schmidt 1994). Pigment bind-

ing to the protein can be demonstrated in several

ways, all assaying the efficiency of excitation

energy transfer among chlorophylls. Absorption,

fluorescence, excitation spectroscopy and circu-

lar dichroism are all useful means for verifying

that the configurations/orientations of the

pigments resemble those of the native complex.

As an example, the absorption spectrum of

unbound chlorophyll a and b is shown in com-

parison to that of a native and reconstituted

LHCII complex (Fig. 3.2). The similarity

between the spectra of reconstituted and native

complex is evident. In particular, one can

observe that chlorophyll binding to the protein

induces a red shift of the main absorption spec-

trum peak from ~663 nm to 670 nm.

This is because the spectral characteristics of

protein-bound chlorophyll are modulated by

interactions with their environment (Renge and

Avarmaa 1985; Gudowska-Nowak et al. 1990;

Giuffra et al. 1997; Rogl and Kühlbrandt 1999;
van Amerongen and van Grondelle 2001;

Nishigaki et al. 2001), giving rise to spectroscop-

ically different chlorophyll forms. The origin of

chlorophyll spectral forms, besides chlorophyll-

chlorophyll excitonic interactions, has been also

explained as due to distortions of the chlorophyll

ring imposed by the protein binding, which has

the effect of modifying the chlorophyll transition

energies (Zucchelli et al. 2007). In the crystal

structure of LHCII, all chlorophylls (a and b)

display distortions of the ring. The LHCII chlo-

rophyll macrocycle deformations were shown to

shorten the HOMO-LUMO energy gaps, induc-

ing an estimated red shift of up to 17 nm for

chlorophyll a, and 11 nm for chlorophyll b,
with respect to the unperturbed reference transi-

tion energies (Zucchelli et al. 2007). Other

groups, based on ab initio calculations, consid-

ered solvatochromic effects and excitonic

interactions as the main source for the observed

site energies shifts (Müh et al. 2010). In both

scenarios, the similarity of the spectrum of the

reconstituted sample to the native one, in terms

of both position of the peaks and a/b ratio, is

therefore a good indication of correct binding of

the chlorophylls to the protein scaffold.

Low reconstitution yield preparations

containingloosely bound pigments usually dis-

play a 1–2 nm blue shift, and a decreased

dichroic signal between 670 and 683 nm

(Plumley and Schmidt 1994). Unbound pigments

have in fact a weak dichroic signal. Since free

pigments and aggregates of pigments cannot effi-

ciently transfer excitation energy, another way to

confirm that reconstitution has been achieved is

to verify that most of the emission comes from

chlorophyll a (~680 nm) when chlorophyll b is

selectively excited (470 nm). These spectro-

scopic measurements altogether prove that the

400
Wavelength, nm

700

f

b

a

655

467

439

670

Fig. 3.2 Room temperature absorption spectra of native

(curve a) and reconstituted (curve b) LHCIIs. Curve f,
the sample presented in b) was heated at 100 �C for 1 min

(Modified from Plumley and Schmidt 1994)
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reconstitution procedure induces a pigment-

binding pattern to the protein similar to the one

which is typical of the native complex.

3.2 Achievements Obtained by
Using Recombinant Complexes

The possibility of in vitro assembly of pigment-

protein complexes paved the way to a whole new

range of investigations impossible before. The

technique allowed for the study of the theoretical

foundations of the process, like how the reconsti-

tution process works, what key elements are

required for it, the timescales and, most impor-

tantly, the fundamental problem of determining

the spectrum of proteinbound chlorophylls. From

a purely experimental perspective, it provided a

new tool for protein engineering in the context of

applied research. The present paragraph will

focus on the achievements made in the field of

pure research in photosynthesis.

Binary competition experiments using two

xanthophylls at varying ratios proved that three

specific xanthophyll binding sites are present in

LHCII (N1, L1 and L2) (Croce et al. 1999; Hobe

et al. 2000). For example, in a lutein/neoxanthin

competition experiment two binding sites, L1

and L2, showed a strong preference (>

200-fold) for lutein, whereas the third binding

site, N1, was highly selective for neoxanthin

and its occupancy was not essential for protein

folding. These findings have been confirmed by

the high resolution (2.72 Å) crystal structure of

LHCII (Liu et al. 2004). Of all xanthophylls,

lutein was the one strictly necessary for obtaining

a minimum detectable level of reconstitution,

which was then further increased by violaxantin

and, lastly, by neoxanthin. Experiments of heat

denaturation showed that a reconstituted LHCII

sample in which the N1 site was occupied and

one of the L sites was empty, denatured at lower

temperature with respect to the control, in which

the three xanthophyll-binding sites were

occupied. Thus, both L sites seem to contribute

to pigment-protein stability (Croce et al. 1999).

Insights on how the mechanism of

trimerization of LHCII occurs have been

obtained in (Rogl and Kühlbrandt 1999; van

Amerongen and van Grondelle 2001). By

analysing specific circular dichroism signals of

recombinant LHCII complexes in the visible

range, it is apparent that trimerization occurs

spontaneously and is dependent on the presence

of lipids. The same group found that the

C-terminal deletions did not abolish pigment

binding to LHCII nor affect trimerization (Hobe

et al. 1995). By contrast, deletion of 61 amino

acids from the N-terminus had no significant

effects on pigment binding although 15 amino

acids were found to be indispensable for forma-

tion of a trimer. This indicated that the protein

motif between amino acids 16–61 is involved in

the stabilization of LHCII trimers but not in that

of the monomers. Closer inspection of this pro-

tein domain using a more detailed mutation anal-

ysis revealed that amino acids W16 and/or Y17

as well as R21 are essential for the formation of

LHCII trimers. These amino acids are conserved

in virtually all known sequences of LHCII

apoproteins, but only in some of the minor chlo-

rophyll a/b complexes (Hobe et al. 1995). This

point could be of potential interest for projects

aimed at increasing the stability of LHCII (see

last session of the chapter).

Perhaps the most important contribution to the

understanding of the structure and energetics of

the photosynthetic antenna was the identification

of chlorophyll binding sites and energies

(Remelli et al. 1999; Bassi et al. 1999;

Morosinotto et al. 2002; Yang et al. 1999; Belgio

et al. 2010). In those works, a series of mutant

apoproteins were constructed in which individual

chlorophyll-binding residues, derived on the

basis of the crystal structure of LHCII (Giuffra

et al. 1997), were substituted by residues unable

to coordinate porphyrins. This approach in most

of the cases enabled the identification of the

types of chlorophylls (a or b) bound by each

protein site to besides deducing their spectral

properties by comparison with the wild type

complex. For example, the A2 chlorophyll of

CP29, bound to hystidine 216, was found to be

one of the lowest energy chlorophylls of CP29,
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peaking at 680 nm (Bassi et al. 1999; Belgio et al.

2010). Mutagenesis of certain sites induced

simultaneous changes in both chlorophyll a and

b regions. This fact was consistent with the pre-

vious observation that the relative amounts of

chlorophyll a and chlorophyll b bound to

LHCII could be modified by varying the chloro-

phyll a/b pigment ratio in the reconstitution mix-

ture (see the diagrams for CP29 and CP24 in

Fig. 3.3). An extreme example of this was an

LHCII complex with an a/b ratio of 0.03 obtained

using a very low chlorophyll a/b ratio in the

reconstitution mixture (Kleima et al. 1999).

It was therefore proposed that sites like the

A3, B3, B5, and B6 of CP29 are mixed with

respect to their capacity to bind both chlorophyll

a and b (Sandonà et al. 1998). The mixed binding

sites hypothesis, while in principle not unreason-

able, has recently been criticised (Belgio et al.

2010). In the latest paper, a single gene mutation

for the A3 binding site (Glutamate 230, G230)

caused absorption changes in both the chloro-

phyll a and b spectral regions. The observed

change in the chlorophyll a absorbing region

was remarkably red-shifted, which was

interpreted as due to a perturbation of the chlorin

ring induced by the protein mojety around the A3

site (Zucchelli et al. 2007). However, no shift

was observed in the chlorophyll b interval,

which was unchanged with respect to the control,

peaking at 640 nm. A similar result was found for

the B3 site conjugated to Histidine 245, H235.

These observations led to the conclusion that the

A3 and B3 chlorophyll sites were not mixed,

because in that case, the same distortion/electro-

static effect imposed by the local protein scaffold

on chlorophyll a was also expected to be

observed for chlorophyll b in terms of a red

shift of its absorption peak. This conclusion has

recently been proven valid on the basis of the

crystal structure of CP29, where G230 and H245

were shown to be specific sites for a certain type

of chlorophyll (Pan et al. 2008). Similarly, the

crystallographic structure of a number of LHCII

trimers showed no evidence for the existence of

mixed sites. In the ten LHCII monomers exam-

ined (Liu et al. 2004) not a single mixed site was

detected – though it has been suggested that this

may be due to the in vivo chlorophyll binding

conditions being different from the in vitro situa-
tion. It therefore seems reasonable to conclude

that while chlorophyll b may in principle bind to

chlorophyll a sites when the reconstitution

conditions are “forced”, the binding affinity of

chlorophyll site ensures selection for a certain

residue under physiological conditions.
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Fig. 3.3 Diagram showing

the dependence of the

chlorophyll a/b ratio in

reconstituted complexes

CP29 and CP24 upon the a/
b ratio of the

reconstitution mixture

(Modified from Sandonà

et al. 1998)
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Concerning the limits of the method, one is

that the reconstitution yield is generally low (~

50 μg of protein per litre of E. coli), – far below

that for extraction of native proteins (usually of

the order of milligrams). Another problem is

determining whether the reconstituted complex

is absolutely identical to the purified one. This is

mainly due to the lack of a reliable method to

quantify the absolute amount of pigment and

protein in a preparation. Pigments can easily be

extracted with 80% acetone, which denatures and

precipitates the protein, whereas the

non-covalently bound pigments end up in the

supernatant (Paulsen et al. 2010) and can subse-

quently be separated, analyzed and quantified

either spectro-photometrically, using, for exam-

ple, Porra’s method (Porra et al. 1989), or by high

performance liquid chromatography (HPLC).

HPLC analysis is normally integrated by

matching the absorption spectrum of 96% etha-

nol pigment extracts with the composite spectra

made up of individual purified pigments

(Connelly et al. 1997). SDS-page and the ninhy-

drin reaction are classic methods for measuring

protein concentration (Hirs 1967). Quantification

of proteins in detergent solution however is often

difficult, which in turn renders chlorophyll/pro-

tein ratios unreliable. Moreover, it must be borne

in mind that the unfolded protein is often a con-

taminant of the preparation and to some extent

(3–4%) free pigments can also be present. The

problem has recently been exacerbated by struc-

tural data revealing that the CP29 complex

contains 13 chlorophylls (Pan et al. 2008), i.e.,

five chlorophylls more than those previously

estimated for reconstituted complexes (Giuffra

et al. 1996, 1997; Belgio et al. 2010; Pieper

et al. 2000). Accordingly, the group of

Jankowiak concluded that the previously studied

CP29 complex from spinach (Pieper et al. 2000)

had lost at least two chlorophylls during the

preparation procedure, and it is unlikely that the

spinach CP29 protein contains only eight

chlorophylls as previously thought (Feng et al.

2013). It is therefore compelling at this stage to

develop new methods for absolute pigment/pro-

tein ratios.

3.3 Recombinant LHCII Proteins
for the Study of NPQ

In higher plants, high light conditions trigger the

activation of non-photochemical quenching

(NPQ), a process of light energy dissipation

involving structural rearrangements within the

peripheral PSII antenna complex LHCII

(Holzwarth et al. 2009; Betterle et al. 2009;

Johnson et al. 2011). The protein rearrangements

observed via freeze fracture electron microscopy

(FFEM) consisted in the formation of LHCII

clusters during the establishment of the NPQ

state, leading to the formation of quenching

aggregates (see Fig. 3.4). About 20 years of

research into this mechanism proved that: (1) it

is triggered by a delta pH across the photosyn-

thetic membrane (Shikanai et al. 1999), (2) it is

reversible (Krieger et al. 1992); (3) it can occur

in the dark (Gilmore and Yamamoto 1992);

(4) its rate depends upon certain xanthophylls

and upon the concentration of the PsbS protein

(Gilmore 1997).

On the basis of the spectroscopic similarities

between in vivo NPQ and quenching induced by

the aggregation of isolated major LHCII

complexes under low detergent/low pH

conditions (Ruban 2012; Ruban et al. 1992,

1997; Phillip et al. 1996), the “LHCII aggrega-

tion model” of NPQ was proposed. However, the

conditions used to achieve a highly-quenched

state of LHCII in vitro inevitably caused pro-

nounced aggregation of the protein, making it

difficult to disentangle whether aggregation is

the cause or consequence of quenching. There-

fore, determining whether control of the

quenching mode occurs at the level of

interactions between neighbouring proteins

rather than at the level of single LHCIIs, has

been a matter of debate for some time. The sec-

ond case implies the existence of a conforma-

tional switch within the LHCII monomer upon

induction of the NPQ state, as shown in Fig. 3.5.

To investigate this point, a system to prevent

protein-protein aggregation has recently been

implemented (Belgio et al. 2013) by exploiting
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a recombinant LHCII protein His-tag affinity to

the Nickel of a Ni-NTA resin (see Fig. 3.6).

After incubation of the protein with the resin

at a concentration which excluded protein-

protein aggregation (the smallest complex-to-

complex distance being >100 nm), the mix was

loaded into a column and fluorescence quenching

induced by washing with the appropriate buffer

(Fig. 3.7). In the same way, washing the column

with a high detergent/high pH buffer restored the

“harvesting” state of the complex. The reversibil-

ity of the process (see Fig. 3.7) indicated that the

assumption of negligible aggregation was realis-

tic. The experiment confirmed the intrinsic

capacity of the protein to adopt a quenched con-

formation, giving credit to the idea that aggrega-

tion is a consequence rather than a cause of

quenching. This is in agreement with

experiments performed on LHCII immobilised

in a gel matrix (Ilioaia et al. 2008) and with a

number of observation indicating that conforma-

tional changes do occur within LHCII (van Oort

et al. 2007; Krüger et al. 2012). In addition to its

compatibility with these previous experiments

the “in column quenching set up” went further,

allowing for the study of the “single complex”

pH-sensitivity in the absence of aggregation

(Belgio et al. 2013). Moreover, the technique

offered the possibility to immobilise LHCII to a

substrate, which has possible future applications

connected to the field of artificial photosynthesis

(see last section).

Understanding the mechanism by which pH

triggers NPQ at the molecular level is still one of

the main goals of the field. In particular, it is still

unclear whether certain lumen-exposed residues

of LHCII can effectively be protonated upon

illumination, when the lumen pH drops from

Intrinsic = conformational change or Protein-protein clustering

= thermal dissipation

Fig. 3.5 Schematic diagram representing the NPQ hypothesis: in one case NPQ is due to a conformational change

within a single LHCII, in the other it is induced by protein-protein aggregation

Fig. 3.4 Representative coordinate maps (obtained via

FFEM analysis) showing the spatial distribution of LHCII

trimers within the grana membrane following light expo-

sure and subsequent dark recovery. The blue circles high-

light typical aggregated domains of LHCII, indicating the

significant increase in in vivo LHCII aggregation during

the switch to the photoprotective state (Figure adapted

from Ruban 2012)
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pH 7 to 5. Evidence for LHCII antenna

complexes as protonation sites has been obtained

by using the carboxyl-modifying agent

dicyclohexylcarbodiimide (DCCD), which

binds to aspartic acid and glutamate residues in

relatively hydrophobic domains of membrane

proteins (Walters et al. 1994). Due to the build-

up and decay of a pH gradient during photosyn-

thesis the lumenal loop of LHCII is exposed to a

broadly variable pH environment. Hence, the

negatively charged amino acids in the lumenal

loop might play important roles in adjusting the

structure and functions of LHCII. In the luminal

loop of LHCII, between transmembrane helices

B/C there are three negatively charged amino

acids (E94, E107 and D111, see Fig. 3.8), two

of which (E94, D111) form ion pairs (E94–Q103,

D111–H120). They are thought to be important

for stabilising the secondary structure loop of

lumen-exposed regions (Liu et al. 2004; Yang

et al. 1777).

Recently, two recombinant LHCII complexes

mutated at the level of the lumenal loop showed

an altered pH-induced quenching capacity with

respect to the control (Belgio et al. 2013; Yang

et al. 1777). In one case, replacement of the

acidic lumenal-facing residue aspartate

111 (D111) by neutral valine (V111) yielded a

recombinant complex with increased quenching

capacity due to a shift of the quenching pK by

1 pH unit from 5 to 6. The increase in total

quenching was consistent with a 40% reduction

protein
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Fig. 3.6 Diagram showing how the recombinant LHCII

complex was immobilised to a substrate (Ni-NTA conju-

gated agarose bead) to avoid aggregation, by exploiting

the affinity of the protein His-tag to the Nickel atoms of

the substrate. The atoms involved in the interactions are

also shown on the right (Modified from Ni-NTA Mag-

netic Agarose Beads Handbook from Quiagen)
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Fig. 3.7 Diagram

representing the “in column
quenching experiment” of

LHCII. Quenching was

induced by washing the

LHCII bound to the column

with 0.003% DM and

10 mM Hepes adjusted to

the desired pH (Modified

from Belgio et al. 2013)
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in the relative chlorophyll fluorescence lifetime

and was accompanied by the appearance of a

lower-energy emitting state, as demonstrated by

a red shift of the low temperature emission spec-

trum in the mutant. On the other hand, replace-

ment of acidic glutamate 94 (E94) with glycine

(G94) resulted in a decreased quenching capacity

attained at low pH, despite the virtually

unchanged pigment composition of the mutant

(Fig. 3.9).

The fact that a subtle change in the apoprotein

structure at the level of the lumenal loop affected

the protein sensitivity to pH, was interpreted as a

strong indication of involvement of the luminal

loop in LHCII protonation. The potential of such

studies is evident. Finding LHCII reconstituted

complexes with a higher or less efficient

quenching capability than the wild type or even

complexes that are totally incapable of

quenching, may in the future allow to find

which protein domains/pigments are responsible

for the photoprotective state, something like the

Holy Grail on NPQ research. Interesting mutants,

like E94G or D111V mentioned above, that

reduce or increase the efficiency of NPQ, can in

future be objects of NMR studies. This technique

proved to be valid for determining local struc-

tural and electronic perturbations of the protein

backbone. Recently, the first solid-state NMR

analysis of uniformly 13C–enriched major light

harvesting complexes from Chlamydomonas

reinhardtii and identification of protein and

cofactor spin clusters have been performed by

Pandit and co-workers (Pandit et al. 1827). An

NMR comparison of the wild type and mutant

proteins will be a much desirable future work

that may allow an understanding of the structural

basis for the modified quenching behaviour of

the recombinant proteins.

3.4 Future of NPQ Research

Despite the many in vivo and in vitro studies

aimed at investigating the mechanism of NPQ,

a full agreement on how it works at the molecular

Fig. 3.8 Putative

structural domains of

LHCII involved in

photoprotective energy

dissipation. It has been

suggested that the

conformational change

induced during NPQ

(Ruban et al. 2007)

involves a twist in the

neoxanthin molecule and is

suggested to be sensed also

by the central a-helices

(blue arrow) bringing
about a quenching

interaction between Lut1

and Chl a610–612 (red
arrow) (Modified from

Belgio et al. 2013)
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level has not yet been achieved. The general

consensus is that LHCII, PsbS and xanthophylls

are involved. However, whilst for some groups

these factors participate at different stages of the

process and with different kinetics, generating

two main independent NPQ mechanisms

(Holzwarth et al. 2009), for others the only site

of quenching is LHCII, with PsbS and

xanthophylls being only modulators/enhancers

of the process (Ruban et al. 1817, 2007; Horton

et al. 1991; Pascal et al. 2005). The latter “LHCII

aggregation model” was mainly based on the

spectroscopic similarities between in vivo NPQ

and quenching induced by aggregation of

isolated major LHCII complexes under low

detergent/ low buffer conditions (Ruban 2012;

Ruban et al. 1992, 1997; Phillip et al. 1996).

Indeed, both NPQ and aggregation of all LHC

complexes, including those of the minor antenna,

are accompanied by formation of red-shifted

fluorescence emission bands indicative of

chlorophyll–chlorophyll interactions (Ruban

et al. 1991, 1993, 1996; Miloslavina et al. 2008;

Johnson and Ruban 2009; Ballottari et al. 2009;

Belgio et al. 2012). It must be mentioned how-

ever that the experiments conducted in vitro on

solubilised LHCII cannot be considered as truly

representative of the in vivo situation. This is

because the fluorescent (light-harvesting) state

of LHCII in vivo (lifetime ~2 ns) is different

from the detergent-solubilised one (4 ns). Such

a long emitting state has never been observed

in vivo and is therefore considered to be an arte-

fact induced by both the unnatural detergent-

aqueous environment LHCII is exposed to and

a pre-aggregated state of the complex in the

photosynthetic membrane (Belgio et al. 2012;

Petrou et al. 2014). Moreover, it is not feasible

to induce a ΔpH across the detergent micelle

system. To reproduce the NPQ locus, it would

be more desirable to set up a system in which

LHCII is solubilised by a lipid membrane and in

which the luminal loop can be exposed to an acid

environment, mimicking what happens in

chloroplasts under light. Reconstituting the pro-

cess in liposomes with a natural thylakoid mem-

brane lipid composition, containing purified/

recombinant LHCII, minor antennae and PsbS

in various combinations and concentrations in

the presence and absence of zeaxanthin and

ΔpH could in principle allow for the reproduc-

tion of NPQ and perhaps the determination of

which conditions and factors are indispensable

for attaining a ΔpH-dependent, reversible NPQ

mechanism.

Recent pioneers in this context are Kühlbrandt
and co-workers who created a proteoliposome

system for the study of NPQ (Wilk et al. 2013).

This system showed that the chlorophyll fluores-

cence of reconstituted LHCII can be quenched by
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Fig. 3.9 Representative fluorescence time course traces
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the experimental procedure is reported also on the right
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the presence of both PsbS and the xantophyll

zeaxanthin. Two-photon excitation

measurements revealed new electronic

interactions between the carotenoid S1 state and

chlorophyll states that correlated directly with

chlorophyll fluorescence quenching. The authors

therefore proposed a carotenoid-dependent

model of NPQ based upon the direct interactions

of LHCs with PsbS monomers. The reported

approach gives way to new potential experiments

that could test how the NPQ mechanism works. It

will be worth assaying, for example, the effect of

ΔpH on the fluorescence state of LHCII

solubilised in such a proteo-liposome system

and combining it with the use of the reconstitu-

tion and mutagenesis approaches mentioned

above.

3.5 Biology Serving
Nanotechnology: Applications
of Reconstitution Technique

The benefits of using recombinantion and recon-

stitution techniques go beyond pure research.

Recently, these approaches also delivered some

progress in the applied field. Three main

examples of this will be reported here: (1) a

hybrid structure made up of a recombinant

LHCII protein and inorganic type II quantum

dots (QDs) (see Fig. 3.10); (2) a LHCII-TiO2

hybrid for methane/hydrogen production; (3) sil-

ica encapsulation and stabilization of a recombi-

nant LHCII.

Semiconductor nanocrystal quantum dots

(QDs) are a class of nanomaterial broadly used

in photovoltaic applications due to their stability

and efficient excitation energy transfer both as

electron acceptors and donors (Nabiev et al.

2010). QDs of type II are capable of light-driven

electron-hole separation. Light harvesting

complexes offer a valid antenna system to be

attached to QDs because: (i) they are remarkably

efficient in transferring the absorbed energy (>

80%), a process which occurs with virtually no

energy loss apart from the Stokes shift (Jennings

et al. 1709); (ii) they can be engineered to contain

anchors such as cysteine sulfhydryls or

hexahistidyl (His6x) tags for labelling or attach-

ment to surfaces. Recently, a paper has been

published concerning a synthesised hybrid struc-

ture made of recombinant LHCII protein and

inorganic type II QDs (Werwie et al. 2012).

The absorption and fluorescence spectroscopy

demonstrated effective energy transfer (~50%)

from LHCII to the QDs (Fig. 3.11).

Binding of LHCII to quantum dots

demonstrated an increase in the light-energy uti-

lization of the semiconductor nanocrystals, par-

ticularly in the red spectral domain where QD

absorption is relatively low. The increase was

further enhanced by attaching “green absorbing”

dyes to LHCII which filled the chlorophyll

absorption gap. Since these dyes were bound to

the protein His-tag, the use of recombinant

LHCIIs was instrumental to this project.

A similar example, still a work in progress, is

the construction of a (TiO2)-LHCII hybrid. TiO2

QD

FRET

C

N emission
LHCII

Fig. 3.10 Sketch showing

LHCII recombinant

complex acting as an

antenna system for the

attached quantum dot

(QD). The quantum dot in

turns performs electron-

hole separation (Modified

from Werwie et al. 2012)
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is commonly used to oxidise organic molecules

in water treatment as well as in selective oxida-

tion reactions. TiO2 can reduce CO2 to CO,

formic acid, formaldehyde, methanol and meth-

ane (Inoue et al. 1979; Yamashita et al. 1994;

Anpo et al. 1995; Kaneco et al. 1998; Wu 2009).

As any catalyst, it can perform both the back and

forward reactions, meaning that it can reduce as

well as oxidise organic compounds. Its involve-

ment in CO2 photo-reduction is very interesting

in this context. Though TiO2 is efficient relative

to other photocatalysts, it is still very inefficient

relative to the amounts of energy required for the

process; in fact it absorbs only UV light, which is

a small portion of the solar radiation profile. For

this reason it is often bound to organic dyes, to

shift the absorption spectrum to the visible but

these are used up by the process because they

pass electrons to the catalyst, instead of excita-

tion energy, and regeneration via the extraction

of dye from water is not possible. A recent proj-

ect from a group in Nottingham (Lee et al. 2013)

attempted the binding of LHCII to the catalyst to

provide a visible range absorbing antenna for the

TiO2. The results demonstrated effective energy

transfer from LHCII to the catalyst. The hybrid

catalyst produced, under the visible light regime,

150% times more methane than that produced by

the catalyst alone. This proved that the interac-

tion between the LHC and the catalyst was func-

tional and that LHC passed the visible light

energy to the catalyst.

The effective implementation of the LHCII-

TiO2 hybrid requires an increased stability of

LHCII to sustain days of prolonged illumination

and/or temperatures above 10–15 �C. One

method could be site-directed mutagenesis/

chemical treatment of key-stabilising residues.

In this context a number of studies provided

useful insights (Mick et al. 2004). This mutagen-

esis work showed that the stromal loop domain

has a significant impact on LHCII formation

and/or stability in vitro. In particular, mutagene-

sis of W97 in the N-proximal section of the loop

gave low reconstitution yields, even under very

mild conditions. W97 may therefore be a target

of future research aimed at increasing the stabil-

ity of LHCII by covalent binding, perhaps by

means of cross-likers like glutaraldehide. In a

similar way, cross-linking of residues involved

in the trimerisation of LHCII (W16, Y17 as well

as R21, see second paragraph of this chapter)

could in principle yield an enhanced stability of

the trimer.

A different, novel approach aimed at

increased LHCII stability (Hobe and R€oder

2013) consisted of the encapsulation and stabili-

zation of the protein by means of spermine pro-

moted condensation. The encapsulation

dramatically increased stability: from a few

minutes of resistance at 50 �C for the

non-encapsulated complex, up to 24 hours at

the same temperature for the encapsulated one.

LHCII within silica showed efficient inter-

Fig. 3.11 LHCII transfers energy to QDs. Absorption

(left) and emission (right) spectra of LHCII-QDs hybrid

(solid black line) compared to QDs only (gray line) and
pure LHCII (dotted black line). For didactic porpoise the

LHCII and QDs components contributing to the spectrum

of the hybrid complex emission spectrum are also shown

(dashed lines) (Modified from Werwie et al. 2012)
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complex energy transfer, supporting the idea of

an intact light-harvesting and energy delivering

organic-inorganic hybrid material. As it is evi-

dent from this range of examples, recombinant

proteins brought about wide progress, especially

in pure photosynthesis research. If, in the future,

researchers will manage to overcome the two

limits of the method, i.e. a relatively low yield

and lack of stability under prolonged light

regimes, this will render a robust antenna system

available to the scientific community, a system to

be broadly employed in fields of applied research

such as building new photovoltaic systems.

3.6 Concluding Summary

A range of examples has been presented in order

to show that recombinant complexes provided

important contributions to various fields of pho-

tosynthetic research. The review has been

divided into six sections, here summarised:

1. “Pigment-protein reconstitution: the tech-

nique”, where the reconstitution method is

presented with technical details;

2. “Achievements obtained by using recombi-

nant complexes”, describing how site-directed

mutagenesis of recombinant complexes for

the first time allowed the spectral properties

of protein bound pigments, like the A2 chlo-

rophyll of CP29, to be obtained.

3. “Recombinant LHCII proteins for the study of

NPQ”. The case of two recombinant LHCII

mutant complexes with altered quenching

capacity (D111V, E94G) is here reported.

This study provided insights into how pH

could trigger NPQ in vivo, a hot topic in

photosynthesis.

4. “Future scenarios for NPQ research”. An

ambitious project, aimed at reproducing the

NPQ locus, is presented. The new system,

consisting of proteoliposomes containing

recombinant LHCIIs, by attaining a ΔpH-
dependent, reversible in vitro NPQ, could in

future clarify the molecular details of the

mechanism.

5. “Biology serving nanotechnology:

applications of the reconstitution technique”.

This conclusive paragraph presents two

examples in which recombinant LHCII have

been successfully used in applications related

to the photovoltaic research.
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Alternative Electron Acceptors
for Photosystem II 4
Jessica Wiwczar and Gary W. Brudvig

Summary

Photosystem II (PSII) is conserved in all oxy-

genic photosynthetic organisms and is impor-

tant for its unique ability to use energy from

light to split water, generate molecular oxy-

gen in the Earth’s atmosphere and drive

electrons into the photosynthetic electron

transport chain by reducing the plastoquinone

(PQ) pool in the thylakoid membrane. The

focus of this chapter is on alternative

electron-transfer pathways on the acceptor

side of PSII. Upon close examination of the

literature there is evidence of exogenous elec-

tron acceptors that are reduced directly by the

primary PQ electron acceptor (QA), bypassing

the canonical terminal PQ-reduction (QB) site.

These herbicide-insensitive electron-acceptor

molecules include but are not limited to ferri-

cyanide, synthetic cobalt coordination

complexes, and cytochrome c. We also dis-

cuss experimental treatments to PSII such as

cation exchange and herbicide treatment that

have been shown to alter the redox midpoint

potential (Em) of QA and impact electron

transfer from QA to QB. The results described

in this chapter provide a platform for under-

standing how electrons generated in PSII by

photochemical water oxidation can be

extracted from the electron-acceptor side of

PSII for energy applications.
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4.1 Introduction

4.1.1 The Structure and Function
of Photosystem II

The protein structure and cofactor arrangement

of Photosystem II (PSII) is strongly conserved in

all oxygenic photosynthetic organisms. In recent

years, PSII has been purified and crystallized

from thermophilic cyanobacteria, providing

X-ray crystal structures at 1.95 Å � 1.85 Å
resolution (Umena et al. 2012; Suga et al. 2015;

Tanaka et al. 2017). PSII is a large homo-dimeric

pigment-protein complex. The membrane bound

dimer is roughly 700 kDa in size with surface

area dimensions of 90Å� 200Å and 110Åwide

(Ferreira et al. 2004; Zouni et al. 2001). In

cyanobacteria, each of the two monomers

contains 17 unique alpha helical polypeptides

that span the thylakoid membrane and three

polypeptides bound facing the thylakoid lumen.

Redox-active cofactors are embedded in the pro-

tein complex and facilitate the light-harvesting,

charge-transfer and subsequent water-splitting

reactions that are central to photosynthesis.

According to the 1.9 Å crystal structure, the

redox-active cofactors include 35 chlorophyll

a molecules, 2 pheophytins, 2 plastoquinones,

a non-heme iron with a bicarbonate ligand, 11

β-carotenes, 2 hemes (cytochromes b559 and c550)
and the Mn4CaO5 metal cluster in the oxygen-

evolving complex (OEC) (Umena et al. 2012).

Crystal structures have provided the orienta-

tion of the electron-transport chain in PSII with

respect to the thylakoid membrane (Kamiya and

Shen 2003). A cartoon diagram representing

PSII and its cofactors is represented in Fig. 4.1.

Each cofactor in PSII is positioned so that its

redox midpoint potential is finely tuned to accept

and transfer electrons along the internal electron-

transport chain, avoiding charge recombination

and free-radical damage to the surrounding pro-

tein. If the primary chlorophyll electron donor

called P680 is considered the center of the reac-

tion, the cofactors can be divided into two groups

based on their orientation towards the stromal

side (acceptor side) or lumen side (donor side)

of the protein.

When PSII is activated by light, the chloro-

phyll amolecules populating the CP43 and CP47

polypeptides harvest the photon energy and

transfer it to P680. P680 uses the energy to separate

charge by transfer of an electron towards the

stromal side of PSII, as indicated by arrows in

Fig. 4.1. The electron is transferred via a nearby

Pheophytin (Pheo) to the primary quinone elec-

tron acceptor, plastoquinone A (QA), forming

QA
� and stabilizing the charge separation across

the protein complex. QA
� is tightly bound in the

D1 peptide and must be oxidized before it can

be reduced again. In normal photosynthesis, the

second plastoquinone, QB is the terminal elec-

tron acceptor for PSII and will accept two

electrons from QA, become protonated to form

plastoquinol (PQH2), and exchange with an

oxidized plastoquinone from the thylakoid mem-

brane. QB exchange is the often the rate-limiting

step of PSII turnover and directly governs the

rate of oxidation events in the OEC.

The OEC is a Mn4CaO5 cluster near the

lumenal side of PSII. Its structure was not clear

until the aforementioned 1.9 Å structure was

solved (Umena et al. 2012). The structure of the

OEC is made of four Mn ions with oxo bridges

and one Ca ion, forming a cuboid with a dangling

Mn, resembling a chair and held in place by
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ligand contacts to the D1 and CP43 proteins. The

OEC is connected to the nearby thylakoid lumen

by a network of channels that enable diffusion of

water and protons; for a recent review of these

channels see (Vogt et al. 2015).

The OEC catalyzes the water-splitting chemi-

cal reaction that PSII is responsible for in the

scheme of photosynthesis (Eqs. 4.1–4.2).

Photosynthesis :6CO2þ6H2O!hv C6H12O6þ6O2

ð4:1Þ

Photosystem II : 2H2O!hv O2þ4e�þ4Hþ ð4:2Þ
The details of the water-splitting OEC reac-

tion have been studied extensively and are

discussed in recent relevant reviews (McEvoy

and Brudvig 2006; Vinyard et al. 2013a). In

short, when PSII uses light to create a charge

separation at P680, the hole oxidizes a redox-

active tyrosine (TyrZ), which oxidizes the OEC,

which in turn oxidizes water. As the OEC

functions to oxidize water, it incrementally

cycles through intermediate oxidation states

known as Sn-states, (n ¼ 0 through 4, with S1
being the dark-adapted S state). After one com-

plete cycle, the OEC has split two water

molecules to liberate 4 electrons, 4 protons, and

one molecule of dioxygen.

In order to advance the field of solar-energy

conversion by studying, exploiting, and mimick-

ing photosynthesis, we must fully understand

QA QB
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Fig. 4.1 Representation of the PSII electron transport

chain and pathway of alternative electron transfer to

exogenous acceptors in the presence of DCMU as

described in text. Light-activated charge separation

occurs on P680 (special chlorophyll electron donor) and

reduces the nearby pheophytin (Pheo), reducing the pri-

mary plastoquinone A (PQA), which transfers electrons

past the non-heme iron (NHI) to the terminal

plastoquinone B (QB) that is exposed to the lipid bilayer

and exchanges with an oxidized plastoquinone (PQ) from

the PQ pool. Meanwhile the hole formed by charge sepa-

ration on P680 is replaced by oxidizing the redox active

tyrosine D1-Y161 (TyrZ), which oxidizes the oxygen-

evolving complex (OEC), catalyzing the water-splitting

reaction
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both the electron-accepting and electron-

donating sides of the PSII enzyme described

above. PSII is enzymatically a water-plastoqui-

none/oxidoreductase, using solar energy to move

electrons from water to plastoquinones and into

the photosynthetic metabolic network. Under-

standing the water-splitting mechanism in the

OEC informs artificial photosynthesis mimicry

that aims to use synthetic dyes and catalysts.

However, if scientists want to harness the solar

energy collected by PSII in the form of fuels,

they need to study the electron-accepting side,

where PSII deposits reducing equivalents on

plastoquinone electron acceptors. The following

sections focus on alternative terminal electron

acceptors and factors that influence the direction

of electron transfer on the stromal side of PSII.

First, we discuss results that demonstrate that

electrons in PSII can deviate from their natural

path and reduce non-plastoquinone electron

acceptors. Then, we discuss factors that have

been shown to influence QA–QBelectron transfer

on the stromal side of PSII. These studies provide

important contributions towards understanding

of the redox activity at the stromal surface of

PSII.

4.2 Investigating the Reductase
Activity of Photosystem II

4.2.1 The Hill Reaction

Long before scientists had crystal structures of

PSII or methods to purify PSII from chloroplast

membranes, they knew that PSII reduced plasto-

quinone and that artificial electron acceptors

were necessary for the activity of PSII under

conditions where the oxidizing plastoquinone

pool had been compromised. In 1937, biochemist

Robin Hill reported that isolated chloroplasts

could produce oxygen in the presence of an elec-

tron acceptor, ferric oxalate and soon introduced

the more common acceptor ferricyanide, FeCy

(Hill and Scarisbrick 1940; Hill 1937). This

pioneering discovery showed that the activity of

PSII with light served to move an electron from a

donor to acceptor and is classically named the

Hill Reaction. In the Hill reaction, the donor is

naturally water and the acceptor is naturally plas-

toquinone. When PSII is active and H2O is the

electron donor, activity can be monitored by

detecting light-driven oxygen evolution using a

Clark-type electrode. If the OEC had been

removed, an artificial electron donor can be

used with an artificial electron acceptor and

their redox states can be monitored spectroscopi-

cally. In that way, PSII activity is measured as

the electron acceptor is reduced. For a review of

electron donors and acceptors used in early

photosynthesis research, see (Hauska 1977).

The Hill reaction demonstrates one part of the

electron energetics of photosynthesis, which is

graphically described by the Z-scheme that was

first assembled in 1968 and described by Bendall

and Hill (1968).

4.2.2 Native Electron Acceptors
in the Plastoquinone B Pocket

4.2.2.1 Quinone Analogs: Artificial
Electron Acceptors from
the QB Site

The most common electron acceptors used in

cell-free assays of PSII are those that mimic the

native plastoquinone (PQ) binding properties in

the QB pocket to act as the terminal electron

acceptor. The most analogous to the native PQ

is 2,3-dimethyl-p-benzoquinone (DMBQ),

Em ¼ 174 mV (Petrouleas and Diner 1987;

Izawa 1980), which has the same head group as

PQ but lacks the isoprene tail. DMBQ has been

shown to receive electrons from the QB pocket

and exchange rapidly when reduced. The rapid

exchange is due to the lack of the isoprene chain

that normally partitions the PQ into the lipid

environment and promotes tighter binding to the

QB pocket. DMBQ can also be reduced indirectly

by the reduced PQH2 (or DBMQH2) pool in the

thylakoid membrane (Koike et al. 1996). Each

benzoquinone analog has slightly different head

group substitutions that affect their binding

affinities and redox potentials. Other examples

of benzoquinone analogs used as electron

acceptors are 2,5-dichloro-p-benzoquinone
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(DCBQ), Em ¼ 309 mV (Petrouleas and Diner

1987) and phenyl-p-benzoquinone (PPBQ),

Em ¼ 279–290 mV (Petrouleas and Diner 1987;

Izawa 1980). PPBQ has been shown to support

the highest turnover frequency of PSII, which is

attributed to the lack of bulky methyl groups on

its head group that allows for faster exchange in

the QB site (Shevela and Messinger 2012).

4.2.2.2 Herbicides that Inhibit at the QB

Binding Site
In the field of biochemistry, it is beneficial to

have access to inhibitors in order to probe the

mechanism of an enzyme. In the field of photo-

synthesis, inhibitors are commonly commercial

herbicides that have been heavily studied and are

readily available (Oettmeier 1999; Trebst 2007;

Büchel 1972). The most common herbicide for

probing PSII activity is the urea-type herbicide

DCMU (3-(3,4-dichlorophenyl)-1,1-

dimethylurea), commercially knows as Diuron.

DCMU inhibits QA–QBelectron transfer by com-

peting for the QB hydrogen-bonding partner,

D1-Ser264 (Lavergne 1982; Takahashi et al.

2010). Another class of herbicides that interact

at the QB site is the phenolic-type herbicides such

as bromoxynil (3,5-dibromo-4-hydroxyben-

zonitrile). Bromoxynil competes for the

hydrogen-bonding partner D1-His215 and is

stabilized in the pocket by a second hydrogen

bond to the backbone near D1-Ser265

(Takahashi et al. 2010). Many types of herbicides

and their mechanisms can be found in compre-

hensive reviews (Oettmeier 1999; Trebst 2007;

Büchel 1972).

4.3 DCMU-Insensitive Electron
Acceptors

Although DCMU inhibits QA–QBelectron trans-

fer, there is some evidence that electron

acceptors can receive electrons even in the pres-

ence of DCMU. DCMU-insensitive electron

acceptors are controversial because many believe

there is no binding site for electron acceptors on

the stromal side of PSII other than the QB pocket.

Arguments against the DCMU-insensitive

electron acceptors are that they are:

(1) Degrading DCMU in solution or (2) Compet-

ing with DCMU or modifying the QB binding

niche.

Examples of DCMU-insensitive electron

acceptors that were observed in early years are

ferricyanide (Sugiura and Inoue 1999; Kirilovsky

et al. 1994), mercuric chloride (Hg2+) (Miles

et al. 1973; Mohanty et al. 1989), and

silicomolybdate (Izawa 1980). Also, in recent

years, researchers have been interested in pro-

moting electron transfer directly from QA
� to an

exogenous electron acceptor, thereby bypassing

the QB site. Electron transfer from QA
� has been

observed with acceptors such as cytochrome

c (Larom et al. 2010, 2015), a synthetic Co

[(terpy)2]
3+complex (terpy ¼ 2,20;60,200

-terpyridine) (Ulas and Brudvig 2011; Khan

et al. 2015), and electrodes (Rao et al. 1990;

Kato et al. 2012a). The following sections will

discuss those examples in detail. Figure 4.2

shows an energy diagram of the electron-transfer

path in the presence of alternative electron

acceptors.

4.3.1 Ferricyanide

Ferricyanide (FeCy), Em ¼ 358 mV (Ulas and

Brudvig 2011), is a classic electron acceptor

commonly used in combination with a benzoqui-

none analog to study the activity of PSII. FeCy is

added to the reaction as a secondary

non-competitive electron acceptor to oxidize

the soluble quinones, thereby keeping a constant

concentration of oxidized quinone electron

acceptors so the rate of quinone reduction from

the QB site remains constant for oxygen-

evolution measurements (Takasaka et al. 2010;

Kern et al. 2005). However some studies show

that FeCy can be reduced independently from the

QB site on the PSII stromal side.

A study with PSII core complexes isolated

from Thermosynechococcus elongatus with a

CP43-His tag demonstrated that FeCy could be

used alone as an electron acceptor (Sugiura and

Inoue 1999). In fact, not only did FeCy support

better oxygen evolution activities than with
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quinones, it was also insensitive to the inhibition

treatment of DCMU. Surprisingly, DCMU-

treated PSII activity was inhibited only by 64%

when using FeCy as an acceptor versus >92%

with quinones as electron acceptors. This implied

that FeCy must be able to accept electrons

directly from QA in the presence of DCMU

when using PSII isolated with a CP43-His tag

from Thermosynechococcus elongatus. The

DCMU-insensitive effect of FeCy has not been

seen with untreated PSII isolated from spinach

but it has been shown in trypsin-treated spinach

PSII complexes (Van Rensen et al. 1977).

Another example of the DCMU-insensitive

behavior of FeCy is its ability to quench the

QA
�/Fe2+ EPR signal. When the QA

� /Fe2+ EPR

signal is quenched by FeCy, it indicates either:

(1) The QA
� semiquinone has been oxidized,

most likely by electron transfer to FeCy, or

(2) The QA
� semiquinone has been reduced by a

second electron, which is unlikely in the presence

of FeCy. If the semiquinone has been reduced by a

second electron, forming plastoquinol, it will be

accompanied by the formation of a triplet chloro-

phyll signal due to electrons getting backed up

on the PSII redox chain. In the presence of FeCy,

the QA
�/Fe2+ signal disappears without forming

the chlorophyll triplet signal, which normally

occurs when DCMU is present, inhibiting forward

electron transfer (Kirilovsky et al. 1994). This

experiment suggests that FeCy is quenching the

QA
�/Fe2+ signal by oxidizing QA

� directly.

4.3.2 Hg2+

Some heavy metals have also been shown to

act as electron acceptors on the stromal side of

PSII. A very early study in 1973 demonstrated

that Hg2+, Em ¼ 697 mV (Zhu et al. 2009), acted

as an electron acceptor near QA. In this study,

Hg2+ was able to inhibit FeCy reduction and

sustain oxygen evolution, acting as the sole elec-

tron acceptor for PSII (Miles et al. 1973).

Studies regarding heavy metals are important

from an environmental point of view and specifi-

cally in the PSII community. Although the effect

of Hg2+ has been demonstrated, the more general

role of divalent cations on the acceptor side is a

controversial topic. Researchers are still

investigating the exact roles of various divalent

cationic metals on the acceptor side (Mohanty

et al. 1989; Khan et al. 2015; Yruela et al.

1991; Sigfridsson et al. 2004). There is a mixture
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of explanations about how cations are interfering

with electron transfer. They may be accepting

electrons directly from QA
�, interfering with

QB protonation, or affecting the PQ redox

potentials from long-range conformational

effects transmitted from the OEC to QA. This

will be discussed further below.

4.3.3 Silicomolybdate

Another classic electron acceptor is

silicomolybdate (SiMo), Em ¼ 560, 430, 190,

and 20 mV for each reduction site (Izawa

1980). SiMo is a large, branching anionic mole-

cule. Early studies suggest that it is a DCMU-

insensitive electron acceptor. (Barr et al. 1975;

Giaquinta and Dilley 1975). In fact, for many

years SiMo was used as a standard electron

acceptor, assumed to interact with PSII along

the Pheo-QA-Fe
2+ region. The precise manner

and location that SiMo receives an electron are

unknown. It has been suggested that it

non-competitively displaces the bicarbonate that

is bound to the non-heme Fe2+ through

non-specific interactions with the stromal surface

(Izawa 1980; Giaquinta and Dilley 1975).

4.3.4 PSII Mutagenesis to Redirect
Electron Flow

Recently, there have been studies of larger

complexes that accept electrons from the stromal

side of PSII in a DCMU-insensitive manner.

With information from the crystal structures

and using site-directed mutagenesis on

cyanobacterial PSII, scientists can speculate on

the sites of reduction with precision. The crystal

structures have exposed a group of negatively

charged glutamate residues on the stromal sur-

face of the D1 peptide that is located only ~15 Å
above QA. This negatively charged group of glu-

tamate residues has been the target for

modifications and designing electron acceptors

to oxidize QA
� directly.

A study done in on Synechocystis showed that
PSII could directly transfer electrons from QA

�

to cytochrome c if the aforementioned negative

patch near QA was made larger by mutating a

nearby positive lysine K238 to a glutamate

(Larom et al. 2010). The K238E mutation

enabled DCMU dependent reduction of cyto-

chrome c, Em ¼ 18 mV (De Wael et al. 2010),

which could be monitored spectroscopically

(Larom et al. 2010). The mechanism for turnover

of the mutant is thought to be due to the creation

of a favorable binding site for cytochrome c.

4.3.5 Designer Electron
Acceptors – Co[(terpy)2]

3+

Another recent study made use of the negative

patch on the stromal surface of PSII to direct

electrons to synthetic soluble electron acceptors

(Ulas and Brudvig 2011). This study examined

the electrostatic potential map of the stromal

surface of PSII and found a very negative patch,

in an area similar to the negative patch identified

by Larom et al. (2010). It was hypothesized that

this negative patch could be a site for electron

transfer to synthetic positively charged coordina-

tion complexes. A series of cobalt complexes

designed to target the observed site were

screened for DCMU-insensitive turnover of

PSII. The terpyridine ligands on the cobalt

complexes were selected so that the redox mid-

point potential would be in the range to favorably

accept electrons from QA
�, and also to bind via

electrostatic interactions to the stromal surface of

the PSII complex. Co[(terpy)2]
3+, with the proper

midpoint potential and a positive charge, was the

most successfully complex. The cobalt-terpy

complex rescued the DCMU-inhibited PSII

activity by 30% (Ulas and Brudvig 2011; Khan

et al. 2015).

4.3.6 Electrodes

There has been a growing interest to study the

behavior or redox active enzymes, including
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PSII, on electrodes. For recent reviews of

experiments with PSII on electrodes, see

references (Kato et al. 2012a; Yehezkeli et al.

2013). Several of these studies demonstrate

DCMU-insensitive photocurrent from PSII

to electrodes using soluble mediating

complexes.

In 2012, Kato et al. layered PSII onto a

mesoporous indium-tin oxide (meso-ITO) sur-

face and measured the photocurrent produced

under red light. When irradiated with red light

and an applied bias potential of �0.5 V, PSII

produced a photocurrent of 1.6 μA/cm2. In the

presence of DCMU, the photocurrent only

dropped to 0.5 μA/cm2, showing residual

DCMU-independent current. An experiment in

their supporting information also clearly

demonstrates that the PSII/meso-ITO electrode

setup could still retain 30% of the photocurrent

when treated with DCMU (Kato et al. 2012a).

The authors propose that the QA site is competing

with the QB site to inject electrons towards the

meso-ITO electrode, as seen by the DCMU-

insensitive QA-driven photocurrent (Kato et al.

2012a).

In 1990, there was an early study with PSII on

a titanium dioxide (TiO2)-coated electrode that

indicated DCMU-insensitive photocurrent (Rao

et al. 1990). The total photocurrent obtained by

the setup was about 35 μA and ~10% remained

when DCMU was added to the cell. These results

support a DCMU-insensitive photocurrent from

PSII.

As suggested in the Kato et al. (2012a)

paper, there is a potential electron-transfer path

to the stromal surface from QA. If electron

transfer to an exogenous acceptor is competing

between the QA and QB sites, it would be bene-

ficial for the electron to be extracted from the

QA site because the electron could have a lower

reduction potential. Also, the turnover rate of

PSII could potentially be increased by

bypassing the rate-limiting QA–QB/PQ-pool

electron-transfer and quinone-exchange steps.

Therefore, electron extraction directly from QA

could yield a better PSII biohybrid-

photovoltaic cell.

4.4 Factors Influencing PSII
Reductase Activity and Redox
Potential of QA

Many factors maintain the natural QA–QB

electron-transfer reactions and redox properties

of the cofactors on the stromal side of PSII. The

energetics for reduction of QA and electron

exchange between QA and QB are highly

conserved and tightly regulated. Factors that influ-

ence the electron-transfer behavior on the stromal

side of PSII include but are not limited to: the

redox potentials of QA and QB, the properties of

the non-heme iron and its bicarbonate ligand that

lie between the quinones, the influence of stromal

side lipids, and the influence of small

polypeptides. Figure 4.3 illustrates the variations

of the Em of QA caused by different treatments.

4.4.1 Herbicides

Not only do the QB-site herbicides mentioned

above directly affect the binding of QB, they

also affect the reduction potential of QA,

Em ¼ �140 mV for cyanobacteria (Shibamoto

et al. 2009) and ~ �80 mV in spinach (Krieger

et al. 1995), through the hydrogen-bonding net-

work shared along QA-Fe-QB (Takahashi et al.

2010). In spinach, the reduction potential of QA is

shifted from �80 mV to +52 mV or �45 mV in

the presence of DCMU or bromoxynil, respec-

tively (Krieger-Liszkay and Rutherford 1998).

The effect of DCMU on the QA reduction poten-

tial has been used to modify the driving force for

electron transfer from QA
� to alternative electron

acceptors in a DCMU-insensitive manner (Khan

et al. 2015).

4.4.2 Quinone Pocket Hydrogen-
Bonding Interactions

A large impact on the QA and QB redox

potentials comes from the hydrogen-bonding

network associated with the plastoquinone head
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groups. It has been shown that the hydrogen

bonding interactions to the C ¼ O double bonds

contribute less to the binding stability and more

to shifting the redox potentials of the quinones

(Hasegawa and Noguchi 2012). Increasing the

number of hydrogen bonds on the quinone head

group shifts the redox midpoint potential for the

quinone up by 100–200 mV (Ishikita and Knapp

2005; Ashizawa and Noguchi 2014). The pi

stacking interactions of aromatic trp and phe

residues with the head groups of QA and QB

and van der Waals interactions with the phytyl

tails and nearby lipids contribute the most ener-

getically to the quinone-PSII binding affinity

(Hasegawa and Noguchi 2012; Lambreva et al.

2014).

4.4.3 D1 Isoforms

Another contributing factor that tunes the redox

potential of QA is the presence of different D1

isoforms. Cyanobacteria have three different

genes that code for the D1 protein. The three

genes, psbA1, psbA2 and psbA3, are differen-

tially expressed based on varying conditions such

as light (Kós et al. 2008). It has been shown that

the various isoforms can modulate the midpoint

potential of QA. The D1:PsbA3 isoform is con-

sidered to be the more dominant form under

normal light conditions; for recent reviews, see

(Vinyard et al. 2013b; Mulo et al. 2012). The

midpoint potentials of QA in the D1:PsbA1 and

D1:PsbA3 isoforms are �124 and �83 mV,

respectively (Kato et al. 2012b).

4.4.4 OEC Perturbations

Some studies have indicated that perturbations

in the structure of the Mn4CaO5 composition of

the OEC of PSII cause a dramatic change in the

redox midpoint potential of QA (Krieger et al.

1995; Krieger-Liszkay and Rutherford 1998;
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Kato and Noguchi 2014; Fufezan et al. 2007;

Allakhverdiev et al. 2011). These studies sug-

gest that depletion of the cationic Mn and Ca2+

ions in the OEC and structural perturbations

cause the midpoint potential of QA to increase

by +150 mV. Furthermore, substituting Ca2+

with Sr2+ in the OEC induced a shift in the

QA midpoint potential by +27 mV (Kato et al.

2012b). Based on these results, it has been

proposed that the composition of the OEC

modulates the reduction potential of QA, which

is over 20 Å away, via long-range conforma-

tional changes. Although this effect has been

observed many times with careful

measurements, the precise molecular mecha-

nism of this shift has yet to be determined.

4.4.4.1 Challenging the “Long-Range
Effect” of OEC Perturbations

Several lines of evidence challenge the model

of a long-range influence of the OEC on the

redox properties of QA. The same conditions

that shift the QA redox midpoint potential by

+150 mV caused a shift of only +18 mV in the

potential of the non-heme Fe (Kato and

Noguchi 2014). Also, Sr2+�substitution in the

OEC shows no structural changes near QA

(Koua et al. 2013), as would be expected for a

long-range conformational change when Ca2+ in

the OEC is substituted with Sr2+. The same

large shift of the QA potential could be

reproduced by simply freezing the sample in

the presence of Mn and Ca2+ ions, indicating

the effect might not result from a change in the

ion occupancy of the OEC (Krieger et al. 1995).

Furthermore, when the PSII complexes were

embedded in a synthetic membrane made of

zwitterionic 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) lipids, there was no

detected shift in the redox midpoint potential

when Mn was depleted from the sample

(Zhang et al. 2013). DMPC is a zwitterionic

lipid with a head group similar to phosphatidyl-

choline and it may have a protective role on QA

during cation depletion. Another observation is

that Cl� depletion from the OEC has no effect

on the QA midpoint potential (Kato et al.

2012b). which argues against a long-range

effect mediated by electrostatic interactions.

Taken together, these observations warrant a

closer examination of the molecular mechanism

by which Mn and Ca2+ depletion from PSII,

both from the OEC and other potential cation

binding sites, affects the redox midpoint poten-

tial of QA.

4.5 Factors Influencing Electron
Transfer from QA to QB

4.5.1 Non-Heme Iron
and Bicarbonate

The non-heme iron (NHI) is bound symmetri-

cally between QA and QB, and its location

would seem to be ideal to “intercept” an electron

from QA
�. However, the NHI is not an electron-

transfer intermediate between QA and QB

because its redox midpoint potential,

Em ¼ +400 mV, is too high (Petrouleas and

Diner 1987). The NHI works with its bicarbonate

ligand to modulate electron transfer from QA
� to

QB (Chernev et al. 2011). When QA is reduced,

the NHI is magnetically coupled to QA
�, forming

an EPR-active QA
�/Fe2+ species (Miller and

Brudvig 1991).

In its QA
�/Fe2+ reduced form, the NHI can

participate in the reduction of high-potential

exogenous quinone electron acceptors, such as

PPBQ (Petrouleas and Diner 1987). Studies have

looked at the redox state of the NHI, FeII and FeIII

during flashes in the presence of PPBQ. After

one flash, the QA/NHI center is reduced to QA
�/

FeII. This is followed by electron transfer to

PPBQ, forming a strongly oxidizing

semiquinone that oxidizes the NHI (reduction-

induced oxidation) (Petrouleas and Diner 1987).

In the presence of DCMU, the NHI cannot get

oxidized by any exogenous quinones, and FeCy

oxidizes it only very slowly, suggesting that elec-

tron transfer from the QA/NHI center works

through the QB pocket (Petrouleas and Diner

1987).
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4.5.2 Additional Quinones and
Cytochrome b559

Additional quinones have been identified to

reside near the QB pocket in a small internal

lipid bilayer. There is a PQ binding site called

QC that is located next to the lipid filled QB

diffusion pocket, present in the 2.9 Å structure.

The QC head is ~15 Å from QB and its tail forms

many van der Waals contacts with lipids and

cofactors occupying the QB pocket (Guskov

et al. 2009). QC is very labile in its binding

pocket, which is indicated by the finding that it

was not present in all crystal structures (Umena

et al. 2012). The loose binding affinity can be

attributed to the lack of a head group pi-pi

stacking partner that both QA and QB have

(Kós et al. 2008). It has been postulated that

QC is involved with modulation of the redox

potential of nearby cytochrome b559
(Kaminskaya et al. 2007). Cytochrome b559 is

involved in cyclic electron transfer and has been

discussed in a recent review (Shinopoulos and

Brudvig 2012).

4.5.3 Stromal Side Lipids

Cyanobacterial thylakoid membranes consist of

four major lipids. Those lipids can be separated

into uncharged lipids including monogalactosyl-

diacylglyerol (MGDG) and digalactosyldiacyl-

glycerol (DGDG) and anionic lipids including

sulfoquinovosyldiacylglycerol (SQDG) and

phosphatiylglycerol (PG). A recent review has

focused on the roles of lipids in photosynthetic

thylakoid membranes (Mizusawa and Wada

2012). One generalization that has been made is

that the neutral MDGD and DGDG serve as bulk

lipids that support dimerization and assembly of

the small transmembrane polypeptides of PSII;

the anionic lipids SQDG and PG have more

specialized roles regarding electron transfer in

PSII. It was shown that enriching the PSII lipid

environment with either of the two anionic lipids

caused major structural perturbations that impact

electron transfer, such as loss of CP43

and reduced electron transfer along the

Pheo-QA–QB path (Kansy et al. 2014).

4.5.3.1 Phosphatidylglycerol
To point out the importance of PG, a study done

in 1999 investigated changes of relative lipid

ratios when the thermophilic cyanobacterium

Thermosynechococcus vulcanus was exposed to

various growth temperatures. Of the four lipids

mentioned above, PG was the only lipid that was

conserved during the temperature changes and

was also the smallest amount at 5% of the thyla-

koid lipid content (Kiseleva et al. 1999). The

resistance of PG content to growth conditions

indicates that PG has an important and protective

role in photosynthesis.

To investigate the large role of PG in photo-

synthesis and PSII stromal side electron transfer,

there have been many studies of PSII targeting

PG. For a review of phosphatidylglycerol in pho-

tosynthesis, see (Wada and Murata 2010). For

example, when the synthesis pathway of PG is

depleted in Synechocystis, the oxygen-evolution

rate measured in whole cells is decreased and can

only be rescued by adding exogenous PG to the

medium. This study also demonstrated that PG

depletion affected the binding properties of the

QB pocket, indicating that PG impacts the

stromal-side electron transfer (Itoh et al. 2012).

In accordance with the crystal structures, the

location of PG molecules in PSII was shown to

be on the stromal side because depletion of PG

affected the binding properties of common

QB-site inhibitors and acceptors such as the plas-

toquinone analog PBQ (p-benzoquinone). Inter-

estingly, under PG-depleted conditions, the PBQ

electron acceptor inhibits electron transfer (Itoh

et al. 2012). Similarly, in another study where PG

was depleted enzymatically with phospholipase

A2, causing a drop in oxygen evolution, addition

of DCMU increased electron transfer (Leng et al.

2008). Together, these two studies support the

conclusion that PG is acting as a gate for electron

transfer to acceptors bound in the QB pocket.

Other roles of PG are still left to be

investigated. The studies of phospholipase treat-

ment on PSII left 2–3 PG molecules untouched,

indicating more roles for PG other than

4 Alternative Electron Acceptors for Photosystem II 61



regulation of electron transfer at the QB site. For

example, there are three PG molecules close to

the QA site that are modeled in the 1.9 Å crystal

structure, PG664, PG694 and PG702. A recent

study used site-directed mutagenesis to perturb

two of the three PG head groups, PG664 and

694 (Endo et al. 2015). To date, no studies

directly target PG702, which is the closest to

QA, only 8 Å away, as mentioned above. The

proximity of the lipids to the QA site would

suggest a role on the modulation of the QA

redox potential.

4.5.4 Small Transmembrane
Polypeptides

The smaller, alpha-helical polypeptides of PSII

also contribute to the electron transfer behavior

of the stromal side. For a recent review of the

functional roles of PSII polypeptides, see

(Pagliano et al. 2013). PsbM has been shown to

be important for dimerization of PSII due to its

location on the dimer interface, as evidenced by a

PsbM-less crystal structure (Kawakami et al.

2011). The same study found that PsbI was nec-

essary for PSII assembly but dispensable for

oxygen evolution activity (Kawakami et al.

2011). PsbT appears to be involved with the

repair of QA (Ohnishi et al. 2006) as well as

dimerization and binding of PsbM (Iwai et al.

2004). PsbJ is located near the QB pocket and

its deletion in plants showed that it affects QA–

QBelectron transfer, causing a longer QA
� life-

time and slower oxygen evolution (Regel et al.

2001).

PsbL appears to have the strongest influence

on the redox properties of QA and the most inter-

esting effect on electron transfer. PsbL is posi-

tioned between QA and the dimer interface,

holding three PG, PG664, PG694 and PG702,

molecules close to QA. Plant mutagenesis studies

showed a new phenomenon where PsbL deletion

mutants exhibited a back electron transfer from

QB to QA during dark incubations (Ohad et al.

2004). The authors hypothesized that the QB site

must be perturbed by the hydrophilic region of

PsbL extending over the stromal surface. The QB

perturbation is allowing for a reverse of the plas-

toquinone/plastoquinol reaction where reduced

PQH2 is binding, getting deprotonated, and

reducing QA. In this way, they explain their

observation that PsbL has a very strong influence

on the behavior of forward electron transfer from

QA to QB in PSII (Ohad et al. 2004).

An alternative explanation to the PsbL/QA

redox influence could be that the PsbL polypep-

tide, located on the PSII interface and protecting

the three PG molecules mentioned above from

the lipid membrane, is also protecting QA from

exposure to the lipid domain containing the

reduced PQH2 pool. Loss of PsbL could expose

QA and allow electron exchange directly from

QA to the PQ pool, explaining why the observed

reduction of QA by PQH2 is temperature and

diffusion-dependent (Ohad et al. 2004).

4.6 Conclusion

In this chapter, we have reviewed electron trans-

port on the acceptor side of PSII with a focus on

alternative electron acceptors and factors that

modulate the redox properties of QA and QB.

There is a growing number of examples of artifi-

cial electron acceptors that function at sites away

from the QB-binding pocket, in a DCMU-

insensitive manner. These DCMU-insensitive

electron acceptors may be functioning by binding

at or near a cluster of glutamate residues on the

stromal surface of PSII near QA. Interestingly,

this group of DCMU-insensitive electron

acceptors includes the “classic” DCMU-

insensitive electron acceptor silicomolybdate,

whose function may be understood in terms of

an interaction at the stromal surface of PSII

rather than in the QB site. We also describe

factors that influence electron transfer between

the natural primary electron acceptors, QA and

QB, and artificial electron acceptors. When con-

sidered together, the experiments and results

described in this chapter provide a platform for

understanding how the electron transfer behavior
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on the acceptor side of PSII is controlled both

naturally and artificially.
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Summary

Chloride is a well-known activator of oxygen

evolution activity in photosystem II. Its

effects have been characterized over several

decades of research, as methods have devel-

oped and improved. By replacing chloride

with other small anions with a range of chem-

ical properties, a picture of the requirements

of a successful anion activator can be

formulated. In this review, the results of

experiments on the chloride effect using

enzyme kinetics methods and electron para-

magnetic resonance spectroscopy are

described, with summaries for the major

anion activators and inhibitors that have

been studied.
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5.1 Introduction

Chloride is an important inorganic ion cofactor

required for oxygen evolution by photosystem II

(PSII) (for earlier reviews, see: van Gorkom and

Yocum 2005; Popelkova and Yocum 2007;

Yocum 2008; Pokhrel et al. 2011). With recent

advances in X-ray diffraction studies of PSII from

thermophilic cyanobacteria, two chloride binding

sites (Murray et al. 2008; Guskov et al. 2009;

Kawakami et al. 2009; Umena et al. 2011) have
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been identified at approximately 6–7 Å from the

catalytic Mn4CaO5 cluster, where O2 is produced

from two H2O molecules. Although the efforts of

many researchers have been devoted to unraveling

the details of its function, the mode of how it

activates the catalysis of oxygen evolution is still

not well understood. This is not surprising, given

the complexity of the oxygen production reaction,

a high energy demanding reaction that carries out a

four-electron oxidation of water molecules. To

accomplish this reaction, the Mn4CaO5 cluster

cycles through five major oxidation states or

S-states, designated S0 through S4, releasing

molecular oxygen from the transient S4 state.

Electrons are withdrawn from the Mn cluster to a

nearby tyrosine radical, Tyr Z, promoted by the

absorption of light at the reaction center of PSII,

P680. Oxygen evolution also requires the well-

controlled intake of water molecules and coordi-

nated release of O2 and protons.

In this review will be described the various

studies to explore the Cl� requirement for the

activation of oxygen evolution using the kinetics

of oxygen evolution and electron paramagnetic

resonance (EPR) spectroscopy. Since EPR spec-

troscopy is based on the spin states of paramagnetic

species, i.e., those with one or more unpaired

electrons, it is able to give details about the state

of the Mn4CaO5 cluster and other electron transfer

centers at various points in catalysis. Researchers

have employed a variety of anion activators and

inhibitors to probe the Cl� site. Given the different

properties the anions possess, this approach has

helped characterize the features of Cl� that con-

tribute to activation. These studies suggest that Cl�

contributes to oxygen evolution in multiple related

ways, such as promotion of proton movement,

H-bond coordination, and stabilization of the liga-

tion of the Mn4CaO5 cluster.

5.2 Chloride in PSII

5.2.1 Early Studies of the Cl�

Dependence in O2 Evolution

The importance of chloride in the function of

water oxidation by photosystem II was first

observed by Warburg and Lüttgens and

described in a brief note (Warburg and

Lüttgens 1944). In addition to Cl�, they found

that Cl�, Br�, I�, and NO3
� could support

oxygen evolution in chloroplast fragments, but

that thiocyanate (SCN�), SO4
2� and PO4

3�

could not. A later more extensive study published

in Russian showed a concentration-dependent

stimulating effect of KCl (described by

Homann (2002)). Similar observations were

made by Arnon and Whatley (1949), however

they concluded that Cl� was not directly

required (probably because of incomplete

removal of Cl� from chloroplast samples), but

rather it probably protected the photosynthetic

apparatus from damage by excess light. How-

ever Gorham and Clendenning (1952) found

that chloride did indeed have a direct

stimulating effect on oxygen evolution. This

marked the first time that an inorganic ion

was shown to be a cofactor in a biochemical

reaction, a point of controversy at the time. In

the course of their studies, all of these

researchers tested and ranked several other

anions for effectiveness in substituting for

chloride; Gorham and Clendenning also exam-

ined the pH dependence with and without

chloride.

With the increased use of various artificial

electron donors and acceptors that absorb in the

visible region, the discovery of an array of

inhibitors of photosynthesis, and the develop-

ment of the Clark-type oxygen electrode (Fork

1972), the steps of electron transfer during pho-

tosynthesis could be separated into discrete

reactions. Studies to narrow down the role of

chloride were carried out by Izawa and

coworkers using chloroplasts and successfully

demonstrated that the site of Cl� activation was

closely associated with water oxidation (Izawa

et al. 1969; Kelley and Izawa 1978). Among

other observations, electron transfer from donors

that bypass the site of O2 evolution was found to

show no dependence on Cl� (Izawa et al. 1969)

and Cl� was found to slow inactivation of O2

evolution by hydroxylamine, which was known

to reduce functional Mn (Kelley and Izawa 1978).

The concentration dependence of the Cl� effect

indicated that Cl� could be viewed as an enzyme

activator that followed simple steady state kinetics
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(i.e., the Michaelis-Menten equation), for which

an activation constant (KM) of 0.9 mM at pH 7.2

was found (Kelley and Izawa 1978). Although

standard for the study of enzyme activators, the

approach had seldom if ever been applied to the

treatment of small ionic activators. Full activation

was found when 10 mM Cl� was present, as had

been observed in earlier studies.

Another important step was taken when it was

found that Cl� was required for advancement

beyond the S2 state, but that it does not inhibit

the transitions leading up to that oxidation state.

This was first discovered in studies of chloro-

phyll fluorescence, which occurs during normal

electron transfer primarily in photosystem II due

to the build-up of excited-state chlorophyll as the

quinone acceptors QA and QB become reduced.

In normal electron transfer, each S-state transi-

tion is preceded by the reduction of P680+ by Tyr

Z within 10 μs of light absorption and formation

of P680+ by electron transfer from excited state

P680* to the quinone acceptor. Reduction of

P680+ by Tyr Z can be seen as a transient

increase in chlorophyll fluorescence upon reduc-

tion of P680+ in response to a flash of light. If

normal electron transfer from Tyr Z is prevented,

for example by preventing its re-reduction by the

Mn4CaO5 complex, then the increase in chloro-

phyll fluorescence will be slowed. Thus in studies

of Cl�-depleted chloroplasts (by treatment at

pH 7.8 with 100 mM Na2SO4), study of chloro-

phyll fluorescence transients showed that the

S0-to-S1 and S1-to-S2 transitions occurred nor-

mally, but that further transitions could not take

place (Itoh et al. 1984; Theg et al. 1984). Later

studies confirmed and expanded this finding using

additional methods, as will be described below.

Advances in preparative methods during the

early 1980s led to more detailed studies of all

aspects of photosystem II, including its Cl�

requirement. Of major importance was the intro-

duction of the Triton X-100 method for extraction

of oxygen-evolving PSII membrane fragments

from spinach and other higher plants ((Berthold

et al. 1981), with modifications such as those in

Ford and Evans (1983) or Kuwabara and Murata

(1982)). Soon the characterization of higher plant

PSII preparations led to various methods for

removal of extrinsic subunits that were found to

control the access of ions to the oxygen evolving

complex (OEC). (For reviews of the extrinsic

subunits of PSII, see: Roose et al. 2007 and

Bricker et al. 2012). Particularly significant for

the study of the Cl� requirement was the removal

of the extrinsic subunits PsbP and PsbQ (also

known as the 23 kDa and 17 kDa subunits, respec-

tively) by NaCl-washing in 1–2 M NaCl

(Kuwabara and Murata 1983; Miyao and Murata

1983; Ghanotakis et al. 1984a). This treatment led

to a preparation that was found to have a previ-

ously unsuspected dependence on Ca2+ (which we

now recognize to be that associated with the

Mn4CaO5 cluster) as well as an increased require-

ment for Cl�, both of which were closely

associated with the PsbP subunit (Kuwabara and

Murata 1983; Andersson et al. 1984; Ghanotakis

et al. 1984a, 1984b, 1985; Miyao and Murata

1984, 1985). In the case of the Cl� requirement,

it was found that the binding of PsbP to NaCl-

washed PSII decreased the optimum Cl� concen-

tration for oxygen evolution activity from 30 to

10 mM, whereas PsbQ, which requires PsbP to

bind, had a relatively minor effect on the Cl�

requirement (Miyao and Murata 1985). It was

also found that when the extrinsic subunit PsbO

(also known as the 33 kDa subunit or manganese

stabilizing protein) was removed in addition to

PsbP and PsbQ, 150 mM Cl� or more was

required to promote activity (Miyao and Murata

1985; Ono and Inoue 1986). Observation of the

effect of removal of the extrinsic subunits led to

the descriptions of their regulatory role in terms of

creating a barrier to Cl� (and Ca2+) movement or

serving as Cl� (and Ca2+) concentrators. This

description has been reinforced by numerous

subsequent observations by other researchers.

5.2.2 Cl� Depletion of PSII
Preparations from Higher
Plants

To study enzyme activation, it is necessary to

remove the activator from the enzyme and solution

so that the effects of adding it back can be moni-

tored. To accomplish this for the study of Cl�
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activation in PSII, a number of Cl� depletion

methods have been developed for higher plant

PSII, with or without removal of the extrinsic

subunits PsbP and PsbQ. Early methods for Cl�

depletion of both chloroplast thylakoids and PSII

preparations often involved an increase in pH. One

such method was to briefly expose PSII to pH ~ 10

conditions followed by reduction of the pH within

seconds back to a more neutral range (van Vliet

and Rutherford 1996; Homann 1985). Another

commonly used method involved treatment of

PSII at pH 7.5 to 8.0 in the presence of Na2SO4

at a concentration of 50 mM or so (Sandusky and

Yocum 1983; Homann 1988a; Wincencjusz et al.

1997; Kuwabara and Murata 1982). This method,

it was soon realized, also removes the extrinsic

PsbP and PsbQ subunits while leaving some Ca2+

bound (Wincencjusz et al. 1997). Indeed removal

of the PsbP and PsbQ subunits by either pH 7.5/

50 mM Na2SO4 or by treatment with 1–2 M NaCl

greatly facilitates Cl� depletion because, as noted

above, the ion diffusion barrier presented by these

subunits is thereby removed allowing essentially

complete Cl� removal. Moreover the activation

constant (or dissociation constant) for Cl� is

found to be in the mM range without the compli-

cation of higher affinity Cl� binding (described

further below). Under these conditions, the

exchange of Cl� or other ions at the site of activa-

tion is essentially unrestricted so that equilibrium

with the surrounding solution occurs easily. While

valid concerns can be raised that loss of the extrin-

sic subunits alters the properties of the OEC, the

degree to which their removal simplifies the study

of Cl� activation makes this concern of secondary

importance for many researchers.

On the other hand, depletion of Cl� from

intact PSII without increasing the pH or remov-

ing the extrinsic subunits appears to be quite

difficult. Intact PSII assayed directly in Cl� free

buffer shows essentially full activity and even

wash by centrifugation to remove Cl� succeeds

in lowering the activity by little more than

10–20%. However, more extensive dialysis for

up to 24 h using purified reagents can remove

enough Cl� to decrease the activity significantly,

although at least 30% activity still remains in the

best of cases (Lindberg and Andréasson 1996,

Olesen and Andréasson 2003, our observations).

An important factor for intact PSII, in addition to

the presence of the subunit “ion diffusion bar-

rier”, is that in intact PSII a fraction of the prepa-

ration exhibits a high affinity Cl� dissociation

constant in the micromolar range (Lindberg and

Andréasson 1996; Olesen and Andréasson 2003).

A dissociation constant in this range would be

difficult to quantify even under unrestricted

exchange conditions because the trace concentra-

tion of Cl� in “Cl� free buffers” is generally also

in the micromolar range. Researchers who test

the background Cl� concentration in “Cl� free

buffer” have found values ranging from 10 to

100 μM depending on the reagents used (our

observations; also see, for example: Lindberg

and Andréasson 1993, Miyao and Murata 1985,

Wincencjusz et al. 1998, Gorham and

Clendenning 1952). Furthermore, there is no

way at this time to remove Cl� from an aqueous

solution that will not leave the solution

contaminated with an unwanted cation (such as

Ag+); for Cl�, there is no equivalent to the Ca2+

chelators EDTA and EGTA. Therefore it stands

to reason that the activity remaining after exten-

sive dialysis of intact PSII against Cl� free buffer

may represent the equilibrium fraction of PSII

with Cl� bound to a high affinity site.

In some cases, Cl�-depleted PSII with the

PsbP and PsbQ subunits bound has been prepared

by first depleting of subunits and Cl� by a stan-

dard method, then allowing the PsbP and PsbQ

subunits to rebind (Boussac et al. 1989; Rachid

and Homann 1992). This not only addresses

concerns that the removal of extrinsic subunits

alters the characteristics of the Cl� site, but this

method also facilitates the preparation of PSII

with Cl� or other anion that is specific bound.

5.2.3 S2 State EPR Signals
and Chloride

The S2 state of higher plant PSII shows two well-

known electron paramagnetic resonance signals

that arise from the same overall oxidation state of

the Mn4CaO5 cluster, which is a combination of

(Mn4+)3(Mn3+). (For reviews see: Peloquin and
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Britt 2001, Haddy 2007, and Brynda and Britt

2010). Discovered in the early 1980s (Dismukes

and Siderer 1980, 1981; Casey and Sauer 1984;

Zimmermann and Rutherford 1984), the signals

both confirmed the presence of a coupled man-

ganese cluster at the core of the OEC and opened

avenues to study of its mechanism. One EPR

signal is a multiline signal centered at g ¼ 2

consisting of at least 19 main lines and arising

from a spin S ¼ 1/2 state of the cluster. The

other is a broad featureless signal of line width

350–400 G centered at g¼ 4.1 and arising from a

spin S ¼ 5/2 state of the cluster. The identity of

both signals as originating from the S2 state was

confirmed in studies of signal intensity in

response to light flashes or by limiting the trans-

fer of electrons using inhibitors such as DCMU

(Dismukes and Siderer 1981; Brudvig et al.

1983; Zimmermann and Rutherford 1986). The

relative amounts of the two signals are affected

by many factors, including the cryoprotectant

used, the temperature of illumination, the pres-

ence of alcohols, and the presence of Cl� or other

anions. Both signals can appear in the spectrum

of active higher plant PSII, although the cryopro-

tectant and temperature of illumination may

influence the representation of each signal.

It was found in early studies of the S2 state

EPR signals that Cl� is required for formation of

the multiline signal, but that the g ¼ 4.1 signal

can form both in the presence or absence of Cl�

or when Cl� is substituted with a variety of

inhibitory anions. Many of the first studies of

the effects of anion substitution on the S2 state

signal employed Cl� depletion of PSII using

pH 7.5/50 mM Na2SO4 treatment and related

methods, followed by addition of a series of

anions at a concentration of 10–25 mM. Thus it

was found that Br� supported formation of the

multiline signal approximately as well as Cl�,
whereas other anions tested, including NO3

�, F�,
SO4

�, I�, and CH3COO
�, did not (Damoder

et al. 1986; Yachandra et al. 1986; Ono et al.

1987). In general, the effects of anions on the S2
state multiline signal tended to follow the same

trend as their effects on oxygen evolution activ-

ity. While the g ¼ 4.1 signal in the presence of

most anions was similar to that in Cl�-

depleted PSII, F� caused a distinct enhancement

and line width narrowing of the signal (Casey

and Sauer 1984; Yachandra et al. 1986). Details

of the effects of various anions will be described

further for individual anions below. At this point

it is of interest to recall that it was known from

other studies that the absence of Cl� did not

prevent advancement to the S2 state, but did

prevent advancement beyond the S2 state. One

study of the EPR signals showed that if the OEC

was advanced using light flashes to the S2 state in

Cl�-depleted PSII (pH 7.5/50 mM Na2SO4), then

subsequent rapid addition of Cl� led to formation

of the multiline signal (Ono et al. 1986). A simi-

lar result was obtained when Cl�-depleted PSII

was advanced to the S2 state using 200 K illumi-

nation, then rapidly reconstituted with Cl�

(Boussac and Rutherford 1994). Evidently, the

S2 oxidation state achieved in the absence of Cl
�

does not include the coupled state associated

with the multiline signal (S ¼ 1/2). Since

these results did not correspond to noteworthy

changes in the g ¼ 4.1 signal, they led to

the suggestion that an EPR-silent S2 state is

formed.

In the absence of the extrinsic PsbP and PsbQ

subunits, the multiline signal can form in high

yield as long as the concentrations of Ca2+ and

Cl� are sufficiently high, i.e. 10–25 mM range

(de Paula et al. 1986; Imaoka et al. 1986), as

expected from oxygen evolution measurements.

Themultiline signal is essentially the same as that

observed in intact PSII. The g ¼ 4.1 signal can

also be observed, although formation may be

impeded when using 130 K illumination in the

presence of ethylene glycol (de Paula et al.

1986). The multiline signal is able to form in

the absence of all three extrinsic subunits, includ-

ing PsbO, however in this case the Cl� concen-

tration must be increased to about 200 mM

(Styring et al. 1987). In another study, it was

found that in CaCl2-washed PSII lacking all

three extrinsic subunits, the removal of Cl�

resulted in the uncoupling of a portion of Mn,

which was observable as the appearance of

protein-bound Mn2+ by Q-band EPR spectros-

copy at room temperature (Mavankal et al.

1986); this Mn2+ could be reincorporated into a
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coupled state by the addition of very high Cl�

concentrations (> 400 mM).

Another EPR signal from the OEC to receive

attention because of its relationship to anion acti-

vation is the S2YZ• signal from inhibited PSII.

This signal appears as a broad signal consisting

of two major lines, i.e. a “split” signal, at g ¼ 2.

Production of the signal is generally done by

illuminating the inhibited sample at a tempera-

ture of 0 �C or above in the presence of an

electron acceptor, since it requires the transfer

of two electrons. This type of signal was first

observed in Ca2+-depleted PSII (Boussac et al.

1989, 1990b; Sivaraja et al. 1989; Ono and Inoue

1990) and was recognized as arising from the

interaction between the S2 state Mn4CaO5 cluster

and an organic radical, which was later identified

as Tyr Z. The treatment of PSII with anion

inhibitors such as F� (Baumgarten et al. 1990;

DeRose et al. 1995), ammonia (Andréasson and

Lindberg 1992; Hallahan et al. 1992), or acetate

(MacLachlan and Nugent 1993, Szalai and

Brudvig 1996a, b) also leads to similar S2YZ•

signals, with line width depending on the treat-

ment. The presence of the signal indicates that

electron transfer from the Mn4CaO5 cluster to the

Tyr Z radical has been blocked, a result that

correlates well with the known effect of Cl�

depletion in preventing advancement beyond

the S2 state.

5.2.4 XRD and EXAFS Structural
Characterizations of Cl� Sites

Before the first X-ray diffraction (XRD) structure

of PSII was determined, Cl� bound near the

Mn4CaO5 cluster eluded detection as a scatterer

of Mn K-edge electrons by EXAFS methods

(Sauer et al. 2008; Yano and Yachandra 2009;

Grundmeier and Dau 2012). In samples in which

Cl� was replaced with F�, using conditions in

which a strong g¼ 4.1 EPR signal was observed,

the EXAFS revealed subtle changes in the Mn

cluster distances in the S1 and S2 states due to F
�

binding (DeRose et al. 1995). Those changes for

the S2 state were similar to changes seen for the

samples in which the g ¼ 4.1 signal was induced

at low temperature. Comparison of the

Mn-EXAFS of PSII from cyanobacteria grown

on Br� and Cl� suggested differences that could

be due to ligation of the anion (Klein et al. 1993).

These ambiguous results using Mn-EXAFS

suggested that Cl� was outside the first coordi-

nation sphere of Mn, although several

researchers pointed out that a single halide

scatterer would show only a faint signal in the

first coordination sphere of a cluster of 4 Mn

atoms. Later a study using Br EXAFS was

carried out in intact higher plant PSII, in which

Br� replaced Cl� after Cl� depletion by the

dialysis method (Haumann et al. 2006). This

shifted the focus to the halide as the central ion

with Mn in the role of scatterer and took

advantage of the relatively high X-ray absorption

edge energy of Br to enhance sensitivity. It was

shown that Br was not directly bound to Mn or

Ca in the S1 state, however a distance to a single

Mn/Ca atom of ~5 Å or more was revealed

(Haumann et al. 2006).

Since 2008, two binding sites for Cl� near the

Mn4CaO5 cluster have been characterized in

XRD studies of PSII core complexes from ther-

mophilic cyanobacteria (Thermosynechococcus

elongatus or T. vulcanus), which have proven

amenable to crystallization. Two early studies

at relatively low resolution (~4 Å) using Br�

substituted PSII preparations revealed the two

Cl� binding sites at 6–7 Å from the Mn4CaO5

cluster and identified several ligands to the

anion (Murray et al. 2008; Kawakami et al.

2009). In the study by Murray and coworkers,

the sites were located and characterized using

X-ray anomalous diffraction, which is carried

out using the X-ray energy at the absorption

edge of the atom of interest, in this case Br. In

the study by Kawakami and coworkers, the two

sites were revealed in PSII crystals prepared

using a crystallization buffer in which Cl� was

replaced with Br� or I� (Kawakami et al. 2009).

The two anion sites were found using difference

Fourier maps comparing the anion substituted

crystals with Cl� containing PSII crystals. In

the I� substituted crystals, three additional I�
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sites were revealed at more distant locations from

the Mn4CaO5 cluster, including one at the redox

active Tyr D residue (D2-Tyr160); these addi-

tional sites were thought not to be associated

with functional Cl� sites. A higher resolution

study (2.9Å) showed a single bound Cl�, referred
to as Cl-1, located 6.5 Å from Mn-4 of the

Mn4CaO5 cluster (Guskov et al. 2009). The sec-

ond Cl� site was not observed in this study, per-

haps because of the sites’ differing binding

affinities. The site of bound Cl� was confirmed

in crystals in which Cl�was replaced with Br� by

growing the cyanobacteria on Br� containing

media.

Finally an XRD study carried out at 1.9 Å
resolution, revealing the placement of water

molecules for the first time, showed the two Cl�

binding sites in their best detail so far with Cl-1

located 6.7 Å from Mn-4 and Cl-2 located 7.4 Å
from Mn-2 (Kawakami et al. 2011; Umena et al.

2011). In this study 1.75 Å wavelength X-rays

were used to assist in the location of Cl� sites

with data processed to 2.5 Å resolution, while the

main data set was taken using 0.9 Å wavelength

X-rays. A more recent structure has provided

data at 1.95 Å resolution using X-ray free elec-

tron laser (XFEL) (Suga et al. 2015), which by

using pulsed X-rays avoids damage to crystals

that occurs during sustained X-ray radiation.

Based on these structures and subsequent

analyses by other researchers, the coordination

environment of the two Cl� ions has become well

characterized. As is typical for biological Cl�,
each site shows coordination of Cl� by ligands

from main-chain amide nitrogens, side-chain

nitrogens, and water molecules. The coordina-

tion environment of Cl-1 is made up of

D2-Lys317 (side-chain), D1-Glu333 (main-

chain), D1-Asn181 (side-chain), and two water

molecules, while the coordination environment

of Cl-2 is made up of CP43-Glu354 (main-

chain), D1-Asn338 (main-chain), and either

D1-His337 (main-chain) or D1-Phe339 (main-

chain), and two water molecules (Rivalta et al.

2011; Shoji et al. 2015). The two sites show an

interesting similarity in that they are each coor-

dinated to the main-chain nitrogen of a residue

that also coordinates twoMn ions through a side-

chain carboxylate (Mn-3 and Mn-4 in the case of

Cl-1 and Mn-2 and Mn-3 in the case of Cl-2).

This characteristic is suggestive of a role in

stabilizing the structure of the Mn4CaO5 cluster

(Kawakami et al. 2011; Umena et al. 2011). A

distinct difference between the two binding

environments is that Cl-1 is coordinated by an

ionic group, D2-Lys317, whereas the coordina-

tion environment of Cl-2 includes all neutral

groups. This is expected to lead to a major differ-

ence in the affinity of binding of Cl� between the

two sites. The binding affinity at the Cl-1 site has

been predicted to be about 10 kcal mol�1 higher

than at the Cl-2 site (Rivalta et al. 2011).

A third Cl� binding site (Cl-3) was identified

in the 1.9 Å resolution XRD study, located near

the extrinsic subunits of cyanobacteria PSII,

PsbU and PsbV, about 25 Å away from the

Mn4CaO5 cluster (Kawakami et al. 2011). This

chloride was found to be coordinated by six

water molecules, indicative of weak binding

affinity. Its location in a water channel suggests

a route for exchange of the activating anion, as

well as substrate water.

In a 3.2 Å resolution study of the binding of

the herbicide terbutryn to PSII, two separate

positions were found for Cl� binding in the

region of Cl-1 (Broser et al. 2011), suggesting

some flexibility in the binding of Cl�. One Cl�

position (Cl-1A), located 7.1 Å from Mn-4, was

essentially the same as that reported in previous

studies and represented 30% occupancy in the

sample. A second position (Cl-1B), located

8.7 Å from Mn-4 and 6.7 Å from the Cl-1A

site, was reported for the first time and

represented 70% occupancy. This site also

involved coordination by D2-Lys317 (side-

chain), but the other residues were different and

included D1-Arg334 (side-chain) and

D1-Asn335 (side-chain). The authors suggested

that the side chain of D2-Lys317 may shift posi-

tion depending on the Cl� position, although this

was not resolved in the structure. The finding of

two possible Cl-1 positions suggests that the Cl�

position may be influenced by the presence of

herbicide on the acceptor side of PSII;
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alternatively, Cl� may move between sites dur-

ing its function, in a manner that corresponds to a

change in affinity.

It was noted from the first studies that the Cl-1

binding site is positioned near a likely proton

channel, sometimes called the broad channel

(Murray et al. 2008; Guskov et al. 2009;

Kawakami et al. 2009; Umena et al. 2011). In

addition, the observation of long bonding

distances to protonated species from higher reso-

lution studies is suggestive of hydrogen bonding

and weak binding (Kawakami et al. 2011; Shoji

et al. 2015; Vogt et al. 2015). The position of

Cl-1 places it near D1-Asp 61, which is a residue

often favored for the role of proton transfer based

on mutagenesis studies (Dilbeck et al. 2012;

Debus 2014). The shift in position of Cl-1 related

to the binding of terbutryn also supports a role in

proton transfer, since the alternative position for

Cl-1B is more clearly associated with the

carboxylates from D1-Asp61 and D1-Glu65

within the proton channel (Broser et al. 2011).

Structural studies have contributed much to

the development of recent hypotheses for how

Cl� promotes activation of oxygen evolution.

There is general agreement that Cl� (particularly

Cl-1) is involved in facilitating proton and/or

water movement by influencing the hydrogen

bonding of waters and nearby amino acid

residues. Visualization of its placement with

respect to channels allows examination of this

in detail. In one hypothesis for the mechanism

of action of Cl�, it is proposed that Cl� prevents

the formation of a salt bridge between

D2-Lys317 and D1-Asp61; in the absence of Cl�,
formation of the salt bridge causes movement of

residues that influence the Mn4CaO5 cluster and

interferes with the ability of D1-Asp61 to partici-

pate in proton transfer (Pokhrel et al. 2011; Rivalta

et al. 2011). Other researchers have proposed that

Cl� depletion is likely to involve replacement of

the missing anion with hydroxyl ion, which would

be readily available from nearby water channels. In

this hypothesis OH�, like other Lewis base

inhibitors, is unable to function in the place of Cl
� and thus the role of Cl� may actually be to

exclude OH� from the site (van Gorkom and

Yocum 2005; Yocum 2008). Recent modeling

studies have optimized the hydrogen bond net-

work, including Cl� in the channels near the

OEC. Results suggest that Cl�, along with other

factors, affects the relative stability of two

conformations of the Mn4CaO5 complex, which

differ by inter-Mn bond distances and are

associated with the two S2 state EPR signals

(Shoji et al. 2015).

5.3 Activators

5.3.1 Studies of Cl� Activation
in Cyanobacteria

While the extrinsic PsbP and PsbQ subunits of

higher plant PSII were recognized early in the

investigations of the PSII subunit structure,

homologous subunits of cyanobacterial PSII,

called CyanoP and CyanoQ, were found much

later because of the difficulty in their detection.

Their functions with respect to inorganic ion

requirements are less clear than in higher plant

PSII. Inactivation of the psbQ or psbP genes

alone was found to either have little effect or a

slight slowing effect on the growth of

Synechocystis sp. PCC 6803 in the absence of

Cl� or Ca2+ (Thornton et al. 2004; Summerfield

et al. 2005a, b). However O2 evolution activity

in the absence of CaCl2 was significantly reduced

for both the ΔpsbQ and ΔpsbP mutants

(Thornton et al. 2004). In addition, combinations

of ΔpsbQ or ΔpsbP mutants with other subunit

deletions led to additional effects related to the

inorganic ion requirements (Summerfield et al.

2005a, b). Overall, the results lead to the conclu-

sion that these subunits have roles in the assem-

bly and maintenance of PSII complexes related

to Ca2+ and Cl� requirement.

Of importance in controlling the Ca2+ and Cl�

requirements in cyanobacteria are two other

extrinsic subunits PsbU (12 kDa) and PsbV

(15 kDa), also known as cytochrome c550.

These subunits, along with the PsbO subunit,

are released from PSII by treatment with 1 M

CaCl2 or 1 M Tris at pH 8.5, whereas treatment

with high NaCl concentration alone does not

release any of the extrinsic subunits (Shen et al.
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1992; Shen and Inoue 1993). As for higher plant

PSII, when all extrinsic subunits are bound, there

is little observable dependence on Ca2+ or Cl�. It
appears to be especially difficult to Cl� deplete

PSII core complexes from wild type

cyanobacteria; for example, in one study even

after extensive dialysis in the absence of Cl�

about 75–80% activity remained relative to that

observed in the presence of sufficient Cl�

(Pokhrel et al. 2013), whereas the activity of

intact PSII from plants can be reduced to

30–35% using the same treatment (Lindberg

and Andréasson 1996, our observations). Thus

few studies of Cl� activation have been carried

out using wild type cyanobacterial PSII without

subunit removal, although values of KM for Cl�

activation in the mM range have been found for

the activatable portion in core complexes from

Synechocystis sp. PCC 6803 (Pokhrel et al. 2013;

Suzuki et al. 2013). Studies of Cl� activation

using CaCl2-washed cyanobacterial PSII are

also difficult, since removal of all three subunits

by this treatment results in a preparation that,

while showing no activity in the absence of Cl�,
is also poorly activated by Cl� (or Ca2+) addi-

tion. However some studies have explored the

characteristics of the Cl� (and Ca2+) requirement

in CaCl2-washed cyanobacterial PSII to which

selected subunits have rebound. For example, in

CaCl2-washed Thermosynechococcus PSII with

various combinations of subunits rebound, CaCl2
was required for the highest activity in each case

tested, while MgCl2 could partially restore activ-

ity (Shen and Inoue 1993). A study of red algae

Cyanidium caldarium, which releases four

extrinsic proteins upon treatment with high

CaCl2 (where the fourth is a 20 kDa homologue

of PsbQ), found a similar pattern of Ca2+ and Cl�

requirements with the rebinding of various

subunits; in the absence of PsbU and PsbV, the

Ca2+ and Cl� requirements were the highest

(Enami et al. 1998).

Many studies of the Cl� and Ca2+ requirements

in cyanobacterial PSII have involved manipula-

tion of one or more of the genes for extrinsic

subunits, including deletion, truncation, or

point mutation, and observation of the effects on

the Ca2+ or Cl� requirements for growth (among

other things). For example, using this approach it

was found that PsbO is especially important for

Ca2+ function, since in deletion mutants of

Synechocystis there is no growth in the absence

of Ca2+ (Philbrick et al. 1991; Summerfield et al.

2005b). However, in Cl� limiting media, some

mutants showed growth that was close to that of

wild-type (Philbrick et al. 1991; Summerfield

et al. 2005b), while others showed essentially no

growth (Morgan et al. 1998; Inoue-Kashino et al.

2005), thus there appear to be unidentified factors

related to cyanobacterial PsbO that influence Cl�

dependence.

PsbV, or cyt c550, has an important role in

maintaining a high affinity for Ca2+ and Cl�,
probably by controlling the ion environment or

access to the Mn4CaO5 cluster. In this way its

role is analogous to that of the PsbP subunit in

higher plants. Studies of cyanobacteria in which

PsbV is deleted show an inability to grow photo-

autotrophically in the absence of Ca2+ or Cl�,
indicating a marked decrease in affinity for these

ions. In particular, deletion mutants of PsbV in

Synechocystic sp. PCC 6803 were found to be

unable to grow at all in the absence of Ca2+ or Cl�,
although wild-type could (Morgan et al. 1998;

Shen et al. 1998). In addition, the loss of PsbV led

to unusual S-state patterns, indicating that it is

important for function of the Mn4CaO5 cluster

(Shen et al. 1998). Similar results were found in

T. elongatus, where disruption of the psbV gene

(leading to absence of PsbV) resulted in no growth

in the absence of Cl�, while growth of wild-type

was only slightly decreased in the absence of Cl�

(Katoh et al. 2001; Kirilovsky et al. 2004). Study

of the PsbV homologue PsbV2 revealed that it

could not replace PsbV in this function,

emphasizing the specialization of PsbV in Cl�

affinity. It was also found that mutation of a His

residue coordinating the cytochrome heme center

of PsbV, thereby modifying its redox properties,

did not result in a phenotype that was growth-

impaired in the absence of Cl� and did not impair

activity (Kirilovsky et al. 2004).

It has been found that deletion of the PsbU

subunit affects the Cl� requirement for growth,

although not as profoundly as deletion of PsbV.

A deletion mutant of psbU in Synechocystis
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sp. PCC 6803 could grow as well as wild-type in

complete media, but when Ca2+ or Cl� was omit-

ted growth was slower (Shen et al. 1997). A

similar deletion mutant was found to be unable

to grow in the absence of both Ca2+ and Cl� and

to show a longer S2 state lifetime (Inoue-Kashino

et al. 2005), indicating a role for PsbU in

optimizing O2 evolution catalysis. This study

also found that Cl�was required for O2 evolution

in the ΔpsbU mutant and that NO3
� could pro-

mote about 60% of the activity that Cl� could.

The S2 state in PSII from cyanobacteria shows

a multiline signal that is very similar to that in

higher plant PSII, but the g ¼ 4.1 EPR signal is

generally not observed in wild-type

cyanobacteria (McDermott et al. 1988;

Yachandra et al. 1996). However, the g ¼ 4.1

signal is observed after Sr2+ substitution of Ca2+

(Strickler et al. 2005; Boussac et al. 2012), along

with the altered multiline signal typical of Sr2+

treatment in higher plant PSII. While the latter

treatment targets the essential Ca2+ site, other

treatments associated with the site of Cl� activa-

tion also lead to formation of the g ¼ 4.1 signal.

Ammonia treatment of T. elongatus PSII core

complexes at pH 7.5 resulted in a g ¼ 4.1-type

signal that was shifted slightly to g ¼ 4.25, along

with a multiline signal, after illumination at

190 K (Boussac et al. 2000); the g ¼ 4.25 signal

disappeared upon warming the sample to 250 K,

with concurrent appearance of the NH3-altered

multiline signal, reminiscent of higher plant PSII.

Replacement of Cl� with I� by an exchange

treatment of PSII core complexes was also

found to produce the g ¼ 4.1 signal (Boussac

et al. 2012). Modification of the Cl-1 binding

site by mutagenesis to convert the coordinating

lysine residue, D2-K317, to arginine in

Synechocystis sp. PCC 6803 resulted in a PSII

core preparation that showed a g ¼ 4.1 signal

(Pokhrel et al. 2013); because this core prepara-

tion could be activated by Cl� from a level of

essentially zero O2 evolution activity in the

absence of Cl�, whereas the wild-type prepara-

tion showed about 75–80% of maximum activity

after extensive dialysis to remove Cl�, the

authors proposed that the appearance of the

g ¼ 4.1 signal was related to lower binding

affinity for Cl� in the D2-K317R mutant. On

the other hand, a study of core preparations

from two species of cyanobacteria

(Synechocystis sp. PCC 6803 and T. lividus)

concluded that the appearance of the g ¼ 4.1

signal was correlated with the binding of the

extrinsic subunit PsbV (Lakshmi et al. 2002),

which based on photoautotrophic growth studies

is believed to increase the affinity of PSII for Cl�.
This result is reminiscent of results from higher

plant PSII suggesting that the absence of the

PsbP and PsbQ subunits suppressed the appear-

ance of the g ¼ 4.1 signal. In summary, while

studies suggest that the appearance of the g ¼ 4.1

signal is significantly influenced by the site of Cl�

activation, as in high plant PSII, characteristics

of this influence do not exactly parallel those of

higher plants.

5.3.2 Quantifying the Affinity of Cl�

Binding Sites in Higher Plant
PSII

In an important set of studies to determine the

presence of high affinity or intrinsically bound

Cl�, Lindberg and coworkers used 36Cl to trace

its presence in higher plant PSII. Spinach was

grown hydroponically on medium supplemented

with Na36Cl and used to prepare intact PSII (i.e.,

retaining the PsbP and PsbQ subunits). Direct

measurement of bound 36Cl indicated that PSII

contained about one high affinity Cl� per PSII,

with a release half-time of a few hours or less

(Lindberg et al. 1990). The estimate of the total

bound 36Cl� took into account the PSII prepara-

tion time, assuming that Cl� dissociation was

initiated by exposure to the detergent Triton

X-100. This study also demonstrated that there

was no non-exchangeable Cl� bound to PSII.

The slow-exchanging Cl� was also studied by

monitoring the binding and release of 36Cl� in

intact PSII at 0 �C in the dark, revealing half-

times of about 1 h in each case (Lindberg et al.

1993). This result was thought to indicate that

binding and release took place through the same

rate-limiting intramolecular process, leading to

the proposal of open and closed conformations
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for the Cl� binding site. Scatchard analysis of

equilibrium 36Cl� binding showed that under

these conditions the number of Cl� binding

sites was about 0.6 per PSII and the dissociation

constant Kd was 20 μM. However it was also

found that the high affinity Cl� binding site was

lost when PsbP and PsbQ subunits were

removed.

Subsequent studies led to the hypothesis that

the binding affinity of the activating Cl� site in

intact PSII could be either high or low depending

on the exposure to Cl� in solution (Lindberg and

Andréasson 1996; Olesen and Andréasson 2003).

In this one-site/two-state model, in the absence

of Cl� the site goes into a low affinity/fast

exchange state while in the presence of Cl� the

site goes into a high affinity/slow exchange state.

This was supported by data in which intact PSII

was dialyzed against Cl� free buffer to remove

Cl�, then exposed to various concentrations of

Cl� for either long or short times, followed by

measurement of O2 evolution activity. In this

way, the high affinity state was found to have a

Kd (or KM) of 20 μM, while the low affinity state

had a Kd (or KM) of 0.5 mM (Lindberg and

Andréasson 1996). A similar study that included

1.4 M glycerol instead of sucrose in the buffer

system found values for Kd (or KM) of 13 μM for

the high affinity state and 0.8 mM for the low

affinity state (Olesen and Andréasson 2003).

Induction of the closed or high affinity/slow

exchange site required incubation with anion for

2 or more hours (Lindberg and Andréasson 1996;

Olesen and Andréasson 2003). As noted previ-

ously, the dialysis of intact PSII against Cl� free

buffer at pH 6.3 lowered the activity in the

absence of Cl� to 30–40%. Lindberg and

Andréasson argued that this remaining activity

was not due to a fraction of the sample retaining

Cl�, but to an inherent activity of intact PSII

without bound Cl�, a suggestion that was

supported by light dependence measurements of

PSII activity (Lindberg and Andréasson 1996).

However outside of the light-dependence

measurements, the residual activity and virtually

all other data related to Cl� activation in intact

PSII can be explained by a portion of the sample

retaining a high affinity for Cl�, coupled with

trace Cl� concentrations in the micromolar

range that always persists in buffers.

Despite the difficulty in determining the affin-

ity of the activating chloride binding site in intact

PSII, numerous reports in the literature can be

found with values usually in the mM range.

Because of the difficulty in measuring the direct

binding of Cl�, affinity is often reported as the

Michaelis constant KM found for the Cl� concen-

tration dependence of O2 evolution. This has the

advantage of corresponding to Cl� that is

associated with activation only. In addition, if

activator or substrate binding is the step that is

rate limiting, then KM is approximately equal to

the dissociation constant Kd. In the case of PSII,

it appears that the two are very close based on the

studies by Lindberg and coworkers, who

measured both direct binding of 36Cl� and acti-

vation by Cl� (Lindberg et al. 1993; Lindberg

and Andréasson 1996). For intact PSII, the KM of

activation reported usually corresponds only to

the activatable portion of PSII, which varies

depending on the Cl� depletion method used.

As already noted, one of the earliest

determinations was made in Cl�-depleted
thylakoids, for which a KM of 0.9 mM at

pH 7.2 was found (Kelley and Izawa 1978). In

their early studies of subunit removal, Miyao and

Murata showed Cl� dependence data at pH 6.5

for O2 evolution of intact PSII and PSII to which

extrinsic subunits had rebound; for the

activatable portion (25–30% of total activity),

the KM can be estimated to be about 1 mM

(Miyao and Murata 1985). Similar results were

found in another study, but with somewhat

higher KM values (Imaoka et al. 1986). Based

on our own studies of intact PSII after removal of

Cl� by the dialysis method, the KM of Cl� acti-

vation is found to be between 0.5 and 2 mM at

pH 6.3 for the activatable portion (40–70% of

total activity) depending on the sample

(Fig. 5.1a). These various results probably corre-

spond to the low affinity/fast exchange site

described by Lindberg and Andréasson with Kd

of 0.5 mM (Lindberg and Andréasson 1996).

Removal of the extrinsic PsbP and PsbQ

subunits leads to a PSII preparation that no lon-

ger shows high affinity Cl� binding in the
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10–20 μM range and is therefore completely

activatable, for practical purposes. Under these

conditions, the activation of PSII by Cl� is very

well modeled by simple Michaelis-Menten kinet-

ics. In one of the first studies of the Cl� depen-

dence in NaCl-washed PSII, the data presented

allows an estimate of KM of about 3 mM (Miyao

and Murata 1985). In a study of PSII depleted of

Cl� using the pH 7.5/50 mM Na2SO4 method

(and therefore probably lacking PsbP and

PsbQ), the KM of Cl� activation was found to

be 2 mM at pH 6.5 (Itoh and Uwano 1986); this

study also examined the pH dependence,

showing that KM increased with pH. Using a

similar preparation in which subunit removal

was confirmed, the half maximal activation

value (equivalent to KM) was found at be

6.5 mM at pH 7.5 (Wincencjusz et al. 1998). In

a study to look at the FTIR effects of Cl� and

other anions, a KM of 2 mM for Cl� activation

was found in NaCl-washed PSII at pH 6.5

(Hasegawa et al. 2002). Similarly, our own

Fig. 5.1 Activation of

oxygen evolution by anions

chloride (~), bromide (■),

and nitrate (●) in Cl�-
depleted intact PSII (a) and
PSII lacking the PsbP and

PsbQ subunits (b). For

Cl� depletion, PSII was

dialyzed against buffer at

pH 6.3 in the absence of

added anion for 24–26 h at

4 �C. For removal of PsbP

and PsbQ subunits, intact

PSII was treated with 1.5 M

NaCl in buffer at pH 6.3,

followed by successive

washes to remove Cl�. O2

evolution activity was

assayed at pH 6.3 and

25 �C, in the presence of

6 mM Ca2+ in the case of

NaCl-washed PSII, and the

activity was normalized to

100% using the activity in

20 NaCl. Curves represent
fits using the Michaelis-

Menten equation, with the

addition of a constant for

nonzero initial activity for

Cl�-depleted intact PSII.

For intact PSII, fits gave

KM ¼ 0.75, 0.95, and

3.4 mM for Cl�, Br�, and
NO3

�, respectively; for
NaCl-washed PSII,

KM ¼ 4.1, 1.3, and 2.0 mM

for Cl�, Br�, and NO3
�,

respectively
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determinations of KM in NaCl-washed PSII have

revealed values in the range of 1–4 mM at

pH 6.3, with variations appearing to depend on

the preparation (Fig. 5.1b).

As noted previously, the importance of the

PsbO subunit in controlling the affinity of higher

plant PSII for Cl� can be seen in the need for Cl�

concentrations in the range 100–200 mM when

PsbO is removed (Miyao and Murata 1985; Ono

and Inoue 1986). The role of the PsbO subunit in

Cl� activation was further explored by site

directed mutagenesis studies within a loop region

around residues 151–162. In one study, arginine

residues R151 and R161 were mutated with the

result that the mutant PsbO did not bind effec-

tively to PSII and O2 evolution activity was

impaired (Popelkova et al. 2006). These mutants

all showed increased values of KM for Cl� acti-

vation, in the range 1.5–2.5 mM, compared with

0.4 mM for NaCl-washed PSII. A second set of

mutants of aspartate residue D157 all showed

binding of PsbO to PSII that was the same as in

wild-type PsbO, but O2 evolution was still

impaired (Popelkova et al. 2009). These mutants

showed values of KM for Cl� activation of

1.5–1.6 mM compared with 0.9 mM for NaCl-

washed PSII. These studies suggest participation

of this loop region of the PsbO subunit in

controlling the access of Cl� to the OEC, proba-

bly via a proton channel.

A classic study of the pH dependence of Cl�

binding was carried out by Homann using PSII

depleted of chloride by a 5 s treatment at

pH 9.6–9.7, followed by rapid decrease to the

desired pH (Homann 1985, 1988b). The data

were analyzed using a model in which Cl� bind-

ing was preceded by a protonation step. The

pH-independent KM was found to be 70 μM,

with an associated protonation constant, pKH, of

6 (Homann 1985). In a later study, the possible

loss of the extrinsic PsbP and PsbQ subunits

under those conditions was noted and a pH

dependence study including data at lower pH

was undertaken using both intact and NaCl-

washed PSII (Homann 1988b). It was found

that the affinity for chloride was about tenfold

lower in the absence of the PsbP and PsbQ

subunits. In addition, the value of the pKH was

reconsidered, leading to the conclusion that pKH

was less than 5 for the protonation step (Homann

1988b).

Although several studies have confirmed that

Cl� is required for the water oxidation cycle to

advance beyond the S2 state, few studies have

examined the affinity of PSII for Cl� in the

individual S-states because of the challenging

nature of the measurements. The exception is a

set of studies carried out by Wincencjusz and

coworkers (Wincencjusz et al. 1997, 1998,

1999), using measurements of the flash depen-

dence of UV-Vis absorbance to monitor Mn oxi-

dation state changes during S-state transitions.

This study employed PSII depleted of Cl� by a

limited treatment with 50 mM Na2SO4 at pH 7.5,

thereby removing the PsbP and PsbQ subunits

with minimal loss of Ca2+. It was found that Cl�

was required for the S2-to-S3 and the S3-to-S0
transitions, but not for the earlier two transitions

(Wincencjusz et al. 1997). Although the S2 state

formed in the absence of Cl�, it was longer lived
than normal. This was thought to be explained by

the hypothesis that Cl� is required for electron

transfer within the Mn4CaO5 complex. While the

exchange of Cl� was found to be slowed by the

presence of the extrinsic subunits, the affinity for

Cl� at its site of activation was not affected, rather

the pH and S-state were the major factors in

determining affinity (Wincencjusz et al. 1998).

The Kd for Cl� was found to increase with Mn

oxidation state, with estimated values of 0.08 mM

in S1, 1.0 mM in S2, and 130 mM in S3 at pH 6.0;

the affinity for Cl� in the S1 and S2 states was

found to be about tenfold lower at pH 7.5.

5.3.3 Bromide and Nitrate Activators

Bromide and nitrate are generally found to acti-

vate oxygen evolution with kinetics that are very

close to those of chloride. Numerous studies have

compared the O2 evolution activity in the pres-

ence of these and other anions using a “suffi-

cient” anion concentration, i.e. 20–25 mM (see

for example: Damoder et al. 1986; Yachandra

et al. 1986; Ono et al. 1987; Hasegawa et al.

2002; Olesen and Andréasson 2003). Most find
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that Br� can activate in the range of 90–100% as

well as Cl�, whereas NO3
� lags relatively far

behind in the 40–70% range compare with Cl�.
In a study of NaCl-washed PSII, Hasegawa

found KM values of 3 and 7 mM for activation

by Br� and NO3
�, respectively (Hasegawa et al.

2002); this study also found that the level of light

saturation had an effect on the relative maximum

activity observed. In studies that compared the

activation kinetics, we have found that the values

of KM are very similar for the three ions particu-

larly when comparing measurements from the

same preparation (Fig. 5.1). As for Cl� activa-

tion, Br� and NO3
� generally show KM values of

0.5–2 mM for intact PSII (Cl� depleted by dialy-

sis) and 1–4 mM for PSII in the absence of PsbP

and PsbQ (NaCl-washed). Thus NO3
� seems to

differ more in the Vmax values obtained than in

KM values when compared with Cl� and Br�.
In intact PSII depleted of Cl� by dialysis at

pH 6.3, the presence of both the open (or low

affinity/fast exchange) and closed (or high affin-

ity/slow exchange) states were characterized for

Br� and NO3
� binding in the presence of 1.4 M

glycerol (Olesen and Andréasson 2003). The

open conformation was found to have KM values

of 2.8 mM and 0.8 mM for Br� and NO3
�,

respectively, compared with 0.8 mM for Cl�;
the closed conformation was found to have KM

values of 31 μM and 2.8 mM for Br� and NO3
�,

respectively, compare with 13 μM for Cl�. Thus
while Br� bound to the anion site in both open

and closed states, for NO3
� the closed and open

states had about the same affinity, perhaps

because incubation with NO3
� was not able to

induce the closed state. In another study that

employed a similar preparation, the Kd for Br�

in the closed state was found to be 53 μM
(Haumann et al. 2006).

In their studies of UV-Vis absorbance changes

during S-state changes, Wincencjusz and

coworkers studied the effects of Br� and NO3
�,

as well as I� and NO2
�, in PSII lacking the PsbP

and PsbQ subunits (Wincencjusz et al. 1999). All

were found to replace Cl� functionally to varying

extents, with Br� the most effective substitute.

NO3
� and the other anions slowed the S4-to-S0

transition by several fold, while Br� had very

little effect on the rate of this transition. The

anions I� and NO2
� were also found to acceler-

ate the decay of the S2 and S3 states from a site

different from the Cl� activation site and even

NO3
� and Br� had this effect to a lesser degree.

When Br� is substituted for Cl� in intact PSII,

the S2 state EPR signals are essentially indistin-

guishable from those found in the presence of

Cl� (Damoder et al. 1986; Yachandra et al. 1986;

Ono et al. 1987; Olesen and Andréasson 2003).

In NaCl-washed PSII lacking PsbP and PsbQ,

treatment with either Br� or Cl� in the presence

of sufficient Ca2+ also leads to similar S2 state

signals (Boussac 1995) (Fig. 5.2). In a study using

electron spin echo envelope modulation

(ESEEM) to detect nearby ligands, differences

in the presence of Cl� or Br� suggested magnetic

interaction between the anion and Mn (Boussac

1995). In both intact and NaCl-washed PSII,

NO3
� does not support formation of the multi-

line signal, although the g ¼ 4.1 signal is

observed (Ono et al. 1987) (Fig. 5.2).

5.4 Inhibitors

5.4.1 Ammonia

While not an anion inhibitor, ammonia (NH3) has

been recognized as a Lewis base inhibitor of

oxygen evolution that competes with Cl�, with
numerous studies of its inhibition characteristics.

Since the early investigations into its effects, it

has provided a model for studies of anion

inhibitors. Ammonia was of much interest

because it is considered to be a water analogue,

since it is has a similar electronic structure and

size to that of H2O. In early studies, it was found

using flash-induced fluorescence that NH3 binds

in the higher S-states, with rapid binding in S2
and slower binding in S3 (Velthuys 1975). In

addition there were indications from thylakoid

studies that it was also associated with the Cl�

site (Izawa et al. 1969).

Although the optimal pH range is 6.0–6.5 for

oxygen evolution by PSII, studies of the effects

of NH3 are usually carried out at a pH of 7.5 or so

to ensure a significant presence of the NH3
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species. Even at pH 7.5, neutral NH3 represents

only about 2% of the total NH3/NH4
+ species,

since NH4
+ has pKa of 9.25. Studies by Sandusky

and Yocum (1984, 1986) were the first to apply

inhibitor enzyme kinetics with respect to the

activator Cl� in the water oxidation reaction.

They were able to show that ammonia inhibits

through both competitive (Ki) and uncompetitive

(Ki
0) modes (Sandusky and Yocum 1986), with

inhibition constants that were both around

0.4–0.5 mM (see Table 5.1). However rather

than representing noncompetitive inhibition

(i.e., inhibition from a single site that is unaf-

fected by binding of the substrate/activator), this

was interpreted as two separate sites, one com-

petitive with Cl� activation and the other

associated with a water binding site. This was

partly based on the observation that other larger

amines showed inhibition that was more clearly

Cl� competitive; the various amines tested also

showed that effectiveness as an inhibitor

correlated with Lewis base character, i.e., the

pKa of the acid form (Sandusky and Yocum

1986). Interestingly, the size of the amine, even

those as large as Tris, did not seem to be a

significant factor in its effectiveness as a Cl�

competitive inhibitor.

Numerous subsequent studies of ammonia

were carried out to clarify its effect and solidify

the characterization of two separate inhibitory

sites. This was one of the first effectors found to

alter the spacing of the hyperfine lines of the S2
state multiline EPR signal (Beck and Brudvig

1986a, b; Andréasson et al. 1988; Ono and Inoue

1988; Britt et al. 1989; Boussac et al. 1990a),

reducing the spacing to 67–68 G compared with

88–92 G for the normal multiline signal. This

observation indicated that although the type of

coupling remained the same, leading to an S ¼ 1/

2 spin state, NH3 had an effect on the degree of

coupling between Mn ions. Most investigators

found that the binding of NH3 leading to the

altered multiline signal took place in the S2 state

but not the S1 state. Thus 200 K illumination of

samples containingNH3 in the S1 state did not lead

to the altered multiline signal in the S2 state, but

subsequent warming (annealing) of the sample to

0 �C or above did; on the other hand illumination

at 0 �C produced the altered multiline signal

directly. Andréasson and coworkers (1988) found

Magnetic field / gauss
1000 2000 3000 4000

dχ
"/d

H

25 mM Cl-

no anion

25 mM NO3
−

25 mM Br−

Fig. 5.2 EPR spectra of

the S2 state signals in PSII

lacking the PsbP and PsbQ

subunits (NaCl-washed) in

the presence of 25 mM

NaCl, 25 mM NaBr,

25 mM NaNO3, or no

added anion. Samples were

prepared in buffer at pH 6.3

with 7 mM Ca2+. The S2
state was produced by

illumination at 195 K.

Spectra were taken at 10 K

using 20 mW microwave

power and 18 Gmodulation

amplitude. Difference

spectra of the illuminated

sample minus the dark-

adapted sample are shown
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that the binding of NH3 associated with the altered

multiline signal did take place in the S1 state, but

with a relatively weak affinity. Using ESEEM to

detect 14N and 15N couplings in the NH3-altered

multiline signal, Britt and coworkers (1989)

showed that NH3 directly coordinates to the

Mn4CaO5 cluster in the S2 state, an important

first demonstration of direct ligand binding. The

altered multiline signal was not affected by

increasing concentrations of Cl�, indicating that

NH3 did not compete with Cl� at this site (Beck

and Brudvig 1986b; Andréasson et al. 1988). The

binding site for NH3 represented by the altered

multiline signal was therefore associated with an

H2O binding site at the Mn4CaO5 cluster.

If the concentration of Cl� was low, the

g ¼ 4.1 EPR signal was also found to be affected

by NH3 that bound in the S1 state. This was

observed as an increase in signal intensity

and/or a decrease in the peak-to-trough linewidth

of the signal to 280–300 G in the presence of

ammonia compared with 360–400 G in its

absence (Beck and Brudvig 1986b; Andréasson

et al. 1988; Ono and Inoue 1988; Boussac et al.

1990a). This effect on the signal is similar to that

observed for other weak base inhibitors that com-

pete with Cl�, such as F�. The binding site

represented by alterations in the g ¼ 4.1 signal

was therefore associated with Cl� competition.

5.4.2 Fluoride

Fluoride is an inhibitor of oxygen evolution that

is primarily competitive with Cl� activation.

Like ammonia it is a weak base or Lewis base,

although the pKa of hydrogen fluoride (HF) is

much lower than that of NH4
+, with a value of

3.17; at pH 6.3, it is virtually all in the anion form

with less than 0.1% in the form of HF. The first

steady state kinetics study to show F� is compet-

itive with Cl� was carried out at pH 7.6 by

Sandusky and Yocum (1986), as a part of their

enzyme kinetics analyses of ammonia and other

amine inhibitors. In this study, the competitive

inhibition constant Ki was found to be around

4 mM (Table 5.1). The Cl� competitive nature

of F� was also shown at pH 6.3, which is within

the optimal pH range for oxygen evolution activ-

ity, revealing a competitive constant Ki of

1.8 mM and an uncompetitive constant Ki
0 of

about 79 mM (Kuntzleman and Haddy 2009).

The latter study also included an examination of

PSII preparations in which PsbQ and PsbP had

Table 5.1 Inhibition constants for anion inhibitors based on steady state enzyme kinetics studies

Inhibitor, PSII type Ki/mM Ki
0/mM pH Inhibitor type References

NH3, intact PSII 0.39 0.54 7.5 Mixed a

F�, intact PSII ~4 >40 7.6 Competitive a

F�, intact PSII 1.8 � 1.0 79 � 7 6.3 Competitive b

F�, intact PSII <0.2 10–40 5.45 Competitive b

N3
�, intact 0.6 11 6.3 Competitive c

N3
�, NaCl-washed PSII 0.26 2.3 6.3 Competitive c

Acetate, intact PSII 16 130 6.0 Competitive d

I�, intact PSII >200 37 6.3 uncompetitive e

I�, intact PSII na 8.8–17 6.3 Substrate inhibitor e

I�, NaCl-washed PSII na 1.1–3.9 6.3 Substrate inhibitor e

NO2
�, intact PSII nr 1.3, 7.5 6.0 Uncompetitive f

NO2
�, intact PSII na 14.5 � 0.6 6.3 Substrate inhibitor g

NO2
�, NaCl-washed PSII na 4.5 � 3.1 6.3 Substrate inhibitor g

Most results were found from inhibitor enzyme kinetics studies with respect to competition with Cl�. Some of the

results for I� and NO2
� were found from activation studies in the absence of Cl�, using the substrate inhibition model;

in this case the competitive constant Ki is not modeled

References: (a) Sandusky and Yocum (1986), (b) Kuntzleman and Haddy (2009), (c) Haddy et al. (1999), (d) Kühne
et al. (1999), (e) Bryson et al. (2005), (f) Pokhrel and Brudvig (2013), (g) Chen (2008)

na not applicable, nr not reported
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been partially removed using combinations of

NH4Cl and CaCl2 at pH 7.5–7.6; this showed

that with progressive removal of the extrinsic

subunits, the value of Ki increased, but the value

of Ki
0 was relatively insensitive. (Studies of the

effects of F� in PSII lacking PsbP and PsbQ are

complicated by the Ca2+ requirement found in the

absence of PsbP, because of the formation of

insoluble CaF2). Whether the uncompetitive site

was located on the donor or acceptor side of PSII

was not clear, but F� has been found to associate

with the acceptor side FeQA site (Stemler and

Murphy 1985; Sanakis et al. 1999). Examination

of the kinetics at pH 5.45 indicated that they were

more complex at this pH and that the value of Ki

was at least tenfold lower than at pH 6.3

(Kuntzleman and Haddy 2009).

While results of one study suggested that flash

oscillations were supported by F� in PSII that

had been Cl� depleted by brief pH 10 treatment

(van Vliet and Rutherford 1996), another study

found that F� blocked the S2-to-S3 transition in

PSII Cl� depleted by the dialysis method (Olesen

and Andréasson 2003). In addition, Wincencjusz

and coworkers (Wincencjusz et al. 1999) found

that F� was unable to support any of the S-state

transitions in PSII lacking PsbP and PsbQ (pH 7.5/

50 mM Na2SO4 treatment). We have also been

unable to find any conditions under which F� can

support steady state oxygen evolution in PSII,

either intact or NaCl-washed lacking PsbP and

PsbQ. We conclude that fluoride is unable to

activate oxygen evolution in place of Cl�.
If Cl� is replaced with F� in PSII, the S2 state

multiline EPR signal is not able to form and the

g ¼ 4.1 signal intensity is enhanced (Casey and

Sauer 1984; Yachandra et al. 1986; Baumgarten

et al. 1990; Haddy et al. 1992; DeRose et al.

1995; van Vliet and Rutherford 1996; Haddy

et al. 2000; Olesen and Andréasson 2003), as

shown in Fig. 5.3a. The g ¼ 4.1 signal also

becomes narrower by 10–20%, similar to that

observed for ammonia treatment. Using a wash

procedure at pH 6.0 to replace Cl� with F� in

intact PSII, DeRose and coworkers tracked the

concentration dependence of the changes in the

two signals (DeRose et al. 1995). It was found that

the multiline signal decreased in height as the

g ¼ 4.1 signal increased, with the changes in

both half complete at 5–10 mM F� and the loss

in O2 evolution activity lagging somewhat behind.

Thus the changes promoted by F� can be seen as

an exchange of population between the two cou-

pled states associated with the S2 state signals. The

S2YZ• signal can be observed in F�-treated PSII

(Baumgarten et al. 1990; DeRose et al. 1995; van

Vliet and Rutherford 1996), as shown in Fig. 5.3b,

indicating that the transfer of electrons from the S2
state Mn4CaO5 cluster to Tyr Z is blocked by F�.
In the same F� concentration dependence study of

the signal heights, it was found that the S2YZ•

signal continued to increase at concentrations

much above that at which the effects on the multi-

line and g ¼ 4.1 signals leveled off, showing half

maximal concentration of 50 mM or more

(DeRose et al. 1995). However it was also

observed that the signal formed when high F�

concentrations were added to dark adapted

samples in the S1 state under very low intensity

light. This suggests a secondary effect of F� at

very high concentrations.

5.4.3 Acetate

In studies using both higher plant thylakoids and

cyanobacteria PSII particles, it was found that

acetate (H3CCOO
�) inhibited oxygen evolution

from a Cl� sensitive site (Sinclair 1984; Saygin

et al. 1986). Later, a complete enzyme kinetics

study showed that its mode of inhibition is pri-

marily competitive with Cl� activation, with

Ki ¼ 16 mM at pH 6.0 in intact PSII (Kühne
et al. 1999) (Table 5.1). This high inhibitor dis-

sociation constant necessitates the preparation of

samples with the acetate concentration in the

100 s of mM range in order to observe its effects.

A secondary uncompetitive site of inhibition has

been associated with the acceptor side of PSII

(Kühne et al. 1999).
Like F� treatment and Cl� depletion, acetate

induces the S2YZ• signal due to interference with

the transition from the S2 to S3 states, when

illuminated at 0–25 �C in the presence of an

electron acceptor (MacLachlan and Nugent

1993; Szalai and Brudvig 1996a; Force et al.
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1997). The signal is among the wider S2YZ•

signals reported, with a width of about

230–240 G (MacLachlan and Nugent 1993;

Szalai and Brudvig 1996a; Lakshmi et al.

1998). Studies of the signal have generally been

carried out at a pH of 5.5, at which the acid form

represents about 15% of the sample (pKa ¼ 4.76

for acetic acid). An interesting feature of the

acetate-inhibited S2YZ• state is that the multiline

signal representing the S2 state can be directly

observed in addition to the broad tyrosine signal

(Szalai and Brudvig 1996b); this multiline signal

is similar to the normal multiline signal, but with

peaks shifted either by 40 G or by 125 G

depending on how the shift is viewed (Lakshmi

et al. 1998; Szalai et al. 1998). In a creative

approach to isolating one of the interacting

spins, NO was used to quench the Tyr Z radical,
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Fig. 5.3 EPR spectra of

the S2 state signals in the

presence of 100 mM NaCl

or NaF (a) and the S2YZ•

signal in the presence of

100 mM NaF (b) in intact

PSII at pH 6.3. The S2 state

(a) was produced by

illumination at 195 K; the

S2YZ• state (b) was
produced by illumination at

0 �C in the presence of

2 mM phenyl-p-
benzoquinone. Other EPR

conditions are as described

in the legend of Fig. 5.2
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revealing the multiline signal more clearly

(Szalai and Brudvig 1996b). Oddly, in

experiments in which only a single electron was

transferred to form the S2 state, acetate-treated

PSII showed the g ¼ 4.1 signal but not the multi-

line signal (MacLachlan and Nugent 1993) and

the g ¼ 4.1 signal was also found to form upon

decay of the S2YZ• signal (Szalai and Brudvig

1996a).

The acetate-induced S2YZ• EPR signal drew

much interest because of its potential to reveal

details about the interaction between the

Mn4CaO5 cluster and the nearby radical residue,

which was not identified at first. These studies

eventually revealed conclusively that Tyr Z was

the radical interacting with the S2 state.

Approaches to studying the acetate-induced

S2YZ• signal included ESEEM of PSII prepared

from Synechocystis grown with deuterated tyro-

sine (Tang et al. 1996), and theoretical modeling

of the EPR, ESEEM, and ENDOR signals

(Dorlet et al. 1998; Lakshmi et al. 1998; Peloquin

et al. 1998). Estimates of the distance between

the Mn4CaO5 cluster and Tyr Z were made based

on the shape of the S2YZ• signals, leading to an

interspin distance of 7.7 Å (Lakshmi et al. 1998)

or 8–9 Å (Dorlet et al. 1998). In addition,

ESEEM was used to study the interaction

between the methyl-deuterated acetate and the

Tyr Z radical in spinach PSII, leading to a dis-

tance determination of about 3.1 Å between the

two (Force et al. 1997). Since acetate is competi-

tive with Cl�, this study suggested a close inter-

action between Cl� and Tyr Z. Using NO to

quench the Tyr Z radical, the interaction between

deuterated acetate and the modified S2 state mul-

tiline signal was also studied using ESEEM, with

the finding that acetate was within 6 Å of the

Mn4CaO5 cluster (Clemens et al. 2002).

5.4.4 Azide

We carried out studies of azide (N3
�) as an

inhibitor of Cl� activated O2 evolution using

steady state kinetics measurements (Haddy

et al. 1999). These studies showed that azide,

like F�, is primarily competitive with Cl� with

an inhibition constant, Ki, of 0.6 mM and an

uncompetitive constant, Ki
0, of 11 mM

(Table 5.1). Values were also found for NaCl-

washed PSII; these were lower than for intact

PSII, suggesting that the uncompetitive site was

also on the donor side. Like F� and other com-

petitive inhibitors, azide is a weak base, with

pKa ¼ 4.6 for hydrazoic acid (N3H); at pH 6.3

about 2% is in the protonated form.

Early observations of the inhibitory effect of

azide on electron transport in photosystem II led

to the characterization that it was promoted by

illumination during pre-incubation (Katoh 1972).

Studies by Kawamoto and coworkers explored

this observation further in PSII preparations, with

the finding that continuous illumination in the

presence of azide resulted in irreversible inhibi-

tion of both oxygen evolution and electron trans-

fer (Kawamoto et al. 1995). When Tris-washed

PSII lacking Mn was used, the presence of the

azidyl radical could be demonstrated by spin

trapping. This led to the proposal that the azidyl

radical was produced as a result of oxidation of

azide by the YZ radical, followed by irreversible

damage by azidyl radical at a site between YZ

and the quinone acceptor QA. This interesting

effect of azide is probably associated with the

uncompetitive site of inhibition found in enzyme

kinetics studies.

EPR studies of the S2 state signals in PSII in

which Cl�was substituted with N3
� showed very

similar effects to those observed in F�-treated
PSII, namely an inability to support the forma-

tion of the multiline signal and a narrowing and

slight enhancement of the g ¼ 4.1 signal (Haddy

et al. 2000). These effects are associated with the

competitive binding of azide at the site of Cl�

activation. In the presence of Cl�, the addition of
N3

� led to a decrease in both S2 state EPR

signals, implying that it prevented formation of

the S2 state (Haddy et al. 2000). This effect was

correlated with the binding of azide to the

uncompetitive inhibition site. Finally, in a study

by Yu and coworkers (Yu et al. 2005) using

ESEEM of the multiline signal, a weak coupling

was observed between the Mn4CaO5 cluster and
15N–labelled N3

� in the absence of Cl�,
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conditions that favor the binding of N3
� at the

Cl� competitive site. The results indicated that

the azide anion was within about 5 Å of the Mn

cluster.

5.4.5 Iodide

Iodide is an anion that shows both activating and

inhibitory effects on oxygen evolution. It

activates oxygen evolution at low concentrations

when chloride is removed from the medium, but

this is overcome by its inhibitory properties as

the concentration is increased above the low mM

range (Papageorgiou and Lagoyanni 1991;

Hasegawa et al. 2002; Bryson et al. 2005). This

enzyme kinetics behavior can be described by the

substrate inhibition model, or activator inhibition

in this case, in which the substrate or activator

functions to promote activity from the substrate/

activator site, but inhibits activity from a second

site. The inhibitory site is generally an uncom-

petitive binding site, so it is observed only after

activity has been promoted by binding of the

substrate/activator. For this reason, the study of

the inhibitor by steady state kinetics in the pres-

ence of the normal high-affinity substrate/activa-

tor (chloride in this case) will lead to the

conclusion that the effector is an uncompetitive

inhibitor. This is indeed the case for iodide,

where study of the inhibition kinetics in the pres-

ence of chloride in intact PSII revealed an

uncompetitive inhibition constant, Ki
0, of

37 mM and a competitive constant that was

undetermined (Ki > 200 mM) (Bryson et al.

2005) (Table 5.1). Study of iodide activation in

the absence of chloride in intact PSII showed a

Michaelis constant, KM, of 0.6–1.5 mM and an

inhibition constant, KI, of 8.8–17 mM (Bryson

et al. 2005); this site of inhibition is presumably

the same as the uncompetitive site characterized

by kinetics studies in the presence of Cl�,
although the value of KI was somewhat lower

than Ki
0. Study of iodide activation in the

absence of chloride in PSII lacking Psb/PsbQ

(NaCl-washed) showed Michaelis constant

KM ¼ 1.5–5.3 mM and inhibition constant

KI¼ 1.1–3.9 mM (Bryson et al. 2005), suggesting

that the affinity of the activating site decreased in

the absence of the extrinsic subunits, while the

affinity of the inhibitor site increased. A similar

study of I� activation of O2 evolution using NaCl-

washed PSII is shown in Fig. 5.4, where fitted

values of KM and KI are 1.3 and 3.5 mM, respec-

tively. The KM values found for intact and NaCl-

washed PSII are comparable to those found for

other activators, such as Cl� and Br�.
Both inhibitory and activating effects were

also found for iodide under conditions that pro-

duced the open (low affinity/fast exchange) and
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closed (high affinity/slow exchange) states of the

Cl� site (Olesen and Andréasson 2003). In the

closed state the Kd for activation by I� was

13 μM, while in the open state I� was inhibitory

with Ki of 10 mM for the major phase (90%) and

7 μM for the minor phase (10%).

The results described above using conven-

tional enzyme kinetics methods are complemen-

tary to those obtained by Wincencjusz and

coworkers, who studied iodide among other

anions using UV-Vis absorption changes

(Wincencjusz et al. 1999). Their methods had

the ability to distinguish the changes in Mn oxi-

dation state upon S-state changes in response to

light flashes. As previously noted, iodide was

found to activate oxygen evolution in place of

Cl�, but also to deactivate the higher S-states, S2
and S3, by reduction of the Mn cluster from a

second site. While this suggests possible direct

binding of I� at the Mn cluster, the authors

pointed out that this is not necessarily the case,

since the single electron reduction may be pro-

moted through more remote effects on the elec-

tron transfer chain. Using a PSII preparation that

reduced the effects of excess I�, Rachid and

Homann (Rachid and Homann 1992) examined

the charge recombination for the S2 and S3 states

in PSII from which the extrinsic PsbP and PsbQ

subunits had been removed by pH 7.2/100 mM

Na2SO4 treatment, then allowed to rebind in the

presence of NaCl or NaI, followed by removal of

excess anion. Based on the temperature shift of

thermoluminescence emission, the S2 and S3
states of the I�-reconstituted PSII were found to

be more stable, with lower oxidation potentials.

While this may seem at first glance to be contra-

dictory to the results of Wincencjusz and

coworkers, who found reduction of the S2 and

S3 states by I�, the findings of the two groups

are most likely characterizations of different I�

binding sites. A different method of substituting I�

for Cl� without excess I� was used for PSII core

complexes from the cyanobacterium T. elongatus,

where the conditions for anion exchange were

optimized based on minimization of secondary

effects, including destabilization of the S2 and S3
states (Boussac et al. 2012). In this study, I� was

found to slow the S3-to-S0 transition, probably due

to a longer lifetime of the intermediate (S3TyrZ•)
0

state.

Evidence for the direct inhibitory effect of

iodide on the electron transfer chain came from

early studies in which 125I was found to label the

D1 and D2 subunits of PSII (Takahashi et al.

1986; Ikeuchi and Inoue 1987; Takahashi and

Styring 1987; Ikeuchi et al. 1988). Labeling of

the D2 subunit took place in the dark in a PSII

core complex preparation, with concurrent loss

of the Tyr D radical EPR signal (Takahashi et al.

1986; Takahashi and Styring 1987). On the other

hand, labeling of the D1 subunit in preparations

depleted of Mn (by various means) required illu-

mination to promote electron transfer and was

insensitive to the presence of Cl� (Takahashi

et al. 1986; Ikeuchi and Inoue 1987, 1988).

These results were interpreted to mean that I�

reduced the Tyr D radical or Tyr Z radical in the

absence of the Mn cluster. In addition it was

found that the D1 subunit was labelled in NaCl-

washed Mn-containing PSII and that this label-

ling could be prevented by Cl�, F� or acetate,

suggesting that under these conditions I�

reduced the Mn cluster from the Cl� site (Ikeuchi

et al. 1988). In this case, a KM of 0.2–0.5 mM

was determined for DCIP reduction by I� at

pH 6.0 in NaCl-washed PSII, which is similar

to values found for the activation of oxygen

evolution; higher KM values were determined

for preparations in which Mn or the PsbO subunit

had been removed.

Iodide is usually found to support the forma-

tion of both S2 state EPR signals, with possible

suppression of the multiline signal at high

concentrations. Using PSII lacking the PsbP and

PsbQ subunits (NaCl-washed), we found that I�

in place of Cl� supported the formation of both

the multiline and g ¼ 4.1 signals when the con-

centration of I� was either low (3 mM) or higher

(25 mM) (Bryson 2005); thus even when the

concentration of I� was high enough to inhibit

oxygen evolution, the S2 state appeared to be

normal. In a similar experiment, but using intact

PSII depleted of Cl� by dialysis, we observed a

partial suppression of the multiline signal in the

presence of 25 mM NaI (Fig. 5.5). Using intact

PSII, Olesen and Andréasson (Olesen and
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Andréasson 2003) observed formation of both S2
state EPR signals in the presence of 10 mM NaI,

when the anion site was prepared in either the

open or the closed state. In an earlier study, it

was found that only the g ¼ 4.1 signal formed in

PSII after treatment with 50 mM NaI at pH 7.5

(Ono et al. 1987), thus the absence of the multiline

signal may be related to the high concentration of

I� in this case. In the study of cyanobacterial PSII

in which I� was exchanged for activating Cl�, the
S2 state EPR spectrum showed a normal multiline

signal and a prominent g ¼ 4.1 signal, although

the latter signal is not usually observed in

cyanobacteria (Boussac et al. 2012).

5.4.6 Nitrite

Nitrite (NO2
�) is an inhibitor of oxygen evolu-

tion with many properties that are similar to

those of iodide. Unlike iodide, nitrite is a weak

base with pKa of 3.25 for nitrous acid (NO2H). It

is able to activate oxygen evolution at low

concentrations, but its inhibitory effects domi-

nate at higher concentrations, indicating that it

is also a substrate inhibitor (or activator inhibi-

tor). In our lab, a study of the nitrite concentra-

tion dependence of O2 evolution in the absence

of Cl� showed that the KM of activation was

0.33 � 0.09 mM for intact PSII and

2.1 � 1.4 mM for NaCl-washed PSII at pH 6.3

(Chen 2008) (Table 5.1). At the same time, the

inhibition constant KI was found to be

14.5 � 0.6 mM for intact PSII and

4.5 � 3.1 mM for NaCl-washed PSII. A study

of the inhibition kinetics in the presence of Cl�

carried out by Pokhrel and coworkers using intact

PSII at pH 6.0 showed that the mode of inhibition

was uncompetitive, consistent with its behavior as

a substrate inhibitor (Pokhrel and Brudvig 2013).

With an overall uncompetitive inhibition constant,

Ki
0, of about 3 mM, the curvature observed in the

kinetics plots was thought to be better interpreted

using two values for Ki
0, 1.3 and 7.5 mM. As for

iodide, studies of the UV/Vis absorption changes

in response to light flashes showed that nitrite

reduced the higher S-states, S2 and S3, from a

binding site not associated with Cl� activation

(Wincencjusz et al. 1999). This conclusion was

supported by flash studies of O2 evolution which
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Fig. 5.5 EPR spectra of

the S2 state signals in the

presence of 25 mM NaI,

2 mM NaI, no anion, or

25 mM NaCl in Cl�-
depleted intact PSII. Other

conditions are as described

in the legend of Fig. 5.2
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revealed reduction of the OEC by NO2
�, probably

in the higher S-states (S2 and/or S3) (Pokhrel and

Brudvig 2013).

EPR investigation of PSII treated with nitrite

revealed inhibitory effects on both the donor and

acceptor sides of the electron transfer path

(Pokhrel and Brudvig 2013). Both S2 state

signals could form in the presence of nitrite, but

as the concentration of NO2
� increased, the

intensity of the multiline signal decreased rela-

tive to the g ¼ 4.1 signal, particularly at

concentrations of 30 mM NO2
� and above. This

effect on the S2 state is similar to that of iodide

described above. EPR evidence was also found

for the binding of NO2
� to the Fe2+QA

� site of

PSII. Electron transfer measurements indicated

that the inhibitory effect of NO2
� was mainly on

the donor side, but both effects probably contrib-

ute to the uncompetitive inhibition observed in

steady state kinetics experiments.

5.5 Concluding Remarks

Study of the effects of a variety of anions can

reveal the properties that are necessary to activate

oxygen evolution in photosystem II. Small anion

effectors seem to fall into three main groups

(Table 5.1) including activators, inhibitors that

are competitive with respect to Cl� activation,

and inhibitors that are uncompetitive with respect

to Cl� activation (or alternatively are substrate

inhibitors). While chloride is the natural activator

of O2 evolution, bromide is nearly as good but

nitrate is only partially effective as an activator.

All three anions are completely unprotonated in

aqueous solution, since they are conjugate bases

of strong acids (HCl, HBr, HNO3).

The competitive inhibitors are represented by

F�, N3
�, and acetate, which all share the prop-

erty that they are weak bases with a tendency to

partially protonate. Although not an anion,

ammonia is also a member of this group since it

competes effectively with Cl�, even though it

has a second mode of inhibition that is equally

effective. The weak base character of this group

of inhibitors is probably key to their inability to

function as activators from the chloride site.

They are probably unable to properly function

in proton coordination and transfer, a role fre-

quently proposed for Cl�. These competitive

inhibitors also share an inability to support the

formation of the S2-state multiline signal,

although the g ¼ 4.1 signal is able to form in a

slightly modified form, with narrower line width.

The apparent exception to this is acetate, for

which an altered multiline signal is able to exist

as a part of the S2YZ• state.

The uncompetitive inhibitors, I� and nitrite,

may actually be viewed as activators with an

unfortunate secondary inhibitory effect. Like Cl�,
I� has no weak base properties, but NO2

� is a

weak base and does not fit in with the other

activators in this respect. It is difficult to assess

how much this interferes with its ability as an

activator, because the inhibitory effects compli-

cate the evaluation of nitrite as an activator. For

both I� and NO2
�, inhibition takes place from a

site that is not identified with the Cl� activation

site. The inhibiting reaction occurs during a later

part of the S-state cycle, when Mn is in a higher

oxidation state, and evidently involves reduction

ofMn. Both of the S2 state EPR signals can form in

the presence of low concentrations of each, but

current evidence indicates that the multiline signal

is more poorly supported when the anion concen-

tration is high. Thus while inhibition by these

anions does not reveal properties about the Cl�

activation site, it does reflect the properties of a

site that is able to influence the Mn4CaO5 cluster.
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Vectorial Charge Transfer Reactions
in the Protein-Pigment Complex
of Photosystem II

6

Mahir D. Mamedov and Alexey Yu Semenov

Summary

The pigment-protein complex of photosystem

II localized in the thylakoid membranes of

higher plants, algae, and cyanobacteria is the

main source of oxygen on Earth. The light-

induced functioning of photosystem II is

directly linked to electron and proton transfer

across the membrane, which results in the

formation of transmembrane electric potential

difference (ΔΨ). In this review, we describe

the electrogenic reactions related to charge

transfer on the donor side of photosystem II

complexes which expand current understand-

ing of the nature and mechanisms of vectorial

processes and provide a necessary step in

development of efficient systems of transfor-

mation of solar energy.
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6.1 Structural Peculiarities
of Photosystem II

Photosystem II (PS II) is one of the two

photosystems of oxygenic photosynthetic

organisms that is responsible for oxygen evolu-

tion. This enzyme captures light energy by small

core antenna pigments, which is consequently

transferred to the reaction center

(RC) pigments, where it triggers the charge sep-

aration process and secondary electron transfer

steps.

The core complex of PS II is considered as a

minimal unit capable of oxidizing water

molecules. The structure of the PS II core

complexes isolated from thermophilic

cyanobacteria, was determined by X-ray struc-

ture analysis at a resolution of 3.8–1.9 Å
(Ferreira et al. 2004; Guskov et al. 2009;

Umena et al. 2011). Each monomer of the

enzyme contains 20 individual protein subunits

(total molecular weight of ~350 kDa), with 17 of

them being integral membrane proteins. In addi-

tion, one monomer comprises ~100 cofactors,

25 lipid molecules and >1300 water molecules.

Note that all organic and inorganic cofactors

involved in the charge transfer reactions are

located on subunits D1 and D2 of RC (Fig. 6.1).

PS II can be functionally subdivided into three

structural domains: central photochemical, plas-

toquinone- reducing, and water-oxidizing. Four

chlorophyll and two pheophytin molecules are

arranged into two branches associated with

proteins D1 and D2 and located in the central

part of the enzyme (Ferreira et al. 2004; Guskov

et al. 2009; Umena et al. 2011). The quinone

acceptor complex of PS II consists of two plasto-

quinone (PQ) molecules with significantly differ-

ent properties. The primary (QA) and secondary

(QB) quinone acceptors function as one and two

electron carriers, respectively (see Shinkarev

2004 for review). The water-oxidizing site in

thylakoids is located on the lumenal side of PS

II. Based on the latest X-ray data with resolution

of 1.9 Å, all components of the oxygen-evolving

complex (OEC) described by the formula

Mn4CaO5 have been detected (Umena et al.

2011). In addition, all amino acid ligands of the

OEC have been identified, and the bound water

molecules have been found for the first time. The

PS II core complex, due to availability of its 3D

structure and of site-specific mutants, is a conve-

nient object for the study of structure–function

interactions.

6.2 Functioning of Photosystem II

Light energy absorbed by the pigments of inte-

gral antenna proteins CP43 and CP47 is trans-

ferred in sub-nanosecond time range to the

primary electron donor P680, which is a chloro-

phyll a dimer. The primary charge separation in

RC, including a series of highly optimized elec-

tron transfer processes (see Fig. 6.1 and (Shelaev

et al. 2011)), has been studied by various

methods such as absorption and fluorescent spec-

troscopy (including femtosecond time-resolved

spectroscopy), electrochromic shift of absorption

bands and experiments with hole burning, etc.

The data obtained by differential absorption

spectroscopies at 20-fs resolution under physio-

logical conditions (278 K) in the PS II core

complex show that the primary electron transfer

between P680* and monomeric chlorophyll

ChlD1 occurs with a lifetime of ~0.9 ps (Shelaev

et al. 2011) and is determined by charge separa-

tion within P680. The subsequent electron trans-

fer from ChlD1, which occurs during 13–14 ps,

corresponds to formation of the secondary

ion-radical pair P680+Phe� (Shelaev et al.

2011) and is stabilized as a result of rapid elec-

tron transfer to the tightly bound quinone QA on

the stromal/cytoplasmic side of the membrane in

~200 ps. Thus, excitation energy (P680)* is used

for electron transfer to a distance of ~23 Å. It
should be noted that only the D1 branch is func-

tionally active in PS II (Novoderezhkin et al.

98 M.D. Mamedov and A.Y. Semenov



2007; Shelaev et al. 2011). The hole on P680 is

filled by electron transfer from redox-active tyro-

sine-161 (YZ) of the PS II subunit D1 (Tommos

and Babcock 1991). This electron transfer is

coupled with the proton escape from YZ to the

closest histidine (His190), which results in for-

mation of the neutral tyrosine radical (YZ
•)

(Rappaport and Lavergne 1997; Renger 2004;

Sproviero et al. 2008). The reduction of P680+

in PS II complex with intact OEC occurs during

25 ns–50 μs (Renger and Renger 2008).

The electron from QA is further transferred to

a distance of ~17 Å to the secondary quinone

acceptor QB within 0.1–0.3 ms without detected

oxidation–reduction involvement of an iron ion

(Shinkarev 2004).

The subsequent turnovers of the enzyme

include the same reactions but with different

kinetics at some stages due to charge accumula-

tion on the manganese cluster and on QB. The

transfer of the second electron to QB
� causes the

uptake of two protons from the water phase, the

release of formed plastoquinol QBH2 from the

binding site in the protein, and its substitution

by a molecule of oxidized plastoquinone from

the membrane pool (See Shinkarev 2004 for

review).

During each catalytic cycle, two water

molecules are transformed into an oxygen mole-

cule and four protons in the cycle of five

intermediates called S-states (S0 ! S4)

(Fig. 6.1). Since the S1 state (basic state) is

most stable in the dark, the first four flashes

cause transitions S1 ! S2, S2 ! S3, S3 ! S0,

and S0 ! S1. Molecular oxygen is released dur-

ing the S3 ! S0 transition via intermediate state

S4 (Haumann et al. 2005; Dau and Haumann

2007). The kinetics of S1 to S3 transitions vary

from 50 to 300 μs, while the terminal reaction YZ
•S3! YZS0 + O2 + 2H+ occurs in the millisecond

time scale. The overall catalytic cycle can be

presented as a scheme including eight stages of

alternating reactions of electron transfer and pro-

ton release followed by the final stage – release

of an oxygen molecule (Haumann et al. 2005;

Dau and Haumann 2007).

Thus, single-electron transfer processes

(P680*! QA, YZ ! P680+) in PS II are coupled

with four-electron oxidation of water

(2H2O ! 4e� + 4H+ + O2) and two-electron

plastoquinone reduction (PQ + 2e� + 2H+

! PQH2), which makes this enzyme one of the

most complex energy converters.

6.2.1 Photochemical Processes

Light induced excitation of chlorophyll P680 in

the PS II RC causes electron transfer across the

dielectric layer of the thylakoid membrane to a

Fig. 6.1 Redox cofactors of PS II core complex
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distance of ~35 Å. As a result, the release and

uptake of protons occur at the donor and acceptor

regions of the enzyme, respectively. Since these

vectorial processes have components perpendic-

ular to the plane of the membrane, they are cou-

pled with generation of transmembrane electric

potential difference (ΔΨ) (Fig. 6.2). Only under

certain conditions (the pathway of the charge

transfer reaction must have a component perpen-

dicular to the plane of the membrane; transfer

must occur in a region of the protein with dielec-

tric permittivity of less than 40 (Semenov et al.

2006) and the transported charge must not be

locally compensated)), the electron and proton

transfers are accompanied by ΔΨ generation.

The generation of ΔΨ coupled to the vectorial

reactions of charge transfer in PS II has been

registered in different photosynthetic

preparations (chloroplasts, thylakoids, PS II-

enriched membranes, PS II core complexes) by

different methods (microelectrodes, modified

patch clamp, electroluminescence, electrochemi-

cal shift of pigment absorption bands in light-

harvesting complexes, and direct electrometry)

(Semenov et al. 2006).

The kinetics of ΔΨ generation determined in

the early stages of electron transfer in RC was

measured by the light gradient method (based on

ΔΨ measurement by silver chloride electrodes

located in the lower and upper parts of the mea-

suring cell) on chloroplasts and PS II-enriched

membrane fragments (Trissl and Leibl 1989;

Pokorny et al. 1994). The authors arrived at a

conclusion that the primary charge separation in

PS II includes two electrogenic stages with

approximately the same contributions to the

total amplitude of transmembrane electric poten-

tial – electron transfer between P680 and Phe and

further electron transfer from Phe to QA (Trissl

and Leibl 1989) (Fig. 6.2).

6.2.2 The Catalytic Cycle of Water
Oxidation

The typical rate of water oxidation by the PS II

complex under stationary illumination is

100–200 turnovers of the enzyme per second.

During this process, each turnover of the enzyme

is characterized by a set of distinguishable

Fig. 6.2 Electrogenic stages of charge transfer in PS II. The scheme does not include electrogenesis due to protonation

of doubly reduced QB
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intermediates formed during time periods from

picoseconds to several milliseconds from the

starting moment of the reaction. Registration of

the kinetics of charge transfer between the

intermediates during a single turnover of the

enzyme allows the study of molecular

mechanisms of separate charge transfer

reactions, while measurements under equilib-

rium conditions gives only the overall view of

the light-dependent processes in PS II. Signifi-

cant advantages for studying the mechanism of

ΔΨ generation associated with charge transfer

within the enzyme are provided by isolated PS

II core complexes incorporated into phospholipid

liposomes studied by the direct electrometric

method (Semenov et al. 2006, 2008). The princi-

ple of direct electrometry developed in our labo-

ratory consists in the fusion of closed vesicles or

liposomes containing protein complexes with a

lipid-impregnated thin collodion film and ΔΨ
measurement with macroelectrodes immersed in

electrolyte buffer solution on the two sides of the

artificial membrane. This method is exception-

ally sensitive and allows registration of

intraprotein charge transfer to a distance of

>0.5 Å in the direction perpendicular to the

plane of the membrane. Note that the kinetics

of electron transfer can be recorded by different

methods of spectroscopy, while the kinetics of

vectorial proton transfer can be measured with

high time resolution only by electrometry. The

results obtained by this method have shown that

the relative contribution to the total ΔΨ (~17%)

attributed to the electron transfer from tyrosine

YZ to photooxidized P680 in the PS II core

complexes incorporated into liposomes

(Haumann et al. 1997; Mamedov et al. 1999) is

close to the ΔΨ value measured previously by

the light gradient method in PS II-enriched mem-

brane fragments (~16%) oriented in a

microcoaxial cell (Pokorny et al. 1994). In the

present work we have reviewed and summarized

the results of recording the kinetics of separate

stages of ΔΨ generation determined by charge

transfer on the donor side of PS II core

complexes incorporated into proteoliposomes

under conditions of single actuation of the

enzyme (Fig. 6.2).

It is well known that OEC in dark-adapted PS

II samples are in the state S1 until the first light

flash. Under these conditions, in the kinetics of

the photoelectric response induced by the first

laser flash, in addition to rapid ΔΨ generation

due to charge separation between P680 and qui-

none QA and re-reduction of P680+ by an elec-

tron transfer from YZ, an additional

electrogenicity with a characteristic time (τ) of
30–65 μs (pH 6.5) and relative contribution of

~2.5–3.5% of the amplitude of kinetically-

unresolved YZ
•QA

� major phase was observed

(Haumann et al. 1997; Mamedov et al. 1999).

Such characteristic times are close to the rate of

manganese ion oxidation during the S1 ! S2
transition measured by X-ray absorption spec-

troscopy with high time resolution (Haumann

et al. 2005).

Comparison of the kinetics of photoelectric

responses of PS II core complex depleted of the

Mn4Ca cluster and the preparation treated with

iron (II) ions (in the latter case, the high-affinity

manganese-binding site is inhibited) suggested

that manganese oxidation at the low-affinity site

was non-electrogenic (Kurashov et al. 2009a, b).

This can be considered as an evidence that the

electrogenic reduction of tyrosine YZ
• occurs by

vectorial electron transfer from manganese

bound at the high-affinity site.

Note that one of the methods for

distinguishing between the protolytic reactions

and the other processes involved in generation

of ΔΨ is the study of pH-dependence of the

charge transfer reaction or comparison of the

reaction rate constants in the solutions of H2O

and D2O. The absence of the isotope effect on the

kinetics of the electrogenic phase during the

S1 ! S2 transition of the OEC demonstrates

that proton release does not take place on the

donor side of the enzyme.

In response to the second laser flash (transi-

tion S2 ! S3), the kinetics of the photoelectric

response shows an additional electrogenic phase

with a characteristic time of 240–300 μs (pH 6.5)

and relative contribution ~5–7% of the

kinetically-unresolved fast-phase amplitude YZ
•

QA
� (Haumann et al. 1997; Mamedov et al.

1999). The latest electrometric experiments
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show that the reaction rate constant of the

S2 ! S3 transition decreases in the presence of

D2O, which allows to ascribe this transition to

the electrogenic proton transfer to the bulk water

phase. The dependence of the kinetics of the

S2 ! S3 transition on D2O has been shown

previously for PS II-enriched membrane

fragments by pulse absorption spectroscopy

(Renger 2007).

The photoelectric response induced by the

third laser flash (transition S3 ! S4 ! S0)

contains an additional electrogenic component

with τ ~ 4.5–6 ms and relative contribution

~4–6% of the amplitude of the YZ
•QA

� phase

(Haumann et al. 1997; Mamedov et al. 1999;

Semenov et al. 2008). It is assumed that in the

intact PS II complexes two protons are cleaved

from water molecules during the terminal transi-

tion, and these data are in agreement with the role

of amino acid groups close to the OEC in proton

release (Haumann et al. 2005; Ishikita et al.

2006; Dau and Haumann 2007; Shimada et al.

2011). However, the formation of state S4 does

not include electron transfer from the manganese

complex to radical YZ
•, and it seems that the

central event is deprotonation of the manganese

complex (or its environment) with a characteris-

tic time of ~200 μs (Haumann et al. 2005; Dau

and Haumann 2007). The absence of an electro-

genic phase with the characteristic time of

~200 μs in the kinetics of the photoelectric

response induced by the third laser flash

demonstrates that the proton transfer during the

S3 ! S4 transition is not vectorial,

i.e. electrically neutral. Also, the reduction of

manganese through electron transfer from the

water molecule during the S4 ! S0 transition is

most likely non-electrogenic. Therefore, the

electrogenesis observed in response to the third

laser flash is probably determined by proton

transfer from the manganese complex or

surrounding amino acids into the water phase

during the S4 ! S0 transition. The similar

amplitudes of electrogenic reactions during

OEC transitions S2 ! S3 and S4 ! S0 proves

that protons cover equal distances. In contrast,

the kinetics of the S2 ! S3 transition shows a

more significant (nearly twofold) isotopic effect

compared to the S4 ! S0 transition (Dau and

Haumann 2007).

It should be noted that the contributions of the

S2 ! S3 and S4 ! S0 transitions to the total

electrogenesis in thylakoids measured by the

electrochromic shift of the absorption bands of

antenna carotenoids is approximately twofold

higher than those revealed by direct electrometry

in the PS II core complexes (Haumann et al.

1997). In addition, as distinct from the intact PS

II core complexes with the terminal transition

S4 ! S0 characterized by the time of 4.6–6 ms,

the value of this parameter in thylakoids and PS

II-enriched membrane fragments is 1–1.2 ms

(Haumann et al. 1997). This difference may be

due to the increase in dielectric permittivity

around the manganese cluster as a result of

removal of peripheral proteins.

During the catalytic cycle of oxygen forma-

tion from water in PS II, protons must be released

into the water phase from the manganese com-

plex immersed deep in the protein matrix. There-

fore, there must be special pathways for proton

transfer in the hydrophobic part of the enzyme

(Muh and Zouni 2011; Ho 2012). Such a pathway

for proton release must be effective enough not

to retard the S-cycle. In addition to effectiveness,

there is also a question of direction. It should be

noted that the pathways of proton transfer in PS

II have been studied much less than the pathways

of electron transfer (Belevich and Verkhovsky

2008). In addition to the identification of amino

acid residues around the manganese cluster, sim-

ilar but not identical predictions for proton

channels have been obtained in three works on

intraprotein channel modeling (Murray and Bar-

ber 2007; Ho and Styring 2008; Gabdulkhakov

et al. 2009). Recent studies of molecular dynam-

ics of protein has revealed a series of residues

and water molecules linked by hydrogen bonds

that leads from the manganese cluster to the

lumen (Swanson and Simons 2009). Three

redox-active manganese atoms, an oxygen atom

O(5) (probably OH�), two water molecules

bound to Mn(4), and the side chains of charged

residues D61�/R357+ are included in the proton

release pathway (McEvoy and Brudvig 2004).

Although the authors of work (Hoganson and
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Babcock 1997) supposed that YZ was a part of

the pathway of proton release to the lumen and

that there was a potential pathway of proton

release from YZ in the latter 3D structure of PS

II core complexes (Umena et al. 2011). It should

be noted that the experimental data clearly sup-

port the “fluctuating” model, according to which

the YZ proton never leaves the YZ-His190 site

(Rappaport and Lavergne 1997).

6.2.3 Reduction of Tyrosine Cation
Radical YZ

Photooxidized P680 is reduced by electron trans-

fer from tyrosine YZ that in turn, accepts an

electron from the manganese complex. YZ is

usually considered as a part of the single-electron

“wiring” of the OEC but not as a part of the

pentametal Mn4Ca cluster (Hoganson and

Babcock 1997). The important question is how

YZ couples the single-electron photochemical

reaction and the four-electron catalytic oxidation

of water, effectively controlling the water oxida-

tion process. In this context, it is important to

know in detail the protein environment of YZ and

its interaction with water molecules and the man-

ganese cluster in PS II. It is supposed that YZ is

located in a hydrophobic environment and does

not directly interact with the substrate water in

PS II (Hillier et al. 1998). It is also known that the

properties of YZ in PS II lacking the manganese

cluster may be crucially different from those in

the intact PS II. It has been supposed that in such

preparations YZ is located in a hydrophilic envi-

ronment and contacts the water phase (Babcock

and Sauer 1975; Conjeaud and Mathis 1980;

Blubaugh and Cheniae 1992; Hillier et al. 1998;

Chroni and Ghanotakis 2001; Semin et al. 2002;

Dasgupta et al. 2008; Gopta et al. 2008). Some

substances, such as manganese, ascorbate, N,N,

N0,N0-tetramethyl-p-phenylenediamine (TMPD),

2,3,5,6-tetramethyl-p-phenylenediamine (DAD),

2,6-dichlorophenolindophenol (DCPIP), phena-

zine methosulfate (PMS), 1,5-diphenylcarbazide

(DPC), benzidine, hydroxylamine, and hydrazine

are able to act as electron donors in the absence

of the manganese cluster (Blubaugh and Cheniae

1992; Chroni and Ghanotakis 2001; Semin et al.

2002; Dasgupta et al. 2008; Gopta et al. 2008).

Ascorbate seems to be the only alternative elec-

tron donor capable of supplying electrons to the

PS II RC in sufficient amounts in the absence of

the manganese cluster in vivo.

6.2.4 Lipophilic Electron Donors

The extremely asymmetric orientation of PS II

core complexes in liposomes (the donor side

outside the membrane) makes it possible to use

the direct electrometric method for studying the

mechanism of interaction between the PS II RC

depleted of Mn4Ca cluster and artificial electron

donors. Increase in relative contributions of the

slow components of membrane potential

decrease associated with recombination of

charges between QA and YZ
• (20–200 ms) in

the presence of both Mn2+ (4 Mn per P680) and

the reduced forms of lipophilic redox mediators

(TMPD, DCPIP, DAD, PMS) and DPC can be

considered as evidence of their ability to effec-

tively interact with YZ radical. At certain

concentrations of these substances, an additional

slow electrogenic phase appears in the kinetics of

the photoelectric response to a light flash,

contributing 15–25% to the total electrogenesis

(Gopta et al. 2008).

Experimental results lead to the conclusion

that artificial electron donors are arranged in the

following order in accordance with the degree of

efficiency in reducing the radical YZ:

PMS > TMPD > DAD > DPC > DCPIP.

Under anaerobic conditions, PMS proved to be

even more effective. However, it is still unclear

whether the reaction rate is saturated at increased

PMS concentration. Saturation is observed in the

experiments, e.g. with TMPD, where the maxi-

mum Kv value of 400–500 s�1 is reached at

4 mM of the mediator.
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6.2.5 Synthetic Mn-Containing
Complex

In recent years, various Mn-containing

complexes have been synthesized as models of

the OEC manganese cluster. The direct

electrometric method applied for

proteoliposomes containing PS II core

complexes depleted of manganese ions and

three peripheral proteins showed that the addition

of a synthetic trinuclear manganese complex

(complex 173–1) to the measuring medium

resulted in extra generation of photoelectric

response with an amplitude of ~25% of the fast

(YZ
•QA

�) phase and was characterized by

τ ~ 160 ms (Kurashov et al. 2009a, b). This

phase was attributed to electron transfer from

the protein–water interface to the oxidized cofac-

tor immersed deep in the protein. Previously, it

was demonstrated that the rate of oxygen release

in PS II membrane fragments depleted of man-

ganese ions in the presence of 173–1 synthetic

complex is higher than in the presence of MnCl2
(Nagata et al. 2008).

6.2.6 Hydrophilic Electron Donors

There are substantial differences in the mecha-

nism of reduction of tyrosine YZ between small

hydrophilic NH2OH/NH2NH2 and large

lipophilic compounds DPC/TMPD/DCPIP/

DAD. The increase in relative contributions of

the slow components of membrane potential

decay in the presence of NH2OH/NH2NH2

implies the prevention of charge recombination

between QA
� and YZ

• by way of effective elec-

tron transfer to tyrosine YZ
•. However, the

absence of additional electrogenesis in the kinet-

ics of photoelectric response is the evidence of

the non-electrogenic character of this reaction.

6.2.7 Mechanism of Electron Transfer

Photosynthetic RCs are generally an ideal object

for studying long-distance electron transfer

(Savitsky et al. 2010; Novoderezhkin et al.

2011). Before discussing the mechanism of elec-

tron transfer in PS II RC in the presence of

artificial electron donors, it is important to note

that the direct electrometric method used in our

previous experiments showed the presence of an

extra electrogenic phase in the millisecond time

domain in the kinetics of photoelectric response

during the reduction of the photooxidized pri-

mary electron donors P870 in bacterial RC

(Drachev et al. 1986a, b) and P700 in

cyanobacterial complexes of PS I (Gourovskaya

et al. 1997), by artificial redox-active compounds

such as TMPD, DCPIP, and PMS. Since the

contribution of this phase (~20%) to the total

photoelectric response was approximately equal

to the contribution of the phase observed in the

presence of the native electron donor – cyto-

chrome c2 in the case of bacterial RC (Drachev

et al. 1986b) and cytochrome c6 (Mamedov et al.

1996) or plastocyanin (Mamedov et al. 2001) in

PS I, it was concluded that the electrogenic

reduction of P870+/P700+ by redox-active

compounds results from the vectorial transfer of

electrons from the protein–water interface to

P870+/P700+ immersed in the protein matrix.

We believe that additional electrogenesis

observed in the presence of TMPD, DAD,

DCPIP, DPC, and synthetic trinuclear manga-

nese complex is also determined by the vectorial

electron transfer from the protein–water interface

(Fig. 6.3). This assumption is supported by the

results of modeling the structure of the donor

region of PS II core complexes depleted of

Mn4Ca cluster and three peripheral proteins

(Mamedov et al. 2010a, b). Removal of these

subunits from PS II structure creates a cavity on

the donor side of the enzyme. It has been shown

that the TMPD molecule may rather tightly

adjoins the cavity bottom, with a distance of

~17 Å between the edges of molecular

π-orbitals of YZ and TMPD (the oxygen atom

of YZ and the nearest nitrogen atom of TMPD)

(Mamedov et al. 2010a, b).

It should be noted that electron transfer inside

the protein is a complicated process determined

by many factors. According to theory (Moser
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et al. 2003), the rate of electron transfer depends,

in particular, on the distance between the donor

and the acceptor, the difference of their redox

potentials, and the reorganization energy. Elec-

tron transfer inside the protein is supposed to

occur through specific tunneling and may be

modulated by conformational changes in the sec-

ondary protein structure on the protein–water

interface (Gray and Winkler 1996). As men-

tioned in work (Moser et al. 1992), effective

tunneling is not limited by any specifically

formed pathway inside the protein but rather

occurs via several trajectories inside the protein

matrix.

As regards the mechanism of electron transfer

in the presence of low molecular weight donors

in PS II preparations depleted of Mn4Ca cluster

and peripheral proteins, let us note that the

modeling of structure of the donor side of such

preparations (Mamedov et al. 2010a, b) has

shown three channels with a minimal diameter

of about 2.0–3.0 Å that link the binding site of

the manganese cluster to the water–protein inter-

face. It is obvious that the sizes of TMPD, DAD,

DCPIP, and DPC molecules (4 � 14 Å)

noticeably exceed the diameter of these channels,

while the hydrophilic, low molecular weight

electron donors NH2NH2 and NH2OH

(2.0 � 2.4 Å) can diffuse through these channels

to the binding site of the Mn4Ca cluster

(Fig. 6.3).

The results obtained by the direct

electrometric method with a single turnover of

the enzyme make it possible to follow the trans-

fer of charges (electron and proton) inside the

protein in real time. It has been shown that

electrogenesis observed during the catalytic

cycle of the OEC in dark-adapted PS II samples

is determined by the electron transfer between

manganese bound in the high-affinity site of sub-

unit D1 and tyrosine radical YZ (transition

S1 ! S2), as well as with the transfer of protons

in the opposite direction from the manganese

complex to the aqueous phase (transitions

S2 ! S3 and S4 ! S0) (Fig. 6.2).

The data obtained with the preparations of PS

II core complexes depleted of Mn4Ca cluster and

peripheral proteins show that the effective reduc-

tion of oxidized YZ radical from artificial elec-

tron donors can be both electrogenic and

Fig. 6.3 Scheme of

electron transport in the

donor region of PS II

depleted of Mn4Ca cluster

in the presence of artificial

donors. Solid arrows show
the electrogenic stages of

electron transfer; the

dashed arrow shows the

hypothetical diffusion of

NH2NH2 (NH2OH)

through the hydrophilic

channel leading from the

protein-water boundary to

the binding site of the

Mn4Ca cluster (The

scheme was adapted from

work Mamedov et al.

2010a, b)
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non-electrogenic. Hydrophobic artificial electron

donors (PMS, TMPD, DAD, DCPIP, and DPC)

and synthetic trinuclear manganese complex

designated as complex 173–1 reduce the tyrosine

radical YZ electrogenically due to vectorial elec-

tron transfer from the binding site on the protein–

water interface, while more hydrophilic and low

molecular weight donors (NH2OH, NH2NH2)

can diffuse through the channels with minimum

diameter of 2.0–3.0 Å passing from the water

(lumen) surface of the protein to the Mn4Ca

cluster, followed by non-electrogenic reduction

of tyrosine radical YZ (Fig. 6.3).

All these results are important for understand-

ing the mechanism of interaction between the

artificial electron donors and PS II RC.

6.2.8 Vectorial Charge Transfer
Reactions in Photoactivated
Apo-OEC-PS II Core Complexes

Water oxidation and O2 evolution are completely

inhibited upon depletion of Mn ions from PS II.

The Mn-depleted complexes are usually

designated as apo-OEC-PS II. The OEC function

can be assembled in the presence of the free

inorganic ions (Mn2+, Ca2+, Cl�) and PS II,

which are capable of performing this complex

process (Ananyev and Dismukes 1996; Rova

et al. 1998; Dasgupta et al. 2008; Petrova et al.

2013 and references therein). This light-

dependent process, which also occurs upon

assembling of a manganese cluster in vivo

(Rova et al. 1998; Dasgupta et al. 2008), is called

photoactivation.

Recently, we applied for the first time a sensi-

tive electrometric technique to study electrogenic

reactions due to intraprotein vectorial electron

and proton transfer during the catalytic cycle of

water oxidation in manganese-depleted and

reconstituted PS II core complexes (Petrova

et al. 2013). In dark-adapted samples, the elec-

trogenic reactions observed in response to the

1st, 2nd, and 3rd laser flashes are presumably

associated with the S1 ! S2 (electron transfer

from Mn to YZ
•), S2 ! S3, and S4 ! S0 (proton

transfer in the opposite direction from Mn com-

plex or its immediate environment into the aque-

ous bulk phase) transitions (Fig. 6.4, see also

Fig. 6.1). The lack of additional voltage in the

kinetics of the photoelectric response on the 4th

laser flash indicates that proton release during the

S0 ! S1 transition is not electrogenic. Thus, only

Fig. 6.4 Scheme of

transitions between the

S-states of PS II OEC.

Percentages denote the

relative contribution of

electrogenic reactions. In

dark-adapted PS II sample,

OEC are mainly in state S1
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two of the four proton transfer reactions during

the catalytic cycle of water oxidation are electro-

genic (S2 ! S3 and S4 ! S0 transitions)

(Fig. 6.4).

The obtained results showed that the kinetics

and relative amplitudes of the electrogenic

phases during the S-state transitions in

Mn-reconstituted apo-OEC-PS II complexes are

comparable to those obtained in intact PS II core

complexes (Petrova et al. 2013). Almost the full

reconstruction of electrogenic S1 ! S2, S2 ! S3,

and S4 ! S0 transitions occurs even in the

absence of the extrinsic proteins. However, a

highly conserved extrinsic manganese-

stabilizing protein (PsbO) has been suggested to

be essential for maximum yield of recovering of

the oxygen evolution rate (Dasgupta et al. 2008).

Indeed, the relative rate of oxygen evolution

upon reassembling OEC in our experiments did

not exceed ~55% compared to the PS II with

active OEC. Thus, one can conclude that the

full reconstruction of electrogenic reactions due

to S-state transitions is insufficient for achieving

the entire recovery of OEC function.

6.3 Concluding Remarks

The results obtained by the direct electrometric

method with a single turnover of the PS II

incorporated into liposomes make it possible to

follow the transfer of electron and proton inside

the protein in real time. It has been shown that

electrogenesis derived from the PS II donor side

in dark-adapted PS II samples are due to charge

transfer during S-state transitions of the OEC.

The data obtained with the preparations of PS

II core complex depleted of Mn4Ca cluster and

peripheral proteins show that the effective reduc-

tion of oxidized tyrosine YZ
• from artificial elec-

tron donors can be both electrogenic and

non-electrogenic.

The results described above expand current

understanding of mechanisms of (i) electrogenic

reactions during the S-state transitions of the

OEC and (ii) interaction between the artificial

electron donors and PS II RC and therefore

provide a necessary step in development of effi-

cient systems of transformation of solar energy.
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Function and Structure of Cyanobacterial
Photosystem I 7
Wu Xu and Yingchun Wang

Summary

Photosystem I, an essential membrane com-

plex in photosynthesis, is a light�driven

reducing power generator that accepts

electrons from plastocyanin on the luminal

side, and donates electrons to ferredoxin on

the stromal side of plants and cyanobacteria.

The 2.5 Å crystal structure of the photosystem

I of cyanobacterium Thermosynechccocus

elongates, containing twelve subunits, 96

chlorophyll a molecules, 22 β�carotenes,

two phylloquinones, three [4Fe�4S] clusters

and four lipids, demonstrated one of the most

fascinating membrane protein�cofactor

complexes in biology. Twelve subunits interact

with each other and bind cofactors and provide

unique local environment for each cofactor to

form a stable and dynamical complex for effi-

cient energy and electron transfer.

Cyanobacterial photosystem I is remarkably sim-

ilar to its counterpart in the chloroplast of plants

and algae. Structural information combined with

physiological, biochemical and spectroscopic

characterization of subunit�deficient and

site�directed cyanobacterial mutants have

revealed functions of individual subunits and

cofactors. However, there are still many unre-

solved questions, such as initial charge sepa-

ration, assembly, degradation and regulation

of photosystem I. In the past 15 years, multi-

disciplinary research efforts have advanced

our understanding of structure and function

of photosystem I that is discussed in this

chapter.
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7.1 Introduction

All chemical forms of energy and oxygen on the

earth are generated via photosynthesis. Photo-

synthesis is a process in which higher plants,

eukaryotic algae, and cyanobacteria convert

inorganic CO2 to chemical forms of energy and

produce O2 using sunlight. Although it only

captures somewhere between 0.05 and 3% of

the light energy received by the earth’s surface,

photosynthesis is sufficient to power the entire

biological world (De Marais 2000; Rye and Hol-

land 1998). Virtually all oxygen in the atmo-

sphere is thought to be generated through

photosynthetic process (Allen 2005; Dismukes

et al. 2001). Cellular respiration, a chemical pro-

cess opposite to photosynthesis, requires oxygen

to generate ATP and produce CO2 using chemi-

cal forms of energy. It occurs in all living

organisms and plays a fundamental role in sus-

taining life (Kalckar 1991; Saraste 1999). Photo-

synthesis and respiration are interlinked

processes. Each depends on the products of the

other. In higher plants, photosynthesis occurs in

chloroplasts whereas respiration occurs in

mitochondria.

Cyanobacteria, which have been dated back

about 3.5 billion years, presumably are the

earliest known group of organisms that

contributed greatly to the formation of the atmo-

spheric oxygen that we breathe today. They can

be found in diverse habitats from Antarctica to

hot springs, and account for approximately 40%

of planetary oxygen production (Paumann et al.

2005; Kolber et al. 2000). More broadly,

cyanobacteria are also considered as a perfect

candidate for counteracting the greenhouse

effect, one major source of global warming,

since they consume CO2 and evolve pure O2 by

photosynthesis. The concentration of CO2 in the

atmosphere has increased by approximately 30%

since the middle of the nineteenth century and

probably will continue to increase unless

societies choose to change their ways. Besides

oxygen and carbohydrate production,

cyanobacteria are considered to have both bene-

ficial and harmful effects on human life. They are

regarded as harmful primarily due to their asso-

ciation with environmental problems, for exam-

ple, fouling water bodies and producing toxins

(Mwaura et al. 2004). In contrast, they have also

been used for beneficial causes: such as food

additives (Lem and Glick 1985), biofertilizers

(Mekonnen et al. 2002; Irisarri et al. 2001;

Dutta et al. 2005; Tsygankov et al. 2002), renew-

able fuels (e.g., hydrogen (Ghirardi et al. 2007;

Rupprecht et al. 2006; Ducat et al. 2012), ethanol

(Deng and Coleman 1999), butanol (Lan and

Liao 2011), ethylene (Ungerer et al. 2012;

Guerrero et al. 2012; Eckert et al. 2014),

isobutyraldehyde (Atsumi et al. 2009), fatty

acids (Liu et al. 2011), or isoprene (Lindberg

et al. 2009)), and bioactive natural compounds

(Corbett et al. 1996; Tan 2007; Singh et al. 2005;

Burja et al. 2001). Interestingly, it was reported

recently that many cyanobacteria are naturally

able to produce alkanes, which are the major

constituents of gasoline, diesel, and jet fuels

(Schirmer et al. 2010; KlÃhn et al. 2014). To

our knowledge, biochemical function and bio-

degradation of alkane in cyanobacteria remains

completely unknown. The research efforts will

advance our fundamental understanding of pho-

tosynthesis in cyanobacteria. This in turn will

enable scientists to accurately model this organ-

ism for improving our living environments and

life quality.

The photosynthetic process can be divided

into two types of coordinated reactions: light

reactions and dark reactions. In the light

reactions, light energy is harnessed to synthesize
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ATP and NADPH, which are used in the dark

(light�independent) reactions to drive the syn-

thesis of carbohydrates from CO2 and

H2O. During the light reactions, four

membrane�protein complexes, photosystem II

(PS II), cytochrome b6/f, photosystem I (PS I)

and ATP synthase function in a coordinated way

to drive photosynthetic electron transport

(Fig. 7.1). Photosynthetic reaction centers of

light reactions are classified according to their

terminal electron acceptor as either type I, with

an iron sulfur cluster acceptor, or type II, with a

quinone terminal acceptor (Mazor et al. 2014).

Striking similarities between type I and II

photosystems recently became apparent in the

3�D structures of PS I, PS II and reaction center

type II (Baymann et al. 2001). We currently

know only two versions of the type I reaction

centers: the relatively simple bacterial

homodimer found in green sulfur bacteria

(Buttner et al. 1992), heliobacteria and Chloraci-

dobacterium or the much more complex PS I

with its 11–15 subunits found in cyanobacteria

and all photosynthetic eukaryotes (Buttner et al.

1992; Nelson and Ben-Shem 2005; Nelson and

Yocum 2006). PS I is a protein�pigment com-

plex that mediates the light�driven electron

transfer from plastocyanin on the luminal side

to ferredoxin on the stromal side of

cyanobacteria. Cyanobacterial PS I is remarkably

similar to its counterpart in the chloroplast of

plants and algae. Therefore, it has served as a

prototype for the type I reaction centers of

photosynthesis.

The PS I complex of cyanobacterium

Thermosynechccocus elongatus contains twelve

subunits (PsaA, B, C, D, E, F, I, J, K, L, M and

X), 96 chlorophyll a molecules, 22 β�carotenes,

two phylloquinones, three [4Fe�4S] clusters and

four lipids (Jordan et al. 2001). PsaA and PsaB

are the core subunits that harbor the most antenna

chlorophyll amolecules and the primary electron

donor P700, a dimer of chlorophyll a and a0

molecules (eC1A/eC1B), and a chain of electron

Fig. 7.1 The light reactions of photosynthesis
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acceptors A0 (a chlorophyll a molecule, eC3A or

3C3B), A1 (a phylloquinone) and FX
(a [4Fe�4S] cluster). The peripheral subunit

PsaC binds the terminal electron acceptors FA
and FB, two [4Fe�4S] clusters. The electron

transfer pathway in PS I begins with the reaction

center P700, which receives the excitation

energy from a photon of light and forms the

excited state, P700* (eC1*), leading to a charge

separation. Subsequently, an electron from P700*

is transferred to A0 (eC3), and then to A1, and

from there the electron is transferred to a series of

[4Fe�4S] clusters. Ultimately, the electron is

used to reduce ferredoxin. The electron lost by

P700 is gained by plastocyanin from the

luminal side.

Despite the remarkable conservation, there

are some differences between the cyanobacterial

and chloroplast PS I complexes. First, the higher

order organization of the PS I complexes is dif-

ferent in cyanobacteria and chloroplasts. The

plant and algal PS I complexes associate with

membrane�bound light�harvesting complexes

(LHC I) and can be isolated as core complexes

or holocomplexes (the PS I complex along with

LHC I). Cyanobacteria do not contain

membrane�bound LHC I complexes. Second,

chloroplast and cyanobacterial PS I complexes

have differences in their subunit composition

regarding some accessory proteins. Eukaryotic

PS I contains three additional proteins. PsaG is

an integral membrane protein with two trans-

membrane regions (Kalckar 1991). Its primary

sequence shows homology to that of PsaK

(Kalckar 1991), which is found in both

cyanobacteria and chloroplasts. PsaH and PsaN

are peripheral proteins on the stromal and lumi-

nal side of PS I, respectively (Saraste 1999). In

contrast, the presence of PsaM, a 3kDa hydro-

phobic protein, has been demonstrated only in

cyanobacterial PS I complexes. Lastly, the plant

PS I complexes are segregated from PS II

complexes in the thylakoid membranes of

chloroplasts. PS I is located mainly in the

unstacked stroma lamellae, where contact with

the stroma provides easy access to ferredoxin and

NADP+. PS II is located almost exclusively in the

closely stacked grana, whereas cytochrome b6f

complex is distributed uniformly throughout the

membrane (Paumann et al. 2005). In contrast, PS

I complexes in some cyanobacteria

(e.g. Synechococcus sp. PCC 7942) is distributed

in a radial asymmetric fashion, with higher con-

centration in the outermost thylakoids of a

cyanobacterial cell (Kolber et al. 2000). How-

ever, this is not universally true for

cyanobacteria, for example Synechocystis
sp. PCC 6803, does not show radial asymmetry

(Kolber et al. 2000).

Cyanobacteria provide many advantages in

PS I studies. The absence of membrane�bound

light�harvesting complexes and the presence of

trimeric quaternary organization of PS I allow

rapid purification of PS I complexes that can be

used in sophisticated spectroscopic

investigations. The genome of Synechocystis
sp. PCC 6803 is the first completely sequenced

genome of a photosynthetic organism. Since

then, genomes of additional cyanobacterial spe-

cies are being sequenced. This information and

the availability of reverse genetic system have

allowed manipulation of cyanobacterial genes

for PS I proteins and for biosynthesis of PS I

cofactors. Cyanobacteria are easily transformed

via a homologous recombination system. Many

genes have been selectively inactivated and some

of the knockout strains serve as valuable reagents

for functional studies. Synechocystis sp. PCC

6803 can grow under a number of different

conditions ranging from photoautotrophic to

fully heterotrophic modes, permitting research

into how the genetic modifications may alter

fundamental processes such as photosynthesis

and/or respiration (Ungerer et al. 2012;

Nakamura et al. 2000; Vermaas 1996; Wang

et al. 2012).

7.2 Peripheral Subunits of PS I

Three peripheral subunits (PsaC, PsaD and PsaE)

are located at the stromal side of PS I and are

involved in the docking of ferredoxin. The struc-

ture of the three subunits showed that they are in

the stromal hump and provide the potential

docking site of ferredoxin.
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7.2.1 PsaC

PsaC, a 86�aa acidic polypeptide (also

designated subunit VII) with a predicted isoelec-

tric point of 5.68, is encoded by ssl0563 in

Synechocystis sp. PCC 6803. Cyanobacterial,

green algal and plant PsaC are highly conserved.

Our alignment analysis of the selected represen-

tative PsaC sequences showed that they share

nearly 100% similarity and about 80% identity

(Fig. 7.2), demonstrating their similar function in

plants, green algae and cyanobacteria. psaC gene

in plants locates in chloroplast genome (Scheller

et al. 2001). The main functions of PsaC are to

bind to a core of PsaA and PsaB to accept

electrons from FX, to efficiently outcompete the

backreaction from FX to P700 (Naver et al. 1996)

and to donate electron to ferredoxin. PsaC

harbors the two [4Fe�4S] clusters: FA and FB,

at the terminal of iron�sulfur clusters in type I

reaction center. PsaC contains two conserved

sequence motifs CXXCXXCXXXCP (Fig. 7.2)

in which the cysteines provide the ligands to the

Fe atoms. The redox potentials of FA and FB were

estimated as�520mV and�580mV respectively

(Nelson and Yocum 2006). They are defined by

distinct lines in the EPR spectra of PS I (Evans

et al. 1974). It exhibits pseudo�twofold symme-

try similar to bacterial two [4Fe�4S]

ferredoxins. The long C�terminus of PsaC

interacts with PsaA, PsaB and PsaD and appears

to be important for the proper assembly of PsaC

into the PS I complex (Jordan et al. 2001).

The gene of a homology of subunit PsaC to

bacterial ferredoxins also containing two

[4Fe�4S] clusters was suggested from strong

sequence similarity and homology models

(Dunn et al. 1988; Golbeck 1993) and was con-

firmed by the similarity of both structures

(Jordan et al. 2001; Adman et al. 1973). The

structure of PsaC is shown in Fig. 7.3. The cen-

tral part of PsaC consists of two short α helices

connecting the two iron�sulfur clusters: FA and

FB. This part is very similar in PsaC and ferre-

doxin. PsaC contains two β sheets, each with two
antiparallel β stands that surround FA and FB
(Fig. 7.3). The preeminent deviations between

the two structures are the N� and C�termini,

elongated by 2 and 14 residues in PsaC, respec-

tively, and an extension of 10 residues pointing

towards the putative ferredoxin/flavodoxin

docking site in the internal loop region exposed

to the stromal surface of the PS I complex. The
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Motif

Fig. 7.2 The sequence alignment of PsaC

Fig. 7.3 The PsaC structure (PDB ID: 1JB0)
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C�terminus of PsaC is very important for the

correct docking of PsaC to the PS I core.

Biochemical analysis of the PsaC�less strain

of Chlamydomonas reinhardtii indicates that nei-

ther PS I reaction center subunits nor the seven

small subunits belonging to PS I accumulate

stably in the thylakoid membranes. Pulse�chase

labeling of cell proteins shows that the PS I

reaction center subunits are synthesized normally

but turn over rapidly in the PsaC�less strain. It

was concluded that the iron�sulfur binding pro-

tein encoded by the psaC gene is an essential

component, both for photochemical activity and

for stable assembly of PS I (Takahashi et al.

1991). To elucidate the exact roles of FA and

FB, two site�directed mutant strains of the cya-

nobacterium Anabaena variabilis ATCC 29413

were created. In one mutant, cysteine 13, a ligand

for FB was replaced by an aspartic acid (C13D);

in the other mutant, cysteine 50, a ligand for FA
was modified similarly (C50D). Low tempera-

ture electron paramagnetic resonance studies

demonstrated that the C50D mutant has a normal

FB center and a modified FA center. In contrast,

the C13D strain has normal FA, but failed to

reveal any signal from FB. The room�tem-

perature optical studies showed that C13D has

only one functional electron acceptor in PsaC,

whereas two such acceptors are functional in the

C50D and the wild�type strains. Although both

mutants grow under photoautotrophic conditions,

the rate of PS I�mediated electron transfer in

C13D under low light levels is about half that

of C50D or the wild type. These data showed that

(i) FB is not essential for the assembly of the

PsaC protein in PS I and (ii) FB is not absolutely

required for electron transfer from the PS I reac-

tion center to ferredoxin (Mannan et al. 1996). In

a separate report a year later, cysteine ligands in

positions 14 or 51 to FB and FA in Synechocystis

sp. PCC 6803, respectively, were replaced with

aspartate, serine, or alanine, and the effect on the

genetic, physiological, and biochemical

characteristics of PS I complexes from the

mutant strains were studied. Contrary to the

phenotypes of the similar mutations in Anabaena

variabilis, all mutant strains were unable to grow

photoautotrophically, and compared with the

wild type, mixotrophic growth was inhibited

under normal light intensity. The thylakoids

isolated from the aspartate and serine mutants

have lower levels of PS I subunits PsaC, PsaD,

and PsaE and lower rates of PS I�mediated

substrate photoreduction compared with the

wild type. The alanine and double aspartate

mutants have no detectable levels PsaC, PsaD,

and PsaE. Electron transfer rates, measured by

cytochrome c6�mediated NADP+ photoreduc-

tion, were lower in purified PS I complexes

from the aspartate and serine mutants. By mea-

suring the P700+ kinetics after a single turnover

flash, a large percentage of the backreaction in

the aspartate and serine mutants was found to be

derived from A1 and FX, indicating an ineffi-

ciency at the FX ! FA/FB electron transfer step.

The alanine and double aspartate mutants failed

to show any backreaction from [FA/FB]
�. These

results indicate that the various mutations of the

cysteine 14 and 51 ligands to FB and FA affect

biogenesis and electron transfer differently

depending on the type of substitution (Yu et al.

1997). Species�specific phenotype differences

between Anabaena variabilis ATCC 29413 and

Synechocystis sp. PCC 6803 may be due to their

minor structural differences of PsaC and/or phys-

iological differences. For example, Anabaena

variabilis 29413 is a filamentous organism and

a natural heterotroph and does not require special

light�pulse treatment as does Synechocystis

sp. PCC 6803 to grow heterotrophically

(Anderson and McIntosh 1991).

7.2.2 PsaD

PsaD, a 141�aa basic polypeptide (also

designated subunit II) with a predicted isoelectric

point of 8.95, is encoded by slr0737 in

Synechocystis sp. PCC 6803. In plants, PsaD is

encoded in the nuclear genome and is therefore

synthesized as a preprotein with a transit peptide

(Scheller et al. 2001). The PsaD subunit is a

conserved peripheral protein on the reducing

side of PS I. Our alignment analysis of the

selected representative sequences showed that

plant, green algal and cyanobacterial PsaD
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share ~80% amino acid similarity and ~28%

identity (Fig. 7.4). The main function of PsaD is

essential for the electron transfer from PS I to

ferredoxin (Chitnis et al. 1996; Chitnis et al.

1997; Barth et al. 1998; Setif 2001; Setif et al.

2002) through maintaining stability of PS I com-

plex and facilitating the dock of ferredoxin. PsaD

forms an antiparallel, four�stranded β sheet, in

which the loop connecting the third and fourth

strands contains an α helix, followed by a

two�stranded β sheet (Fig. 7.5). The loop seg-

ment reaching from residue PsaD-His95 to PsaD-

Pro123 is attached by numerous hydrogen bonds

to the stromally exposed sides of PsaC and PsaE,

and seems to help in the positioning of these

subunits, as suggested by the importance of

PsaD for electron transfer from FX to FA/FB
(Jordan et al. 2001). This loop segment confirms

the important function of PsaD as a critical stabi-

lization factor of the electron acceptor sites in PS

I and its important role in holding PsaC in its

correct orientation (Li et al. 1991; Lagoutte et al.

2001). The crystal structure showed that PsaD

interacts with PsaB and PsaL (Jordan et al. 2001).

As stated earlier, PsaD has two major

functions. First, it enables the stability and proper

assembly of PS I. The gene encoding the PsaD

subunit of PS I from Synechocystis sp. PCC 6803

was the first cyanobacterial PS I gene that was

inactivated by targeted mutagenesis (Chitnis

et al. 1989). The cells of Synechocystis sp. PCC
6803 without PsaD can grow photoautotrophi-

cally and are sensitive to high light. However,

in the PsaD�deficient mutant, PsaC and FA/FB
clusters are lost more readily after treatment with

Triton X�100 or with a chaotropic agent

(Chitnis et al. 1996). PsaD interacts with the PS

I core, PsaC, PsaE, and PsaL. The site�directed

mutagenesis study indicated that the basic

residues in the basic domain of PsaD are crucial

in the assembly of PsaD. The mutations in this

domain disturb the interaction between PsaD and

PsaL, thereby causing abnormal assembly of
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The Alignment Analysis of the Representative PsaD Sequences

Fig. 7.4 The sequence alignment of PsaD

Fig. 7.5 The PsaD structure (PDB ID: 1JB0). PsaD: New

cartoon presentation; PsaC: Glass1 and VDW presenta-

tion; PsaE: Glass2 and VDW presentation
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PsaL (Xu et al. 1994a). The PsaD�deficient

mutant has reduced trimers due to the loss of

the interaction between PsaD and PsaL. These

interactions are critical in the protective role of

PsaD. The availability of overproduced PsaD has

allowed studies of the structure of the free, unas-

sembled protein and of the assembly of PsaD into

the PS I complex. When the assembly of

overproduced PsaD was studied using microcal-

orimetry, thermodynamic parameters associated

with the assembly of this protein into PS I could

be determined (Jin et al. 1999). Circular dichro-

ism spectroscopy revealed that PsaD of

Synechocystis sp. PCC 6803 contains a small

proportion of α helical conformation in its solu-

ble form. Size�exclusion chromatography,

dynamic light scattering and measurement of 15N

transverse relaxation times showed that the unas-

sembled PsaD protein of Nostoc sp. is a stable

dimer in solution, whereas there is only one copy

of PsaD per reaction center (Xia et al. 1998). The

NMR experiments showed that the dimer is sym-

metrical and that each PsaD monomer contains a

central structured region and unstructured C and

N�termini (Xia et al. 1998). Therefore, assembly

of PsaD into the PS I complex confers structural

rigidity to the protein through extensive

interprotein interactions with the PsaA, PsaB,

PsaL, PsaM, and PsaC proteins.

Second, PsaD provides a ferredoxin docking

site (Lelong et al. 1994; Xu et al. 1994b).

Modeling of the interaction of ferredoxin from

Spirulina platensis (Tsukihira et al. 1981) to the

6 Å electron density map of PS I from

Synechococcus elongatus (Krauss et al. 1993)
led to the suggestion of a binding site of ferre-

doxin, which is located close to the terminal

[4Fe�4S] cluster of PS I (Fromme et al. 1994).

The distance between the [4Fe�4S] cluster of PS

I to the [2Fe�2S] cluster of ferredoxin was

estimated to be ~14 Å (center�to�center dis-

tance). This would lead to an edge�to�edge

distance of 11–12 Å. This distance is in reason-

able agreement with the fastest kinetics of the

electron transport from PS I to ferredoxin, which

was determined to exhibit a halftime of 500 ns

(Setif and Bottin 1994, 1995). The

ferredoxin�mediated NADP+ photoreduction is

severely inhibited in the membrane of PsaD defi-

cient mutant (Xu et al. 1994b). The first order

reduction of ferredoxin cannot be observed in the

PsaD�deficient mutant (Hanley et al. 1996). In

general, PsaD is a basic protein and thus able to

interact with acidic ferredoxin (Lelong et al.

1994). More specifically, the negatively charged

ferredoxin may be guided towards by the posi-

tively charged patch provided mainly by PsaD

and PsaC. Cross�linking study showed that

K106 of PsaD from Synechocystis sp. PCC

6803 can be cross�linked to E93 in ferredoxin

(Lelong et al. 1994). The site�directed mutagen-

esis study revealed that K106 residue of PsaD

from Synechocystis sp. PCC 6803 is a dispens-

able site for ferredoxin docking (Chitnis et al.

1996). Various mutations of H97 showed that

the histidyl residue is involved in the increased

affinity of PS I for ferredoxin when pH is

lowered. This histidyl residue could be central

in regulating in vivo the rate of ferredoxin reduc-

tion as a precise sensor of local proton concen-

tration (Hanley et al. 1996). Since the single

site�directed mutations in the basic residues of

PsaD do not alter electron transfer drastically

(Chitnis et al. 1996; Hanley et al. 1996), it is

possible that the interaction between PsaD and

ferredoxin contains several alternative

components or an overall electrostatic field may

be more important than specific interactions

between charged residues.

The dissociation constant for the complex

between the PsaD�less PS I and ferredoxin at

pH 8 is increased 25 times as compared to the

wild type. However, the presence of fast kinetic

components in the electron transfer from the

mutant PS I to ferredoxin indicated that the rela-

tive positions of ferredoxin and of the terminal

PS I acceptor are not significantly disturbed by

the absence of PsaD. The second�order rate

constant of ferredoxin reduction is lowered ten-

fold for PsaD�less PS I. Assuming a simple

binding equilibrium between PS I and ferre-

doxin, PsaD appears to be important for the guid-

ing of ferredoxin to its binding site (main effect

on the association rate) (Barth et al. 1998). The

same binding site was found by electron
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microscopy of cross�linked complexes of PS I

with either ferredoxin (Lelong et al. 1996) or

flavodoxin (Muhlenhoff et al. 1996). At this

binding pocket, ferredoxin would get in contact

with all three stromal subunits PsaC, PsaD, and

PsaE. This is in good agreement with the func-

tional studies (Setif 2001). Co�crystals between

PS I and ferredoxin have been reported which

may serve as a basis for a structure of the PS

I�ferredoxin complex (Fromme et al. 2002).

7.2.3 PsaE

Cyanobacterial PsaE is a slightly basic (the

predicted isoelectric point: 8.27), water�soluble

protein (subunit IV) that contains 69�75

residues, 74 residues encoded by ssr2831 in

Synechocystis sp. PCC 6803. Our alignment

analysis of the selected representative sequences

showed that plant, green algal and cyanobacterial

PsaE share ~46% amino acid similarity and

~14% identity (Fig. 7.6). The NMR structures

of PsaE in solutions from three cyanobacterial

species: Synechococcus sp. PCC 7002 (Falzone

et al. 1994), Nostoc sp. PCC 8009 (Mayer et al.

1999) and Synechocystis sp. PCC 6803 (Barth

et al. 2002) are known. PsaE structure of

Synechococcus sp. PCC 7002 was determined

in solution at pH 5.8 and room temperature

using over 900 experimental restraints derived

from two� and three�dimensional NMR

experiments. The structure is comprised of a

well�defined five�stranded β sheet with (+1,

+1, +1, �4 alpha) topology and four loops

(designated the A�B, B�C, C�D, and D�E

loops) that connect these β strands (Fig. 7.7).

There is no helical region except for a single

turn of 310 helix between the βD and βE strands.

PsaE also exhibits a large unrestrained loop span-

ning residues 42�56. A comparison to the

known protein structures revealed similarity

with the Src homology 3 (SH3) domain, a

membrane�associated protein involved in signal

transduction in eukaryotes. The match is remark-

able as 47 of the alpha�carbons of PsaE can be

superimposed onto those of the SH3 domain

from chicken brain alpha�spectrin with a

root�mean�square deviation of 2.3 Å. Although
the amino acid sequences have low identity and

the loops are different in both proteins, the topol-

ogy of the β sheet and the 310 turn is conserved.

SH3 domains from other sources show a similar

structural homology. The structure of PsaE was

used to suggest approaches for elucidating its

roles within PS I (Falzone et al. 1994). The

second structure of PsaE of Nostoc sp. PCC

8009 (Mayer et al. 1999) in solution is similar

to the one of Synechococcus sp. PCC 7002. How-

ever, variability in loop lengths, as well as N� or

C�terminal extensions, suggests that the struc-

ture of a second representative PsaE subunit

would be useful to characterize the interactions

among PS I polypeptides. This PsaE has a

seven�residue deletion in the loop connecting

strands βC and βD, and an eight�residue

The Alignment Analysis of the Representative PsaE Sequences
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Fig. 7.6 The sequence alignment of PsaE
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C�terminal extension. Differences between the

two cyanobacterial proteins are mostly confined

to the CD loop region; the C�terminal extension

is disordered. The ΔG degrees of unfolding at

room temperature is 12.4 +/� 0.3 kJ mol(�1)

(pH 5), and the thermal transition midpoint is

59 +/� 1 degrees C (pH 7), suggesting that

interactions with other proteins in the PS I com-

plex may aid in maintaining PsaE in its native

state under physiological conditions. A third

solution structure of PsaE from Synechocystis

sp. PCC 6803 was investigated by NMR with a

special emphasis on its protein dynamic

properties. As compared to previously deter-

mined PsaE structures, they all have similar

overall structures, suggesting a strongly

conserved across all oxygen�evolving photo-

synthetic organisms. Conformational differences

are observed in the first three loops. The flexibil-

ity of the loops was investigated using 15N relax-

ation experiments. This flexibility is small in

amplitude for the A�B and B�C loops, but is

large for the C�D loop, particularly in the region

corresponding to the missing sequence of Nostoc

sp. PCC 8009. The plasticity of the connecting

loops in the free subunit is compared to that when

bound to the PS I and discussed in relation to the

insertion process and the function(s) of PsaE.

The core structure of PsaE attached to the PS I

complex consists of five β strands (Jordan et al.

2001). Compared three PsaE structures (Falzone

et al. 1994; Mayer et al. 1999; Barth et al. 2002)

in solutions with the crystal structure of PsaE in

PS I complex (Jordan et al. 2001), the cores of the

structures are essentially the same except

conformations of the loops and N� and

C�termini.

Three different roles of PsaE have been

reported in the literatures. First, The turnover of

PS I was increased in the PsaE�deficient mutant

from Synechocystis sp. PCC 6803 (Chitnis 2001;

Xu et al. 2001). Therefore, it is suggested that

PsaE is important for the stable assembly of PS I

supported by the analysis of the structures. The

main difference between the free and bound PsaE

are the conformations of the loops and the C and

N�termini. The flexible loop connecting the

β�sheets β3 (C) and β4 (D) were not well

resolved in the NMR structure and therefore

seems to be flexible and involved in the interac-

tion with the PsaA/PsaB core. This loop has a

different conformation and is twisted when PsaE

binds to the core complex. The twist of this loop

already was reported at 4 Å (Klukas et al. 1999)

and is fully confirmed in the structural model at

2.5 Å resolution (Zouni et al. 2000). This loop is

involved in interactions with PsaA, PsaB and

PsaC, suggesting a change of the loop conforma-

tion during assembly of the PS I complex. In

addition, the site�directed mutagenesis in PsaE

in Synechocystis sp. PCC 6803 showed that the

C�terminal 8 amino acids are necessary for pre-

cise anchorage of PsaC into PS I. The recent

studies showed that PsaE can assemble into the

PS I complex without help of assembly factors

and that it is driven by electrostatic interactions

(Lushy et al. 2002). Interactions between PsaE

(loop β1/β2) (AB) and the C�terminal region of

the partially membrane integral subunit PsaF also

exist, in good agreement with mutagenesis and

cross�linking studies (Xu et al. 1994c). The

interactions of PsaE with PsaC and PsaD are

relatively weak, and this explains the finding

that the geometry of the stromal structure formed

by PsaC and PsaD is not dramatically changed in

the absence of PsaE (Barth et al. 1998). How-

ever, the C�terminal region of PsaD, which

forms a clamp surrounding PsaC, is in direct

contact with PsaE (loop β2/β3), confirming pre-

vious cross�linking studies (Muhlenhoff et al.

1996).

Fig. 7.7 The PsaE structure (PDB ID: 1JB0)
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Second, PsaE facilitates the interaction

between ferredoxin and PS I. The first evidence

for the location of subunit PsaE at the periphery

of the stromal hump came from electron micros-

copy of a mutant lacking the gene of PsaE in

cyanobacteria (Kruip et al. 1997). This was con-

firmed by the 4 Å and 2.5 Å structural models of

PS I (Jordan et al. 2001; Klukas et al. 1999). The

loop β2β3 (BC�loop) connecting strands

β2 (B) and β3 (C) of PsaE, which points towards

the putative docking site of ferredoxin, is close to

the loop insertion of PsaC. The PsaE�deficient

mutant had much reduced activity of ferredoxin

reduction (Xu et al. 1994b). The site�directed

mutagenesis study of arginine9 to glutamine in

PsaE from Synechocystis sp. PCC 6803 showed

severely affected the activity of ferredoxin

reduction, indicating that this residue is involved

in the interaction with ferredoxin (Chitnis 2001;

Xu et al. 2001). It has been proposed that R39 of

PsaE controlled the electrostatic interaction with

ferredoxin (Barth et al. 2000). The fact that PsaE

is involved in docking of ferredoxin and

flavodoxin was questioned by the finding that

the PsaE deletion mutants are still able to grow

photoautotrophically. This contradiction was

solved by the discovery that the PsaE deletion

mutants increased the level of ferredoxin in the

cells by orders of magnitude to compensate

defects caused by the lack of PsaE (van Thor

et al. 1999). The expression of the genes

encoding catalase (katG) and iron superoxide

dismutase (sodB) was upregulated in the

PsaE�deficient Synechocystis sp. PCC 6803

cells, and the increase in katG expression was

correlated with an increase in catalase activity of

the cells. The double mutant of katG and psaE

genes was more photosensitive than the single

mutants, showing cell bleaching and lipid perox-

idation in high light. These results showed that

the presence of the PsaE polypeptide at the

reducing side of PS I has a function in avoidance

of electron leakage to oxygen in the light and the

resulting formation of toxic oxygen species. The

PsaE�deficient cells can counteract the chronic

photoreduction of oxygen by increasing their

capacity to detoxify reactive oxygen species

(Jeanjean et al. 2008).

Third, PsaE may be required for the electron

transfer around PS I (Yu et al. 1993). The

PsaE�deficient mutant from Synechococcus
sp. PCC 7002 grew much more slowly than the

wild�type strain at low light intensities (Zhao

et al. 1993). This mutant was also unable to grow

under stringent photoheterotrophic conditions

(with glucose and DCMU in light). This pheno-

type suggested that PsaE might affect the cyclic

electron transfer around PS I. When methyl

viologen was added as an inhibitor of cyclic

electron flow, the P700+ reduction rates for the

wild type and the PsaE�deficient mutant were

similar (Yu et al. 1993). Slower P700+ reduction

in the mutant is found in the presence of DCMU

and adding CN� in the presence of DCMU

increased the rate of P700+ reduction in the

mutant, but remained slower than in the wild

type. These observations show that the cyclic

electron transfer pathway depends on the pres-

ence of PsaE in PS I. The PsaE�deficient mutant

growth of Synechocystis sp. PCC 6803 also

showed similar, but less severe phenotype.

7.3 Integral Membrane Subunits

7.3.1 PsaA and PsaB

7.3.1.1 Introduction
PsaA and PsaB, also called subunit Ia and Ib

respectively, show a large homology to each

other. Our analysis of the representative protein

sequences showed that PsaA and PsaB of plants,

green algae and cyanobacteria share ~91% amino

acid similarity and ~31% amino acid identity

(Fig. 7.8). If we compare only PsaA amino acid

sequences, they share ~97% similarity and 67%

identity. Similarly, PsaB subunits have 99.6%

similarity and ~70% identity. Both contain

11 transmembrane α helices, and form the central

core of PS I. The reaction center core shows

some similarity to the arrangement of the L and

M proteins in bacterial reaction centers

(Deisenhofer et al. 1984, 1995; Lancaster and

Michel 1999) and the D1 and D2 proteins in PS

II (Umena et al. 2011; Grotjohann et al. 2004;

Ferreira et al. 2004; Kamiya and Shen 2003;
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Zouni et al. 2001). Our alignment of the selected

representative PsaA, PsaB, D1, and D2

sequences showed ~65% amino acid similarity.

D1/D2 proteins are smaller than PsaA/B, and

they were aligned against the N�termini of

PsaA/B in our sequence alignment analysis.

However, the arrangement of type II reaction

centers resembles a more open “S�shaped”
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Fig. 7.8 The sequence alignment of PsaA and PsaB
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conformation whereas the 5 C�terminal helices

surround the electron transfer chain in PS I like a

fence (Grotjohann et al. 2004). Interestingly, our

sequence analysis showed that cyanobacterial D1

and D2 share ~71% amino acid sequence simi-

larity with bacterial subunits L and M. PsaA and

PsaB are the largest two subunits in PS I com-

plex, and PsaA is slightly large than PsaB. PsaA

(the predicted isoelectric point: 7.39) encoded by

slr1834 Synechocystis sp. PCC 6803 with

751 amino acids is slightly longer than PsaB

(the predicted isoelectric point: 6.44), which has

731 amino acids and is encoded by slr1835. PsaA
and PsaB of other cyanobacteria, algae and

plants have similar sizes. PsaA and PsaB form

the core of the PS I complex. Deletion of either

Fig. 7.9 The structures of

PsaA and PsaB with PsaC,

PsaD and PsaE (PDB ID:

1JB0). PsaA: blue; PsaB:
red; PsaC: cyan; PsaD:
orange; PsaE: yellow
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PsaB Oryza sativa
PsaB Spinacia oleracea
PsaB Arabidopsis thaliana
PsaB Chlamydomonas reibhardtii
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PsaA or PsaB destroys the whole PS I complex in

the thylakoid membranes (Shen et al. 1993; Sun

et al. 1999) and the cells cannot grow

photoautotrophically.

PsaA and PsaB have similar transmembrane

topology, each containing eleven transmembrane

α helices and twelve extramembrane loops

(Fig. 7.9). The eleven transmembrane α helices

can be divided into two domains: the N�terminal

domain containing six α helices and the

C�terminal domain with five α helices. The

major function of the N�terminal six transmem-

brane α helices is to bind antenna chlorophyll

a molecules whereas the last five transmembrane

α helices coordinate the electron transfer

cofactors from P700 to FX (Jordan et al. 2001).

Most extramembrane loops are not well

conserved between PsaA and PsaB. Therefore,

the loops make the system more asymmetric than

transmembrane α helices, with striking

differences in sequence, length and secondary

structural elements. The introduction of the

asymmetry allows PS I to attach the stromal

subunits PsaC, PsaE and PsaD and the small

membrane intrinsic subunits at an appropriate

position relative to the core of PS I (Fig. 7.9).

The peripheral membrane intrinsic subunits are

attached to the core of PsaA and PsaB by the

specific interactions (salt bridges and H�bonds)

within the asymmetric loops of PsaA and PsaB.

In addition, the loops contact with the cofactors

(chlorophylls and carotenoids) through hydro-

phobic interactions (Grotjohann and Fromme

2005). Furthermore, the loops provide binding

sites for plastocyanin or cytochrome c6 (Sun

et al. 1999).

7.3.1.2 Antenna Systems
In contrast to the purple bacterial reaction center

(PbRC), which collects light energy through sep-

arate membrane�intrinsic light�harvesting

complexes, PS I features a core antenna system

formed by 90 chlorophyll a molecules and

22 carotenoids (Jordan et al. 2001). PsaA and

PsaB bind the majority of antenna chlorophylls,

79 of 90 in PS I through coordination

interactions. In addition, PsaA or PsaB binds

most of the carotenoids through hydrophobic

interactions. Most of the chlorophylls coordi-

nated by PsaA and PsaB follow the twofold sym-

metry. All of these chlorophylls are coordinated

by histidines and were conserved over millions

of years during evolution between plants and

cyanobacteria (Jordan et al. 2001; Ben-Shem

et al. 2003). The small subunits PsaJ, PsaK,

PsaL, PsaM, PsaX and a phosphatidylglycerol,

coordinate to Mg2+ of the rest 11 antenna chloro-

phyll a molecules either directly or indirectly

through water molecules (Jordan et al. 2001).

Antenna Chlorophylls

The major pigments of the antenna system are

90 antenna chlorophylls. The arrangement of the

antenna chlorophylls in PS I is a clustered net-

work (Jordan et al. 2001) in contrast to the sym-

metric arrangement of light harvesting pigments

in the external antenna system of purple bacteria

(McDermott et al. 1995). In the network, each of

the chlorophylls has several neighbors at a dis-

tance of less than 15 Å, which is preferable for

fast Foerster energy transfer rates between the

chlorophylls (Grotjohann and Fromme 2005).

The antenna system in PS I is nearly perfect in

respect to efficiency and robustness, with some

pigments being highly optimized for fast excita-

tion energy transfer from the antenna system to

the electron transfer chain (Grotjohann and

Fromme 2005). The core antenna system of PS

I can be divided into three domains: a central

domain and two peripheral domains (Fig. 7.10).

The central domain surrounds the electron trans-

fer chain. One peripheral domain is on the one

side of the core of the electron transfer chain and

the central domain and another peripheral

domain locates roughly symmetrically on

another side. Each peripheral domain is arranged

into two layers: the stromal surface layer and the

lumenal surface layer. Most strongly

excitonically coupled chlorophylls in PS I are

oriented parallel to the membrane and are coor-

dinated by amino acids of the loop regions. The

central domain shows that many chlorophylls are

located in the middle of the membrane, thereby

structurally and functionally connecting the stro-

mal and lumenal layers (Jordan et al. 2001;

7 Function and Structure of Cyanobacterial Photosystem I 125



Grotjohann and Fromme 2005). Under

conditions when peripheral antenna chlorophyll

is excited, the energy will be first transferred

from this ‘two dimensional’ layer to the central

domain. In the central domain, chlorophylls are

distributed over the full depth of the membrane,

i.e. the excitation energy can be exchanged

between the two layers (Grotjohann and Fromme

2005). The excitation energy is then transferred

from the chlorophylls of the central domain to

the electron transfer chain (Grotjohann and

Fromme 2005). Remarkably, the positions of

plant PS I antenna chlorophylls of cyanobacte-

rium are virtually the same as those in plants

(Ben-Shem et al. 2003; Mazor et al. 2015; Qin

et al. 2015). Out of the 96 chlorophyll molecules

reported in the model of the cyanobacterial PS I

reaction center, only three are missing in the

plant PS I reaction center: two bound to PsaM

and PsaX, and one bound to PsaJ. From the

remaining 93 chlorophylls, 92 are identified at

the same position in the plant reaction center,

including 15 chlorophylls with their Mg2+ coor-

dinated by water (Ben-Shem et al. 2003). A new

chlorophyll bound by PsaH was identified in a

recent paper (Mazor et al. 2015).

Two of the chlorophyll a molecules (aC40A

and aC39B) are special as they structurally and

perhaps functionally connect eC2A/eC3B and

eC2B/eC3A of the electron transfer chain to the

antenna (Fig. 7.11). They are called connecting

chlorophylls in this chapter. The

center�to�center distances are 12.77 Å between

aC40A and eC3A, and 10.85 Å between aC39B

Fig. 7.11 The Electron Transfer Chain (ETC) and

antenna of photosystem I (PDB ID: 1JB0)

Fig. 7.10 Chlorophylls in photosystem I (PDB ID: 1JB0). PsaA and PsaB: Glass1 presentation
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and eC3B, and 15.69 Å between aC40A and

eC2B and 13.76 Å between aC39B and eC2A

(Fig. 7.12). Otherwise, the electron transfer chain

and antenna are well separated and isolated from

each other. It is not yet clear whether transfer of

energy proceeds through these two chlorophyll

a molecules from the antenna to eC2/eC3 or

P700. If this were the case, eC2A, eC3A, eC2B

and eC3B could be engaged both in excitation

energy and in electron transfer. It will be inter-

esting to generate aC40A and aC39B mutants to

understand how antenna and electron transfer

chain are functionally connected.

PsaA�His734 provides a ligand to Mg2+ of

aC40A, the connecting chlorophyll a, in the

PsaA side and PsaB�His718 provides a ligand

to Mg2+ of aC39B, the connecting chlorophyll a,

in the PsaB side (Fig. 7.13). PsaA�His734 of

Synechocystis sp. PCC 6803 can be mutated to

PsaA�Gln734, PsaA�Met734, PsaA�Asn734

and PsaA�Leu734. Similarly, PsaB�His718 of

Synechocystis sp. PCC 6803 can be mutated to

PsaB�Gln718, PsaB�Met718, PsaB�Asn718

and PsaB�Leu718. Gln, Met or Asn can directly

provide a ligand to the Mg2+ of the connecting

chlorophylls if PS I complex can adjust its entire

structure to fit into these local structural changes.

In contrast, Leu cannot provide a ligand to the

Mg2+ of the connecting chlorophylls. Beside the

ligand interaction between the connecting

chlorophylls and PsaA/PsaB, one unique hydro-

gen bond exists between PsaA�Gln726 and

aC40A (Fig. 7.14). Interestingly, PsaB�Gln710

is little far to provide a hydrogen bond to aC39B

(Fig. 7.14). Instead, the amino acid closest to

aC39B is PsaB�Val714 although the distance

Fig. 7.12 aC40A is close to eC3A and eC2B (left panel) and aC39B is close to eC3B and eC2A (right panel) (PDB

ID: 1JB0)

Fig. 7.13 H734PsaA
provides a ligand to Mg2+

of aC40A (left panel) and
H718PsaB provides a ligand

to Mg2+ of aC39B (right
panel) (PDB ID: 1JB0)
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(4.11 Å) is longer than a hydrogen bond.

PsaA�Gln726 of Synechocystis sp. PCC 6803

can be mutated to PsaA�His726,

PsaA�Asn726, and PsaA�Leu726 and

PsaB�Gln710 of Synechocystis sp. PCC 6803

can be considered to mutate to PsaB�His710,

PsaB�Asn710, and PsaB�Leu710 as the

controls. The same mutagenesis strategy can be

used as reported previously (Xu et al. 2003a;

Dashdorj et al. 2005; Cohen et al. 2004).

The absorption spectra of PS I from green

plants, algae, and cyanobacteria showed the exis-

tence of chlorophyll a molecules absorbing at

lower energy than the usual Qy absorption at

680 nm of chlorophyll a in solution and, in par-

ticular, at lower excitation energy than the pri-

mary donor P700. These redshifted chlorophyll

a are often called the “redmost” chlorophylls

(Brecht et al. 2008). Cyanobacteria have more

likely adapted to low light conditions by the

introduction of pigments absorbing at longer

wavelength. The major function of the

long�wavelength chlorophylls may lie in

increasing the spectral width of the light

absorbed by PS I (Grotjohann and Fromme

2005). However, if the excitation energy is

localized within the red chlorophylls, the stored

energy is no longer sufficient to directly excite

P700 to P700*. Additional activation energy,

e.g., thermal energy of the photon bath, is neces-

sary to excite P700 and start the charge separa-

tion process (Brecht et al. 2008). The question

concerning the origin of the red shift and the

physiological role of the red chlorophylls is

puzzling (Gobets et al. 2003; Byrdin et al.

2002). The red shift of the chlorophyll absorption

can be caused by protein–chlorophyll or

chlorophyll–cofactor interaction. Strong

excitonical coupling with neighboring

chlorophylls may provide the largest contribu-

tion to the red shift, but the protein environment

may also play an important role, as the red shift

can also be caused by a variation of the 5th ligand

of the Mg2+ or electrostatic fields provided by the

protein. The studies showed that the excitation

energy transfer in PS I is trap limited and is

highly optimized for robustness and efficiency

(Byrdin et al. 2002; Sener et al. 2004). Most of

the studies agreed that the chlorophyll trimer

B31, B32, B33 as well as the linker dimers

B37, B38 and A38, A39 that are located close

to the electron transfer chain may be red shifted.

Fig. 7.14 A hydrogen bond interaction between Q726PsaA and aC40A (left panel) and no hydrogen bond interaction

between Q710PsaB and aC39B (right panel) (PDB ID: 1JB0)
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The latter ones may have a special function in

funneling of the excitation energy to the reaction

center (Grotjohann and Fromme 2005).

Antenna Carotenoids

Carotenoids are a group of pigments that perform

several important physiological functions in all

kingdoms of living organisms (Domonkos et al.

2013). The X�ray crystallographic localization

of carotenoids revealed that they are present at

functionally and structurally important sites of

both photosystems: PS I (Jordan et al. 2001)

and PS II (Guskov et al. 2009). Twenty�two

carotenoids have been identified in the structure

of PS I from Thermosynechccocus elongatus.

The carotenoids are deeply inserted in the mem-

brane, with only few closer to the lumenal or

stromal surface. Their arrangement may be

subdivided into six clusters (Fig. 7.15). Clusters

1, 2, 3 and 4 contain 10 carotenoids and are

bound to PsaA and PsaB by hydrophobic

interactions, with 1 forming a few additional

contacts to PsaK. Clusters 5 and 6, each

consisting of six carotenoids, are in contact with

PsaA and PsaB; 5 is also bound to PsaF and PsaJ

and 6 to PsaI, PsaL and PsaM. The carotenoids in

1 and 3 are roughly related by the pseudo�C2

axis to those in 2 and 4, respectively, but the

pseudosymmetry is less obvious for 5 and

6 (Jordan et al. 2001). They fulfill three

functions: (i) they are important for maintaining

the structure of PS I; (ii) they function as addi-

tional antenna pigments and (iii) they prevent the

system from damage by over�excitation caused

by excess light (photoinhibition). The

photo�protective function is most critical for

the stability of PS I and also for the whole system

of the electron transport chain. The carotenoids

prevent the system from over�excitation via

quenching of highly damaging triplet states of

chlorophylls. Chlorophylls in the triplet state

are very reactive molecules that react with oxy-

gen to form the highly toxic singlet oxygen. In

order to quench the chlorophyll triplet states, the

carotenoids are distributed over the whole

antenna system forming multiple interactions

with the chlorophylls. Even under high light

conditions, the system works very efficiently as

the chlorophyll triplet state cannot be detected in

the intact PS I (Grotjohann and Fromme 2005).

Another unsolved question in PS I is the function

of the cis�carotenoids in PS I. Whereas seven-

teen of the 22 carotenoids are in the energetically

favored all�trans configuration, five carotenoids

Cluster 1

Cluster 2

Cluster 3

Cluster 4

Cluster 5 Cluster 6

Fig. 7.15 Six clusters of β
carotenoids in photosystem

I (PDB ID: 1JB0)

7 Function and Structure of Cyanobacterial Photosystem I 129



contain one or two cis�double bonds. The

‘fit�into�space’ consideration would be the

easiest explanation for the incorporation of the

cis carotenoids. Other options may include the

possibilities that there may be a different effi-

ciency for quenching for the cis� and trans�car-

otenoids, due to the higher energy level for the

cis� compared to the trans�carotenoids

(Grotjohann and Fromme 2005).

In a recent study, the light harvesting role of β
carotenes in the cyanobacterium Synechococcus

sp. PCC 7942 was investigated using selective

β�carotene excitation and selective photosystem

detection of photo�induced electron transport to

and from the intersystem plastoquinones (the

plastoquinone pool). Interestingly, β carotenes

enable only the oxidation of the plastoquinone

pool by PS I but not its reduction by PS II

although selectively excited β carotenes transfer

electronic excitation to the chlorophyll a of both

photosystems. This study may suggest a light

harvesting role for the β carotenes of the PS I

core complex but not for those of the PS II core

complex (Stamatakis et al. 2014). Another study

investigated the importance of carotenoids on the

accumulation and function of the photosynthetic

apparatus using a mutant of the green alga

Chlamydomonas reinhardtii lacking carotenoids.

The mutant is deficient in phytoene synthase, the

first enzyme of the carotenoid biosynthesis path-

way, and therefore is unable to synthesize any

carotenes and xanthophylls. This mutant is

unable to accumulate the light�harvesting

complexes associated with the cores of both

photosystems as well as the subunits of PS II.

The accumulation of the cytochrome b6f complex

is also strongly reduced to a level approximately

10% that of the wild type. However, the residual

fraction of assembled cytochrome b6f complexes

exhibits single�turnover electron transfer kinet-

ics comparable to those observed in the

wild�type strain. Very surprisingly, PS I is

assembled to significant levels in the absence of

carotenoids in the mutant and possesses func-

tional properties that are very similar to those of

the wild�type complex (Santabarbara et al.

2013). The result is in agreement with the previ-

ous study in the Synechocystis sp. PCC 6803

mutants that contained only short�chain

carotenes (Bautista et al. 2005).

7.3.1.3 Lipids
The recent X�ray crystallographic analyses of

PS I and PS II complexes from Thermosyne-
chococcus elongatus revealed the presence of

4 (Jordan et al. 2001) and 25 (Guskov et al.

2009) lipid molecules per PS I and PS II mono-

mer, respectively, indicating the enrichment of

lipids in PS II. Four lipids in PS I of Thermosy-

nechococcus elongatus are three molecules of

phosphatidylglycerole and one molecule of

monoglalactosyldiacylglycerole (Jordan et al.

2001) and they all are closer to the stromal side

of PS I (Fig. 7.16). One of the phosphatidyl-

glyceroles and the monoglalactosyldiacyl-

glycerole are located close to the electron

Fig. 7.16 Four lipids

(VDW presentation) in

photosystem I (PDB ID:

1JB0)
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transfer chain and may have a role in branching

of the electron transfer chain (Grotjohann and

Fromme 2005). Their head groups are

completely covered by the loops of PsaA and

PsaB and the three stromal subunits PsaC,

PsaD, and PsaE (Grotjohann and Fromme

2005). They are, therefore, not solvent accessible

and must be incorporated into the PS I complex

at a very early stage of the assembly process.

Two further phosphatidylglycerole molecules

are located at the periphery of PS I, one at the

monomer–monomer interface, and the other at

the membrane exposed surface of PS I in tight

interaction with PsaX. The interaction between

PsaX and phosphatidylglycerole PL2 are mainly

hydrophobic and both molecules interact so

tightly that the role of this phosphatidylglycerole

might be the stabilization of PsaX within the

complex (Grotjohann and Fromme 2005).

The availability of the complete genomic

sequence of Synechocystis sp. PCC 6803

(Kaneko and Tabata 1997) opened the way for

studying the structural and functional roles of

phosphatidylglycerole via molecular genetic

approaches. The pgsA gene encoding phosphati-

dylglycerole phosphate synthase was inactivated

in Synechocystis sp. PCC 6803 cells by inserting

a kanamycin resistance gene cassette (Hagio

et al. 2000). Maintenance of the recently

generated pgsA mutant strain requires exoge-

nously supplied phosphatidylglycerole. A 40%

decrease in photosynthetic oxygen�evolving

activity could be detected following a 3�day

depletion of phosphatidylglycerole, which

resulted in an approximately 50% decrease in

the amount of phosphatidylglycerole molecules

in the cellular membranes (Domonkos et al.

2004). In summary, the pgsA mutant

demonstrated the important role of phosphatidyl-

glycerol in PS II dimer formation and in electron

transport between the primary and secondary

electron�accepting plastoquinones of PS II.

Using a long�term depletion of phosphatidyl-

glycerol from pgsA mutant cells, we could

induce an activity decrease not only in PS II but

also in PS I. Simultaneously with the decrease in

PS I activity, dramatic structural changes of the

PS I complex were detected. A 21�day

phosphatidylglycerol depletion resulted in the

degradation of PS I trimers and concomitant

accumulation of monomer PS I. The analyses of

PS I particles isolated by MonoQ chromatogra-

phy showed that, following the 21�day deple-

tion, PS I trimers were no longer detectable in the

thylakoid membranes. The immunoblot analyses

revealed that the PS I monomers accumulating in

the phosphatidylglycerol�depleted mutant cells

do not contain PsaL, the protein subunit thought

to be responsible for the trimer formation. Nev-

ertheless, the trimeric structure of PS I reaction

center could be restored by readdition of

phosphatidylglycerol, even in the presence of

the protein synthesis inhibitor lincomycin,

indicating that free PsaL was present in thylakoid

membranes following the 21�day phosphatidyl-

glycerol depletion. The data suggest an indis-

pensable role for phosphatidylglycerol in the

PsaL�mediated assembly of the PS I reaction

center (Domonkos et al. 2004). Another way to

investigate lipid specific functions by mutating

the amino acids that interact with lipids in

Synechocystis sp. PCC 6803, in which extensive

information about various mutants has already

been accumulated and the methods for gene

manipulation have been well established.

7.3.1.4 Electron Transfer Chain
The functions of PS I cofactors have been

addressed and the aspects of electron transfer

modes have been established in the model

systems of Chlamydomonas reinhardtii and

Synechocystis sp. PCC 6803 by the investigators

in the field. The electron transfer chain of PS I

consists of six chlorophylls, two phylloquinones

and three [4Fe�4S] clusters. The chlorophylls

and phylloquinones are arranged in two

branches, named A� and B�branch, based on

the coordination of the majority of the cofactors

by either PsaA or PsaB (Jordan et al. 2001).

Although the mechanism of primary charge sep-

aration is still under debate, it is uncontested that

within several picoseconds after excitation, a

radical pair forms between P700(eC1) and

A0A(eC3A)/A0B(eC3B) (Savikhin et al. 1999;

Muller et al. 2003; Holzwarth et al. 2006a;

Savikhin et al. 2000). Within 30 ps, the electron

is passed forward to A1A/A1B. It should be

pointed out that the individual cofactors are
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labeled with their respective structural and spec-

troscopic names since electron transfer cofactors

are located on both sides of a pseudo�C2 axis of

symmetry (Fig. 7.17). The use of ‘A’ or ‘B’ in the

structural name specifies the protein (PsaA or

PsaB) that ligates the cofactors. The spectro-

scopic names, such as A0 and A1, refer to the

electron transfer pathway in which each cofactor

participates (Srinivasan and Golbeck 2009a). For

instance, the cofactor QKA (A1A) is bound by the

PsaA subunit and is therefore on the A�branch.

Electron transfer from A1A
�/A1B

� to FX has

been studied extensively in both cyanobacteria

and eukaryotic algae. Two exponential phases

with lifetime of ~20 ns (the fast phase) and

~200 ns (the slow phase) are present, with rela-

tive ratio of amplitudes differing from 1:1 to 1:4

in various species and preparations (reviewed in

(Srinivasan and Golbeck 2009b)). The fast and

slow kinetic phases are attributed to electron

transfer through the B� and A�branches of

cofactors, respectively. The electron is trans-

ferred serially from through FX, FA and FB after

which it donated to soluble ferredoxin or

flavodoxin. P700+, in turn, is reduced by plasto-

cyanin or soluble cytochrome c6. When no elec-

tron acceptors or donors are present, the charge

separated state between P700+ and [FA/FB]
�

recombines within ~50 ms. Protein structural

changes could be accompanied and/or required

for efficient electron transfer in PS I. A study

showed that nanosecond absorption dynamics at

685 nm after excitation of PS I from

Synechocystis sp. PCC 6803 is consistent with

electrochromic shift of absorption bands of the

chlorophyll a pigments in the vicinity of the

secondary electron acceptor A1. Based on the

experimental optical data and structure�based

simulations, the effective local dielectric con-

stant has been estimated to be between 3 and

20, suggesting that electron transfer in PS I is

accompanied by considerable protein relaxation.

Similar effective dielectric constant values have

been previously observed for the bacterial photo-

synthetic reaction center and indicate that protein

reorganization leading to effective charge

screening may be a necessary structural property

of proteins that facilitate the charge transfer func-

tion (Dashdorj et al. 2004).

P700, The Primary Electron Donor

In all photosynthetic organisms, conversion of

sunlight into chemical energy occurs in trans-

membrane pigment�protein complexes called

reaction centers. The reaction centers of both

oxygenic and nonoxygenic organisms exhibit a

common general architecture and share the same

basic functional principles. Following absorption

of a photon, a separation of electric charges takes

place between a primary electron donor, a dimer

of chlorophyll or bacteriochlorophyll molecules,

and a series of electron acceptors situated at

increasing distances away from the primary

donor (Breton et al. 2005). Owing to their prom-

inent role in the process of transmembrane sepa-

ration and stabilization of the electric charges,

the electronic structure of the primary donors has

been investigated in great detail using various

forms of optical, vibrational, and magnetic reso-

nance spectroscopy (Breton et al. 2005).

A pair of two chlorophylls is located close to

the lumenal surface of PS I. This pair of

chlorophylls assigned to P700, the primary elec-

tron donor. PS I uses light energy to convert P700

to an excited state, a powerful reductant, P700*,

that can transfer an electron to the primary elec-

tron acceptor A0. As a result, P700* becomes

P700+ that is reduced to P700 by plastocyanin

Fig. 7.17 Electron transfer chain in photosystem I (PDB

ID: 1JB0)
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or cytochrome c6. The redox potentials of P700

and P700* are approximately +400 mV (Nelson

and Yocum 2006) and �1,200 mV respectively.

Thus, P700* probably is the most reducing com-

pound found in natural systems (Webber and

Lubitz 2001). The X�ray structure of Thermosy-

nechococcus elongatus PS I at 2.5 Å resolution

shows interesting features of the asymmetry of

the interactions between the primary electron

donor (called P700) and the two homologous

polypeptides, PsaA and PsaB, that form the

core of the reaction center. First, the two

chlorophylls are chemically different: the chlo-

rophyll that PsaB binds is the ‘common’ chloro-

phyll a molecule, chemically identical to all the

other 95 chlorophylls in PS I, whereas the chlo-

rophyll that PsaA binds is chlorophyll a0, the
epimer at the C13 position of the chlorin ring

system. The chlorophyll a0 is a constituent in

cyanobacterial, algal and plant PS I. Even algae

that contain chlorophyll d instead of chlorophyll

a have a chlorophyll d/chlorophyll d0

heterodimer as the primary electron donor

(Akiyama et al. 2002). Chlorophyll a0 is specific
for PS I and is found only in the primary electron

donor. An interesting question is how chloro-

phyll a0 is synthesized and then assembled into

PS I. The substrate specificity of several enzymes

participating in chlorophyll biosynthesis has

been examined. Helfrich et al. have shown that

there is no naturally occurring chlorophyll a0

(Helfrich et al. 1994, 1996). To date, no enzyme

or activity has been found that would catalyze

epimer formation. This raises the intriguing pos-

sibility that chlorophyll a0 is formed during

assembly of the complex and perhaps mediated

by the reaction center itself (Webber and Lubitz

2001). Second, the asymmetry of the chemical

nature is extended to the asymmetry of the chem-

ical environment. Even if both chlorophylls are

axially coordinated to histidine residues (PsaA-

His680 and PsaB-His660 of Thermosyne-

chococcus elongatus) (Fig. 7.18), their hydrogen
bonding pattern is asymmetric: whereas the chlo-

rophyll a0 molecule at the A�branch of P700

(eC�A1) forms three hydrogen bonds to the

side chains of transmembrane α helices A�i

and A�k and a water molecule, and no hydrogen

bonds are formed between the surrounding pro-

tein and the chlorin head group of P700 (eC�B1)

(Grotjohann and Fromme 2005). More specifi-

cally, the residue PsaA�Thr743 of Thermosyne-

chococcus elongatus is proposed to interact both

with the 9�keto C¼O group of chlorophyll a0

and with a bound water molecule. This water

(H2O�19) appears at the center of a network of

hydrogen bonds that involves, in addition to

PsaA�Thr743, the 10a�carbomethoxy group of

chlorophyll a0 and, at least, PsaA�Tyr603 and

PsaA�Ser607 (Fig. 7.19). The homologous

Fig. 7.18 The axial ligands of P700 in photosystem I

(PDB ID: 1JB0)

Fig. 7.19 The hydrogen bonds of P700 in photosystem I

(PDB ID: 1JB0)
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residues on the PsaB side are Tyr727, Leu590,

and Gly594, respectively. None of the latter three

residues appears to form hydrogen bonds with

the carbonyls of chlorophyll a (Jordan et al.

2001). The structural asymmetry of P700 reflects

import and functional differences of both

chlorophylls. The ENDOR studies in solution

(Käβ et al. 1995) and on single crystals of PS I

(Käss et al. 2001) showed that the spin density in

P700+� is asymmetric, with more than 85% of the

spin density located on the B�branch chloro-

phyll a of P700. The distribution of the spin

density over both halves of P700 was also

shown by the FTIR studies on P700/P700+

(Breton et al. 2002; Pantelidou et al. 2004).

This asymmetry of the spin density is caused by

the interplay between the asymmetric hydrogen

bonding, differences in the protein environment

and the chemically different nature of the two

chlorophyll molecules (Grotjohann and Fromme

2005).

To investigate the influence of three hydrogen

bonds on P700, the site�directed mutagenesis

has been employed in Chlamydomonas
reinhardtii (Witt et al. 2002; Wang et al. 2003;

Li et al. 2004) and Synechocystis sp. PCC 6803

(Breton et al. 2005; Pantelidou et al. 2004). In

Chlamydomonas reinhardtii, the threonine at

position 739 of PsaA, which donates a putative

hydrogen bond to the 13(1)�keto group of chlo-

rophyll a0, was replaced with valine, histidine,

and tyrosine using a site�directed mutagenesis

approach. Growth of the mutants was not

impaired (Witt et al. 2002). The PsaA�T739A

mutant was capable of assembling active PS

I. Furthermore, PsaA�T739A mutant PS I

contained approximately one chlorophyll a0 mol-

ecule per reaction center, indicating that P700

was still a chlorophyll a/a0 heterodimer in the

mutant. However, this mutation induced several

band shifts in the visible P700+ � P700 absor-

bance difference spectrum. Redox titration of

P700 revealed a 60 mV decrease in the P700/

P700+ midpoint potential of the PsaA�T739A

mutant, consistent with loss of a H�bond. The

ENDOR spectroscopy showed that the hyperfine

coupling of the methyl protons at position 12 of

the spin�carrying chlorophyll a is decreased due

to the removal of the hydrogen bond to chloro-

phyll a0 (Wang et al. 2003). Comparison of the

FTIR difference band shifts upon P700+ forma-

tion in the wild type and mutant PS I suggests

that the mutation modifies the charge distribution

over the pigments in the P700+ state, with

approximately 14�18% of the positive charge

on chlorophyll a in the wild type being relocated

onto chlorophyll a0 in the mutant. Interestingly,

the mutation�induced change in asymmetry of

P700 did not cause an observable change in the

directionality of electron transfer within PS I

(Li et al. 2004), indicating that the function of

the asymmetry of P700 may be not the gating

between the electron transfer branches

(Grotjohann and Fromme 2005).

In Synechocystis sp. PCC 6803, the effect on

the P700+/P700 FTIR difference spectra of

replacing the three PsaA residues involved in

the network of hydrogen bonds (PsaA�Thr739,

PsaA�Ser603, and PsaA�Tyr599) by their PsaB

homologues (Tyr718, Gly585, and Leu581,

respectively) was consistent with the rupture, or

at least a significant loosening, of the hydrogen

bond to the 9�keto C¼O of chlorophyll a0 and
with an increased freedom of a bound 10a�ester

of chlorophyll a0 (Breton et al. 2002). When only

residue PsaA�Thr739 was changed to Phe, the

perturbation of the hydrogen bond to the 9�keto

C¼O group of chlorophyll a0 was still observed
with almost no changes at the level of the

10a�ester C¼O (Pantelidou et al. 2004). Very

comparable experimental results have been

reported in Chlamydomonas reinhardtii PS I

when PsaA�Thr739 was changed to Tyr, His,

or Val (Witt et al. 2002) or to Ala (Wang et al.

2003; Li et al. 2004). Another site�directed

mutagenesis attempts to introduce hydrogen

bonds to the carbonyl groups of chlorophyll

a on PsaB side in Synechocystis sp. PCC 6803.

The present FTIR study showed that the

PsaB�Y718T mutation leads to hydrogen bond-

ing of the 9�keto C¼O group of chlorophyll

a and chlorophyll a+ in a significant fraction of

the centers. On the other hand, the mutations

PsaB�L581Y and PsaB�G585S have only a

small impact on the P700+/P700 FTIR difference

spectra. None of these three mutations perturb
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the hydrogen�bonding interactions assumed by

the 9�keto and 10a�ester carbonyl groups of

chlorophyll a0 and chlorophyll a0+ with the pro-

tein. These mutations have only a limited effect

on the relative charge distribution between chlo-

rophyll a0+ and chlorophyll a+ (Breton et al.

2005).

The distance between the Mg2+ ions of the

two chlorophylls of P700 is with only 6.3 Å
(Jordan et al. 2001; Grotjohann and Fromme

2005), much shorter than the corresponding dis-

tance between the bacteriochlorophylls in the

special pair of PbRC (Deisenhofer et al. 1995).

The orientation of the ring system and their over-

lap differs between P700 in PS I (Jordan et al.

2001) and the special pair of PbRC (Deisenhofer

et al. 1995). The rings I overlap perfectly in the

PbRC (Deisenhofer et al. 1995), whereas both

rings I and II of the chlorophylls only partially

overlap in P700 (Jordan et al. 2001). The molec-

ular orbital studies of the electronic structure of

P700, based on semi�empirical density func-

tional calculations on the 2.5 Å structure showed,

that the two chlorophylls are tightly coupled and

P700 is a ‘super�molecule’ (Plato et al. 2003),

i.e. both chlorophylls behave spectroscopically

as a single molecule.

Understanding primary charge separation and

electron transfer processes in the reaction centers

has long been a key objective in photosynthesis

research. In bacterial reaction center, the primary

donor of electrons is the first singlet excited state

of a pair of excitonically coupled bacteriochloro-

phyll a (BChl), termed P*. The first clearly

resolved electron acceptor is a bacterio-

pheophytin a (BPhe, a demetallated

bacteriochlorin) termed HA (Zinth and

Wachtveitl 2005). An intervening monomeric

BChl, BA, is between P and HA and makes direct

atomic contact with both P and HA. It is generally

accepted that P* decays with a lifetime of ~3 ps

to form the radical pair P+BA
�, followed by a

more rapid electron transfer to HA in ~1 ps to

form P+HA
� (Arlt et al. 1993). A third electron

transfer to a ubiquinone (QA) with a lifetime of

~200 ps produces a membrane�spanning radical

pair, P+QA
�, that is stable on a millisecond

timescale (Zhu et al. 2013). For intact PS II, a

component of ~1.5 ps reflects the dominant

energy�trapping kinetics from the antenna by

the reaction center. A 5.5�ps component reflects

the apparent lifetime of primary charge separa-

tion. The 35�ps component represents the appar-

ent lifetime of formation of a secondary radical

pair, and the ~200�ps component represents the

electron transfer to the QA acceptor (Holzwarth

et al. 2006b). The mechanism and kinetics of the

ultrafast events of energy transfer from the

antenna to P700 and for the electron transfer

within the reaction center are still a matter of

intensive debate and controversy (Holzwarth

et al. 2006a). Since the antenna chlorophylls

and the reaction center chlorophylls are both

bound to the same polypeptides, an intact

well�defined PS I reaction center devoid of

antenna chlorophylls cannot be isolated. In view

of this situation, the electron transfer processes

cannot be studied separately from the energy

transfer processes (Holzwarth et al. 2006a). The

kinetic sequence of electron transfer events in PS

I after oxidation of P700 is not well established.

A review by Brettel (1997) suggested that elec-

tron transfer from P700* to the chlorophylloid

primary acceptor (A0) occurs with 1�3 ps kinet-

ics, followed by 20�50 ps electron transfer from

A0 to the phylloquinone secondary acceptor, A1

(Brettel 1997). However, these electron transfer

timescales are necessarily based on indirect or

cumulative measurements since the energy trans-

fer and the electron transfer dynamics are tightly

linked and intertwined, and this situation

presents the key difficulty in the analysis and

interpretation of ultrafast optical data for PS

I. The problem is aggravated further by the fact

that energy and electron transfer processes occur

on comparable picosecond timescales, which

make the assignment of the different lifetime

components even more difficult (Holzwarth

et al. 2006a). The excitation transport and

trapping kinetics of core antenna�reaction cen-

ter complexes from PS I of the wild�type

Synechocystis sp. PCC 6803 were investigated

under annihilation�free conditions in complexes

with open and closed reaction centers. The

7 Function and Structure of Cyanobacterial Photosystem I 135



results support a scenario in which trapping time

from antenna to P700 is ~24 ps (Savikhin et al.

2000) and is the intrinsic time constants for P700
+A0

� formation and subsequent A0!A1 electron

transfer of 1.3 ps and 13 ps, respectively

(Savikhin et al. 2001). Similar results were

obtained earlier by White et al. (1996) in PS I

complexes from spinach. A more recent study

showed that the main events in the reaction cen-

ter of PS I include very fast (<100 fs) charge

separation with the formation of the P700+A0
�A1

state in approximately one half of the reaction

centers, the approximately 5�ps energy transfer

from antenna excited chlorophylls to P700A0A1

in the remaining reaction centers, and approxi-

mately 25�ps formation of the secondary radical

pair P700+A0A1
� (Shelaev et al. 2010).

The PsaA and PsaB axial His residues in

Chlamydomonas reinhardtii have been replaced

by a range of different amino acids, and the

characterizations of those mutants have led to a

general understanding of the types of amino

acids that may substitute for His as a ligand to

P700. Replacement of His with smaller

uncharged or polar amino acids was found to

have a moderate effect (50�60% decrease) on

the accumulation of PS I. However, replacement

with charged amino acids, or large hydrophobic

residues, always resulted in a strong decrease or

complete loss of PS I. Interestingly, when similar

substitutions are compared between the PsaA and

PsaB proteins, mutation of the PsaA subunit

always had a more profound effect on PS I accu-

mulation. This probably reflects the more rigid

structure of the chlorophyll a0 due to H�bonding,

which may make this region less flexible to

changes in local protein structure (Webber and

Lubitz 2001).

The ultrafast transient absorption study of the

site�directed mutations of Chlamydomonas

reinhardtii near the P700 reaction center

chlorophylls provided new insight into the nature

of the primary electron donor. In the mutant

PsaB�H656C, which lacks the ligand to the cen-

tral metal of chlorophyll a on the B�side of

P700, the rate constant of the secondary electron

transfer process is slowed down by a factor of ~2.

For the mutant PsaA�T739V, which breaks the

hydrogen bond to the keto carbonyl of chloro-

phyll a0, only a slight slowing down of the sec-

ondary electron transfer is observed. For mutant

PsaA�W679A, which has the Trp near chloro-

phyll a0 of P700 replaced, either no pronounced

effect or, at best, a slight increase on the second-

ary electron transfer rate constants is observed.

The effective charge recombination rate constant

is modified in all mutants to some extent, with

the strongest effect observed in mutant

PsaB�H656C. The data strongly suggested that

the chlorophylls a and a0 pair, constituting what

is traditionally called the “primary electron

donor P700”, are not oxidized in the first electron

transfer process, but rather only in the secondary

electron transfer step. The authors thus proposed

a new electron transfer mechanism for PS I

where the accessory chlorophyll (s) function as

the primary electron donor(s) and the A0 chloro-

phyll(s) are the primary electron acceptor(s).

This new mechanism also resolves in a straight-

forward manner the difficulty with the previous

mechanism, where an electron would have to

overcome a distance of ~14 Å in < 1 ps in a

single step (Holzwarth et al. 2006a). In addition,

the data suggested that the B�branch is the

active branch, although parallel A�branch activ-

ity cannot be excluded (Holzwarth et al. 2006a).

It is interesting to note that the new mechanism

proposed is in fact analogous to the electron

transfer mechanism in PS II, where the accessory

chlorophyll also plays the role of the primary

electron donor, rather than the special chloro-

phyll pair P680 (Prokhorenko and Holzwarth

2000).

Accessory Chlorophylls

The two accessory chlorophylls, A�1A and A�1B,

are located between P700 and the primary accep-

tor(s), A0A and A0B. These two chlorophylls are

the only cofactors in the electron transfer chain,

in which PsaA subunit binds to the accessory

chlorophyll in the B�branch and vice versa

(Jordan et al. 2001). In both branches, a water

molecule provides the fifth ligand to the central

Mg2+ ions of the two accessory chlorophylls. The

water molecule serving as the axial ligand to the
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accessory chlorophyll a in the A�branch, is

hydrogen bonded to PsaB�Asn591 in

Synechococcus elongates, thus this accessory

chlorophyll is named as A�1B. Similarly, the

B�branch accessory chlorophyll a is liganded

to a water, which is hydrogen bonded to

PsaA�Asn604, thus this accessory chlorophyll

a is named as A�1A (Fig. 7.20). Coordination of

the accessory chlorophylls is unique for the PS I

complex because His provides the fifth ligand to

the Mg2+ ion of bacterioaccessory chlorophyll. It

is also interesting that the “accessory

chlorophylls” in PS II have the same ligand as

that in PS I (Grotjohann and Fromme 2005;

Guskov et al. 2009). However, the orientation

of the “accessory chlorophylls” in PS II is similar

to bacterioaccessory chlorophylls (Grotjohann

and Fromme 2005; Guskov et al. 2009). Charac-

terization of PS I accessory chlorophylls has

been done by the investigators in the field using

experimental and theoretical approaches

although the understanding on these two

chlorophylls is still limited. Exciton calculations,

based on the recent PS I structure (Jordan et al.

2001), indicated that the accessory chlorophylls

are strongly excitonically coupled to A0

(Gibasiewicz et al. 2003). In addition, the kinetic

modeling of ultrafast spectroscopic study of the

PS I complexes from Chlamydomonas
reinhardtii suggested that the accessory chloro-

phyll(s) might be even involved in the primary

charge separation (Muller et al. 2003;

Gibasiewicz et al. 2003; Muller et al. 2010).

The data provided support for the previously

published model in which the initial charge sep-

aration event occurs within an A�1/A0 pair,

generating a primary A�1
+/A0

� radical pair,

followed by rapid reduction by P700 in the sec-

ond electron transfer step. In contrast, the acces-

sory chlorophylls are suggested not to directly

involve in this primary charge separation based

on their close proximity and the extent of exci-

tonic coupling. At this time, it is unclear whether

the accessory chlorophylls are involved in the

charge separation similar to the mechanisms in

PS II and the purple bacterial reaction center. It is

also unclear whether the accessory chlorophylls

are involved in electron and energy transfer in PS

I of plants, algae and cyanobacteria since they

have not been detected by spectroscopy to date.

As discussed earlier, in PS I, it was recently

proposed that the true primary donor is in fact the

accessory chlorophyll(s) positioned in between

P700 and A0 (Holzwarth et al. 2006a). According

to this model, P700 is a secondary electron donor

and gives the electron to accessory chlorophyll+

only in the secondary electron transfer step,

forming the state P700+A0
�. A similar sequence

of primary electron transfer events was also pro-

posed for PS II (Prokhorenko and Holzwarth

2000; van Brederode and van Grondelle 1999;

Groot et al. 2005). It will be very interesting and

important to generate site�directed mutants

around the accessory chlorophylls using the

same mutagenesis strategy as reported previ-

ously (Xu et al. 2003a; Dashdorj et al. 2005;

Fig. 7.20 The axial

ligands of accessory

chlorophyll (Chl) in

photosystem I (PDB ID:

1JB0)
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Cohen et al. 2004; Xu et al. 2011).

PsaA�Asn604 of Synechocystis sp. PCC 6803

can be mutated to PsaA�Gln604, Leu604,

Met604 and His604, and similarly,

PsaB�Asn591 can be mutated to Gln591,

Lue591, Met591 and His591. It should be

pointed out that the nomenclature of

Synechococcus elongates will be used for

Synechocystis sp. PCC 6803 in this chapter to

avoid confusion from the description of the PS I

structure. Gln, Met and His can directly provide

ligand to the Mg2+ of the accessory chlorophylls

if the PS I complex can adjust its entire structure

to fit into these local structural changes. If yes,

the Asn ! His mutations will mimic

bacterioaccessory chlorophylls. Gln has similar

side chains to Asn. However, Gln is longer than

Asn, thus Asn ! Gln mutations might remove

the water molecule from the accessory chloro-

phyll binding pockets. The side chains of Met

and Leu are also larger than Asn. The detailed

functions of the two accessory chlorophylls can

be studied using these mutations as a research

tool through a combination of biochemical and

spectroscopic approaches in the future.

A0, The Primary Electron Acceptor

The second pair of chlorophylls named eC�A3

and eC�B3, are located in the middle of the

membrane at a position (Grotjohann and Fromme

2005) which roughly shows similarities to the

position of pheophytin both in the PbRC

(Deisenhofer et al. 1995) and in PS II (Guskov

et al. 2009). One or both the chlorophylls eC�A3

and eC�B3 are assumed to be A0. The second

pair of chlorophylls are in close vicinity to the

chlorophylls of the second pair of chlorophylls,

with the edge�to�edge distance between

eC�B2 <¼> eC�A3 and eC�A2 <¼>

eC�B3 being as short as 3.8 Å (Jordan et al.

2001; Grotjohann and Fromme 2005). Even if

eC�A3 and eC�B3 are supposed to correspond

to the spectroscopically identified electron

acceptor A0, it is very likely that the spectro-

scopic and redox properties of eC�A3 and

eC�B3 may be influenced by eC�B2 and

eC�A2, respectively (Grotjohann and Fromme

2005), and this argument is supported by the

spectroscopic result that the difference spectrum

A0/A0
� of the PS I particles isolated from

cyanobacteria, green algae, and higher plants

contains contributions from more than one chlo-

rophyll (Hastings et al. 1995).

The axial ligands to A0A and A0B are

PsaA�Met688 and PsaB�Met668 respectively.

The interaction between a hard acid like Mg2+

and the soft base sulfur is very surprising and

could account for the part of unusual redox

potential of A0. The A�branch A0 has two

hydrogen bonds, one is between the keto oxygen

of ring and PsaA�Tyr696 and a second between

the phytyl ester carbonyl and backbone oxygen

of PsaB�Ser429. The B�branch A0 has only one

hydrogen bond between the keto oxygen of ring

and PsaB�Tyr676 (Jordan et al. 2001)

(Fig. 7.21). The specific interactions between

A0 and PsaA, and PsaB probably lead to a low

redox potential of A0 that was estimated as

�1,000mV (Nelson and Yocum 2006) or

�1,100 mV (Jordan et al. 2001; Fromme et al.

Fig. 7.21 The axial ligands and hydrogen bonds of A0 in photosystem I (PDB ID: 1JB0)
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2001). Both A0 ligand hydrogen bond mutants

(Tyr ! Phe) have been generated in

Chlamydomonas reinhardtii. The transient

absorption and EPR spectra showed that the

A�branch A0 ligand and hydrogen bond mutants

resulted in a greater proportion of fast decay

from A1 to FX while the B�branch A0 ligand

and hydrogen-bond mutants resulted in a smaller

proportion of fast decay. However, the relative

amplitudes of the two fractions predicted from

EPR differed somewhat from those obtained

from the optical data (Ramesh et al. 2004,

2007; Li et al. 2006). It was found the rate of

the primary charge separation was lowered in

both mutants, providing evidence that the pri-

mary electron transfer event can be initiated

independently in each branch (Muller et al.

2010). The A0 hydrogen-bond mutants of

Synechocystis sp. PCC 6803, in which

PsaB�Tyr676 was mutated to Ala and Phe,

have been generated (unpublished data).

Replacement of Tyr667 with Phe did not affect

assembly and accumulation of PS I, but its

replacement with Ala resulted in dramatically

reduced cellular levels of PS I. PS I complex

cannot be isolated from PsaB�Y667A mutant

while high quality of PS I trimers can be purified

from the PsaA�Y667F mutant. The

corresponding A0 hydrogen bond mutant Tyr !
Phe in PsaA has been generated recently to

understand functions of both primary electron

acceptors in Synechocystis sp. PCC 6803.

In Chlamydomonas reinhardtii, PsaA�M688

and PsaB�M668 have been replaced with Leu,

Ser and His (Ramesh et al. 2004; Fairclough et al.

2003; Santabarbara et al. 2005; Byrdin et al.

2006; Giera et al. 2009; Berthold et al. 2012)

and in Synechocystis sp. PCC 6803 with Leu,

Asn and His (Dashdorj et al. 2005; Cohen et al.

2004; van der Est et al. 2010; Savitsky et al.

2010; Santabarbara et al. 2010; Sun et al. 2014).

In Chlamydomonas reinhardtii, the Met ! His

mutants have been studied the most extensively.

In an ultrafast optical study in the red,

long�lived difference spectra observed in the

PsaA�M688H and PsaB�M668H mutants

were assigned to (A0A
��A0A) and (A0B

�

�A0B), respectively and were interpreted to indi-

cate that forward electron transfer beyond A0

was either blocked or slowed in the branch car-

rying the mutation (Ramesh et al. 2004). The

amplitudes of the (A0A
��A0A) and (A0B

�

�A0B) difference spectra were nearly identical

in the two mutants, suggesting roughly equal use

of both branches. A subsequent study at 390 nm

showed that formation of phyllosemiquinone in

both mutants decreased to about one�half of that

in the wild type, a result implying that electron

transfer is blocked between A0 and A1 in the

affected branch (Giera et al. 2009). An EPR

study of the PsaA�M688H mutant at 265 K

showed the absence of an electron spin polarized

(ESP) signal, suggesting that the P700+A1A
�

radical pair cannot be formed and that B�branch

transfer, if present, does not produce an ESP

signal (Fairclough et al. 2003). In a more recent

study in deuterated whole cells of the

PsaA�M688H mutant, a spin�polarized spec-

trum was detected at 100 K and assigned to the

radical pair P700+A1B
� (Berthold et al. 2012).

The pulse EPR studies revealed that in the pres-

ence of reduced FX, the decay of the

out�of�phase spin polarized signal in the wild

type was biphasic but that it was monophasic in

the PsaA�M688H and PsaB�M668H mutants,

with lifetimes of ~3 μs and ~17 μs, respectively
(Fairclough et al. 2003; Santabarbara et al.

2005). The echo modulation frequencies were

different in the two mutants and were explained

as a result of the difference in the spin�spin

coupling in P700+A1A
� and P700+A1B

�. The

wild�type echo decays and modulation curves

could be reconstructed as a linear combination of

the signals of the two radical pairs. These data

are consistent with a blockage of electron trans-

fer from A0
� to A1 in Met to His mutants of

Chlamydomonas reinhardtii. The A0 ligand

mutants from Chlamydomonas reinhardtii were
also investigated using femtosecond laser flash,

in which both branch mutants showed an addi-

tional bleaching with a maximum at ~681 nm

(Ramesh et al. 2004). The time�resolved fluo-

rescence studies with a 3�ps temporal resolution

using PS I core samples isolated from the wild

type and Met ! His or Ser mutants of

Chlamydomonas reinhardtii supported the

model in which P700 is not the primary electron

donor, but rather a secondary electron donor,
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with the primary charge separation event occur-

ring between the accessory chlorophyll, A, and

A0 (Giera et al. 2010).

In a recent study, the A0 ligand mutants of

Met ! His and Cys have been generated in

Synechocystis sp. PCC 6803 by another group

in the field (Sun et al. 2014). It is predicted that

His could provide a ligand to A0 in the Met !
His mutants. Cys could provide a ligand to A0 as

well, although the PS I complex needs to adjust

itself to fit the changes caused by this mutation

since the side chain of Cys is smaller than Met.

The interesting and unexpected results have been

obtained from A0 ligand mutants of Met ! His

(Sun et al. 2014). The X�band spin�polarized

transient EPR spectra of PS I trimers isolated

from A0 Met ! His mutants at 80 K showed

that P700+A1A
� radical pair of PsaA�M688H

mutant differed from the wild type and

PsaB�M668H mutant, suggesting that

PsaA�M688H provides an additional H bond to

A1A. Interestingly, the X�band spin�polarized

transient EPR spectra of the wild type and

PsaB�M668H mutant were very similar. The

room�temperature transient EPR spectra

demonstrated that the electron transfer was

blocked at A1A and electron cannot transfer to

FX in A branch in the PS I complex of

PsaA�M688H. PsaA�M688H mutant can still

exhibit photoautotrophic growth although in a

slightly slower rate under normal light intensity

but is highly sensitive to high light intensity. It is

still unclear and also interesting why

PsaB�M668H does not show any obvious differ-

ence in EPR spectra and growth rate (Sun et al.

2014). There are inconsistencies of function of

the two�branch A0 between Chlamydomonas

reinhardtii and Synechocystis sp. PCC 6803. It

could be due to minor local structural differences

of species�specificity.

A1, The Second Electron Acceptor

The two phylloquinones, named QKA (A1A) and

QKB (A1B), (Fig. 7.22) represent the spectro-

scopically identified electron acceptor A1. They

are located at the stromal side of the membrane,

in close vicinity to the membrane surface

(Grotjohann and Fromme 2005). The three

cofactors, A0, A1, and FX are linked by an intri-

cate network of contacts and hydrogen bonds that

bind them to the protein and promote electron

transfer (Srinivasan and Golbeck 2009a). Specif-

ically, PsaA�M688 (PsaB�M668) is the axial

ligand to A0A (A0B) and is H�bonded via its

backbone oxygen to the side chain oxygen of

PsaA�S692 (PsaB�S672). The side chain oxy-

gen of PsaA�S692 (PsaB�S672) is also

H�bonded to the indole ring nitrogen of

PsaA�W697 (PsaB�W677) (Srinivasan and

Golbeck 2009a). This Trp is π�stacked with the

phylloquinone A1A (A1B), which, in turn, is

H�bonded to PsaA�L722 (PsaB�L706)

(Jordan et al. 2001). The backbone oxygen of

PsaA�L722 (PsaB�L706) is H�bonded to the

FX binding loop through PsaA�R694

(PsaB�R674) (Srinivasan and Golbeck 2009a).

The two most striking features of the A1A (A1B)

quinone binding pocket are the π�stacked

arrangement with PsaA�W697 (PsaB�W677)

and the presence of only one hydrogen bond to

the protein backbone with PsaA�L722

(PsaB�L706). The other oxygen atom of each

of two phylloquinone is not H�bonded at all.

The interaction with the Trp residue is assumed

to destabilize the negative charge on the

semiquinone anion radical, thereby lowering its

Fig. 7.22 The A1 sites in

photosystem I (PDB ID:

1JB0)
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redox potential. In contrast, the H�bond

withdraws electron density and stabilizes the

negative charge on the semiquinone anion radi-

cal, thereby raising its redox potential. The ques-

tion is how these and other factors conspire to

confer an appropriate redox potential to the A1A

and A1B quinones (Srinivasan and Golbeck

2009a). The redox potential of �810 mV was

thereby estimated for A1 (Iwaki and Itoh 1994).

Despite high degree of overall symmetry,

there are subtle differences between the two

phylloquinone binding sites (Grotjohann and

Fromme 2005; Srinivasan and Golbeck 2009a).

First, the most apparent difference is the orienta-

tion of the phytyl tails of the phylloquinones in

the A� and B�branches. Second, two lipid

molecules are located close to the pathway from

A1A and A1B to FX that could be another main

factor in the establishment of the asymmetry. At

the slower A�branch, a negatively charged

phosphatidylglycerol is located in vicinity to

FX; thereby the electron has to be transferred

against this negative charge, whereas on the

faster B�branch a neutral monoglalactosyldia-

cylglycerol replaces the phospholipid. Third,

one of the less obvious differences includes the

presence of carotenoids with different

orientations and configurations in the vicinity of

each of the two phylloquinone molecules. Forth,

there are differences in the water clusters that are

located between the quinone�binding site and

FX. Five water molecules located in a pocket at

the A�branch, which show a non�specific

arrangement. In contrast, five of the total of six

water molecules located between the

quinone�binding pocket and FX at the

B�branch phylloquinone form the structure of

a hexagon, which is a well defined low energy

arrangement of a water cluster. This hexagon

structure of the water cluster at the B�branch

may also contribute to the lowering of the reor-

ganization energy and the activation energy bar-

rier at the B�branch (Grotjohann and Fromme

2005). Fifth, the presence of a unique Trp

between A1 and FX is from PsaB. The

corresponding residue in PsaA is Gly (Srinivasan

and Golbeck 2009a). The redox potential of FX
was calculated to be �680 mV, which is within

10 mV of the consensus midpoint potential of

�688 mV determined experimentally. The redox

potentials of A1A and A1B were calculated to be

�671 mV and �696 mV, respectively. In this

formulation, electron transfer from A1A to FX
would be endothermic by 9 mV and electron

transfer from A1B to FX would be exothermic

by 16 mV (Srinivasan and Golbeck 2009a).

To understand effect of local protein structure

on phylloquinone properties, and rate and direc-

tionality of electron transfer in PS I, a number of

site�directed mutants were generated in

Chlamydomonas reinhardtii and Synechocystis
sp. PCC 6803. As discussed earlier, the forward

electron transfer from A1 to FX has been studied

extensively in both prokaryotes (cyanobacteria)

and eukaryotes (spinach or algae). Two exponen-

tial phases with lifetime of ~20 ns and ~200 ns

were revealed, with relative ratio of amplitudes

differing from 1:1 to 1:4 in various species. The

phylloquinones in the A1A and A1B sites are

difficult to distinguish spectroscopically because

they exist in near�equivalent environments.

The studies involve changing the π�stacked

Trp in Chlamydomonas reinhardtii, showed that

the Trp! Phe mutation on the PsaB side slowed

the 18�ns fast kinetic phase to 97 ns, and the Trp

! Phe mutation on the PsaA side slowed the

218�ns slow kinetic phase to 609 ns

(Guergova-Kuras et al. 2001). Only the relative

kinetics of electron transfer appeared to be

changed, not the amplitudes of the two kinetic

phases. The results indicated that both branches

participate in the electron transfer with the fast

phase assigned to the A1B re�oxidation, and the

slow phase to the A1A re�oxidation (Guergova-

Kuras et al. 2001). Similarly, the Trp involving

the π�stacked with phylloquinone were changed

to Phe in PsaA or PsaB in Synechocystis sp. PCC

6803 (Xu et al. 2003a, b). Both Trp ! Phe

mutants can grow photoautotrophically. The

ENDOR studies showed that the PsaA�W697F

mutation leads to a 5% increase in the hyperfine

coupling of the methyl group on the

phylloquinone ring (Xu et al. 2003a),

demonstrating the effect of minor local structure

on cofactor properties. The change correlates

with spectral alterations observed by CW EPR

spectroscopy of photoaccumulated PS I

complexes as well as those studied by transient
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EPR spectroscopy. Thus, electron transfer

detected by EPR spectroscopy in this cyanobac-

terium occurs on cofactors associated with the

PsaA side. The transient EPR studies performed

at low temperature correlate with those at room

temperature, indicating that conclusions reached

at low temperatures are valid at physiological

temperatures. In contrast, the PsaB�W677F

mutant yielded the same spectra as the wild

type (Xu et al. 2003a). This agrees with an

assessment that those electron transfer steps

detected by EPR spectroscopy in the eukaryotic

organism Chlamydomonas reinhardtii also

involve cofactors associated with the PsaA side

(Purton et al. 2001; Boudreaux et al. 2001). The

further studies by time�resolved optical differ-

ence spectroscopy and transient EPR spectros-

copy demonstrated that the slow kinetic phase

resulted from electron transfer from A1A to FX
and that this accounted for at least 70% of the

electrons, indicating asymmetrical electron

transfer along two branches (Xu et al. 2003b).

Another study of the A1 binding pocket was

carried out by Srinivasan et al. in 2009 in

Synechocystis sp. PCC 6803. In that study, a

site�specific mutant (PsaA�L722W) was

generated, and was proven to weaken the hydro-

gen bond between the protein backbone and the

O4 position of A1A (Srinivasan et al. 2009). Such

a change had a large impact on the spin distribu-

tion and redox potential of the phylloquinone. It

also demonstrated that in the wild�type PS I,

there was only one hydrogen bond on the

phylloquinone. The altered reduction behavior

in the PsaA�L722W mutant suggested that the

primary purpose of the H�bond is to tie up the C

(4) carbonyl group of phylloquinone in a

H�bond so as to prevent protonation and hence

lower the probability of double reduction during

periods of high light intensity (Srinivasan et al.

2009).

FX, The First FeS Cluster

FX, a [4Fe�4S] iron�sulfur cluster, plays an

important structural and functional role in PS

I. Its main function is to accept electrons from

A1 to the terminal iron�sulfur cluster FA
(Fig. 7.23). More specifically, the function of

FX along with FA and FB is to serve as a molecu-

lar wire, lengthening the time of charge separa-

tion at the expense of a fraction of the transiently

stored Gibbs free energy, and vectoring the elec-

tron out of the membrane into the soluble phase

(Srinivasan and Golbeck 2009a). The electron

transfer to FA is faster than the electron transfer

from the phylloquinones to FX, therefore the FX
intermediate is difficult to detect spectroscopi-

cally in intact PS I complexes. The twofold axis

between PsaA and PsaB runs through FX. It is

coordinated by both subunits PsaA and PsaB,

being thereby a rare example of an inter�protein

iron�sulfur cluster. The sequence analysis

showed that PsaA and PsaB have only three and

two conserved cysteine residues respectively.

Fig. 7.23 FX in

photosystem I (PDB ID:

1JB0)
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Cys578 and Cys587 of PsaA and Cys565 and

Cys574 of PsaB provide the ligands to the iron

atoms of the cluster. The ligands are located in

the loop connecting the transmembrane helices

7h and 8i (Jordan et al. 2001; Fromme et al.

2001). The redox potential of FX was estimated

as �705mV (Nelson and Yocum 2006), and is

one of the most reducing iron�sulfur clusters

known in biology (Parrett et al. 1989). This

loop contains the most conserved sequence

between all PS I species (FPCDGPGRGGT

CXXSAWDH). This sequence was first

suggested to be the coordination site for FX by

(Fish et al. 1985) and further supported by muta-

genesis studies (Webber et al. 1993; Hallahan

et al. 1995) in Chlamydomonas reinhardtii and

in Synechocystis sp. PCC 6803 (Vassiliev et al.

1995) and structural studies (Jordan et al. 2001).

The photoreduction of FX was largely inhibited

as seen from direct measurement of the extent of

electron transfer from A1 to FX in the

PsaC�deficient mutant of Synechocystis

sp. PCC 6803 (Gong et al. 2003), suggesting

that the physical chemical parameters of FX
influenced by the presence of PsaC is required

for efficient electron transfer in PS I (Grotjohann

and Fromme 2005). The experiment

demonstrated that Rubredoxin encoded by rubA

gene is required for assembly of FX. The rubA

gene was insertionally inactivated in

Synechococcus sp. PCC 7002, and the properties

of PS I complexes were characterized spectro-

scopically. The X�band EPR spectroscopy at

low temperature showed that the three terminal

iron�sulfur clusters, FX, FA, and FB, were miss-

ing in whole cells, thylakoids, and PS I

complexes of the rubA�deficient mutant. It is

proposed that rubredoxin is specifically required

for the assembly of the FX iron�sulfur cluster

since the PsaC protein requires the presence of

FX for binding, and the absence of FA and FB may

be an indirect result of the absence of FX. Inter-

estingly, FX is not required for the assembly of

trimeric P700�A1 cores since electron transfer

from P700 to A1 can be detected in the

rubA�deficient mutant using the flash�induced

decay kinetics of both P700+ in the visible and A1
� in the near�UV (Shen et al. 2002).

The residues PsaA�Gly693 and

PsaB�Trp673 of PS I point towards each other

and are located between two phylloquinones and

FX (Fig. 7.23) (Jordan et al. 2001). This asym-

metric structural arrangement between the A�
and B�branches is well conserved among spe-

cies. The aromatic Trp673 has been suggested to

play a direct role in the electron transfer acting as

an electron acceptor between A1B and FX
(Ivashin and Larsson 2003). The PsaB�Trp673

! Gly673 mutant has been generated to mimic

the phylloquinone binding pocket around A1A in

Chlamydomonas reinhardtii, which showed

slower electron transfer from A1B to FX (Ali

et al. 2006). The PsaB�Trp673! Ala673 muta-

tion of Synechocystis sp. PCC 6803 has been

generated. However, this mutant severely affects

PS I accumulation in the thylakoid membranes

(unpublished data). Due to this reason, no spec-

troscopic data has obtained from this mutant

because no PS I trimers can be isolated with

high purity. A more conserved mutation of

PsaB�Trp673 ! Phe673 in Synechocystis

sp. PCC 6803, which is predicted not to affect

PS I assembly and accumulation but could affect

the rate of electron transfer from A1 to FX, has

been generated and it will be interesting to char-

acterize this mutant in the future.

After carefully reviewing the literature, the

interaction between PsaB�Trp673 and

PsaA�Arg728 has been proposed based on the

calculated electron coupling (Ivashin and

Larsson 2003) (Fig. 7.22). If this is the case and

PsaB�Trp673 is indeed involved in the electron

transfer from A1 to FX, it is reasonable to hypoth-

esize that the disruption of the PsaB�Trp673 π
system with the extension to PsaA�Arg728 will

affect the rate of electron transfer from A1 to FX.

The PsaA�Arg728 to Lys, Glu and Met

mutations can be generated. Lys has the same

charge as Arg while Glu has an opposite charge

as Arg. Met has a neutral charge. The

corresponding Arg to Lys, Glu and Met in PsaB

can also be generated to serve as the controls. All

these mutants can be investigated by biochemical

and spectroscopic approaches to test the

hypothesis.
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7.3.1.5 Docking of Plastocyanin/
Cytochrome c6

PsaA and PsaB also play an essential role in the

docking of the soluble electron donors to PS I

that re�reduce the primary electron donor, P700+.

In cyanobacteria and algae, cytochrome c6 can

functionally replace plastocyanin�deficient

strains (Clarke and Campbell 1996) as well as

under copper�deficient conditions (Zhang et al.

1992). However, Arabidopsis plants mutated in

both plastocyanin�coding genes and with a func-

tional cytochrome c6 cannot grow photoautotro-

phically because of a complete blockade in

light�driven electron transport, demonstrating

that in Arabidopsis only plastocyanin can donate

electrons to PS I in vivo (Weigel et al. 2003).

Plastocyanin or cytochrome c6 interacts directly

with the PsaA and PsaB core subunits (Sun et al.

1999; Sommer et al. 2002, 2004) and donates

electrons to P700+ (Sun et al. 1999; Mamedov

et al. 2001; Finazzi et al. 2005; Duran et al. 2004,

2006). The kinetic data of PS I reduction by

plastocyanin corresponds to a monophasic pro-

cess while the PS I reduction by cytochrome c6
follows biphasic kinetics with the first fast com-

ponent in the microsecond range (Duran et al.

2004; Hervas et al. 1995). This fast phase of PS

I reduction has been typically described by a

kinetic model involving transient complex forma-

tion before the electron�transfer step (Duran

et al. 2004; Hervas et al. 1995), suggesting that

cytochrome c6 interacts with PS I and donates an

electron to P700+ in vivo following a mechanism

more complex and more efficient than that of

plastocyanin although there are discrepancies

between in vivo and in vitro results (Duran et al.

2005). The docking site for plastocyanin and

cytochrome c6 is located at an indentation on

the lumenal side of PS I (Grotjohann and

Fromme 2005).

Docking of plastocyanin or cytochrome c6 to

the PS I in plants or green algae is mainly pro-

moted by two highly conserved structural inter-

action patterns, which are (i) long range

electrostatic attractions between basic patches

of PsaF and acidic regions of plastocyanin or

cytochrome c6 (Hippler et al. 1996, 1997, 1998;

Nordling et al. 1991; Haehnel et al. 1994) and

(ii) a hydrophobic region around the electron

transfer site of the donors interacting with a

hydrophobic region site on PS I including

PsaA�Trp651 and PsaB�Trp627 in

Chlamydomonas reinhardti (Sommer et al.

2002, 2004; Haehnel et al. 1994). The function

of the positively charged residues in the eukary-

otic N�terminus of PsaF in binding of both

donors has been studied extensively by

cross�linking, knock�out, and reverse genetics

experiments (Hippler et al. 1996, 1998, 1999;

Farah et al. 1995; Haldrup et al. 2000). The

details will be discussed later. The recent plant

PS I structures showed that plastocyanin binding

site in plant is buried deeper in the complex, this

is achieved by the extension of the PsaF

N-terminal and also by the new position of the

N-terminus of PsaH, which forms a loop

mirroring the conformation of the conserved

luminal PsaA loop, suggesting a direct role for

PsaH in plastocyanin binding (Mazor et al. 2015;

Qin et al. 2015). In conclusion, these studies

showed that the basic patch present in the

N�terminal domain of PsaF is crucial for proper

binding, complex formation between donor and

PS I, and fast electron transfer. In contrast to

eukaryotic organisms, efficient binding and elec-

tron transfer between PS I and plastocyanin or

cytochrome c6 in Synechocystis sp. PCC 6803

does not depend on the PsaF subunit since the

basic N�terminal region of plant and green algal

PsaF is absent in cyanobacteria. Therefore, the

cyanobacterial subunit PsaF is not involved in

the docking of plastocyanin/ cytochrome c6 (see

the more detailed discussion later).

The docking site for plastocyanin and cyto-

chrome c6 is mainly hydrophobic and forms two

surface helices (Sommer et al. 2004) in the loop

between the transmembrane helices i and j. Both

plastocyanin and cytochrome c6 have hydropho-

bic faces that match the hydrophobic docking site

of PS I (Frazao et al. 1995). On the lumenal side

of thylakoid membranes, P700 is separated from

the lumenal space by two α helices, l0 and l,
formed by loops j0 and j in PsaA and PsaB,

respectively, which are arranged in parallel to
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the membrane plane. One tryptophan residue in

loop j0 of PsaA and the corresponding tryptophan

in loop j of PsaB that are partially exposed to the

aqueous phase are also prominent features of the

docking site (Fromme et al. 2003). The hydro-

phobic interaction site of the PS I core formed by

PsaB has been studied by site�directed mutagen-

esis. Sun et al. (1999) introduced short stretches

of mutations in the luminal loop j of the PsaB

protein from Synechocystis sp. PCC 6803 and

could isolate a double mutant (W622C/A623R),

which was highly photosensitive and showed a

severe defect in the interaction with plastocyanin

or cytochrome c6. A more conservative mutation

of Trp627 (corresponding to Trp622 in

Synechocystis sp. PCC 6803 and Trp631 in

Synechoccocus elongatus) to Phe in PsaB of

Chlamydomonas reinhardtii also displayed a

strong effect on cell growth (Sommer et al.

2002). The cells became strongly photosensitive,

and the in vitro analysis of the electron transfer

reactions revealed a differential effect on the

binding constants of plastocyanin and cyto-

chrome c6. No complex formation was observed

for the interaction of plastocyanin with the

altered PS I, whereas it was still present with

cytochrome c6, displaying a tenfold decreased

electron transfer rate. Interestingly, as seen

from the crystal structure, Trp631 in loop j of

PsaB (corresponding to Trp627 in

Chlamydomonas reinhardtii) forms a sandwich

complex with the corresponding Trp655 of PsaA

(corresponding to Trp651 in Chlamydomonas
reinhardtii). This stacked π�electron system is

located in close distance to P700. As predicted,

the mutation PsaA�W651F of Chlamydomonas
reinhardtii completely abolished the formation

of a first order electron transfer complex between

plastocyanin and the altered PS I and increased

the dissociation constant for binding of cyto-

chrome c6 by more than a factor of 10 as com-

pared with the wild type (Sommer et al. 2004).

These results demonstrated that the highly

conserved structural recognition motif that is

formed by PsaA�Trp651 and PsaB�Trp627

confers a differential selectivity in binding of

both donors to PS I (Sommer et al. 2004).

In the 2.5 Å resolution crystal structure of

PS I, two chlorophyll molecules of P700 are

confined by symmetrically positioned four α
helices, A�j, A�k and B�j, B�k (Jordan et al.

2001). Since P700 is positioned 10–15 Å away

from lumenal surface (Jordan et al. 2001), the

protein components filling the space between the

electron donor and P700 may provide a pathway

for directly or indirectly migrating electrons that

reduce P700+. It is also possible that these aro-

matic residues are integral components of the

electron transfer path between the redox centers

of plastocyanin or cytochrome c6 and P700+

since it was reported that side chains of aromatic

residues can serve as an electron tunneling bridge

(Shih et al. 2008; Nishioka et al. 2005). A report

indicated that photo�oxidation of the chloro-

phyll a/a0 heterodimer, P700, causes shifts in

the vibrational frequencies of two or more tryp-

tophan residues in PS I, demonstrating that role

of aromatic residues in electron transfer (Chen

et al. 2009). To determine the role of conserved

aromatic residues adjacent to the histidyl mole-

cule in the helix of B�j, six site�directed

mutants of the psaB gene in Synechocystis
sp. PCC 6803 were generated. Three mutant

strains with W645C, W643C/A644I and S641C/

V642I substitutions could grow photoautotrophi-

cally and showed no obvious reduction in the PS

I activity. Kinetics of P700 re�reduction by plas-

tocyanin remained unaltered in these mutants. In

contrast, the strains with H651C/L652M, F649C/

G650I and F647C substitutions could not grow

under photoautotrophic conditions because those

mutants had low PS I activity. The molecular

analysis of the spontaneous revertants suggested

that an aromatic residue at F647 may be neces-

sary for maintaining the structural integrity of PS

I (Xu et al. 2011).

7.3.2 PsaF

The psaF gene, sll0819, in Synechocystis
sp. PCC 6803 encodes a mature protein (subunit

III) of 15,705 Da that is synthesized with a
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23 amino acid extension (Chitnis et al. 1991).

The predicted isoelectric point of PsaF from

Synechocystis sp. PCC 6803 is 7.02. The struc-

ture of Thermosynechococcus elongatus PS I has

been determined at 2.5 Å resolution (Jordan et al.

2001) and it was shown that PsaA and PsaB form

the core reaction center located in the center of

the monomer, surrounded by seven small integral

membrane proteins. PsaF is situated in the

periphery of the PS I complex according to the

crystal structure. The structure of subunit PsaF

(see Fig. 7.24) consists of three domains. The

N�terminal domain is located in the lumen,

followed by a transmembrane domain with one

transmembrane helix and two short helical pieces

in a V�shaped arrangement. The C�terminus is

located in the stroma and is sandwiched between

PsaA and PsaE (Jordan et al. 2001). Besides the

lumenal loops of PsaA and B, subunit PsaF

contributes prominent structural features to this

surface of PS I with two hydrophilic α helices

F�c and F�d at the N�terminus of transmem-

brane helix F�f (Fig. 7.24). PsaF function has

been well studied in cyanobacteria and green

algae, as well as in plants. As the shortest dis-

tance between their helix axes and the

pseudo�C2 axis is 27 Å (Jordan et al. 2001),

direct interaction with cytochrome c6 or plasto-

cyanin is unlikely, consistent with the observa-

tion that deletion of PsaF does not influence the

kinetics of electron transfer in cyanobacteria

(Xu et al. 1994d). The cyanobacterial PsaF�null

mutant showed normal photoautotrophic growth

when compared with the wild type, suggesting

that PsaF has dispensable accessory roles in the

function and organization of PS I complex

(Chitnis et al. 1991; Xu et al. 1994d). However,

the detailed study of the PsaF�deficient and

PsaF mutant strains of cyanobacteria and plants

yielded interesting observations.

In a mutant strain of the cyanobacterium

Synechocystis sp. PCC 6803 that contains a dele-

tion of the psaF gene, a psaJ gene is also tran-

scriptionally inactive since psaF and psaJ belong
to the same cistron. PS I complexes were assem-

bled in the cells lack PsaF and PsaJ. The cells of

the mutant and wild�type strains have similar

rates of photosynthetic electron transfer and

P700+ re�reduction under linear and cyclic elec-

tron transfer conditions. Analysis of

flash�induced absorption transients at 700 nm

demonstrated that absence of PsaF in the purified

mutant PS I did not affect the rate of P700+

re�reduction by cytochrome c553. Therefore,

PsaF is not essential for docking of cytochrome

c553 and possible plastocyanin neither. The

PsaA�PsaB subunits were more easily degraded

by thermolysin in the mutant PS I. Thermolysin

cleavage of PsaB yielded two major fragments

that were immunoreactive with an antibody

raised against the C�terminus of PsaB. The

N�termini of these PsaB peptides mapped at

Ile482 and Ile498 residues, thus identifying a

surface�exposed domain of the core of PS

I. The PsaE subunit could be removed by 1 M

NaI and was rapidly digested by thermolysin in

the mutant but not in the wild�type PS I. Also,

the removal of PsaF from PS I complex of

Synechococcus elongatus had no effect on elec-

tron transfer from cytochrome c6 to P700

(Baymann et al. 2001). Therefore, PsaF and

PsaJ subunits of PS I have dispensable accessory

roles in the function and organization of the

complex (Xu et al. 1994d). Deletion of psaJ of

Synechocystis sp. PCC 6803 led to a reduction in

the steady state RNA level from psaF which is

located upstream from psaJ. Immunoquanti-

fication using an anti�PsaF antibody revealed a

significant decrease in the amount of PsaF in

membranes of the mutant strain. Trimeric PS IFig. 7.24 The PsaF structure (PDB ID: 1JB0)
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complexes isolated from the mutant strain using

n�dodecyl β�D�maltoside lacked PsaJ,

contained 80% less PsaF, but maintained the

wild�type levels of other PS I subunits. In con-

trast, the PS I purified using Triton X�100

contained less than 2% PsaF when compared to

the wild type, showing the more extractable

nature of PsaF in PsaJ�less PS I in the presence

of Triton X�100. PsaE was more accessible to

removal by NaI in a mutant strain lacking PsaF

and PsaJ than in the wild type. The presence of

PsaF in PS I from the PsaJ�less strain did not

alter the increased susceptibility of PsaE to

removal by NaI. These results demonstrated an

interaction between PsaJ and PsaF in the organi-

zation of the complex (Xu et al. 1994c).

A separate study showed that in the

psaFJ�null mutant of Synechocystis sp. strain

PCC 6803, electron transfer from plastocyanin

to PS I was not affected. Instead, a restraint in

full chain photosynthetic electron transfer was

correlated to malfunction of PS I at its stromal

side (Jeanjean et al. 2003). It is hypothesized that

absence of PsaF causes oxidative stress, which

triggers the induction of the “iron stress induc-

ible” operon isiAB. Products are the IsiA

chlorophyll�binding protein (CP430), part of

the external antenna system, and the isiB gene

product flavodoxin. Supporting evidence was

obtained by similar isiAB induction in the

wild�type cells artificially exposed to oxidative

stress (Jeanjean et al. 2003). In addition, the

psaFJ�null mutant formed large aggregates of

IsiA, however some PS I�IsiA complexes can

still be isolated that contain 17 instead of 19 IsiA

proteins attached to the PS I complex. These

results showed that PsaF and PsaJ were important

but not absolutely essential for the interaction of

PS I with the IsiA ring (Kouril et al. 2003).

The membrane intrinsic domain of PsaF

contains only one transmembrane α helix F�f,

followed by a short hydrophilic helix F�g and

two shorter hydrophobic α helices, F�h and F�i.

This region of PsaF is very unusual. Α helix F�h

enters the membrane from the stromal side and

ends in the first third of the membrane. It is

followed after a crease by α helix F�i, running

back to the stromal side, where the C�terminus

is located and forms contacts with PsaE, PsaA

and also PsaB. PsaF does not axially coordinate

chlorophylls, but forms hydrophobic interactions

with chlorophylls and several carotenoids. A pos-

sible role of the transmembrane part of PsaF

could be a shielding of the carotenoids and of

chlorophylls from the lipid phase. The electron

spectrum study suggested that the subunits PsaF/

J/I interacted with about five chlorophyll

a molecules of PS I antenna (Soukoulis et al.

1999).

Unlike the cyanobacterial PsaF, chemical

cross�linking and site�directed mutagenesis

experiments (Hippler et al. 1989, 1996; Wynn

and Malkin 1988; Wynn et al. 1989)

demonstrated that the eukaryotic PsaF is essen-

tial for docking of plastocyanin or cytochrome c6
to the oxidizing side of PS I. It is of note that the

existence and the discussed function of the

eukaryotic N�terminal domain of PsaF is

supported by the new crystal structure data on

plant PS I (Ben-Shem et al. 2003; Mazor et al.

2015; Qin et al. 2015). Inactivation of the psaF

gene from Chlamydomonas reinhardtii resulted a
mutant that still assembled functional PS I com-

plex and was capable of photoautotrophic

growth. However, the electron transfer from

plastocyanin to P700+ was dramatically reduced

in the mutant, thereby providing the evidence

that PsaF plays an important role in docking

plastocyanin to PS I in chloroplasts (Hippler

et al. 1997; Farah et al. 1995). This controversial

function of PsaF between plants and

cyanobacteria was addressed by the peculiarities

of molecular recognition between plastocyanin

and PsaF (Hippler et al. 1996). Compared to

cyanobacterial PsaF sequences, a basic

N�terminal region only present in plant and

green algae (Fig. 7.25), was demonstrated impor-

tant for plastocyanin or cytochrome c6 binding.

Our alignment analysis of the selected represen-

tative sequences showed that plant, green algal

and cyanobacterial PsaF share ~73% amino acid

similarity and ~16% identity (Fig. 7.25). Two

conserved negative patches in plant plastocyanin

were cross�linked with lysine residues in the

N�terminal domain of PsaF in plants. The lysine

rich region is absent in cyanobacteria. Adding
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this lysine rich region, first 83 amino acids from

Chlamydomonas reinhardtii to PsaF of

Synechocystis elongatus resulted in an increased

rate of P700+ reduction due to the interaction

between this lysine rich region and plastocyanin

(Hippler et al. 1999). The study indicated that the

lysine�rich region is sufficient for the binding of

the donor proteins, but not for the electron trans-

fer within the intermolecular complex. A recent

study showed that deletion of LepB1(Sll0716),

leader peptidases, in Synechocystis sp. PCC 6803

resulted in an inability to grow photoautotrophi-

cally and an extreme light sensitivity. In this

mutant, PsaF was found incorporated into PS I

complex in its unprocessed form, which could

influence the assembly and/or stability of PS

I. The presence of the signal peptide introduces

an extra N�terminal domain on the lumenal side

of PS I which could result in a slower assembly

rate or a lower stability of PS I (Zhang et al.

2013). Similarly observed in the chimeric PsaF,

containing the N�terminal domain of PsaF from

Chlamydomonas reinhardtii and the C�terminal

sequence of the cyanobacterial PsaF was found

to assemble into PS I complexes at a reduced

level in Synechococcus (Hippler et al. 1999). In

addition, a direct contact of PsaF with the light

harvesting systems in plants has been suggested

by experiments, in which plant subunit PsaF was

isolated as a chlorophyll�protein complex with

LHC I proteins (Anandan et al. 1989). Interaction

sites between PsaF and the LHC I proteins were

also identified in the structure of PS I from pea

(Ben-Shem et al. 2004). The different functions

of plant PsaF and cyanobacterial PsaF indicates

that a faster electron transfer from plastocyanin

to PsaF achieves in plants.

7.3.3 PsaI

This is one of the 3�4 very small proteins in the

cyanobacterial PS I complexes that contain only

one transmembrane helix and very small

extramembraneous region. The deduced amino

acid sequences of PsaI from plants and

cyanobacteria share high degree of conservation

(Xu et al. 1995). Our alignment analysis of the

selected representative sequences showed that

plant, green algal and cyanobacterial PsaI share

~77.5% amino acid similarity and ~22.5% iden-

tity (Fig. 7.26). The psaI gene, smr0004, in

Synechocystis sp. PCC 6803 encodes a mature

protein (subunit VIII) with a predicted isoelectric

point of 4.00. The mutagenesis study showed that

PsaI had a crucial role in aiding normal structural
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organization of PsaL within the PS I complex and

the absence of PsaI altered PsaL organization,

leading to a small, but physiologically signifi-

cant, defect in PS I function. Inactivation of

psaI in Synechocystis sp. PCC 6803 led to an

80% decrease in the PsaL level in the photosyn-

thetic membranes and to a complete loss of PsaL

in the purified PS I preparations, but had little

effect on the accumulation of other PS I subunits

(Xu et al. 1995). The PsaI�less membranes from

the cells grown at either 25�C or 40�C showed a

small decrease in NADP+ photoreduction rate

when compared to the wild�type membranes.

Therefore, a structural interaction between PsaL

and PsaI may stabilize association of PsaL with

the PS I core. One year later, a separate study of a

PsaI�deficient mutant of Synechococcus

sp. PCC 7002 showed that the growth rate of

the mutant was identical to that of the wild type

under low or high intensity of white light but

slower than the wild type in green light

(Schluchter et al. 1996). The compositional

analyses of the mutant PS I complexes confirmed

that PsaI plays a role in stabilizing the binding of

PsaL in PS I complex (Schluchter et al. 1996). In

addition, PsaI could interact with PsaM

(Schluchter et al. 1996), and it is agreed with

the crystal structure of PS I complex (Jordan

et al. 2001). PsaI is located between PsaL and

PsaM (Fig. 7.27), and forms direct contact with

both subunits (Jordan et al. 2001).

Besides interacting with PsaL and PsaM, PsaI

forms hydrophobic interactions with carotenoid

molecules but not chlorophyll a molecules. The

structure of higher plant PS I has been

determined at 4.4 Å resolution (Ben-Shem et al.

2003), 3.4 Å resolution (Amunts et al. 2007) and

2.8 Å resolution (Mazor et al. 2015; Qin et al.

2015). The existence of close interactions of PsaI

and PsaL in higher plants suggested that the

arrangement of these small subunits is a motif

that is conserved during evolution (Grotjohann

and Fromme 2005; Ben-Shem et al. 2004). Even

if the sequence was not assigned due to the lim-

ited resolution, the structure shows that PsaI and

PsaL also form close contacts in plant PS I. This

is remarkable, taking into account the fact that

plant PS I is a monomer and the region of PsaI

and PsaL (and PsaH) may function in forming

interactions with LHC II (Scheller et al. 2001;

Grotjohann and Fromme 2005). In plants, an

additional subunit (PsaH) is located in close

vicinity to PsaI and PsaL (Ben-Shem et al.

2003; Mazor et al. 2015; Qin et al. 2015). This

region may be the contact site between PS I and

the LHC II complex (Zhang and Scheller 2004).
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The idea can be put forward that PsaL stabilized

by PsaI might form an entrance gate for the

excitation energy from the external antenna

complexes in plants (Grotjohann and Fromme

2005; Busch and Hippler 2011). This would cor-

respond to excitation energy transfer between the

monomers in the trimeric PS I. Significant exci-

tation energy transfer between monomers have

been spectroscopically determined (Karapetyan

et al. 1999).

7.3.4 PsaJ

PsaJ is a 4.4 kDa hydrophobic subunit, which has

been identified in PS I preparations from

cyanobacteria and higher plants (Xu et al.

1994c; Ikeuchi et al. 1991). The protein is chlo-

roplast encoded in plants as is the case also for

PsaI, which has a similar size and hydrophobicity

(Scheller et al. 2001). Our alignment analysis of

the selected representative sequences showed

that plant, green algal and cyanobacterial PsaJ

share 95.5% amino acid similarity and 31.8%

identity (Fig. 7.28). PsaJ contains one transmem-

brane α helix (Jordan et al. 2001). The structure

is shown in Fig. 7.29. A location of PsaJ close to

PsaF was predicted by the mutagenesis and

cross�linking experiments on the cyanobacterial

(Xu et al. 1994c, 1994d) and plant PS I (Fischer

et al. 1999; Jansson et al. 1996). The N�terminus

of PsaJ is located in the stroma, and the

C�terminus is located in the lumen (Jordan

et al. 2001). The psaJ gene, sml0008, in

Synechocystis sp. PCC 6803 encodes a mature

protein (subunit IX) with a predicted isoelectric

point of 5.38. The analysis of the PsaJ�deficient

mutant in Synechocystis sp. PCC 6803 showed

that PsaJ was not required for the electron trans-

fer in PS I, but may interact with PsaF since the

deletion of the psaJ gene resulted in PS I

particles containing only 20% of the normal

level of PsaF (Xu et al. 1994c), suggesting that

PsaJ may maintain the stable PS I structure. In

Chlamydomonas reinhardtii, the lack of PsaJ,

although no decrease in the content of PsaF,

resulted in a functional heterogeneity where

only 30% of PS I exhibited the typical fast kinet-

ics of plastocyanin and cytochrome c6 oxidation.

In the remaining 70% of the PS I complexes, the

oxidation of plastocyanin was as slow as in PS I

devoid of PsaF (Fischer et al. 1999). The double

mutant lacking both PsaJ and PsaF was similar to

the mutant lacking only PsaF (Fischer et al.

1999). Thus, PsaJ in eukaryotes has a function

in maintaining PsaF in a conformation that

enables efficient electron transfer from

plastocyanin.

Zea mays
Oryza sativa
Spinacia oleracea
Arabidopsis thaliana
Chlamydomonas reibhardtii
Synechocystis sp. PCC 6803
Synechococcus sp. PCC 7002
Synechococcus elongatus PCC 7942
Consensus

The Alignment Analysis of the Representative PsaJ Sequences

Fig. 7.28 The sequence alignment of PsaJ

Fig. 7.29 The PsaJ structure (PDB ID: 1JB0)

150 W. Xu and Y. Wang



In addition to interact with PsaF, PsaJ

provides coordination of three antenna

chlorophylls (Fig. 7.29) (Jordan et al. 2001).

Specifically, PsaJ-Thr22 directly interacts with

a water molecule that is coordinated with a chlo-

rophyll a. PsaJ-Glu28 and PsaJ-His39 provide

ligands to two chlorophyll a molecules

(Fig. 7.30). PsaJ may play an important role in

the stabilization of the pigment clusters located

at the interface between PsaJ/PsaF and the PsaA/

PsaB core. The three chlorophylls, that are coor-

dinated by this subunit are supposed to play an

important role in the excitation energy transfer

from the IsiA ring to the PS I core (Jordan et al.

2001; Grotjohann and Fromme 2005). The room

temperature absorption difference spectra (the

wild�type – PsaF/J less mutant) of PS I trimer

isolated from the mutants lacking the PsaF/J

subunits suggested that the mutant was deficient

in core antenna chlorophylls absorbing near

685 nm and also 665 nm (Soukoulis et al. 1999).

7.3.5 PsaK

PsaK is an integral membrane protein in PS I

complex. The complete sequence of

Synechocystis sp. PCC 6803 genome revealed

the presence of two unlinked psaK genes

(Kaneko and Tabata 1997). The orf ssr0390 of

Synechocystis sp. PCC 6803 encodes an

86�amino acid subunit which has been identified

PsaK1 (subunit X) with a predicted isoelectric

point of 9.79 in the PS I complex, whereas the orf

sll0629 encodes a protein with 126 amino acids

(an alternative subunit X) which was recently

shown to be present in substoichiometric

amounts in the PS I complexes (Naithani et al.

2000). Only one PsaK subunit is present in the

crystal structure of Synechococcus elongates

(Jordan et al. 2001). Our alignment analysis of

the selected representative sequences showed

that plant, green algal and cyanobacterial PsaK1

and PsaK2 share ~60% amino acid similarity and

low identity (~8%) (Fig. 7.31). Based on the

sequence analysis, the PsaK subunit is PsaK1.

This subunit seems to be the least ordered subunit

in the PS I complex, as indicated by high tem-

perature factors, so that an unambiguous

sequence assignment was not possible and the

structure was modeled with polyalanine. It only

forms protein contacts with PsaA (Jordan et al.

2001; Grotjohann and Fromme 2005). PsaK1 has

two helices (Fig. 7.32) connected in the stroma

(Grotjohann and Fromme 2005), and this

arrangement is in agree with the prediction

from the sequence analysis (Muhlenhoff et al.

1993), so that both the C� and N�termini are

located in the lumen. It is located peripherally,

close to the interface between the monomers of a

PS I trimer. It is predicted that two residues of

PsaK, although not definitely determined, pro-

vide ligands to two antenna chlorophyll

a molecules (Fig. 7.32).

The role of PsaK in PS I has been studied by

using the PsaK�deficient mutants. Inactivation

of psaK1, or psaK2 did not affect photoautotro-

phic growth and accumulation of other subunits

of the PS I complex. The psaK1�deficient,

psaK2�deficient and psaK1/psaK2�double defi-

cient strains showed normal levels of PS I

trimers. A 6.2 kDa polypeptide with a predicted

isoelectric point of 9.57 was observed in the PS I

preparations from the wild type, but not from the

psaK2�deficient strain, suggesting the presence

of PsaK2 in the PS I complexes under normal

light conditions. Another study showed that

PsaK2 subunit was absent in the purified PS I

complexes under low light condition, but was

present in the purified PS I complexes during

acclimation to high light (Fujimori et al. 2005).

Fig. 7.30 PsaJ provides ligands to chlorophylls (PDB

ID: 1JB0)
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In conclusion, both psaK1 and psaK2 are

expressed in Synechocystis sp. PCC 6803 and

the absence of both proteins results in only a

small reduction in PS I electron transport

(Naithani et al. 2000). The crystal structure of

PS I complex showed that PsaK1 coordinates two

chlorophylls and forms contacts with carotenoids

(Jordan et al. 2001). It may also play an impor-

tant role in the interaction with the IsiA antenna

ring under iron deficiency (Grotjohann and

Fromme 2005). The room temperature absorp-

tion difference spectra (the wild�type – PsaK1/

K2 less mutant) of the PS I trimer isolated from

the mutants lacking the PsaK1/K2 subunits

suggested that the mutant was deficient in core

antenna chlorophylls absorbing near 665 nm and

680 nm (Soukoulis et al. 1999).

Why does Synechocystis sp. PCC 6803 con-

tain two psaK genes, psaK1 and psaK2? Fujimori

et al. (2005) searched for the two types of PsaK

proteins in other cyanobacteria. They found that

cyanobacteria such as Synechococcus elongatus
PCC 7942 and Trichodesmium erythraeum IMS

101 contain two types of the psaK gene, whereas

the marine cyanobacterial strains

Prochlorococcus and Synechococcus have only

one psaK gene that forms a distinct clade in a

phylogenetic tree. The Anabaena sp. PCC 7120

genome encodes even three psaK genes, one of

the psaK1 type, whereas the other two are quite

divergent from psaK2 and the marine type genes.

The DNA microarray study showed that the

psaK2 mRNA was the only transcript of a PS I

gene that accumulates under high light

conditions (Hihara et al. 2001), suggesting that

it is involved in responses to high light. To avoid

the photodamage, cyanobacteria regulate the dis-

tribution of light energy absorbed by

phycobilisome antenna either to PS II or to PS I

upon high light acclimation by the process

so�called state transition. In cyanobacteria,

PsaK2 was shown to be involved in excitation

energy transfer from phycobilisomes to PS I

under high light conditions (Fujimori et al.

2005). These data imply that the assembly mech-

anism of different PsaK subunits into the PS I

monomer is not specific to Synechocystis

sp. PCC 6803 but is rather common in

cyanobacterial strains that have to adapt to

changing light conditions and that perform state

transitions.
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Interestingly, PsaK2 shares around 30%

amino acid identity with PsaG, a plant PS I

subunit that is lacking in cyanobacteria (Duhring

et al. 2007). The studies of psaG and psaK

Arabidopsis mutants (Scheller et al. 2001;

Zygadlo et al. 2005; Jensen et al. 2000; Varotto

et al. 2002) suggested a stabilizing role of these

subunits for the PS I core and the peripheral

antenna in specific light conditions in plants.

PsaG as well as PsaK are located on the outer

edge of the plant PS I complex (Ben-Shem et al.

2003; Mazor et al. 2015; Qin et al. 2015). Since

the space that is occupied by PsaG in plant PS I is

empty in cyanobacterial PS I as judged from the

crystal structure, Fujimori et al. (2005) suggested
that PsaK2 could occupy this site under high light

conditions.

7.3.6 PsaL

Comparison of the deduced primary sequences

indicates that the PsaL subunits contain a greater

diversity than seen in other subunits (Allen

2005). Our alignment analysis of the selected

representative sequences showed that plant,

green algal and cyanobacterial PsaL share

75.3% amino acid similarity and 16.9% identity

(Fig. 7.33). The structure of PsaL is shown in

Fig. 7.34. This subunit contains three transmem-

brane helices, named L�d, L�e and L�g with

L�d and L�e forming hydrophobic contact sites

between the monomers within the trimer (Jordan

et al. 2001). Most of the further contact sites

between the monomers in the trimerization

domain are provided by hydrogen bonds and

electrostatic interactions within the loop regions.

The N�terminal loop is located on the stromal

side, harboring three small β strands and one α
helix (Fig. 7.34). This loop forms various

contacts with loop regions of PsaA and is also

in contact with PsaD, thereby attaching PsaL to

the core of PS I. A short lumenal loop connects

the first and second transmembrane α helices.

Correspondingly the second and third transmem-

brane α helices are connected by a short stromal

loop. The C�terminus is folded into a short α
helix located in the lumen. The electron density

map suggests that a metal ion, possibly a Ca2+, is

coordinated by two residues of PsaL (Fig. 7.34)

in two adjacent PS I monomers and by PsaA

(Jordan et al. 2001). Based on the crystal struc-

ture, Ca2+ is coordinated by side chain of

PsaL�Asp70, main chain of PsaL�Prol67 and

two water molecules (Fig. 7.34). Possibly, it

could be required for stabilization of the PS I

trimer, in agreement with the observations in

Synechocystis sp. PCC 6803 that the addition of
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Oryza sativa
Spinacia oleracea
Arabidopsis thaliana
Chlamydomonas reibhardtii
Synechocystis sp. PCC 6803
Synechococcus sp. PCC 7002
Synechococcus elongatus PCC 7942
Consensus
Zea mays
Oryza sativa
Spinacia oleracea
Arabidopsis thaliana
Chlamydomonas reibhardtii
Synechocystis sp. PCC 6803
Synechococcus sp. PCC 7002
Synechococcus elongatus PCC 7942
Consensus

The Alignment Analysis of the Representative PsaL Sequences

Fig. 7.33 The sequence alignment of PsaL
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Ca2+ stimulated formation of PS I trimers. The

psaL gene, slr1655, in Synechocystis sp. PCC

6803 encodes a mature protein (subunit XI)

with a predicted isoelectric point of 4.68.

The main function of PsaL is essential for

formation of PS I trimers revealed by the inacti-

vation of the psaL gene in Synechocystis sp. PCC

6803 (Chitnis and Chitnis 1993). No trimers can

be detected in the psaL deletion mutant. This

essential role of PsaL in trimer formation was

later confirmed in a psaL�deficient mutant from

Synechococcus sp. PCC 7002 (Schluchter et al.

1996). The crystal structure of cyanobacterial PS

I complex showed that PsaL is located close to

the C3 axis in the “trimerization domain” (Jordan

et al. 2001). As discussed earlier, it forms most of

the contacts: hydrophobic interactions between

helices of monomer PsaL subunits and hydrogen

bonds and electrostatic interactions between

loops of monomer PsaL subunits (Jordan et al.

2001). In contrast to cyanobacterial PS I trimer,

plants have only PS I monomer. This raises the

question of the function of the trimer in

cyanobacteria. The mutants of Synechococcus
elongatus, which lack PsaL, showed normal

growth at high light intensity, whereas growth

under low light was decreased by a factor of

10 compared to the wild type (Muhlenhoff and

Chauvat 1996). These results suggested that the

trimer was essential for optimal light capturing in

cyanobacteria (Jordan et al. 2001; Grotjohann

and Fromme 2005; Fromme et al. 2001).

Another role of PsaL is in binding to antenna

chlorophyll a (Fromme et al. 2001; Soukoulis

et al. 1999) and carotenoid molecules (Jordan

et al. 2001). The crystal structure of PS I complex

showed that PsaL coordinates three antenna chlo-

rophyll a molecules (Fig. 7.34). PsaL�Glu49

and PsaL�His54 coordinate with two

chlorophylls. The third chlorophyll is coordi-

nated with a water molecule that interacts with

main chain of PsaL�Phe57 (Fig. 7.35). In addi-

tion, PsaL forms hydrophobic contacts with three

carotenoids (Fig. 7.34), two are located at the

interface between PsaL and PsaA and PsaI, the

third one is located at the monomer�monomer

interface in the trimerization domain. The latter

carotenoid may also play an important role in the

stabilization of the trimeric PS I complex. In

conclusion, interactions with chlorophyll a and

carotenoids of PsaL suggest that may be there-

fore important for the excitation energy transfer

between the monomers.

Though structure and function of the PS I has

been elucidated in detail (Jordan et al. 2001;

Chitnis 2001; Grotjohann and Fromme 2005),

its assembly, and degradation are poorly under-

stood. It is known that the early steps of photo-

system assembly occur in the plasma membrane

in cyanobacteria (Zak et al. 2001). Several

Fig. 7.35 PsaL provides ligands to chlorophylls (PDB

ID: 1JB0)

Fig. 7.34 The PsaL structure (PDB ID: 1JB0)
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factors that are involved in assembly of PS I have

been identified in cyanobacteria. The known PS I

assembly factors like Ycf3 and Ycf4 were found

mainly in the plasma membrane, probably for PS

I assembly at the early stage while Ycf37 and

also Pyg7 are located in the thylakoid membrane

(Stockel et al. 2006). Therefore Ycf37 should

rather act on later steps of PS I assembly. Most

probably Ycf37 stabilizes late PS I assembly

intermediates in the thylakoid membrane and

protects them from premature degradation

through proteolysis (Duhring et al. 2007). Label-

ing of Synechocystis sp. PCC 6803 cells followed

by a BN�PAGE analysis to examine the dynam-

ics of assembly and disassembly intermediates of

PS I complexes suggested that first assembly

intermediate detected following the synthesis of

individual subunits and formation of the PS I

core was a PsaL/PsaK�less PS I monomer. The

next step is the integration of the PsaL subunit

into the complex resulting in the recently discov-

ered PS I intermediate. Finally, addition of PsaK

leads to a complete PS I monomer consisting of

all 11 PS I subunits (Duhring et al. 2007). PsaF

should consequently be inserted in an earlier step

of the monomer assembly at least before the

PsaL subunit is inserted, although the dynamics

leading to early PS I complex formation are still

unknown (Duhring et al. 2007; Ozawa et al.

2009).

Hippler et al. suggested that in

Chlamydomonas PsaK is also the last subunit

assembled into PS I complexes (Hippler et al.

2002). The pulse�chase experiments suggest a

homeostasis of trimeric and the two “late” mono-

meric PS I complexes. The question remains why

PsaK, not PsaL, is the last subunit that is

incorporated into the complex. PsaL is essential

(but not sufficient) for trimerization of PS I in

cyanobacteria (Duhring et al. 2007). Thus, asso-

ciation of PsaL with a PS I monomer as a final

step in the assembly of trimers would agree with

this role. However, in plants, PS I is a monomeric

complex, although it contains PsaL. The associa-

tion of PsaL with PS I subassemblies does not

always directly lead to trimerization but may also

depend on the attachment of PsaK (Duhring et al.

2007).

7.3.7 PsaM

PsaM, the smallest subunit (subunit XII with a

predicted isoelectric point of 6.07), has 29 amino

acids (3.4 kDa) in Synechocystis sp. PCC 6803

(Chitnis 2001). smr0005 encodes PsaM in

Synechocystis sp. PCC 6803. Our alignment

analysis of the selected representative PsaM

sequences showed that cyanobacteria share

nearly 100% amino acid similarity and ~52%

identity (Fig. 7.36). It contains a hydrophobic

domain flanked by hydrophilic termini (Chitnis

2001). This subunit contains only one transmem-

brane α�helix (see Fig. 7.37) as predicted by

(Muhlenhoff et al. 1993). PsaM is located close

to the monomer/monomer interface, in the neigh-

borhood of PsaI and PsaB. The N�terminus is

located in the lumen, and the C�terminus in the

stroma (Jordan et al. 2001). The PsaM�deficient

mutant of Synechocystis sp. PCC 6803 has simi-

lar phenotype to the wild type. The other subunits

PsaA/B, PsaC, PsaD, PsaE, PsaF, PsaL, PsaI,

PsaJ and PsaK are present in the membrane and

PS I preparations from the PsaM�deficient

mutant. This mutant has less PS I trimers than

the wild type, it suggests that PsaM could func-

tion in stabilizing the trimers (Naithani et al.

2000).

Synechocystis sp. PCC 6803
Synechococcus sp. PCC 7002
Synechococcus elongatus PCC 7942
Consensus

The Alignment Analysis of the Representative PsaM Sequences

Fig. 7.36 The sequence alignment of PsaM
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PsaM is detected only in cyanobacterial PS I

(Anderson and McIntosh 1991). Although an

open reading frame for this subunit was also

found in the liverwort chloroplast genome

(Ohyama et al. 1986), this subunit was not

identified thus far in any preparations of plant

PS I and is also not present in the plant PS I

structures (Ben-Shem et al. 2003; Mazor et al.

2015; Qin et al. 2015; Amunts et al. 2007). PsaM

forms hydrophobic contacts with one carotenoid

molecule and is involved in the coordination of

one chlorophyll a (Jordan et al. 2001). One chlo-

rophyll a is coordinated with a water molecule

that directly interacts with PsaM-Arg24

(Fig. 7.37). This chlorophyll (M�1) may play

an important role in excitation energy transfer

between monomers (Grotjohann and Fromme

2005). The room temperature absorption differ-

ence spectra (the wild�type – PsaM�less

mutant) of PS I trimer isolated from the mutants

lacking the PsaM subunits suggested that the

mutant is deficient in core antenna chlorophylls

absorbing near 675nm (major) and 700 nm

(minor) (Soukoulis et al. 1999). It is strongly

functionally coupled to chlorophylls of the

neighboring monomer, i.e. functionally may be

considered to be part of the clustered network of

this adjacent monomeric unit (Sener et al. 2004).

In this respect, it is remarkable that the protein

side chains of PsaM do not form direct contacts

between monomers. However it may play a role

in the stabilization of the trimeric structure by

forming hydrophobic interaction with the carot-

enoid that is involved in trimerization (Jordan

et al. 2001; Grotjohann and Fromme 2005), and

it agrees with the experimental data (Naithani

et al. 2000) discussed earlier.

7.3.8 PsaU or PsaX

This is a small peptide in PS I with one trans-

membrane helix in the neighborhood of PsaF.

This protein has been detected in the crystal

structure of PS I complexes from Synechococcus
elongatus and is referred to as PsaU or PsaX

(Jordan et al. 2001). The structural model of

PsaX contains 35 residues with a predicted iso-

electric point of 9.82. The six stromally located

N�terminal amino acids were not identified in

the structure, possibly because this part of the

structure is flexible (Jordan et al. 2001;

Grotjohann and Fromme 2005). It is present at

the membrane exposed surface of PS I. It

coordinates one chlorophyll and forms hydro-

phobic contacts with several carotenoid

molecules and one of the lipids (Jordan et al.

2001). The crystal structure Thermosyne-

chococcus elongates (Jordan et al. 2001) showed

that PsaX has an α helix and PsaX-Asn23

coordinates with one antenna chlorophyll

a (Fig. 7.38). It has been reported that PsaX

was identified so far only in PS I from the

Fig. 7.37 The PsaM structure (PDB ID: 1JB0) Fig. 7.38 The PsaX structure (PDB ID: 1JB0)
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thermophilic cyanobacteria Thermosyne-

chococcus vulcanus and Anabaena variabilis
(Ikeuchi et al. 1991; Koike et al. 1989) including

the crystal structure of PS I complex from

Synechococcus elongates (Jordan et al. 2001).
We performed blast search and identified

twenty-one putative PsaX that share ~47%

amino acid similarity (Fig. 7.39). This protein is

not present in plant PS I, as recently shown by the

structures of the PS I from the pea (Ben-Shem

et al. 2003; Mazor et al. 2015; Qin et al. 2015;

Amunts et al. 2007). Also, no gene sequence for

PsaX has yet been assigned in the mesophilic

cyanobacterium Synechocystis sp. PCC 6803

(Xu et al. 2001).

A common theme in PS I is the occurrence of

red chlorophylls, which absorb (and fluoresce)

light at longer wavelengths than P700 (Gobets

et al. 2001; Palsson et al. 1998). Red chlorophylls

slow the trapping kinetics of P700, however, the

quantum yield of the complex is not affected by

this at room temperature; at higher light

intensities red traps may have a photoprotective

role (Mazor et al. 2014). In addition, red

chlorophylls increase the absorbance cross sec-

tion of the entire complex, especially in shaded

environments (Mazor et al. 2014). The recent

3�D crystal structure of Synechocystis sp. PCC
6803 identified a new chlorophyll trimer. Chlo-

rophyll B40 forms a stromal chlorophyll trimer

with B19 and B18 in Synechocystis sp. PCC 6803

(Mazor et al. 2014), but a chlorophyll dimer in

Thermosynechococcus elongates (Jordan et al.

2001) since the PsaB loop on the stromal side

(PsaB 301�319) extends to coordinate chloro-

phyll B40 and a phospholipid. Interestingly, the

oxygen of the head group of the phospholipid

coordinates with the magnesium atom of B40

(Mazor et al. 2014). In contrast, the position of

this chlorophyll (B40) is occupied by subunit

PsaX in Thermosynechococcus elongates (Jordan

et al. 2001). Surprisingly, and in spite of the large

structural changes observed in this region, this

lipid is still clearly visible, this high degree of

conservation demonstrates the important role of

the PS I lipids. The question as to whether PsaX

is a unique subunit of thermophilic

cyanobacteria, necessary for stability of the PS I

complex at higher temperatures, has been raised.

The fact that the newly discovered chlorophyll

trimer in Synechocystis sp. PCC 6803 relates to

its counterpart by pseudo�C2 symmetry

suggested that this configuration preceded the

association of PsaX, which may have been an

adaptation to high temperature. Possibly the

most important role of PsaX is to protect this

lipid at higher temperatures. The occurrence of

this chlorophyll trimer suggested that these

trimers have a structural role and the appearance

of the red absorption results from fine�tuning of

their position. It is likely that the pigment envi-

ronment contributes significantly to its spectral

properties (Mazor et al. 2014).

Fig. 7.39 The sequence alignment of PsaX
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7.4 Concluding Remarks

The crystal structure of PS I complex from cya-

nobacterium Thermosynechccocus elongatus

was solved at 2.5 Å resolution (PDB ID: 1JB0)

14 years ago, along with plant PS I structures at

4.4 Å resolution (PDB ID: 1QZV), 3.4 Å resolu-

tion (PDB ID: 2O01) and 2.8 Å resolution (PDB

IDs: 4XK8 and 4Y28), and the recent PS I struc-

ture from Synechocystis sp. PCC 6803 at 2.8 Å
resolution (PDB ID: 4L6V), allow the architec-

ture of pigments, cofactors and proteins to be

accurately modeled at atomic level. In

Synechocystis sp. PCC 6803, the mutants for all

proteins of PS I have been reported. The studies

of these mutants have revealed the roles of PS I

proteins in the organization and function of PS

I. However, roles of some proteins of PS I are not

evidenced from the phenotypes of the

cyanobacterial mutants. The cyanobacterial

mutants that lack PsaK1, PsaK2, PsaM, PsaL,

PsaI, PsaJ, and PsaF do not affect photoautotro-

phic growth or photosynthetic electron transfer

rates. Therefore, in these mutants the deficiency

is not rate limiting for photosynthesis. In most of

these mutants, the electron transfer activity of PS

I and rates of electron transfer within PS I are

also not affected. Algae and higher plants contain

homologous PsaF, PsaK, PsaI, PsaJ, and PsaL

proteins. The structural conservation of these

implies that their role provides critical advantage

to the organism. The structural information has

shown that these integral membrane proteins

bind chlorophyll a and carotenoid molecules.

However, the absence of these proteins and con-

sequent lack of associated cofactors do not sig-

nificantly decrease the efficiency of PS I

complexes by a detectable margin. Only PsaA,

PsaB and PsaC are directly involved in the elec-

tron transfer from plastocyanin on the luminal

side to ferredoxin on the stromal side. However,

the recent studies showed that electron transfer

and energy transfer are made efficient only in the

presence of the proper assembly of the other

subunits.

The PsaA and PsaB polypeptides assemble as

a heterodimer and provide ligands for the

majority of the electron transfer cofactors,

which are located on both sides of a pseudo�C2

axis of symmetry. Thus, a common overall bind-

ing frame exists for the two branches of electron

transfer cofactors. The current data from

Chlamydomonas reinhardtii and Synechocystis
sp. PCC 6803 support both branches may be

asymmetrically involved in electron transfer.

There exist two models of initial charge separa-

tion. Initiating charge separation of PS I has

historically been considered as the primary

asymmetrical chlorophyll pair P700 although

the details of the process remain obscure. It is

generally assumed that the accessory chlorophyll

AA (or AB) plays a role as a transient electron

transfer intermediate. Recently, a new model was

proposed in which the initial charge separation

occurs between AA and A0A (or AB and A0B),

resulting in the primary radical pair AA
+A0A

�

(or AB
+A0B

�). P700 quickly donates an electron

to AA
+ (or AB

+), thereby initiating the first step in

the stabilization of the charge�separated states

and resulting in the first readily observable state,

P700+A0A
� (or P700+A0B

�). The amino acids of

PsaA and PsaB coordinating accessory

chlorophylls have been changed (unpublished

data), and characterization of these mutants will

be of important to understand exact process of

the initial charge separation. Two of the chloro-

phyll a molecules (aC40A and aC39B) are spe-

cial as they structurally and perhaps functionally

connect eC2A/eC3B and eC2B/eC3A of the elec-

tron transfer chain to the antenna. It will be

interesting to investigate the exact functions of

these two chlorophylls as well.

The most studies of electron transfer and spec-

troscopic properties of cofactors were carried out

using isolated PS I particles under room or low

temperature conditions. Exact energy and elec-

tron transfer processes under physiological

conditions remains large unknown, especially in

nature, where the cyanobacteria experience

much greater fluctuations in the environmental

and nutritional conditions than what could be

tested in the laboratory. In addition, mechanisms

of assembly, degradation and regulation of PS I

complex under different conditions are not clear.
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Summary

Photosynthetic organisms contain specific

pigment-protein complexes that absorb light

energy and subsequently transfer excitation

energy to the photosynthetic reaction centers.

Changing the quality and/or quantity of the

complexes is how light-harvesting and

energy-transfer processes adapt to

environments. Cyanobacteria and red algae

form a unique peripheral membrane complex,

phycobilisome, whereas integral membrane

complexes containing specific carotenoids

are found in green algae and higher plants.

We examine light-harvesting and energy-

transfer processes in different types of

complexes by time-resolved fluorescence

spectroscopy. Changes in these processes in

response to different environments are also

discussed.
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8.1 Introduction

Photosynthetic organisms contain specific

pigment-protein complexes as peripheral or

integral membrane complexes that absorb light

energy and subsequently transfer excitation

energy to the photosynthetic reaction centers

in photosystems (PSs) (Rabinowitch and

Govindjee 1969; Blankenship 2002). Besides

S. Akimoto (*)

Graduate School of Science, Kobe University,

Kobe, Japan

e-mail: akimoto@hawk.kobe-u.ac.jp

M. Yokono

Institute of Low Temperature Science, Hokkaido

University, Sapporo, Japan

# Springer International Publishing AG 2017

H.J.M. Hou et al. (eds.), Photosynthesis: Structures, Mechanisms, and Applications,
DOI 10.1007/978-3-319-48873-8_8

169

mailto:akimoto@hawk.kobe-u.ac.jp


chlorophylls (Chls) or bacteriochlorophylls as

major pigments in photosynthesis, phycobilins

and/or carotenoids (Cars) are found in pigment-

protein complexes. To adapt light-harvesting

and energy-transfer processes to environments,

organisms can modify the quality of pigment-

protein complexes, the quantity of pigment-

protein complexes, the interaction between

pigments and protein, and/or the interaction

between pigment-protein complexes.

In oxygenic photosynthetic organisms, two

PSs (PSII and PSI) function in parallel, and

their excitation levels must be balanced to main-

tain optimal photosynthesis (Minagawa 2011).

Equal excitation of two PSs is needed to achieve

linear electron flow from PSII to PSI, which

generates both ATP and NADPH (Evans 1987).

Cyclic electron flow around PSI is also essential

for photosynthesis (Munekage et al. 2004). Fre-

quent excitation of PSI is achieved during cyclic

electron flow, causing ATP, which is required for

photorespiration, to be preferentially synthesized

(Kuvykin et al. 2011; Kozaki and Takeba 1996).

Excitation balance can be achieved in several

ways, which itself indicates the importance of

the balance of excitation between PSI and PSII

in photosynthesis. The simplest way to achieve

this balance is regulation of amount of each reac-

tion center (Cunningham et al. 1990). Another

well-known mechanism is “Mobile antenna”,

where a light-harvesting antenna moves and pref-

erentially binds to a reaction center that needs

more excitation energy (Minagawa 2011). In

addition, various quenchers including Cars and

Car-Chl heterodimers can extort excitation

energy from PSII (Holt et al. 2005; Yokono

et al. 2008a; Cheng et al. 2008; Ruban and

Duffy 2012; Sutter et al. 2013a; Tian et al.

2012), and then PSI is preferentially excited

(Kuvykin et al. 2011). Direct PSII!PSI energy

transfer in a process known as “spillover” has

also been proposed (Murata 1969; Satoh et al.

1976). Each mechanism has its corresponding

advantages and disadvantages. For example, the

regulation of accumulation levels could be a

fundamental solution, but requires time to syn-

thesize the reaction centers. In addition, the

metals Fe and Mn are needed to synthesize PSI

and PSII, respectively (Ben-Shem et al. 2003;

Umena et al. 2011). Fe and Mn supply is the

factor limiting of growth rate in green and red

plastid lineages, respectively (Falkowski et al.

2004; Raven 1990). The mobile antenna mecha-

nism does not require protein synthesis, but the

mobility of an antenna depends on its size; a

larger antenna moves more slowly than a smaller

one (Sarcina et al. 2001). Various quenchers can

effectively dissipate excitation energy as heat.

Under weak light conditions, excitation energy

should be efficiently transferred to reaction

centers instead of dissipating. The spillover

mechanism can be very effective, but it is

regulated by the redox state of the plastoquinone

pool in photosynthetic membranes. In

cyanobacteria, the redox state is affected not

only by photosynthesis activity but also respira-

tion; therefore, cyanobacteria cannot maintain

excitation balance by spillover alone.

Phycobilisome (PBS) is a peripheral antenna

found in cyanobacteria and red algae that

contains phycoerythrin (PE), phycocyanin (PC),

and allophycocyanin (APC), and absorbs light

energy in the visible region instead of Chl

(Gantt 1981; Mimuro and Kikuchi 2003). The

light energy captured by PBS is transferred to

Chl as excitation energy. In cyanobacteria, the

quality and/or quantity of PBSs can be modified

in response to light conditions (Ghosh and

Govindjee 1966; Boardman et al. 1966; Stowe-

Evans and Kehoe 2004; Yokono et al. 2008b).

For example, the cyanobacterium Anacystis
nidulans decreases its PC/Chl a ratio under

strong orange light, and increases it under strong

red light (Ghosh and Govindjee 1966). It has also

been reported that A. nidulans can alter the extent

of PBS!PSII energy transfer without affecting

the lifetime of PSII fluorescence (Boardman

et al. 1966). The cyanobacterium Fremyella

diplosiphon changes its phycobiliprotein compo-

sition in response to light quality; PE, PC, and

APC are synthesized during cultivation under

green light, whereas only PC and APC were

synthesized under red light (Stowe-Evans and

Kehoe 2004). In the cyanobacterium

Gloeobacter violaceus PCC 7421, the short-

wavelength form of PC (PC615) was produced
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during cultivation under red light without chang-

ing the energy transfer processes of PC and APC

(Stowe-Evans and Kehoe 2004). Energy transfer

in the PBS in the cyanobacterium Arthrospira

platensis (Spirulina platensis) is modified

depending on the light quality; the PBS trans-

ferred excitation energy without loss of energy in

cells grown under green and far-red light,

whereas rapid energy transfer was established

in the PBS in cells grown under yellow light

(Akimoto et al. 2012).

Cars are found in all organisms, where they

play important roles in photoprotective activities

including radical scavenging and singlet oxygen

trapping (Mimuro and Katoh 1991; Frank and

Cogdell 1993). In photosynthesis, Cars have an

additional function; they absorb light energy and

transfer it to nearby Chl molecules. The

functions of Cars are closely related with the

properties of their electronically excited states,

energy level and lifetime; therefore, conjugation

structures of Cars can be examined to determine

the function(s) of individual Cars. With respect

to conjugation structure, two kinds of Cars are

found in photosynthetic organisms. One

possesses conjugated polyenes (�(C ¼ C)n-)

and the other contains a keto carbonyl group

(>C¼O) in the conjugated double-bond system.

Among the polyene-type Cars, those containing

9–10 conjugated double bonds are expected to

function as efficient antenna because of the rela-

tively long lifetimes of their second excited state

(Akimoto et al. 2000). Lutein (Lut) and

spheroidene have conjugation of n ¼ 10 and act

as an antenna pigment in higher plants (Holt et al.

2003; Akimoto et al. 2005) and photosynthetic

bacterium Rhodobacter sphaeroides (Ricci et al.

1996), respectively. By containing longer conju-

gation, the polyene-type Cars exhibit a

photoprotective function. In the xanthophyll

cycle, violaxanthin (the short-conjugation form,

n ¼ 9) works as an antenna pigment, whereas

zeaxanthin (the long-conjugation form,

n ¼ 9 + 2) behaves as a quencher of Chl (Horton

et al. 1996). Keto-Cars, which have the conjuga-

tion of eight C ¼ C bonds and one C ¼ O bond,

are present in specific classes of algae and func-

tion as efficient antenna pigments (Mimuro 2003;

Song et al. 1976; Akimoto et al. 2004, 2007),

including fucoxanthin in brown algae and

diatoms, and peridinin in photosynthetic

dinoflagellates. A marine green alga, Codium

fragile, contains a specific keto-Car,

siphonaxanthin (Siph), which shows a character-

istic in vivo absorption band at 535 nm (Akimoto

et al. 2004, 2007). This band is advantageous for

light harvesting in green light-rich underwater

conditions (Akimoto et al. 2004, 2007).

Recent developments in laser technology

enable us to precisely study ultrafast processes

in photosynthetic systems. Time-resolved fluo-

rescence spectroscopy is a most useful technique

because it detects signals only from excited

states. By observing fluorescence signals as a

function of time after short-pulse laser excitation,

excited state dynamics are resolved with a time

resolution of approximately 3 ps (picosecond) by

the time-correlated single photon counting

method (O’Connor and Phillips 1984), and

20 fs (femtosecond) by the up-conversion

method (Shah 1988; Kahlow et al. 1988) after

convolution calculation. One application of time-

resolved fluorescence spectroscopy is observa-

tion of pigment-to-pigment energy-transfer pro-

cesses. By monitoring fluorescence signals from

pigments as a function of time, energy transfer is

observed as a time-dependent decrease in fluo-

rescence intensity from an energy donor, and a

concomitant increase in the intensity of emission

from an acceptor (Mimuro et al. 1989). Another

application is observation of energy transfer

between two PSs. By detecting delayed fluores-

cence signals after charge recombination in PSII,

the PSII!PSI energy transfer process may be

examined (Yokono et al. 2011, 2015). The

delayed fluorescence observed for this process

in the 10-ns (nanosecond) region at 77 K pro-

ceeds by the following mechanism. When the

reaction center of PSII is excited, charge separa-

tion takes place. It is well known that charge

recombination between the primary electron

donor and primary electron acceptor occurs

with a given probability. After charge recombi-

nation, an excited state is regenerated at the reac-

tion center, and delayed fluorescence is emitted.

Reported lifetimes of delayed fluorescence are in

8 How Light-Harvesting and Energy-Transfer Processes Are Modified Under. . . 171



the order of 10 ns, so they are easily distin-

guished from prompt fluorescence with a lifetime

in the order of 1 ns or less (Mimuro et al. 2007).

Studies of isolated PSI revealed that its longest

lifetime is less than 5 ns; therefore, PSI alone

does not emit delayed fluorescence (Mimuro

et al. 2010). In some cases, excitation energy

regenerated by charge recombination in the

PSII reaction center transfers to the PSII core

antenna, which is observed as long-lived fluores-

cence at 685 and/or 695 nm. Furthermore, long-

lived fluorescence is observed in the region of

PSI fluorescence when PSII is present, indicating

that a certain amount of PSII attached to PSI

undergo a PSII!PSI energy transfer (Yokono

et al. 2011, 2015). At 77 K, energy transfer

occurs only from pigments with higher transition

energy to those with lower (downhill energy

transfer), i.e., PSII!PSI energy transfer. In con-

trast, at room temperature, uphill energy transfer

including PSI!PSII energy transfer may

become possible. Therefore, by detecting

delayed fluorescence at 77 K, the mechanisms

of how two PSs share excitation energy are

examined (Yokono et al. 2015).

8.2 Method

8.2.1 Time-Resolved Fluorescence
Spectroscopy

Fluorescence kinetics in the picosecond to nano-

second region were measured using a time-

correlated single-photon counting system at

77 K (Akimoto et al. 2012). The excitation wave-

length was 400 or 425 nm; Chl a, Chl b, and Car

were simultaneously excited at 425 nm, while all

pigments including PBS were simultaneously

excited at 400 nm. Polyethylene glycol 3350

(final concentration 15% (w/v)) was added to

sample solutions to obtain homogeneous ice

samples at 77 K. Fluorescence kinetics in the

femtosecond to picosecond region were

measured using a fluorescence up-conversion

system at room temperature (Akimoto and

Mimuro 2007). The excitation wavelength was

425 nm. To avoid polarization effects, the angle

between the polarizations of the excitation laser

and fluorescence was set to the magic angle

(54.7�).

8.2.2 Global Fitting Analysis

Fluorescence rise and decay curves at different

wavelengths (F(λ, t)) were fitted by sums of

exponentials with common time constants as

follows:

F λ; tð Þ ¼
Xn

i¼1

Ai exp � t

τi

� �
ð8:1Þ

The fluorescence decay-associated spectrum

(FDAS) for each time constant (τi) is given by

plotting the amplitudes (Ai (λ)) as a function of

wavelength (λ). Positive and negative values of

amplitude indicate fluorescence decay and rise,

respectively. For discussion on energy transfer, a

pair of positive and negative amplitudes

indicates energy transfer from a pigment with

positive amplitude to one with negative ampli-

tude. The FDAS with the longest τi (>10 ns)

gives the delayed fluorescence spectrum. The

PSI/PSII ratio in the delayed fluorescence spec-

trum is an index of how two PSs share excitation

energy (Yokono et al. 2011, 2015).

8.3 Modification of Energy
Transfer

8.3.1 Excitation Energy Regulation
in Phycobilisomes

Cyanobacteria and red algae possess PBSs as

light harvesting antennae that are located outside

of the photosynthetic membranes (Gantt 1981).

Phycobiliprotein discs (trimers and hexamers)

are assembled with the aid of linker polypeptides

into PBSs (Apt et al. 1995). The molecular archi-

tecture of a PBS depends on the linker

polypeptides (Guan et al. 1996).

The simplest architecture is found in

cyanobacteria. Acaryochloris marina has been

isolated from inside ascidian (Miyashita et al.
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1996), and possesses a simple rod-shaped PBS

(Fig. 8.1a) (Chen et al. 2009) that can achieve

efficient energy transfer (Theiss et al. 2011). The

rod-shaped structure enables a dense distribution

of light-harvesting pigments on the thylakoid

membranes of A. marina, which might be an

advantage under weak steady light conditions.

Many cyanobacteria possess hemidiscoidal

PBSs (Fig. 8.1c) (Arteni et al. 2009). A

hemidiscoidal PBS contains two distinct struc-

tural domains, the core and rods. The core

accepts excitation energy from the rods, and

then efficiently transfers this energy to Chl

(Gillbro et al. 1985; Mullineaux and Holzwarth

1991). Hemidiscoidal PBSs possess lower pig-

ment density per unit area compared with simple

rod-shaped PBSs; however, the core structure is a

large advantage. Many cyanobacteria accumu-

late the soluble Car binding protein called orange

carotenoid protein (OCP), which binds to the

core structure of PBS so that excess excitation

energy is thermally dissipated under high light

conditions (Kirilovsky 2007; Sutter et al. 2013b;

Tian et al. 2013). This regulation mechanism is

important for survival of these bacteria under

high light conditions in shallow water (Wilson

et al. 2006).

The most primordial cyanobacterium,

G. violaceus, has a bundle-like PBS (Fig. 8.1b)

(Rippka et al. 1974; Koyama et al. 2006). The

bundle-like PBS also contains a core and rods.

The existence of the core structure allows OCP to

be used (Bernát et al. 2012). In the rod domain,

unlike hemidiscoidal PBSs, three rods are bun-

dled together by special linker polypeptides

(Koyama et al. 2006). This bundle-like structure

enables a dense distribution of light-harvesting

pigments on cytoplasmic membranes, which

overcomes the shortcomings of area constraint

caused by the lack of a thylakoid membrane.

The bundle structure accelerates excitation

energy migration between rods (Yokono et al.

2008b). Figure 8.2 shows representative fluores-

cence decay curves of some PBSs. The bundle-

like PBS (solid lines) shows slower kinetics than

the hemidiscoidal PBS (dotted lines), which may

be caused by energy migration in the rod

assemblies.

The slower energy transfer does not seem

appropriate. However, the lifetime of the lowest

excited state (S1 state) of isolated

phycobiliprotein is known to be much longer

than that of the bundle-like PBS (Yamazaki

et al. 1994), so the overall efficiency of energy

transfer remains reasonable.

Many red algae contain hemiellipsoidal PBSs

with a large amount of PE at their periphery

(Fig. 8.1d) (Gantt 1981; Arteni et al. 2008). The

hemiellipsoidal structure may enable these PBSs

to form a dense distribution of light-harvesting

pigments, and accelerate excitation energy

migration between rods, leading to slow energy

transfer in such PBSs (Yokono et al. 2012). In the

core domain, unlike a hemidiscoidal PBS, the

core structure is covered with a large amount of

PE, so quenchers including OCP may not be able

PE

Cytoplasmic membrane Thylakoid membrane

rod

core core
Thylakoid membrane

rod rod rod

APC

PC

(b)(a) (c)

Thylakoid membrane

(d)

Fig. 8.1 Architectures of a (a) rod-shaped PBS, (b) bundle-like PBS, (c) hemidiscoidal PBS, and (d) hemiellipsoidal

PBS. PE phycoerythrin, PC phycocyanin, APC allophycocyanin
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to access it. Actually, OCP has not been found in

any red algae. Instead, red algae can adjust

energy transfer using PE (Yokono et al. 2012).

Under high stress conditions, some PE detaches

from the PBSs (Yokono et al. 1817a; Liu et al.

2008a), and an unknown quencher dissipates the

excess energy in PE (Fig. 8.3) (Yokono et al.

2012). In cyanobacteria, the PBS itself detaches
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Fig. 8.2 Architectures and

fluorescence decay curves

of PBSs from Gloeobacter
violaceus and Fremyella
diplosiphon
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from the thylakoid membrane under high light

conditions (Tamary et al. 2012); therefore,

cyanobacteria and red algae might employ dif-

ferent mechanisms to regulate their excitation

energy distributions.

8.3.2 Modification of Energy Transfer
from Phycobilisomes
in the Cyanobacterium
Arthrospira platensis

Not only the quality and/or quantity of pigment–

protein complexes, but also the interactions

among these complexes are essential to adapt

light-harvesting and energy-transfer processes

to light conditions. The cyanobacterium

A. platensis possesses an extremely low energy

Chl a in PSI (F760), but does not contain PE in its

PBSs (Akimoto et al. 2012; Boussiba and

Richmond 1979; Shubin et al. 1991, 1992). Exci-

tation energy transfers in the PBSs and those

from PSII to PSI are modified depending on the

light quality (Akimoto et al. 2012). Light energy

captured by the PBSs is transferred to both PSI

and PSII. PBS!PSII energy transfer occurs

directly, whereas two pathways are conceivable

for PBS!PSI energy transfer: direct energy

transfer from PBS to PSI (direct PBS!PSI

energy transfer) (Mullineaux 1992), and energy

transfer from PBS to PSI via PSII

(PBS ! PSII!PSI energy transfer) (Butler and

Kitajima 1975; Bruce et al. 1985). Energy trans-

fer process from PBS and PSII to PSI were

examined for A. platensis cells grown under

lights with different spectral profiles and differ-

ent light intensities (Akimoto et al. 2013). Before

cultivation under different light qualities,

A. platensis cells were grown under a fluorescent

lamp with a light intensity of 50 μmol photons

m�2 s�1 for 7 days (whole-day illumination) as

controls. To examine the effects of light quantity/

quality on energy-transfer processes, A. platensis

cells were also grown under the following light

conditions: high light (270 μmol photons m�2 s�1)

for 2 days (whole-day illumination), low light

(20 μmol photons m�2 s�1) for 2 days (whole-

day illumination), and low light for 14 days

(whole-day illumination). Under high light

conditions, the growth rate of A. platensis cells
decreased after 2.5 days (Aikawa et al. 2012).

Eight different light sources were used to culti-

vate cells (Fig. 8.4b, c, and d): a white fluorescent

lamp, white light-emitting diode (LED), and six

different single-color LEDs with the spectral

profiles shown in Fig. 8.4d. The single-color

LEDs emit a single peak at 461 nm (blue),

527 nm (green), 590 nm (yellow), 637 nm (red

light with shorter wavelength emission), 666 nm

(red light with longer wavelength emission), and

740 nm (far-red). This set of single-color LEDs

covers the visible to the far-red region of the

electromagnetic spectrum. In the absorption

spectrum of A. platensis cells (Fig. 8.4a), four

peaks are recognized, which are assigned to the

Chl Soret (~435 nm), Car (~500 nm), PBS

(~620 nm), and Chl Qy (~676 nm) bands. The

light from the fluorescent lamp and white LED is

Thylakoid membrane

Cyanobacteria

Thylakoid membrane

Red algae

OCP

quencher?

Fig. 8.3 Quenching of PBSs in cyanobacteria and red

algae. OCP: orange carotenoid protein
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absorbed by all photosynthetic pigments in

A. platensis cells. In contrast, the pigments in

these cells do not necessarily absorb the light

from single-color LEDs; blue light can be

absorbed by Chl and Car, green light by Car,

yellow light mainly by PBS and slightly by Car,

red light with shorter wavelength emission

mainly by PBS and slightly by Chl, red light

with longer wavelength emission by PBS and

Chl, and far-red by low-energy Chl.

The fluorescence intensity ratio of PSI to PSII

changes depending on the PSI-PSII interaction.

By examining the PSI/PSII ratios in the delayed

and steady-state fluorescence spectra as a func-

tion of light conditions, it is possible to elucidate

how energy transfer to PSI changes with the light

conditions. In the delayed fluorescence, the PSI/

PSII ratio increases when PSII transfers energy to

PSI (PSII!PSI). Connection of PBSs to the PSs

was not apparent. Conversely, in the steady-state

fluorescence signal formed by excitation at the

PBS absorption band, the PSI/PSII ratio becomes

larger when PSI can receive energy from PBS.

To achieve this, one of the following energy-

transfer pathways is required: PBS!PSI or

PBS ! PSII!PSI. The latter case can also be

detected from the delayed fluorescence of these

cells. Therefore, the difference in the PSI/PSII

ratio between the steady-state fluorescence and

delayed fluorescence (ΔPSI/PSII), which is cal-

culated by subtracting the PSI/PSII ratio of the

delayed fluorescence from that of the steady-state

fluorescence, gives us information about the

energy donors to PSI. To increase ΔPSI/PSII,
there should be a greater contribution of

PBS ! PSI energy transfer; to decrease ΔPSI/
PSII, there should be a greater contribution of

PSII ! PSI energy transfer without PBS. Fig-

ure 8.5 shows ΔPSI/PSII as a function of the

PSI/PSII ratio of delayed fluorescence. There is

a linear relationship between ΔPSI/PSII and

PSI/PSII in the delayed fluorescence spectra;

ΔPSI/PSII decreases linearly with increasing

PSI/PSII of delayed fluorescence with a slope of

�1. This suggests that the total energy transfer to

PSI remains constant independent of light

conditions and cultivation period. The contribu-

tion of PBS ! PSI energy transfer becomes

greater as that of PSII ! PSI energy transfer

decreases, and vice versa. Therefore, it is likely

that PSI can control energy flow to itself by using

PSII as an antenna complex even when PBS is

not energetically connected to PSI.

8.3.3 Excitation Balance
in Photochemical Reaction
Centers in Red Algae

Red algae are thought to have arisen from the

whole-cell engulfment of cyanobacteria by a

Fig. 8.4 Absorption spectrum of Arthrospira platensis
and spectral profiles of lights used for cultivation: (a)
absorption spectrum of control cells, and spectra of (b)
white fluorescent light, (c) white LED, and (d) six kinds

of single-color LEDs: blue LED (blue), green LED

(green), yellow LED (yellow), red LED with shorter

wavelength emission (orange), red LED with longer

wavelength emission (red), and far-red LED (pink). In
(a), absorption bands caused by chlorophyll a (Chl),

phycobilisome (PBS), and carotenoid (Car) are indicated

176 S. Akimoto and M. Yokono



eukaryotic host cell (Falkowski et al. 2004), so

photosynthesis and respiration occur in separate

places. Red algae proliferated in coastal benthic

habitats, where consistently oxic conditions

would have first been established (Falkowski

et al. 2004), indicating low light and low Fe

conditions. In addition, as mentioned above (see

the section Excitation Energy Regulation in
Phycobilisomes), many red algae use a large

light-harvesting antenna, hemiellipsoidal PBS,

which covers the surface of the thylakoid mem-

brane (Liu et al. 2008b). This feature is favorable

under low light conditions, but the mobility of

the antenna might be low. It has been reported

that red algae predominantly use the spillover

mechanism to achieve excitation balance

between PSII and PSI (Yokono et al. 2011;

Kowalczyk et al. 2013).

Red algae showed a wealth of colors such as

green, purple, and red. The color reflects the

antenna size of PSII, where red or purple

indicates numerous PBSs. The spillover mecha-

nism was found to dominate when the amount of

PBS was high (Fig. 8.6) (Yokono et al. 2011). In

the most prominent example, about 75% of PSII

was physically connected to PSI, and excitation

energy transfer occurred to ensure the balance

between them (Yokono et al. 2011).

There are two possible roles of the spillover

mechanism: maintenance of the excitation bal-

ance between two PSs, and protection of PSII

from photo-damage (Yokono et al. 1807). The

former role is important in red algae. In red

algae, PSII-binding antennae contain not only

Chl a, but also PBSs as light-harvesting pigments,

whereas PSI-binding antennae do not contain

phycobilins (Gardian et al. 2007). Here, PBSs

absorb light in the wavelength region of

500–650 nm, which cannot be absorbed by Chl

a. Therefore, PSII-binding antennae can harvest a
broader range of light, and then share the excita-

tion energy with two reaction centers by the spill-

over mechanism. Conversely, in diatoms, green

algae, moss, and higher plants, the light-

harvesting antennae of both PSs contain similar

types of pigments. In these organisms, protection

Fig. 8.5 Difference of PSI/PSII ratio between steady-

state fluorescence and delayed fluorescence (ΔPSI/PSII)
plotted against PSI/PSII ratio of delayed fluorescence in

cells grown under low light conditions for 2 days (circle

with thin solid line) and 14 days (circle with thin dotted
line), and under high light conditions for 2 days (circle

with thick solid line). Light sources used were as follows:

white fluorescent light (gray), white LED (light blue),
blue LED (blue), green LED (green), yellow LED (yel-
low), red LED with shorter wavelength emission

(orange), red LED with longer wavelength emission

(red), and far-red LED (pink). Control: white circle with

thin solid line. The red line is the best-fit function:

Y ¼ �X + 4. See details in (Akimoto et al. 2013)
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of PSII might bemore important thanmaintaining

energy balance. In higher plants, the thylakoid

membranes are arranged in a continuous network

of non-appressed regions interconnected with

appressed regions of the grana stacks, and the

appressed regions contain only the PSII reaction

center (Anderson and Andersson 1988). There-

fore, spillover could occur only in non-appressed

regions, where the repair cycle of PSII also takes

place (Yokono et al. 2015; Tikkanen et al. 2008;

Nixon et al. 2010).

8.3.4 Light Harvesting by
Carotenoids in the Higher Plant
Arabidopsis thaliana and Green
Algae Codium fragile

In the light-harvesting Chl-protein complexes of

PSII (LHCII), green algae and higher plants pos-

sess Chl a, Chl b, and specific Cars. As light-

harvesting Cars, Lut and Siph are found in the

LHCIIs of Arabidopsis thaliana and Codium
fragile, respectively (Fig. 8.7). Differences in

the Car contents and pigment ratios of Chl a/
Chl b affect the ability of LHCII to absorb

light. Chl a exhibits peaks around 438 nm

(Soret band) and 673 nm (Qy band), whereas

Chl b absorbs around 475 nm (Soret band) and

653 nm (Qy band). Relative absorbances at

650 and 476 nm are larger in the LHCII of

C. fragile than in A. thaliana, reflecting a larger

relative amount of Chl b in green algae (Fig. 8.8).

In addition, a green absorption band appears in

the absorption spectrum of the LHCII of

C. fragile (green band in Fig. 8.8).

Lut is a typical polyene-type Car that contains

nine conjugated double bonds with an additional

conjugation by the β-end group, so the total con-

jugation number is ten (Fig. 8.7). In contrast,

Siph is a keto-Car containing eight C ¼ C

bonds and one C ¼ O bond, so in total, n ¼ 9

(Fig. 8.7). In the non-polar solvent n-hexane Lut
and Siph exhibit absorption spectra with clear

vibrational bands, and the spectrum of Siph is

shifted to longer wavelength by 7 nm compared

with that of Lut (Fig. 8.9). In methanol, Lut

shows almost the same absorption spectrum as

that in n-hexane (not shown). In contrast, the

absorption spectrum of Siph shows an increase

in intensity in the longer wavelength region and

completely loses its vibrational structure, which

is not observed for the polyene-type Cars

(LeRosen and Reid 1952). Although the dielec-

tric constants (ε) of acetonitrile (εAcetonitrile ¼ 37)

and methanol (εMethanol ¼ 33) are almost the

Fig. 8.6 Estimated

relationship between the

relative amount of PBS and

spillover. The color of each

point represents the color

of each red alga. The

relative amount of PBS is

represented by the

absorbance ratio (A550/

A680). The spillover index

was estimated from the

delayed fluorescence

intensity and mean lifetime

in the PSI and PSII

wavelength region. See

details in (Yokono et al.

2011)
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same, this solvent-induced change was not

observed in acetonitrile (Akimoto et al. 2008).

Therefore, it is suggested that the increase in

intensity in the longer wavelength region of

Siph absorption is not related to the polarity of

the surrounding molecules, but to a specific inter-

action between Siph and the surrounding mole-

cule(s), such as hydrogen bonding between the

C ¼ O group of Siph and OH group of the

solvent.

Time-resolved fluorescence spectra of Lut in

n-hexane, Siph in n-hexane, and Siph in metha-

nol are presented in Fig. 8.9. In n-hexane, time-

dependent changes are relatively small, although

spectral shapes and peak wavelengths change

over time. Conversely, in methanol, fluorescence

intensity in the longer wavelength region

increases over time. The fluorescence lifetimes

of Siph were analyzed by triple exponential

functions with decay lifetimes of 30–35 fs,

180–200 fs, and >10 ps (Akimoto et al. 2008).

It was found that the difference in time-

dependent change in the spectra of Siph in n-

hexane and methanol is caused by a difference

in the contribution from the longest-lived com-

ponent (>10 ps); the contribution from this com-

ponent is larger in methanol than in n-hexane.

The most probable origin of this long-lived com-

ponent is fluorescence from the S1 state including

vibrationally excited states in the S1 state. In

general, Cars are classified into polyenes belong-

ing to the point group C2h in which the S1 state is

dipole forbidden from the ground state (S0).

Therefore, in n-hexane, the contribution from

S1 fluorescence is negligible even in Siph,

whose conjugation structure is not symmetric

because of the presence of the C ¼ O group. In

methanol, the hydrogen bond formed between

the solvent and C ¼ O group of Siph might

increase the intensity of S1 fluorescence by

increasing the deviation of Siph from C2h sym-

metry. The increase in the intensity of S1 fluores-

cence in methanol suggests that the optically

forbidden S1–S0 transition of Cars is partially

allowed for Siph and its strength increases in

methanol. According to the F€orster theory for

energy transfer, energy transfer efficiency

depends on the strength of an electronic transi-

tion of an energy donor (F€orster 1959). In this

sense, the efficiency of energy transfer from Siph

to Chl a via the S1 state of Siph seems to depend

on the interaction between Siph and the

surrounding environment.

Based on sequences of genes coding Codium

LHC II apoprotein, specific substitutions of

siphonaxanthin

O

CH2OH
OH

HOlutein

OH

HO

Fig. 8.7 Molecular structures of the carotenoids lutein and siphonaxanthin

Fig. 8.8 Steady-state absorption spectra of (a)
Arabidopsis thaliana LHCII and (b) Codium fragile
LHCII. The specific absorption band of siphonaxanthin

is highlighted in green
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amino acids close to the C ¼ O group of Siph,

from Ser to Ala in helix A and from Ala to Val in

helix B, were indicated, although the overall

similarity of the whole sequences of all LHCII

is maintained (Tsuchiya et al. 2008). Therefore,

it is expected that differences in protein environ-

ment around Cars play an important role in deter-

mining the properties of Cars, besides the

difference in the conjugation structure of Car.

To produce the characteristic light-harvesting

function of keto-Cars, asymmetric Car-protein

interactions including hydrogen bonding

between the amino acid residues and C ¼ O

group of Car might be important. For the

siphonous green alga Bryopsis corticulans, it

has also been suggested that Siph and siphonein

in a weakly hydrophobic protein environment

enhance light harvesting in the green light region

(Wang et al. 2013).

8.4 Conclusions

It has been found that the cyanobacterium

A. platensis maintains energy balance between

PSI and PSII by controlling the PBS–PSI and

PSII–PSI interactions (Akimoto et al. 2013).

Although both PSII!PSI and PBS!PSI energy

transfers were affected by changes in light

conditions, the total energy transferred to PSI

did not depend on the light conditions. Con-

versely, in red algae, it appears that energy

Fig. 8.9 Steady-state absorption spectra (Abs, blue line),
steady-state fluorescence spectra (Fl, red line), and time-

resolved fluorescence spectra (dotted line) of lutein in n-

hexane (left panel), siphonaxanthin in n-hexane (middle
panel), and siphonaxanthin in methanol (right panel).
Each spectrum is normalized at its maximum intensity
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distribution is mainly controlled by PSII!PSI

energy transfer (Yokono et al. 1807). A larger

amount of PBS increases the contribution of

PSII!PSI energy transfer. The difference in

light harvesting by PBSs between cyanobacteria

and red algae might be related to respiration

complexes located in close proximity to photo-

synthetic complexes in cyanobacteria

(Mullineaux and Allen 1990; Liu et al. 2012)

and/or differences in the architecture of PBSs

(see Fig. 8.1). Further study is required to reveal

the mechanism of energy distribution control and

the role(s) of spillover in different organisms.

For absorption of green light by a Car, the

green alga C. fragile possesses Siph instead of

Lut, and substitutes some amino acids close to

Siph. This behavior was also found for Chl.

When monovinyl Chls are replaced with divinyl

Chls, two amino acid alternations are needed to

improve the tolerance to strong light conditions

by changing energy-transfer pathways (Ito and

Tanaka 2011; Yokono et al. 2011). In addition to

alternation of pigments, substitution of amino

acids can be used to optimize the function of

pigments.
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Summary

The growth and development of higher plants

depends not only upon an active photosyn-

thetic apparatus and adequate water and min-

eral nutrient supply, but also tight regulation

of growth by plant hormones and specific

secondary metabolites. Environmental (abi-

otic) stresses influence plant growth via

changes in the metabolism and action of

plant hormones, their interactions with sec-

ondary metabolites, as well as a reduction in

photosynthetic activity. An initial response to

abiotic stress often includes an increasing

accumulation of two “stress” hormones,

abscisic acid (ABA) and salicylic acid (SA).

This is followed by an activation of multiple

physiological pathways which yield an

increase in tolerance to the stress. Also

associated with these increases in ABA and

SA levels are a reduction in the biosynthesis

and/or action of plant “growth” hormones,

such as the gibberellins, auxin and cytokinins.
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e-mail: vaughan.hurry@slu.se

N.P.A. Hüner
Department of Biology and The Biotron Center for

Experimental Climate Change Research, University of

Western Ontario (Western University), 1151 Richmond

Street N, London, ON N6A 5B7, Canada

e-mail: nhuner@uwo.ca

# Springer International Publishing AG 2017

H.J.M. Hou et al. (eds.), Photosynthesis: Structures, Mechanisms, and Applications,
DOI 10.1007/978-3-319-48873-8_9

185

mailto:lkurepin@uwo.ca
mailto:aivanov@uwo.ca
mailto:M.Zaman@iaea.org
mailto:rpharis@ucalgary.ca
mailto:vaughan.hurry@slu.se
mailto:nhuner@uwo.ca


The plant’s internal resources are then

diverted toward enhancing stress tolerance

which is usually associated with diminished

photosynthetic productivity. However, some

plant varieties (genotypes) are capable of

biosynthesising a unique secondary metabo-

lite, glycine betaine (GB). These genotypes

exhibit a greater tolerance to abiotic stress,

and often have an enhanced growth and

yield, relative to varieties which do not accu-

mulate GB. The increased GB accumulation

occurs mainly in the chloroplast and is respon-

sible for initiating a network of interactions

between the plant’s photosynthetic apparatus,

its “stress” and “growth” hormones, and reac-

tive oxygen species. The end result of these

GB-induced interactions is the alleviation of

abiotic stress effects.

Keywords

Glycine betaine • Abiotic stress •

Photosynthetic apparatus • Plant hormones
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9.1 Introduction

Plants cope with a range of abiotic stresses,

including changes in light and water availability,

or fluctuations in temperature and mineral levels,

via multiple pathways which are regulated by

changes in plant hormones biosynthesis and per-

ception (Kiba et al. 2011; Dodd and Davies 2010;

Kurepin and Pharis 2014; Hüner et al. 2014). One
of these hormonal pathways leads to the accumu-

lation of an osmolyte, glycine betaine (Kurepin

et al. 2015a). Glycine betaine (GB) accumulation

by plant tissues has been shown to occur in a

range of abiotic stresses and it has often been

directly correlated with a plant’s increasing tol-

erance to the abiotic stress (Rhodes and Hanson

1993; Chen and Murata 2011). The increased

abiotic stress tolerance of plants able to accumu-

late GB appears, in large part, to be due to the

ability of chloroplast-produced GB to protect the

photosynthetic apparatus (Kurepin et al. 2015a).

In particular, accumulation of GB in the chloro-

plast in response to a stress signal protects the

enzymes and lipids which are required to main-

tain both the flow of electrons through thylakoid

membranes and the continued assimilation of

CO2 (Park et al. 2007; Chen and Murata 2011).

Additionally, GB’s functions in chloroplasts

appear to be especially important for stability of

photosystem (PS) II, the most vulnerable part of

the photosynthetic apparatus and a component

which is believed to play a key role in a plant’s

photosynthetic responses to abiotic stress (Baker

1991; Adams et al. 2013). This GB-mediated

maintenance of both photosynthetic performance

and PSII stability in abiotically-stressed plants is

also associated with increases plant growth and

reproductive yield, i.e. traits regulated by plant

hormones (Kurepin et al. 2013a). Thus, a key

role of GB in alleviating or mitigating abiotic

stress responses by the plant can be evaluated in

the context of the integration of the regulation of

GB’s biosynthesis by plant “stress” hormones, its

function in protecting the photosynthetic appara-

tus, and its subsequent direct and indirect

interactions with plant “growth” hormones.
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9.2 Biosynthesis and Accumulation
of Glycine Betaine in Response
to Abiotic Stress

Glycine betaine (N,N0,N00-trimethylglycine;

Fig. 9.1) is found in many organisms, including

bacteria, marine invertebrates, plants and

mammals. GB is a “compatible osmolyte”,

i.e. one of the members of a group of small

molecules, such as proline, prolinebetaine,

β-alaninebetaine, choline-O-sulfate and

3-dimethylsulfoniopropionate (Rhodes and

Hanson 1993; Chen and Murata 2011). Compati-

ble osmolytes are uncharged at a neutral pH, are

highly soluble in water and are excluded from the

hydration sphere of proteins. This allows them to

function in the protection of cells against osmotic

inactivation by increasing water retention and

stabilizing folded protein structures (Low 1985;

Ballantyne and Chamberlin 1994; Liu and Bolen

1995; Sakamoto and Murata 2002; Ashraf and

Foolad 2007). The main function of GB and

other compatible osmolytes (which act as

non-toxic cytoplasmic osmolytes) thus appears

to be increasing a plant’s tolerance to abiotic

stresses (Dawson et al. 1969; Wyn Jones et al.

1977).

Not all higher plants exhibit GB accumulation

following the initiation of abiotic stress and this

is discussed in Kurepin et al. (2015a). For exam-

ple, Arabidopsis thaliana (Hibino et al. 2002),

eggplant (Solanum melongena L.; de Zwart

et al. 2003), potato (Solanum tuberosum L.; de

Zwart et al. 2003), tobacco (Nicotiana tabacum

L.; Nuccio et al. 1998), tomato (Solanum
lycopersicum L.; Park et al. 2004) and rice

(Oryza sativa L.; Sakamoto and Murata 1998)

were all reported to have no detectable accumu-

lation of GB in response to abiotic stresses. That

said, there are conflicting results regarding

A. thaliana as Xing and Rajashekar (2001),

using the same cultivar, have shown GB accumu-

lation in shoot tissues following the Arabidopsis

plant’s exposure to a cold stress. Cultivar speci-

ficity was also shown for sorghum (Sorghum

bicolor L. Moench.) and corn (Zea mays L.),

two species which also have cultivars capable

of accumulating GB (Grote et al. 1994; Saneoka

et al. 1995). Furthermore, crossing GB-

accumulating with GB non-accumulating

genotypes resulted in the production of greater

proportion of genotypes with high GB accumu-

lation, than genotypes with low GB accumula-

tion (Mickelbart et al. 2003). Thus, the ability to

produce higher amounts of GB in response to an

abiotic stress seems likely to be genotype specific

within most plant species.

There are transgenic plants which can over-

express GB biosynthetic genes of plant or bacte-

rial origin (Chen and Murata 2011). For example,

A. thaliana, rice and tobacco plants, which typi-

cally do not accumulate GB in response to abi-

otic stress, were genetically engineered to

express plant-origin choline monooxygenase

(CMO). These transgenic plants accumulated rel-

atively low levels of GB unless exogenous cho-

line was supplied and their stress tolerance was

largely not increased (Nuccio et al. 1998; McNeil

et al. 2001; Hibino et al. 2002; Shirasawa et al.

2006). However, when the same genotypes of

these plant species were genetically engineered

to express bacterial choline oxidase (COD), the

plants with bacterial COD accumulated rela-

tively high amounts of GB, even without admin-

istration of exogenous choline, and they

exhibited increased stress tolerance (Hayashi

et al. 1997; Nuccio et al. 1998; Sakamoto and

Murata 1998; Huang et al. 2000; Mohanty et al.

2002; Hibino et al. 2002). Genotypes which do

not normally accumulate GBmay thus utilize GB

biosynthetic precursors for other biosynthetic

pathways. If so, this would explain why

introducing the late stage plant-origin GB bio-

synthesis genes only results in significant GB

accumulation when the transgenic plants are

supplemented with choline. The GB biosynthetic

genes in bacteria are different, as discussed

below. Thus, the introduction of bacterial genes

to plant genotypes lacking the ability to accumu-

late GB can result in significant GB
Fig. 9.1 Chemical structure of glycine betaine (N,N0,
N00-trimethylglycine)
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accumulation in the transgenic plants, even with-

out supplemental choline.

The biosynthesis of GB in higher plants

begins in the cytosol, when a methyl group

from S-adenosylmethionine (SAM) is added to

ethanolamine (EA) to produce monomethyl EA

(Fig. 9.2). SAM is also involved in the biosyn-

thesis of ethylene and polyamines (Abeles et al.

1992). The monomethyl EA is converted to cho-

line via several biosynthetic steps (Sahu and

Shaw 2009). Then, choline has to be transported

to the chloroplast where it is converted to GB.

The conversion of choline to GB in chloroplast is

a two-step process in plants, but can be a one-,

two- or three-step process in bacteria (Nyyssola

et al. 2000; Sahu and Shaw 2009). In plants and

some bacteria, CMO converts choline to betaine

aldehyde (BA) (Rhodes and Hanson 1993).

Then, betaine aldehyde dehydrogenase (BADH)

converts BA to GB (Rhodes and Hanson 1993).

In other bacteria species, such as Escherichia

coli, the choline dehydrogenase (CDH) and

BADH enzymes, encoded by betA and betB
genes respectively, catalyse the conversion of

choline to GB via BA (Landfald and Strom

1986). In contrast to higher plants and E. coli,
the bacterium Arthrobacter globiformis uses the

COD enzyme, encoded for by the gene codA, to

catalyse the conversion of choline to GB in a

single step (Ikuta et al. 1977). The use of bacte-

rial betA, betB and codA genes to engineer trans-

genic plants over-producing GB has proven to be

a very successful approach in creating varieties

with increased abiotic stress tolerance (Chen and

Murata 2011).

The main site of endogenous GB accumula-

tion in plants following an abiotic stress event is

in the chloroplasts of younger leaf tissues (Park

et al. 2007; Chen and Murata 2011). Leaves are

the main site of GB biosynthesis, but it can also

occur in other plant tissues. For example, in

barley (Hordeum vulgare L.), stress-induced

GB biosynthesis occurs mainly in vascular

tissues of leaves and the pericycle of roots, with

major accumulations of GB being detected in

younger leaves (Hattori et al. 2009). The trans-

port of GB from the main biosynthetic sites

occurs mainly via the phloem (Makela et al.

1996a; Hattori et al. 2009). Translocation studies

with [14C]-labelled GB in tomato, pea (Pisum
sativum L.), soybean (Glycine max [L.] Merr.)

and turnip (Brassica rapa ssp. Oleifera) plants

demonstrated that leaf to root translocation via

the phloem occurred within 2 h, with labelled GB

being found throughout the plant by 24 h

(Makela et al. 1996a).

9.3 Glycine Betaine Alleviates
Abiotic Stress Effects on Crop
Growth and Yield via
an Interaction
with Photosynthesis

Abiotic stress leads, among other responses, to

reduced rates of plant growth. The reduction in

growth rate may allow the plant to cope with the

effects of the stress, but this often comes at the

expense of vegetative and/or reproductive pro-

ductivity. Application of exogenous GB in foliar

form, via seed imbibition or root drench has been

shown to improve plant stress tolerance and thus

maintain or increase the productivity of commer-

cially important crops grown under both field and

controlled environment conditions - see

Table 9.1.

These GB-mediated increases in crop produc-

tivity are attributed mainly to the role GB plays

Fig. 9.2 Chemical

structures of (S)-cis-
abscisic acid (ABA, left)
and salicylic acid (SA,

right)

188 L.V. Kurepin et al.



Table 9.1 The effects of exogenously applied GB on growth and other physiological parameters on abiotically

stressed crop and forage plant species grown in a controlled environment, or under field conditions

Abiotic

stress GB dose Mode of application Physiological effect(s)

Barley (Hordeum vulgare L.)

Drought 17.5 kg ha�1 Foliar (field) Increase in leaf area index (Makela et al. 1996b)

Heat 20 mM Imbibition (seeds) Increase in shoot biomass (Wahid and Shabbir 2005)

Canola (Brassica napus L.)

Salinity 5 mM Imbibition (seeds) Increase in shoot biomass (Athar et al. 2009)

Corn (Zea mays L.)

Drought 4 kg ha�1 Foliar (field) Increase in grain yield (Agboma et al. 1997a)

Drought 100 mM Foliar (pots) Increase in shoot biomass and grain yield

(Anjum et al. 2011)

Drought 30 mM Foliar (pots) Increase in grain quality (Ali and Ashraf 2011)

Salinity 100 mM Foliar (pots) Increase in shoot biomass (Navaz and Ashraf 2007)

Cold 100 mg L�1 Imbibition (seeds) Increase in plant biomass (Farooq et al. 2008a)

Cold 2.5 mM Roots (soil drenching, pots) Increase in shoot biomass (Chen et al. 2000)

Eggplant (Solanum melongena L.)

Salinity 50 mM Foliar (pots) Increase in shoot biomass and fruit yield

(Abbas et al. 2010)

Pea (Pisum sativum L.)

Drought 200 mM Foliar (pots and field) Increase in shoot biomass (Makela et al. 1997)

Pepper (Capsicum annuum L.)

Salinity 10 mM Imbibition (seeds) Increase in germination (Korkmaz and Sirikci 2011)

Perennial ryegrass (Lolium perenne L.)

Salinity 20 mM Foliar (pots) Increase in plant biomass (Hu et al. 2012)

Rice (Oryza sativa L.)

Drought 50 mg L�1 Foliar (pots) Increase in shoot biomass and grain yield

(Zhang et al. 2009)

Drought 150 mg L�1 Foliar (field) Increase in shoot biomass (Farooq et al. 2010)

Drought 100 mg L�1 Foliar (field) Increase in shoot biomass (Farooq et al. 2008b)

Salinity 5 mM Roots (hydroponically

grown)

Increase in shoot biomass (Rahman et al. 2002)

Salinity 15 mM Roots (hydroponically

grown)

Increase in shoot biomass (Demiral and Turkan 2004)

Salinity 50 mM Foliar (pots) Increase in shoot biomass (Cha-Um et al. 2007)

Sorghum (Sorghum bicolor [L.] Moench)

Drought 4 kg ha�1 Foliar (field) Increase in grain yield (Agboma et al. 1997a)

Soybean (Glycine max L.)

Drought 100 mM

(3 kg ha�1)

Foliar (field) Increase in seed yield (Agboma et al. 1997b)

Sunflower (Helianthus annuus L.)

Drought 100 mg L�1 Foliar (field) Increase in achene yield (Hussain et al. 2008)

Drought 100 mg L�1 Foliar (field) Increase in achene yield (Iqbal et al. 2008)

Salinity 50 mM Foliar (pots) Increase in shoot biomass (Ibrahim et al. 2006)

Tobacco (Nicotiana tabacum L.)

Drought 100 mM Foliar (pots) Increase in shoot biomass (Agboma et al. 1997c)

Drought 80 mM Foliar (pots) Increase in shoot biomass (Ma et al. 2007)

Tomato (Solanum lycopersicum L.)

Cold 1 mM Foliar (pots) Increase in shoot height (Park et al. 2006)

Turnip rape (Brassica rapa ssp. Oleifera)

Drought 50 mM Foliar (pots and field) Increase in shoot growth rate (Makela et al. 1997)

(continued)
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in the protecting the plant’s photosynthetic appa-

ratus. Following from that thesis, an abiotic

stress leads to GB accumulation which, in turn,

is associated with maintaining near-optimal

levels of photosynthesis performance. The appar-

ent involvement of GB in the protection of pho-

tosynthetic processes of higher plants which are

subjected to an abiotic stress can also be found in

other photosynthetic organisms. For example,

the cyanobacterium, Synechococcus

sp. PCC7942, when subjected to a high salinity

stress, exhibited an enhanced GB accumulation

which was correlated with increased stabilization

of the activity of ribulose 1,5-bisphosphate car-

boxylase/oxygenase (RuBisCO) (Nomura et al.

1998). Listed below are several examples of the

GB-mediated protection of photosynthetic per-

formance for a range of important crops

subjected to one or more abiotic stresses:

Barley – Seeds pre-treated with GB produced

seedlings with a greater shoot biomass and

also an increased net photosynthetic rate

when germinated under heat stress conditions,

relative to control, heat stressed barley seeds

(Wahid and Shabbir 2005).

Bean – Plants treated with foliar GB exhibited

increases in stomatal conductance, transpira-

tion and photosynthetic rates, as well as leaf

relative water content, when grown under

high salinity stress (Lopez et al. 2002).

Corn – Transformation of plants with the betA

gene resulted in increased photosynthetic effi-

ciency and higher total soluble sugar accumu-

lation, as well as significantly higher tolerance

to low temperature stress (Quan et al. 2004a, b).

Rice – Plants treated with foliar GB exhibited no

ultrastructural leaf damage, such as swelling

of thylakoids, disintegration of grana stacking

and intergranal lamellae and destruction of

mitochondria which occurred in untreated

rice (Rahman et al. 2002). GB-treated rice

plants also had enhanced CO2 assimilation

and better photosynthetic performance

(Cha-Um et al. 2007), when subjected to a

high salinity stress.

Ryegrass – Italian ryegrass (Lolium multiflorum

Lam.) plants expressing the BADH gene

(ZBD1) of zoysiagrass (Zoysia tenuifolia
Willd. ex Trin.) exhibited improved PSII pho-

tochemistry, relative to wild type plants under

salt stress conditions (Takahashi et al. 2010).

Soybean – Drought stress reduced photosyn-

thetic rate and N2 fixation in soybean plants

(Weisz et al. 1985; Frederick et al. 1989)

which caused an inhibition of leaf and stem

growth, decrease in biomass accumulation

and a reduction in reproductive yield

(Muchow et al. 1986; Sinclair et al. 1987).

However, foliar spray of field-grown soybean

plants with GB increased photosynthetic rate

and N2 fixation, thus increasing growth and

yield parameters (Agboma et al. 1997b).

Tobacco – Plants sprayed with GB exhibited

higher drought stress tolerance, including

improved shoot biomass. They also showed

enhanced photosynthesis, greater stomatal

conductance, higher carboxylation efficiency

of assimilated CO2 and an increased effi-

ciency of PSII (Ma et al. 2007). Similar results

were demonstrated for tobacco plants

transformed with the spinach BADH gene

(Yang et al. 2005, 2008).

Tomato – Plants treated with foliar GB and

subjected to a cold stress maintained high

photosynthetic rates under the cold stress

conditions, as well as during the subsequent

growth period at 25�C (Park et al. 2006).

Wheat – Plants treated with GB exhibited

increases in photosynthetic capacity, stomatal

Table 9.1 (continued)

Abiotic

stress GB dose Mode of application Physiological effect(s)

Wheat (Triticum aestivum L.)

Drought 50 mM Seed imbibition

(for field study)

Increase in shoot biomass (Mahmood et al. 2009)

Drought 50 mM Foliar (field) Increase in shoot biomass (Shahbaz and Zia 2011)

Cold 250 mM Foliar (pots) Increased freezing tolerance (Allard et al. 1998)
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conductance, transpiration rate and activities

of enzymes associated with antioxidant

effects, when subjected to a high salinity stress

(Rajasekaran et al. 1997; Ashraf et al. 2008).

9.4 Glycine Betaine Protects
the Photosynthetic Apparatus
from Abiotic Stress

The exposure of photosynthetic organisms to

environmental stresses (low and high

temperatures, excess light, water stress, etc.)

may cause an imbalance between the capacity

for harvesting light energy and the capacity to

dissipate this energy through metabolic activity.

Such an imbalance can result in excess photosys-

tem II (PSII) excitation pressure, which is a mea-

sure of the relative redox state of QA, the first

stable quinine electron acceptor of PSII reaction

centers (Hüner et al. 1996, 2012, 2014). The

imbalance between the excess reducing

equivalents and the capacity of the metabolic

sinks to utilize the electrons generated from the

absorbed light energy, may be caused either by

exposure to an irradiance that exceeds the light

harvesting capacity of the photosynthetic appara-

tus, or by environmental constraints that may

decrease the capacity of metabolic pathways

downstream of the photochemistry (e.g.,

pathways associated with C, N, and S assimila-

tion) to utilize photosynthetically generated

reductants (Hüner et al. 1996, 1998, 2012). Such
an imbalance, which can be induced by a range of

stresses, has the potential to generate reactive

oxygen species (ROS), such as 1O2 and O�
2,

thereby leading to photoinhibition and photooxi-

dative damage of PSII (Aro et al. 1993; Long

et al. 1994; Nishiyama et al. 2006; Murata et al.

2012). Apart from damage to PSII, environmen-

tal stresses can also result in photoinhibitory

damage of photosystem I (PSI) (Sonoike 1996;

Ivanov et al. 1998, 2012a, b; Scheller and

Haldrup 2005).

The most vulnerable part of the photosyn-

thetic apparatus is PSII, which is believed to

play a key role in a plant’s photosynthetic

responses to abiotic stresses (Baker 1991; Murata

et al. 2012; Adams et al. 2013). Glycine betaine,

synthesized in chloroplasts, has been associated

with an increased protection of functional

proteins, including enzymes, and also of lipids

of the photosynthetic apparatus which are neces-

sary for maintaining light-dependent electron

flow (Chen and Murata 2011). Exogenously

applied GB has been shown to protect thylakoid

membranes against freezing stress (Coughlan

and Heber 1982) and to stabilize the oxygen-

evolving complex of PSII (Murata et al. 1992;

Papageorgiou and Murata 1995; Busheva and

Apostolova 1997). In doing this GB counteracts

the stress-induced inactivation of the PSII com-

plex (Papageorgiou et al. 1991; Mamedov et al.

1993; Allakhverdiev et al. 1996, 2003).

Genetic manipulations have also confirmed

that GB functions by increasing the plant’s toler-

ance to photoinhibition of PSII. Insertion of the

codA gene into chloroplasts of Indian mustard

(Brassica juncea [L.] Czern.) plants led to an

increased tolerance of PSII to high light intensity

under either of salt or cold stresses (Prasad and

Saradhi 2004). Moreover, studies with transgenic

rice (Sakamoto and Murata 1998), Arabidopsis

(Alia et al. 1998) and tobacco (Holmstrom et al.

2000) plants which were transgenic for either

plant or bacterial genes that regulate GB biosyn-

thesis, demonstrated that the transgenic plants

were more tolerant of the photoinhibition caused

by a range of abiotic stresses.

Further, application of GB minimized

photodamage to the PSI submembrane particles

in cold-stressed spinach leaves (Rajagopal and

Carpentier 2003). Foliar-applied GB also

prevented photoinhibition in wheat during freez-

ing (Allard et al. 1998) and drought stresses

(Ma et al. 2006). Also, GB-treated wheat plants

maintained a higher net photosynthesis rate dur-

ing drought stress than untreated control plants

and the maximal photochemistry efficiency of

their PSII (Fv/Fm) was also increased (Ma et al.

2006). Furthermore, GB-treated wheat plants

recovered more rapidly from a drought stress-

induced photoinhibition of PSII (Ma et al.
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2006). The response of the GB-treated wheat

plants to freezing stress was accompanied by

improved tolerance to photoinhibition of PSII

and the steady-state yield of electron transport

(Allard et al. 1998). In another study, a 100 mM

foliar application of GB increased chlorophyll

content, produced a modified lipid composition

within the thylakoid membranes, and increased

both gas exchange and photosynthesis in

drought-stressed wheat (Zhao et al. 2007).

9.5 Glycine Betaine Interaction
with Reactive Oxygen Species
Aids in the Protection
of the Photosynthetic
Apparatus

Exposure of plants to abiotic stresses, which limit

photosynthetic CO2 fixation, increases the exci-

tation pressure of the chloroplast since excess

electrons accumulate on the acceptor-side of

PSI (Hüner et al. 1998; Wilson et al. 2006).

This increase in excitation pressure leads to

enhanced production of ROS (Hüner et al.

1998). In turn, an increase in ROS can directly

damage membranes of both the cell and its

organelles, including chloroplasts (Hüner et al.
1998).

The increase in GB accumulation following

the exposure of a plant to an abiotic stress may

counteract ROS activity in a number of ways.

First, since some of the excess electrons

generated by photosynthesis in response to an

abiotic stress are utilized in GB biosynthesis,

excitation pressure is reduced and less ROS is

being generated. Second, the actions of GB in the

maintenance of osmoregulation, as well as in

stabilization and protection of the biological

membrane integrity can directly counteract the

negative effects of ROS activity on a range of

physiological parameters. Third, increased GB

accumulation may decrease ROS production by

maintaining higher rates of CO2 assimilation in

plants exposed to an abiotic stress. This mainte-

nance of CO2 assimilation may occur via GB’s

role as chemical chaperone activating a number

of molecular chaperones (Diamant et al. 2001),

helping to maintain the structure and/or func-

tional integrity of the major CO2-fixing enzymes,

such as Rubisco, Rubisco activase, FBPase, FBP

aldolase, and PRKase. Fourth, increased GB

accumulation can counteract the ROS-induced

inhibition of the reaction center protein of PSII

(psbA, D1) at the translation step. This action of

GB would be accomplished via its effect on

protecting the repair cycle of photo-damaged

PSII (Ohnishi and Murata 2006). Fifth, the

increase in GB accumulation may activate the

expression of genes for ROS-scavenging

enzymes and thus enhance the protection of the

photosynthetic machinery from an abiotic stress.

Sixth and finally, increased GB accumulation

may act directly or indirectly on ROS transport

by limiting ROS-induced efflux of K+ ions,

thereby protecting membrane integrity, or by a

blocking of K+ channels.

9.6 Glycine Betaine Interaction
with Plant “Stress” Hormones
and Photosynthesis

To cope with abiotic stresses plants can modify

biosynthesis and action of “stress” hormones,

such as ABA, ethylene and possibly SA

(Fig. 9.3; Abeles et al. 1992; Morgan and Drew

1997; Dodd and Davies 2010; Kurepin et al.

2013b). These stress hormones may interact

with GB biosynthesis directly or indirectly

(Kurepin et al. 2015a). Abscisic acid has been

shown to directly upregulate GB biosynthesis

(Ishitani et al. 1995; Jagendorf and Takabe

2001) and the interaction of ABA and SA is

well documented (see Kurepin et al. 2013b),

and may indirectly contribute to enhanced GB

biosynthesis (Kurepin et al. 2015a). The interac-

tion of GB with ethylene is potentially more

complicated, as the pathway for the biosynthesis

of choline is integrated with the biosynthesis of

ethylene (Sahu and Shaw 2009). These defined

and potential interactions of GB with plant stress

hormones are discussed in detail below.

Plant tissues accumulate ABA rapidly in

response to several abiotic stresses (Kurepin

et al. 2008a; Dodd 2003; Dodd and Davies
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2010; Qaderi et al. 2012). This rapid de novo

synthesis of ABA, which occurs primary in

leaves of stressed plants, quickly leads to stoma-

tal closure and thus helps to protect the plant

from rapid desiccation following abiotic

(osmotic) stress (Schwartz and Zeevaart 2010).

Treatment of barley plants with exogenous ABA

caused significant increases in GB accumulation

in salt-, drought-, or cold-stressed plants

(Jagendorf and Takabe 2001). These increases

in GB accumulation following ABA application

were shown to occur due to the substantially

increased BADH mRNA levels in leaves and

roots of barley plants (Ishitani et al. 1995). Fur-

thermore, application of GB increased the stress

tolerance of barley a range of stresses, including

high salt levels, drought and freezing (Hitz et al.

1982; Arakawa et al. 1990, 1992; Kishitani et al.

1994). It is likely that ABA acts upstream of GB

and that both act in tandem when increasing plant

stress tolerance. This conclusion is supported by

studies with A. thaliana, where freezing toler-

ance was increased by application of either GB

or ABA, and application of ABA was shown to

increase endogenous GB accumulation

(Xing and Rajashekar 2001). Furthermore,

application of fluridone (1-methyl-3-phenyl-5-

[3-[trifluoromethyl]phenyl]-4[1H]-pyridinone),

an inhibitor of carotenoid, and ABA biosynthesis

(Gamble and Mullet 1986; Goggin et al. 2015),

Fig. 9.3 A simplified

schematic model for

GB action and the

interactions of GB with

photosynthesis, plant

hormones and ROS in

alleviating abiotic stress

effects in plants
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not only lowered endogenous ABA levels, but

also reduced BADH mRNA transcript levels

(Saneoka et al. 2001).

More recent studies with corn showed a tem-

poral difference in ABA and GB accumulation,

thus supporting a model where ABA acts directly

on GB biosynthesis upstream of GB. Zhang et al.

(2012) showed that drought-stressed corn plants

first increased ABA accumulation, then BADH

activity, and finally GB accumulation. In con-

trast, application of fluridone decreased both

ABA and GB accumulation, as well as reduced

BADH activity (Zhang et al. 2012). Increases in

ABA accumulation following abiotic (osmotic)

stress may cause a decline in photosynthesis by

acting to close stomata, thereby opposing the

effects of GB in maintaining photosynthetic

activity. However, it has been shown in Virginia

spiderwort (Tradescantia virginiana L.) leaves

that increasing endogenous ABA content via

continuous application of exogenous ABA

decreases stomatal conductance without having

negative effect on photosynthetic capacity

(Franks and Farquhar 2001). Thus, there may be

a direct interaction between ABA and GB at the

biosynthesis level of GB, with both metabolites

acting, in effect, to protect the plant from abiotic

stress via protection of the photosynthetic

capacity.

Abiotic stresses can also increase endogenous

SA levels in plants, as was shown for plants

subjected to drought, extreme temperature,

reductions in light irradiance or quality, or treat-

ment with UV light (Yalpani et al. 1994; Scott

et al. 2004; Wang et al. 2005; Kurepin et al.

2010a, 2012a, 2013b). The abiotic stress-induced

increases in endogenous SA levels are often

paralleled by increases in endogenous ABA

levels (Kurepin et al. 2013b). For example, in

abiotically-stressed barley plants the increase in

GB accumulation was associated not only with

increased ABA, but also SA content (Jagendorf

and Takabe 2001). It is thus likely that SA can

interact directly with GB by influencing the bio-

synthesis of GB, or indirectly, via an ABA-SA

interaction. Based on a proteomic analysis of

corn leaves, both ABA and SA induce the pro-

duction of several proteins that are primarily

involved in photosynthesis, stress and defense

responses (Wu et al. 2013). The concept of a

SA-GB interaction is supported by a recent

study with drought-stressed wheat plants, where

application of each of SA or GB gave increased

grain yield, but their co-application was even

more effective in increasing grain yield, than

either applied alone (Aldesuquy et al. 2012).

Ethylene is a gaseous plant hormone and its

constitutive presence is required for optimal

plant growth (Lee and Reid 1997; Kurepin et al.

2006, 2016; Walton et al. 2006, 2010, 2012;

Oinam et al. 2011). However, ethylene produc-

tion typically shows large increases in response

to abiotic stresses (Abeles et al. 1992). These

exceptional increases in ethylene production

will often inhibit stem elongation and leaf area

expansion, coincidentally causing promotion of

stem radial growth and increased leaf thickness

(Abeles et al. 1992; Kurepin et al. 2007, 2010b,

c). The extent to which an abiotic stress increases

ethylene production is variable. For example,

drought-stressed alfalfa leaves produced more

ethylene in response to moderate stress, but

showed no change or even reductions in ethylene

production in response to severe drought stress

(Irigoyen et al. 1992). Similarly, increasing the

growth temperature to 30 �C from 20 �C
enhanced plant ethylene production (Hansen

1945; Burg and Thimann 1959; Yu et al. 1980;

Kurepin et al. 2011a), but a further increase in

growth temperature decreased ethylene produc-

tion (Yu et al. 1980). Finally, cold acclimation

increased ethylene production in some plant spe-

cies, but decreased it in others, yet all of the

species showed increased freezing tolerance

(Kurepin et al. 2013c).

These variable changes in plant ethylene pro-

duction in response to abiotic stresses could per-

haps be best explained by an interaction of

ethylene with GB at the biosynthesis level,

i.e. the fact that during ethylene biosynthesis

SAM donates a methyl group to choline. Thus,

plants subjected to a moderate abiotic stress

increase ethylene production without signifi-

cantly increasing GB accumulation. This could

be thought of as a short-term strategy to cope

with the moderate abiotic stress. In contrast,
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when plants are subjected to a severe abiotic

stress, one which may cause irreversible damage

to the photosynthetic apparatus - and thus plant

growth and survival – increases in GB biosynthe-

sis may occur at the expense of ethylene

synthesis.

The above conclusions are supported by mul-

tiple examples of correlations between GB and

ethylene production in response to abiotic stress.

Species that increase ethylene production during

cold acclimation, such as tobacco and tomato

(Ciardi et al. 1997; Zhang and Huang 2010), do

not accumulate GB in response to abiotic stress

(Nuccio et al. 1998; Park et al. 2004). In contrast,

species that show a decreased ethylene produc-

tion during cold acclimation, such as bean and

wheat (Field 1984; Machacckova et al. 1989;

Collins et al. 1995), do accumulate GB in

response to abiotic stress (Takhtajan 1980;

Gadallah 1999; McDonnell and Wyn Jones

1988; Allard et al. 1998; Wang et al. 2010).

9.7 Glycine Betaine Interactions
with Plant “Growth” Hormones

Growth and development events in plants, such

as stem elongation and leaf growth, stem and

shoot biomass accumulation, root growth,

flowering and reproductive development, are

regulated mainly by plant “growth” hormones

(Davies 2010; Kurepin et al. 2011b; 2014;

Turnbull et al. 2012; Park et al. 2015; Zaman

et al. 2014, 2015, 2016). In turn, the biosynthesis

and action of plant growth-promoting hormones,

including gibberellins, cytokinins and auxin, are

influenced by abiotic signals (Peleg and

Blumwald 2011; Kurepin et al. 2008b, 2011c,

2012b, 2015b). The effect of abiotic stress on

the biosynthesis and/or action of plant “growth”

hormones is typically negative, resulting in a

reduced growth, thus allowing the plant to better

cope with the stress. This negative effect of vari-

ous stresses on plant growth also appears to be

regulated by plant stress-related hormones. For

example, a constitutive overproduction of ABA

can negatively influence the biosynthesis or

action of GAs and auxin (Schwartz and Zeevaart

2010), thereby leading to reduced plant growth

and delayed reproductive development

(Thompson et al. 2000; Qin and Zeevaart

2002). Since increases in ABA enhance GB

accumulation, it is plausible to expect an antago-

nistic interaction between GB and plant growth-

promoting hormones.

One example is the over-expression of the

spinach chloroplast CMO and BADH genes in

perennial ryegrass (Lolium perenne L.) plants,

which increased GB accumulation and enhanced

abiotic stress tolerance (Bao et al. 2011). These

transgenic ryegrass plants had a dwarf phenotype

and significantly lower levels of the growth-

active GA, GA1 and the normal (tall) phenotype

could be restored by the exogenous application

of a growth-active GA (Bao et al. 2011). Another

example is shown for transgenic rice plants

expressing the codA gene. Here, abiotic stress

causes GB accumulation while also increasing

the expression of the cytokinin dehydrogenase

1 (CKX1) gene, which encodes for the enzyme

that deactivates growth-active CKs (Kathuria

et al. 2009). Moreover, application of a synthetic

auxin (dicamba) to abiotically-stressed Bassia

scoparia (L.) A.J. Scott plants decreased CMO

expression, thereby reducing both GB accumula-

tion and stress tolerance (Kern and Dyer 2004).

9.8 Modelling the Interactions
Between Glycine Betaine, Plant
Hormones, Photosynthesis
and Reactive Oxygen Species

A schematic model featuring interdependent

interactions of GB with photosynthesis, plant

hormones and ROS in abiotic stress responses

by GB-synthesizing higher plants is presented

in Fig. 9.3. In this model exposure to stress

increases the PSII excitation pressure PSII

(Hüner et al. 1998) and results in a redox imbal-

ance of the photosynthetic electron transport

carriers and/or the redox status of the

chloroplast’s stroma, thus leading to production

of ROS. These events are then accompanied by

an increase in GB biosynthesis. The GB biosyn-

thesis pathway shares the same precursor (SAM)
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with the ethylene and polyamine biosynthesis

pathways. Excess photosynthetic electrons pro-

duced as a result of the increased excitation pres-

sure can be utilized in the oxidation of choline to

BA (Brouquisse et al. 1989; Rathinasabapathi

et al. 1997), a process regulated by CMO. It has

thus been suggested that the increased synthesis

of GB may contribute to stress tolerance by

decreasing the excitation pressure and redox

imbalance, thus serving as an effective, albeit

indirect, mechanism for photoprotection of the

photosynthetic apparatus (Kurepin et al. 2015a).

The biosynthesis of GB from BA, which is

regulated by betaine aldehyde dehydrogenase,

can be enhanced by stress-induced increases in

endogenous ABA levels. Increase in excitation

pressure and a redox imbalance may also con-

tribute to this increase in endogenous ABA

(Kacperska 1999; Rapacz et al. 2003). The bio-

synthesis of GB can also be enhanced by SA, and

SA typically accumulates in response to a wide

range of environmental stresses.

Enhanced GB accumulation increases the

plant’s tolerance to stress by maintaining cell

and tissue osmoregulation and activating the

systems in chloroplasts and the cytosol which

scavenge ROS. The effects of an increase in

ABA accumulation likely occur in an indirect

manner, either by affecting the biosynthesis or

action of growth-active GAs, CKs and IAA. The

increased accumulation of GB is also associated

with a reduction in the levels of growth-active

GAs, CKs and IAA. These reductions in growth-

active hormones lead to changes in plant pheno-

type – typically a dwarfing of the plant shoot.

Taken together, interactions between GB, the

photosynthetic apparatus and plant hormones,

appear to be the major factors leading to an

effective acclimation of higher plants to a wide

range of environmental stresses.

Acknowledgements We would like to thank Dr. Shazia

Zaman for drawing the chemical structures of glycine

betaine, abscisic acid and salicylic acid. We would also

like to acknowledge the financial support from the

Ballance Agri-Nutrients, New Zealand (MZ, LVK,

RPP), KEMPE Foundation, Sweden (VMH, LVK,

NPAH), Natural Sciences and Engineering Research

Council of Canada (NPAH), the Canada Research Chairs

Program (NPAH) and the Canada Foundation for

Innovation (NPAH).

References

Abbas W, Ashraf M, Akram NA. Alleviation of salt-

induced adverse effects in eggplant (Solanum
melongena L.) by glycinebetaine and sugarbeet

extracts. Sci Horticul 2010; 125: 188–95.

Abeles FB, Morgan PW, Saltveit ME. Ethylene in Plant

Biology, second edition. Academic Press, New York

1992.

Adams W, III, Muller O, Cohu C, Demmig-Adams

B. May photoinhibition be a consequence, rather

than a cause, of limited plant productivity? Photosyn

Res 2013; 117: 31–44.

Agboma PC, Jones MGK, Peltonen-Sainio P, Rita H,

Pehu E. Exogenous glycinebetaine enhances grain

yield of maize, sorghum and wheat grown under two

supplementary watering regimes. J Agron Crop Sci

1997a; 178: 29–37.

Agboma PC, Sinclair TR, Jokinen K, Peltonen-Sainio P,

Pehu E. An evaluation of the effect of exogenous

glycinebetaine on the growth and yield of soybean:

timing of application, watering regimes and cultivars.

Field Crop Res 1997b; 54: 51–64.

Agboma PC, Peltonen-Sainio P, Hinkkanen R, Pehu

E. Effect of foliar application of glycinebetaine on

yield components of drought-stressed tobacco plants.

Exp Agric 1997c; 33: 345–52.

Aldesuquy HS, Abbas MA, Abo-Hamed SA, Elhakem

AH, Alsokari SS. Glycine betaine and salicylic acid

induced modification in productivity of two different

cultivars of wheat grown under water stress. J Stress

Physiol Biochem 2012; 8: 72–89.

Ali Q, Ashraf M. Exogenously applied glycinebetaine

enhances seed and seed oil quality of maize (Zea
mays L.) under water deficit conditions. Environ Exp

Bot 2011; 71: 249–59.

Alia, Hayashi H, Sakamoto A, Murata N. Enhancement of

the tolerance of Arabidopsis to high temperatures by

genetic engineering of the synthesis of glycinebetaine.

Plant J 1998; 16: 155–61.

Allakhverdiev SI, Feyziev YM, Ahmed A, Hayashi H,

Aliev JA, Kimlov VV, Murata N, Carpentier

R. Stabilization of oxygen evolution and primary elec-

tron transport reactions in photosystem II against heat

stress with glycinebetaine and sucrose. J Photochem

Photobiol 1996; 34: 149–57.

Allakhverdiev SI, Hayashi H, Nishiyama Y, Ivanov AG,

Aliev JA, Klimov VV, Murata N, Carpentier

R. Glycinebetaine protects the D1/D2/Cytb559 com-

plex of photosystem II against photo-induced and

heat-induced inactivation. J Plant Physiol 2003; 160:

41–49.

196 L.V. Kurepin et al.



Allard F, Houde M, Krol M, Ivanov A, Huner NPA,

Sarhan F. Betaine improves freezing tolerance in

wheat. Plant Cell Physiol 1998; 39: 1194–202.

Anjum SA, Farooq M, Wang LC, Xue LL, Wang SG,

Wang L, Zhang S, Chen M. Gas exchange and chloro-

phyll synthesis of maize cultivars are enhanced by

exogenously-applied glycinebetaine under drought

conditions. Plant Soil Environ 2011; 57: 326–31.

Arakawa K, Katayama M, Takabe T. Levels of

glycinebetaine and glycinebetaine aldehyde dehydro-

genase activity in the green leaves, and etiolated

leaves and roots of barley. Plant Cell Physiol 1990;

31: 797–803.

Arakawa K, Mizuno K, Kishitani S, Takabe

T. Immunological studies of betaine aldehyde dehy-

drogenase of barley. Plant Cell Physiol 1992; 33:

833–40.

Aro E-M, Virgin I, Anderson B. Photoinhibition of pho-

tosystem II: inactivation, protein damage and turn-

over. Biochim Biophys Acta 1993; 1143: 113–34.

Ashraf M, Foolad MR. Roles of glycinebetaine and pro-

line in improving plant abiotic stress resistance. Envi-

ron Exp Bot 2007; 59: 206–16.

Ashraf M, Nawaz K, Athar HUR, Raza SH. Growth

enhancement in two potential cereal crops, maize

and wheat, by exogenous application of

glycinebetaine. In: Abdelly C, Ozturk M, Ashraf M,

Grignon C, Eds. Biosaline Agriculture and High Salin-

ity Tolerance. Birkhauser Verlag, Switzerland, 2008;

pp. 21–35.

Athar HUR, Ashraf M, Wahid A, Jamil A. Inducing salt

tolerance in canola (Brassica napus L.) by exogenous

application of glycinebetaine and proline: responses at

the initial growth stages. Pakistan J Bot 2009; 41:

1311–9.

Baker NR. Possible role of photosystem II in environmen-

tal perturbations of photosynthesis. Physiol Plant

1991; 81: 563–70.

Ballantyne JS, Chamberlin ME. Regulation of cellular

amino acid levels. In: Strange K, Ed. Cellular and

Molecular Physiology of Cell Volume Regulation.

CRC Press, Boca Raton, 1994; pp. 111–22.

Bao Y, Zhao R, Li F, Tang W, Han L. Simultaneous

expression of Spinacia oleracea chloroplast choline

monooxygenase (CMO) and betaine aldehyde dehy-

drogenase (BADH) genes contribute to dwarfism in

transgenic Lolium perenne. Plant Mol Biol Rep 2011;

29: 379–388.

Brouquisse R, Weigel P, Rhodes D, Yocum CF, Hanson

AD. Evidence for a ferredoxin-dependent choline

monooxygenase from spinach chloroplast stroma.

Plant Physiol 1989; 90: 322–329.

Burg SP, Thimann KV. The physiology of ethylene for-

mation in apples. Proc Nat Acad Sci USA 1959; 45:

335–44.

Busheva M, Apostolova E. Influence of saccharides and

glycine betaine on freezing of photosystem 2-enriched

particles: a chlorophyll fluorescence study.

Photosynthetica 1997, 34: 591–4.

Cha-Um S, Supaibulwatana K, Kirdmanee

C. Glycinebetaine accumulation, physiological

characterizations and growth efficiency in salt-tolerant

and salt-sensitive lines of indica rice (Oryza sativa
L. ssp. indica) in response to salt stress. J Agron

Crop Sci 2007; 193: 157–66.

Chen THH, Murata N. Glycinebetaine protects plants

against abiotic stress: mechanisms and biotechnologi-

cal applications. Plant Cell Environ 2011; 34: 1–20.

Chen WP, Li PH, Chen THH. Glycinebetaine increases

chilling tolerance and reduces chilling-induced lipid

peroxidation in Zea mays L. Plant Cell Environ 2000;

23: 609–18.

Ciardi JA, Deikman J, Orzolek MD. Increased ethylene

synthesis enhances chilling tolerance in tomato.

Physiol Plant 1997; 101: 333–40.

Collins GG, Nie X, Saltveit ME. Heat shock increases

chilling tolerance of mung bean hypocotyls tissues.

Physiol Plant 1995; 89: 117–24.

Coughlan SJ, Heber U. The role of glycinebetaine in the

protection of spinach thylakoids against freezing

stress. Planta 1982; 156: 62–69.

Davies PJ. The Plant Hormones: Their Nature, Occur-

rence, and Functions. In: Davies PJ, Ed. Plant

Hormones: Biosynthesis, Signal Transduction and

Action!, 3rd ed. Springer Science+Business Media

B.V.: Dordrecht, The Netherlands, 2010; pp. 1–15.

Dawson RWC, Elliot WH, Jones KM. Data for Biochem-

ical research. II. Clarendon Press, Oxford, 1969; p. 12.

de Zwart FJ, Slow S, Payne RJ, Lever M, George PM,

Gerrard JA, Chambers ST. Glycine betaine and gly-

cine betaine analogues in common foods. Food Chem

2003; 83: 197–204.

Demiral T, Turkan I. Does exogenous glycinebetaine

affect antioxidative system of rice seedlings under

NaCl treatment? J Plant Physiol 2004; 161: 1089–100.

Diamant S, Eliahu N, Rosenthal D, Goloubinoff

P. Chemical chaperones regulate molecular

chaperones in vitro and in cells under combined salt

and heat stresses. J Biol Chem 2001; 276:

39586–39591.

Dodd IC. Hormonal interactions and stomatal responses. J

Plant Growth Regul 2003; 22: 32–46.

Dodd IC, Davies WJ. Hormones and the regulation of

water balance. In: Davies PJ, Ed. Plant Hormones:

Biosynthesis, Signal Transduction and Action!

(revised third edition). Springer Dordrecht Heidelberg

London New York, 2010; pp. 241–61.

Farooq M, Aziz T, Hussain M, Rehman H, Jabran K,

Khan MB. Glycinebetaine improves chilling tolerance

in hybrid maize. J Agron Crop Sci 2008a; 194:

152–60.

Farooq M, Basra SMA, Wahid A, Cheema ZA, Khalid

A. Physiological role of exogenously applied

glycinebetaine to improve drought tolerance in fine

grain aromatic rice (Oryza sativa L.). J Agron Crop

Sci 2008b; 194: 325–33.

Farooq M, Wahid A, Lee D-J, Cheema SA, Aziz

T. Comparative time course action of the foliar

9 Interaction of Glycine Betaine and Plant Hormones: Protection of the. . . 197



applied glycinebetaine, salicylic acid, nitrous oxide,

brassinosteroids and spermine in improving drought

resistance of rice. J Agron Crop Sci 2010; 196:

336–45.

Field RJ. The role of 1-aminocyclopropane-1-carboxylic

acid in the control of low temperature induced ethyl-

ene production in leaf tissue of Phaseolus vulgaris
L. Ann Bot 1984; 54: 61–7.

Franks PJ, Farquhar GD. The effect of exogenous abscisic

acid on stomatal development, stomatal mechanics,

and leaf gas exchange in Tradescantia virginiana.
Plant Physiol 2001; 125: 935–42.

Frederick JR, Alm DM, Hesketh JD. Leaf photosynthetic

rates, stomatal resistances, and internal CO2

concentrations of soybean cultivars under drought

stress. Photosynthetica 1989; 23: 575–84.

Gadallah MAA. Effects of proline and glycinebetaine on

Vicia faba responses to salt stress. Biol Plant 1999; 42:
249–57.

Gamble PE, Mullet JE. Inhibition of carotenoid accumu-

lation and abscisic acid biosynthesis in fluridone-

treated dark-grown barley. Eur J Biochem 1986; 160:

117–121.

Goggin DE, Emery RJN, Kurepin LV, Powles SB. A

potential role for endogenous microflora in dormancy

release, cytokinin metabolism and the response to

fluridone in Lolium rigidum seeds. Ann Bot 2015;

115: 293–301.

Grote EM, Ejeta G, Rhodes D. Inheritance of

glycinebetaine deficiency in sorghum. Crop Sci

1994; 34: 1217–20.

Hansen E. Quantitative study of ethylene production in

apple varieties. Plant Physiol 1945; 20: 631–5.

Hattori T, Mitsuya S, Fujiwara T, Jagendorf AT, Takabe

T. Tissue specificity of glycinebetaine synthesis in

barley. Plant Sci 2009; 176: 112–8.

Hayashi H, Alia, Mustardy L, Deshnium P, Ida M, Murata

N. Transformation of Arabidopsis thaliana with the

codA gene for choline oxidase: accumulation of

glycinebetaine and enhanced tolerance to salt and

cold stress. Plant J 1997; 12: 133–42.

Hibino T, Waditee R, Araki E, Ishikawa H, Aoki K,

Tanaka Y, Takabe T. Functional characterization of

choline monooxygenase, an enzyme for betaine syn-

thesis in plants. J Biol Chem 2002; 277: 41352–60.

Hitz WD, Ladyman JAR, Hanson AD. Betaine synthesis

and accumulation in barley during field water stress.

Crop Sci 1982; 22: 47–54.

Holmstrom K-O, Somersalo S, Mandal A, Palva TE,

Welin B. Improved tolerance to salinity and low tem-

perature in transgenic tobacco producing

glycinebetaine. J Exp Bot 2000; 51: 177–85.

Hu LX, Hu T, Zhang XZ, Pang HC, Fu JM. Exogenous

glycine betaine ameliorates the adverse effect of salt

stress on perennial ryegrass. J Am Soc Hort Sci 2012;

137: 38–46.

Huang J, Hirji R, Adam L, Rozwadowski KL,

Hammerlindl JK, Keller WA, Selvaraj G. Genetic

engineering of glycinebetaine production toward

enhancing stress tolerance in plants: metabolic

limitations. Plant Physiol 2000; 122: 747–56.

Hüner NPA, Maxwell DP, Gray GR, Savitch LV, Krol M,

Ivanov AG, Falk S. Sensing environmental change:

PSII excitation pressure and redox signalling. Physiol

Plant 1996; 98: 358–364.

Hüner NPA, Oquist G, Sarhan F. Energy balance and

acclimation to light and cold. Trends Plant Sci 1998;

3: 224–230.

Hüner NPA, Bode R, Dahal K, Hollis L, Rosso D, Krol M,

Ivanov AG. Chloroplast redox imbalance governs

phenotypic plasticity: the “grand design of photosyn-

thesis” revisited. Front Plant Sci 2012; 3: 255.

Hüner NPA, Dahal K, Kurepin LV, Savitch L, Singh J,

Ivanov AG, Kane K, Sarhan F. Potential for increased

photosynthetic performance and crop productivity in

response to climate change: role of CBFs and

gibberellic acid. Front Chem 2014; 2: 18.

Hussain M, Malik MA, Farooq M, Ashraf MY, Cheema

MA. Improving drought tolerance by exogenous

application of glycinebetaine and salicylic acid in

sunflower. J Agron Crop Sci 2008; 194: 193–9.

Ibrahim M, Anjum A, Khaliq N, Iqbal M, Athar HUR.

Four foliar applications of glycinebetaine did not alle-

viate adverse effects of slat stress on growth of sun-

flower. Pakistan J Bot 2006; 38: 1561–70.

Ikuta S, Imamura S, Misaki H, Horiuti Y. Purification and

characterization of choline oxidase from Arthrobacter
globiformis. J Biochem 1977; 82: 1741–9.

Iqbal N, Ashraf M, Ashraf MY. Glycinebetaine, an

osmolyte of interest to improve water stress tolerance

in sunflower (Helianthus annuus L.): water relations

and yield. South Afr J Bot 2008; 74: 274–81.

Irigoyen JJ, Emerich DW, Sánchez-Dı́az M. Alfalfa leaf

senescence induced by drought stress: photosynthesis,

hydrogen peroxide metabolism, lipid peroxidation and

ethylene evolution. Physiol Plant 1992; 84: 67–72.

Ishitani M, Nakamura T, Han SY, Takabe T. Expression

of the betaine aldehyde dehydrogenase gene in barley

in response to osmotic stress and abscisic acid. Plant

Mol Biol 1995; 27: 307–15.

Ivanov AG, Morgan R, Gray GR, Velitchkova MY, Hüner
NPA. Temperature/light dependent development of

selective resistance to photoinhibition of photosystem

I. FEBS Lett 1998; 430: 288–292

Ivanov AG, Rosso D, Savitch LV, Stachula P,

Rosembert M, Oquist G, Hurry V, Hüner NPA.

Implications of alternative electron sinks in increased

resistance of PSII and PSI photochemistry to high

light stress in cold-acclimated Arabidopsis thaliana.
Photosynth Res 2012a; 113:191–206.

Ivanov AG, Allakhverdiev SI, Hüner NPA, Murata

N. Genetic decrease in fatty acid unsaturation of

phosphatidylglycerol increased photoinhibition of

photosystem I at low temperature in tobacco

leaves. Biochim Biophys Acta 2012b; 1817:

1374–1379.

Jagendorf AT, Takabe T. Inducers of glycinebetaine syn-

thesis in barley. Plant Physiol 2001; 127: 1827–35.

198 L.V. Kurepin et al.



Kacperska A. Plant responses to low temperature: signal-

ing pathways involved in plant acclimation. In:

Margesin R, Schinner F, Eds. Salicylic Acid: Plant

Growth and Development. Springer-Verlag Berlin

Heilderberg, Germany, 1999; pp. 79–104.

Kathuria H, Giri J, Nataraja KN, Murata N,

Udayakumar M, Tyagi AK. Glycinebetaine-induced

water-stress tolerance in codA-expressing transgenic

indica rice is associated with up-regulation of several

stress responsive genes. Plant Biotech J 2009; 7:

512–526.

Kern AJ, Dyer WE. Glycine betaine biosynthesis is

induced by salt stress but repressed by auxinic

herbicides in Kochia scoparia. J Plant Growth Regul

2004; 23: 9–19.

Kiba T, Kudo T, Kojima M and Sakakibara H. Hormonal

control of nitrogen acquisition: roles of auxin, abscisic

acid, and cytokinin. J Exp Bot 2011; 62: 1399–1409.

Kishitani S, Watanabe K, Yasuda S, Arakawa K, Takabe

T. Accumulation of glycinebetaine during cold accli-

mation and freezing tolerance in leaves of winter and

spring barley plants. Plant Cell Environ 1994; 17:

89–95.

Korkmaz A, Sirikci R. Improving salinity tolerance of

germinating seeds by exogenous application of

glycinebetaine in pepper. Seed Sci Tech 2011; 39:

377–88.

Kurepin LV, Pharis RP. Light signaling and the

phytohormonal regulation of shoot growth. Plant Sci

2014; 229: 280–289.

Kurepin LV, Mancell L, Reid DM, Pharis RP, Chinnappa

CC. Possible roles for ethylene and gibberellin in the

phenotypic plasticity of an alpine population of

Stellaria longipes. Botany 2006; 84: 1101–1109.

Kurepin LV, Walton LJ, Reid DM. Interaction of red to

far red light ratio and ethylene in regulating stem

elongation of Helianthus annuus. Plant Growth

Regul 2007; 51: 53–61.

Kurepin LV, Qaderi MM, Back TG, Pharis RP, Reid

DM. A rapid effect of applied brassinolide on abscisic

acid concentrations in Brassica napus leaf tissue

subjected to short-term heat stress. Plant Growth

Regul 2008a; 55: 165–7.

Kurepin LV, Emery RJN, Chinnappa CC, Reid DM. Light

irradiance differentially regulates endogenous levels

of cytokinins and auxin in alpine and prairie genotypes

of Stellaria longipes. Physiol Plant 2008b; 134:

624–635.

Kurepin LV, Walton LJ, Reid DM, Chinnappa CC. Light

regulation of endogenous salicylic acid levels in

hypocotyls of Helianthus annuus seedlings. Botany

2010a; 88, 668–74.

Kurepin LV, Walton LJ, Yeung EC, Chinnappa CC, Reid

DM. The interaction of light irradiance with ethylene

in regulating growth of Helianthus annuus shoot

tissues. Plant Growth Regul 2010b; 62: 43–50.

Kurepin LV, Yip WK, Fan R, Yeung EC, Reid DM. The

roles and interactions of ethylene with gibberellins in

the far-red enriched light-mediated growth of Solanum
lycopersicum seedlings. Plant Growth Regul 2010c;

61: 215–22.

Kurepin LV, Walton LJ, Pharis RP, Emery RJN, Reid

DM. Interactions of temperature and light quality on

phytohormone-mediated elongation of Helianthus
annuus hypocotyls. Plant Growth Regul 2011a; 64:

147–54.

Kurepin L, Haslam T, Lopez-Villalobos A, Oinam G,

Yeung E. Adventitious root formation in ornamental

plants: II. The role of plant growth regulators. Prop

Ornam Plants 2011b; 11: 161–171.

Kurepin LV, Walton LJ, Yeung EC, Reid DM. The inter-

action of light irradiance with auxin in regulating

growth of Helianthus annuus shoots. Plant Growth

Regul 2011c; 65: 255–262.

Kurepin LV, Walton LJ, Hayward A, Emery RJN, Reid

DM, Chinnappa CC. Shade light interaction with

salicylic acid in regulating growth of sun (alpine)

and shade (prairie) ecotypes of Stellaria longipes.
Plant Growth Regul 2012a; 68: 1–8.

Kurepin LV, Farrow S, Walton LJ, Emery RJN, Pharis

RP, Chinnappa CC. Phenotypic plasticity of sun and

shade ecotypes of Stellaria longipes in response to

light quality signaling: Cytokinins. Environ Exp Bot

2012b; 84: 25–32.

Kurepin LV, Ozga JA, Zaman M, Pharis RP. The physi-

ology of plant hormones in cereal, oilseed and pulse

crops. Prairie Soils Crops 2013a; 6: 7–23.

Kurepin LV, Dahal KP, Zaman M, Pharis RP. Interplay

between environmental signals and endogenous

salicylic acid concentration. In: Hayat S, Ahmad A,

Alyemini MN, Eds. Salicylic Acid: Plant Growth and

Development. Springer Science+Business Media B.

V., Dordrecht, The Netherlands, 2013b; pp. 61–82.

Kurepin LV, Dahal KP, Savitch LV, Singh J, Bode R,

Ivanov AG, Hurry V and Hüner NPA. Role of CBFs as
integrators of chloroplast redox, phytochrome and

plant hormone signaling during cold acclimation. Int

J Mol Sci, 2013c; 14: 12729–63.

Kurepin LV, Zaman M, Pharis RP. Phytohormonal basis

for the plant growth promoting action of naturally

occurring biostimulators. J Sci Food Agric 2014; 94:

1715–1722.

Kurepin LV, Ivanov AG, Zaman M, Pharis RP,

Allakhverdiev SI, Hurry V and Hüner NPA. Stress-
related hormones and glycinebetaine interplay in pro-

tection of photosynthesis under abiotic stress

conditions. Photosynth Res 2015a; 126: 221–235.

Kurepin LV, Pharis RP, Emery RJN, Reid DM,

Chinnappa CC. Phenotypic plasticity of sun and

shade ecotypes of Stellaria longipes in response to

light quality signaling, gibberellins and auxin. Plant

Physiol Biochem 2015b; 94: 174–180.

Kurepin LV, Yeung EC, Reid DM, Pharis RP. Light sig-

naling regulates tulip organ growth and ethylene pro-

duction in a tissue-specific manner. Inter J Plant Sci

2016; DOI: 10.1086/684947.

9 Interaction of Glycine Betaine and Plant Hormones: Protection of the. . . 199

http://dx.doi.org/10.1086/684947


Landfald B, Strom AR. Choline-glycine betaine pathway

confers a high level of osmotic tolerance in

Escherichia coli. J Bacteriol 1986; 165: 849–55.
Lee SH, Reid DM. The role of endogenous ethylene in the

expansion of Helianthus annuus leaves. Can J Bot

1997; 78: 501–508.

Liu Y, Bolen DW. The peptide backbone plays a domi-

nant role in protein stabilization by naturally occurring

osmolytes. Biochemistry 1995; 34: 12884–91.

Long SP, Humphries S, Falkowski PG. Photoinhibition of

photosystem in nature. Ann Rev Plant Physiol Plant

Mol Biol 1994; 45: 633–62.

Lopez CML, Takahashi H, Yamazaki S. Plant-water

relations of kidney bean plants treated with NaCl and

foliarly applied glycinebetaine. J Agron Crop Sci

2002; 188: 73–80.

Low PS. Molecular basis of the biological compatibility

of nature’s osmolytes. In: Gilles R, Gilles-Baillien M,

Eds. Transport Processes, Iono- and Osmoregulation.

Springer-Verlag, Berlin, 1985; pp. 469–77.

Ma Q-Q, Wang W, Lib Y-H, Lib D-Q, Zou Q. Alleviation

of photoinhibition in drought-stressed wheat (Triticum
aestivum) by foliar-applied glycinebetaine. J Plant

Physiol 2006; 163: 165–75.

Ma XL, Wang YJ, Xie SL, Wang C, Wang

W. Glycinebetaine application ameliorates negative

effects of drought stress in tobacco. Rus J Plant

Physiol 2007; 54: 472–9.

Machacckova I, Hanisova A, Krekule J. Levels of ethyl-

ene, ACC, MACC, ABA and proline as indicators of

cold hardening and frost resistance in winter wheat.

Physiol Plant 1989; 76: 603–7.

Mahmood T, Ashraf M, Shahbaz M. Does exogenous

application of glycinebetaine as a pre-sowing seed

treatment improve growth and regulate some key

physiological attributes in wheat plants grown under

water deficit conditions? Pakistan J Bot 2009; 41:

1291–302.

Makela P, Peltonen-Sainio P, Jokinen K, Pehu E,

Setala H, Hinkkanen R, Somersalo S. Uptake and

translocation of foliar-applied glycinebetaine in crop

plants. Plant Sci 1996a; 121: 221–30.

Makela P, Mantila J, Hinkkanen R, Pehu E, Peltonen-

Sainio P. Effect of foliar applications of

glycinebetaine on stress tolerance, growth, and yield

of spring cereals and summer turnip rape in Finland. J

Agric Crop Sci 1996b; 176: 223–34.

Makela P, Kleemola J, Jokinen K, Mantila J, Pehu E,

Peltonen-Sainio P. Growth response of pea and sum-

mer turnip rape to foliar application of glycinebetaine.

Acta Agric Scan 1997; 47: 168–75.

Mamedov M, Hayashi H, Murata N. Effects of

glycinebetaine and unsaturation of membrane lipids

on heat stability of photosynthetic electron-transport

and phosphorylation reactions in Synechocystis
PCC6803. Biochim Biophys Acta 1993; 1142: 1–5.

McDonnell E, Wyn Jones RG. Glycinebetaine biosynthe-

sis and accumulation in unstressed and salt-stressed

wheat. J Exp Bot 1988; 39: 421–30.

McNeil SD, Nuccio ML, Ziemak MJ, Hanson

AD. Enhanced synthesis of choline and glycine beta-

ine in transgenic tobacco plants that overexpress

phosphoethanolamine N-methyltransferase. Proc Nat

Acad Sci USA 2001; 98: 10001–5.

Mickelbart MV, Peel G, Joly RJ, Rhodes D, Ejeta G,

Goldsbrough PB. Development and characterization

of near-isogenic lines of sorghum segregating for

glycinebetaine accumulation. Physiol Plant 2003;

118: 253–61.

Mohanty A, Kathuria H, Ferjani A, Sakamoto A,

Mohanty P, Murata N, Tyagi AK. Transgenics of an

elite indica rice variety Pusa Basmati 1 harbouring the

codA gene are highly tolerant to salt stress. Theor

Appl Gen 2002; 106: 51–7.

Morgan PW, Drew MC. Ethylene and plant responses to

stress. Physiol Plant 1997; 100: 620–30.

Muchow RC, Sinclair TR, Bennett JM, Hammond

LC. Response of leaf growth, leaf nitrogen, and sto-

matal conductance to water deficits during vegetative

growth of field-grown soybean. Crop Sci 1986; 26:

1190–5.

Murata N, Mohanty PS, Hayashi H, Papageorgiou

GC. Glycinebetaine stabilizes the association of

extrinsic proteins with the photosynthetic oxygen-

evolving complex. FEBS Lett 1992; 296: 187–9.

Murata N, Allakhverdiev SI, Nishiyama Y. The mecha-

nism of photoinhibition in vivo: Re-evaluation of the

roles of catalase, α-tocopherol, non-photochemical

quenching, and electron transport. Biochim Biophys

Acta 2012; 1817: 1127–1133.

Nawaz K, Ashraf M. Improvement in salt tolerance of

maize by exogenous application of glycinebetaine:

growth and water relations. Pakistan J Bot 2007; 39:

1647–53.

Nishiyama Y, Allakhverdiev SI, Murata N. A new para-

digm for the action of reactive oxygen species in the

photoinhibition of photosystem II. Biochim. Biophys.

Acta 2006; 1757: 742–749.

Nomura M, Hibino T, Takabe T, Sugiura T, Yokota A,

Miyake H, Takabe T. Transgenically produced

glycinebetaine protects ribulose 1,5-bisphosphate car-

boxylase/oxygenase from inactivation in

Synechococcus sp. PCC7942 under salt stress. Plant

Cell Physiol 1998; 39: 425–32.

Nuccio ML, Russell BL, Nolte KD, Rathinasabapathi B,

Gage DA, Hanson AD. The endogenous choline sup-

ply limits glycine betaine synthesis in transgenic

tobacco expressing choline monooxygenase. Plant J

1998; 16: 487–96.

Nyyssola A, Kerovuo J, Kaukinen P, von Weymarn N,

Reinikainen T. Extreme halophiles synthesize betaine

from glycine by methylation. J Biol Chem 2000; 275:

22196–201.

Ohnishi N, Murata N. Glycinebetaine counteracts the

inhibitory effects of salt stress on the degradation

and synthesis of D1 protein during photoinhibition in

Synechococcus sp. PCC 7942. Plant Physiol 2006;

141: 758–765.

200 L.V. Kurepin et al.



Oinam G, Yeung E, Kurepin L, Haslam T, Villalobos

AL. Adventitious root formation in ornamental plants:

I. General overview and recent successes. Prop Ornam

Plants 2011; 11: 78–90.

Papageorgiou GC, Murata N. The unusually strong

stabilizing effects of glycine betaine on the structure

and function of the oxygen-evolving photosystem II

complex. Photosyn Res 1995; 44: 243–52.

Papageorgiou GC, Fujimura Y, Murata N. protection of

the oxygen evolving Photosystem II complex by

glycinebetaine. Biochim Biophys Acta 1991; 1057:

361–366.

Park EJ, Jeknic Z, Sakamoto A, DeNoma J, Yuwansiri R,

Murata N, Chen THH. Genetic engineering of

glycinebetaine synthesis in tomato protects seeds,

plants, and flowers from chilling damage. Plant J

2004; 40: 474–87.

Park EJ, Jeknic Z, Chen THH. Exogenous application of

glycinebetaine increases chilling tolerance in tomato

plants. Plant Cell Physiol 2006; 47: 706–14.

Park EJ, Jeknic Z, Pino MT, Murata N, Chen THH.

Glycinebetaine accumulation is more effective in

chloroplasts than in the cytosol for protecting trans-

genic tomato plants against abiotic stress. Plant Cell

Environ 2007; 30: 994–1005.

Park EJ, Lee WY, Kurepin LV, Zhang R, Janzen L, Pharis

RP. Plant hormone-assisted early family selection in

Pinus densiflora via a retrospective approach. Tree

Physiol 2015; 35: 86–94.

Peleg Z, Blumwald E. Hormone balance and abiotic stress

tolerance in crop plants. Curr Opin Plant Biol 2011;

14: 290–295.

Prasad KVSK, Saradhi PP. Enhanced tolerance to

photoinhibition in transgenic plants through targeting

of glycinebetaine biosynthesis into the chloroplasts.

Plant Sci 2004; 166: 1197–212.

Qaderi MM, Kurepin LV, Reid DM. Effects of tempera-

ture and watering regime on growth, gas exchange and

abscisic acid content of canola (Brassica napus)
seedlings. Environ Exp Bot 2012; 75: 107–13.

Qin X, Zeevaart JAD. Overexpression of a 9-cis-
epoxycarotenoid dioxygenase gene in Nicotiana
plumbaginifolia increases abscisic acid and phaseic

acid levels and enhances drought tolerance. Plant

Physiol 2002; 128: 544–51.

Quan R, Shang M, Zhang H, Zhao Y, Zhang J. Improved

chilling tolerance by transformation with betA gene

for the enhancement of glycinebetaine synthesis in

maize. Plant Sci 2004a; 166: 141–9.

Quan R, Shang M, Zhang H, Zhao Y, Zhang

J. Engineering of enhanced glycine betaine synthesis

improves drought tolerance in maize. Plant Biotech J

2004b; 2: 477–86.

Rahman S, Miyake H, Takeoka Y. Effects of exogenous

glycinebetaine on growth and ultrastructure of salt-

stressed rice seedlings (Oryza sativa L.). Plant Prod

Sci 2002; 5: 33–44.

Rajagopal S, Carpentier R. Retardation of photo-induced

changes in Photosystem I submembrane particles by

glycinebetaine and sucrose. Photosyn Res 2003; 78:

77–85.

Rajasekaran LR, Kriedemann PE, Aspinall D, Paleg

LG. Physiological significance of proline and

glycinebetaine: Maintaining photosynthesis during

NaCl stress in wheat. Photosynthetica 1997; 34:

357–66.
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Photosynthetic Responses Under
Harmful and Changing Environment:
Practical Aspects in Crop Research

10

Marek Zivcak, Katarina Olsovska, and Marian Brestic

Summary

Climate change at global and regional scales as

well as increased needs for crop production is

predicted, emphasizing the urgent need for

introduction of crops with enhanced productiv-

ity and tolerance to unfavorable abiotic

conditions. Unlike to previous breeding

strategies in main crops, the future gain in

yield potential can be obtained probably only

through an increase of photosynthetic produc-

tivity in optimum as well as in stress conditions.

This fact emphasizes the importance of photo-

synthetic measurements, especially those based

on non-invasive techniques, useful in real selec-

tion of crop genotypes. Photosynthetic

responses at the leaf or canopy level can be

well characterized by measurements of gas

exchange and chlorophyll fluorescence which

help to identify different sensitive components

and important protectivemechanismswithin the

photosynthetic apparatus. This chapter focuses

on actual experiences with the photosynthetic

measurements in strategic crops, applications

and limits of ecophysiological methodology in

detection of crop photosynthetic productivity as

well as in the screening for improved drought

and heat stress tolerance. The chapter also

outlines the perspectives of photosynthesis

research at the crop plant level, especially the

application of photosynthetic methods for a

high-throughput crop phenotyping.

Keywords

Photosynthesis • Stress • Drought • High

temperature • Chlorophyll fluorescence •

Phenotyping
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10.1 Introduction

Crop production is a result of many processes,

which take place at the chloroplast, leaves and

canopy level, respectively. In order to increase

production of strategic crops in the world it will

be crucial either to extend their growing season

or to improve efficiency of light conversion by

plants. While the extension of the growing sea-

son will only be possible in regard to the

cultivated crop species as well as local impacts

of climate changes influencing the development

of new progressive farming technologies,

improvement of light conversion efficiency

seems to be one of the few promising ways

based on the increased photosynthetic rate per

unit leaf area.

Besides the fact that there are many limiting

factors operating within the photosynthetic

machinery, which determine the photosynthetic

rate under different environmental conditions,

there are also many theoretical and field studies

confirming that improvement of net photosyn-

thetic rate does not ensure the same level of

biomass production, as it depends also on both

sink capacity of crops and regulation of

photosynthates transport and allocation into the

generative organs.

As traditional breeding and selection of crops

for higher yields has already maximized many of

easily reachable parameters, such as harvest

index, crop architecture or plant growth cycle,

and, by contrast, has not resulted so much in

increased total biomass production, future work

on the photosynthesis and productivity improve-

ment remains a big challenge ensuring the food,

feed or fuel production in a changing

environment.

Up to 70% of global crop production is lost

due to inappropriate environmental conditions

that mostly inhibit the process of photosynthetic

energy conversion and photosynthates produc-

tion. Therefore a considerable effort has been

paid to determine mechanisms of photosynthetic

acclimation to different environmental factors.

In the chapter we summarize present knowl-

edge on photosynthetic reactions of crop plants

in response to fluctuating environment with a

more detailed view on different sensitive sites

within the photosynthetic apparatus as related to

photosynthetic potential and abiotic stress

factors, which may negatively influence crop

productivity and yield.

10.2 Photosynthesis
and Productivity in Crop Plants

Photosynthesis is the crucial process necessary

for plant production. Improvement of photosyn-

thesis can enhance food security in the following

decades since we can expect an increase in world

population (Evans 2013). The relationships

among photosynthesis, growth and crop yield

are not simple and has been subject of discussion

for many years (Demetriades-Shah et al. 1992;

Monteith 1994). Plants differ in the efficiency of

conversion of photosynthetic intermediates into

biomass as well as in partitioning of biomass into

harvestable parts of crops producing crop yield.

Therefore it is not surprising that the leaf photo-

synthetic rate was found to be weakly correlated

with crop productivity when different genotypes

were compared. Such conclusions led to the

broadly extended opinion that the increase of

leaf photosynthesis would not lead to improve-

ment of crop yield (Long et al. 2006; Flood et al.

2011). The typical example was the classical

study of Evans and Dunstone (1970) who showed

that the leaf photosynthesis in modern genotypes

of bread wheat is typically lower than the same

parameter measured in leaves of wild ancestors.

Similarly, comparisons of wheat varieties

released over time, growing in the same field

trials under favorable conditions indicated that

the total aboveground biomass of new and old

genotypes is similar despite increasing trend of

grain yields (Austin et al. 1980, 1989; Evans

2013). Moreover, it was shown that the rate of

photosynthetic assimilation can be limited by the

capacity of the sink (i.e. ability to use

photosynthates). For example, in grain crops,

the major sink capacity is determined by the

seed number and genetic predisposition for the
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seed size. Lower capacity of sinks leads to down-

regulation of photosynthetic capacity (Peet and

Kramer 1980). Influential studies have shown

that crop yield seems to be more limited by the

capacity of the sink than by photosynthetic

capacity in non- stressed conditions (Borrás

et al. 2004; Reynolds et al. 2005). Therefore,

the possibility to increase crop yield through an

increase of photosynthetic rate was considered

unrealistic.

Anyway, Long and coauthors (2006) argued

that this scientific dogma was broken up after the

release of results of experiments with increased

CO2 under different conditions (Mitchell et al.

1999; Bender et al. 1999; Drake et al. 1997;

Kimball 1983; Ainsworth et al. 2002; Ainsworth

and Long 2005). For example, the series of

experiments with spring wheat under ambient

and elevated (doubled) concentration of CO2 in

open-top chambers in well-watered conditions

showed the 50% increase of the flag leaf photo-

synthetic rate and 35% increase of grain yield

(Mitchell et al. 1999; Bender et al. 1999). How-

ever, in other experiments increase of photosyn-

thetic rate by 30% was associated with only 10%

increase of relative growth rate. This discrepancy

can be attributed to the fact that the enhanced

availability of carbohydrates exceeded the ability

of crop plants to utilize them due to the inherent

limitations of growth capacity or nutrient

insufficiencies (Kirschbaum 2011). C4 crops in

similar conditions show little or no increase in

photosynthetic rate or in yield (Ghannoum et al.

2001; Long et al. 2004, 2005). This meets the

expectation that C4 photosynthesis is CO2-

saturated in natural conditions (Ghannoum et al.

2001). In addition, analysis of photosynthetic

rate in Australian bread wheat genotypes with

different date of release indicated that selection

for higher grain yield led to unconscious selec-

tion for higher photosynthetic rate (Watanabe

et al. 1994). Similarly, our results support this

idea, comparing the photosynthetic and the leaf

parameters of high-yielding wheat (Triticum

aestivum L.) genotype with a wild relative spe-

cies of the same group (Aegilops

cylindrica Host.), which is used in advanced

breeding programs as a gene donor in wheat

breeding (Schoenenberger et al. 2005)

(Fig. 10.1). The data indicate that a wild relative

species of the same botanical group, having

almost the same vegetation period and canopy

development as the observed genotype of winter

wheat, is much less productive, it has smaller and

thicker leaves. Moreover, the leaves of Aegilops

demonstrated significantly lower metabolic

activity, as shown by the rate of CO2 assimilation

and mitochondrial respiration. Flood et al. (2011)

reviewed the studies analyzing releases of rice

and wheat genotypes through several decades,

which show that yield increases were obtained

through the increases in harvest index until the

1980s; in ongoing decades the increase in photo-

synthesis and accumulation of plant biomass

have become more important. This well

documents a transition from sink limitation to

source limitation in major C3 crops (Shearman

et al. 2005; Hubbart et al. 2007) providing strong

arguments for the improvement of

photosynthesis.

These and many other research findings

strongly support the hypothesis that a sustained

increase in the leaf photosynthetic rate can lead

to the increase in total production of biomass that

would be necessary to gain further increase in

yield (Long et al. 2006; Parry et al. 2007; Zhu

et al. 2010; Evans 2013). Moreover, some reports

have shown that a higher leaf photosynthesis

often correlates with a higher invasive potential

and fecundity (Arntz and Delph 2001; Zou et al.

2007; Mozdzer and Zieman 2010; Arntz et al.

2000).

In this regard, the effect of CO2 increase on

yield increase suggest that similar yield gain can

be obtained by improvement of efficiency of CO2

fixation in metabolic pathways of photosynthe-

sis. It can be achieved by an increase of regener-

ation of the ribulose biphosphate (RuBP), more

efficient carboxylation catalysis or indirectly by

decreased photorespiration, as ~30% of carbon

fixed in C3 pathway is lost in the process of

photorespiration (Monteith and Moss 1977). In

addition, the decrease of losses caused by mito-

chondrial respiration is also regarded; however,

this process is essential for cell metabolism and

its decrease might have negative side effects
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(Long et al. 2006). Despite the fact that the rela-

tionship between the photosynthesis at the leaf

level and productivity is very complex, some

examples have shown a clear relationship

(Flood et al. 2011, etc.).

Recently there are different attempts of

employing genetic tools for improvement of pho-

tosynthetic efficiency. The first one is a conver-

sion of a C3 to a C4 metabolism in major crop

species, such as rice or wheat (Long et al. 2006;

Sheehy et al. 2007; Hibberd et al. 2008; Gowik

and Westhoff 2011). Up to now, the success of

the conversion of C3 crops into C4 has been

limited to the expression of enzymes from the

C4 cells in the mesophyll of C3 plants. However,

it was shown that simple expression of C4

enzymes into cells of C3 crops doesn’t lead to

improvement of energetic efficiency (von

Caemmerer 2003). An alternative route involv-

ing a simple ‘genetic switch’ inducing the forma-

tion of Kranz anatomy (Surridge 2002) seemed

to be more promising, but the efforts have not

been crowned with the success, yet. In addition,

Evans (2013) suggests a simpler approach by

transferring bicarbonate transporters from

cyanobacteria into chloroplasts, thus preventing

CO2 leakage (Price et al. 2008, 2013; Zarzycki

et al. 2013; Meyer and Griffiths 2013).

Another principal approach is either an

increase of the catalytic efficiency or specificity

factor of the key photosynthetic enzyme Rubisco

(Parry et al. 2007), which became a part of breed-

ing program in wheat (Reynolds et al. 2011). Zhu

et al. (2010) indicated that the majority of plant

species still have a quantity and qualitative

parameters of Rubisco adjusted to the CO2

concentrations in pre-industrial era. It means

that C3 plants have generally the excess of

Rubisco and are prone to be RuBP-limited. Any-

way, the increase of catalytic efficiency would

increase the rate of photosynthetic fixation with-

out a need of additional Rubisco. This would be

beneficial especially in high light conditions,

where Rubisco enzymatic activity limits the pho-

tosynthetic rate. In contrary, an increase in spec-

ificity factor would increase net CO2 uptake in

low light conditions, where the electron transport

rate limits the photosynthesis; the photosynthetic

electron transport could be directed into carbox-

ylation process instead of oxygenation.
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Fig. 10.1 Comparison of the growth characteristics and

the photosynthetic parameters measured in flag leaves (the
upper) of field grown wheat (Triticum aestivum L. cv.

Astella) and Aegilops (Aegilops cylindrica Host.). The

parameters are shown in relative units compared to the

average values recorded in wheat after anthesis (the aver-

age values +/� standard errors from 6 measurements are

presented). The parameters presented are: the flag leaf

area (FLA); the specific leaf weight, i.e. the leaf dry

mass per leaf area unit (SLW); the maximum steady state

photosynthesis at ambient CO2 level (Amax); mitochon-

drial respiration measured in the dark (Rd). The original

figure is based on unpublished data of the authors. The

photosynthetic measurements were done at saturating

light (PAR ~1000 μmol m�2 s�1) and high stomatal con-

ductance (indicating stomata fully open)
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Unfortunately, it was shown that increase in

specificity factor leads to the decrease in cata-

lytic activity of Rubisco (Bainbridge et al. 1995).

It has contradictory effects at the canopy level;

higher specificity factor would increase photo-

synthetic rate in low light conditions, while the

concomitant decline in the catalytic efficiency

will lead to the decrease of photosynthesis of

well-illuminated leaves (Zhu et al. 2004). There-

fore, instead of increasing one of this enzymatic

properties, replacing of a high catalytic activity

of Rubisco with a form with high specificity

factor during the acclimation to shade could be

beneficial. Thus, plants would show a high cata-

lytic activity of Rubisco in the sun-exposed

leaves (upper leaves) and a high specificity factor

of Rubisco in the leaves inside the canopy (Long

et al. 2006).

In addition to changes of Rubisco properties,

the electron transport (RuBP) limitation can

also be partially eliminated. Two limiting points

in the RuBP regeneration were identified:

sedoheptulose-1,7-bisphosphatase (SbPase)

catalyzing one of the steps in the Calvin cycle

and the cytochrome b6/f complex in the thyla-

koid membrane playing essential role in regula-

tion of the electron transport chain (Price et al.

1998; Harrison et al. 2001; Raines 2003). The

upregulation of SbPase led to the increase of

electron transport and decreased RuBP limita-

tion (Lefebvre et al. 2005). However, this might

be important mostly in light limited

environments and low canopy levels (Long

et al. 2006).

The previous paragraphs clearly indicate

that the measurements of photosynthetic pro-

ductivity still play and will play an important

role in the crop research and improvement.

There is a high number of examples of genetic

variation in photosynthetic traits in crops and

wild species. Moreover, the interaction of pho-

tosynthetic phenotypes with environmental

factors is also well described. However, the

genetic variation in plant photosynthesis is a

largely unexplored, resulting in insufficiently

utilized crop genetic resources (Flood et al.

2011).

10.2.1 Gas Exchange Analyses
of Photosynthetic Limitations

The technical development brought new

possibilities for laboratory and especially for

field measurements. Introduction of portable

infrared CO2 analyzers provided a tool for selec-

tion of crop varieties based on the rates of leaf

photosynthesis and transpiration (Long et al.

1996). Despite the technical development, the

method is relatively time consuming. Therefore,

in most of the cases field records of gas exchange

measurements have been limited on single leaf

records of the light-saturated assimilation rate,

often at a single phenological stage (Long et al.

2006, Long 1998). Although this can provide

important information, the correlation with over-

all plant photosynthetic production can be poor.

It is because even half of the crop carbon fixation

may be held by leaves in sub-optimal light

conditions. The leaves of lower positions have

different biochemical properties and physiologi-

cal manifestations than upper leaves (Long

1993). Moreover, an increase in leaf area can

result to lower investment per leaf area unit

(Beadle and Long 1985; Evans 1993). Therefore

the complex measurements at different canopy

levels are needed to evaluate more precisely the

photosynthetic performance of crops.

Gas exchange measurements can provide a

valuable information, including kinetic

parameters related to the activity of Rubisco

enzyme and photosynthetic electron transport.

For this purpose, the special protocol called

A/Ci curve was developed. The analysis of the

A/Ci curve is based on advanced mathematical

models, derived from the biochemical model of

the steady-state C3 photosynthesis introduced

originally by Farquhar et al. (1980) (later

updated by other authors). It enables quantifica-

tion of photosynthetic limitations, i.e. whether

the photosynthetic rate is limited by the Rubisco

catalytic efficiency (Vc,max) or by insufficient

rate of regeneration of RuBP (Jmax).

An example of A/Ci curve recorded in modern

bread wheat and Aegilops (the wild relative of

wheat) is presented in Fig. 10.2, indicating even
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visually the lower photosynthetic productivity in

the leaves of wild species. The steeper initial

slope in wheat sample indicates even visually

the higher carboxylation efficiency. The

protocols based on gradually increasing

(or decreasing) CO2 concentration in measuring

chamber are needed to obtain the A/Ci; these can

be further used in analyses using the Farquhar

model of C3 photosynthesis (Farquhar et al.

1980) providing important kinetic parameters,

such as Vc,max, Jmax, mentioned before, as well

as for estimation of mesophyll limitation of CO2

diffusion inside the leaf (discussed below). The

analysis was further developed by employing the

simultaneous measurements of gas exchange and

chlorophyll fluorescence, making the analysis of

A/Ci curves more precise. Anyway, for the cor-

rect estimation of photosynthetic parameters, the

precisely realized measurements are expected.

Mistakes can occur especially if the

measurements are carried out in stress

conditions, when the stomata closes. The poten-

tial sources of errors are well described e.g. by

Yin et al. (2009). Moreover, the measurements

are time consuming and devices are expensive;

therefore it is only hardly useful for obtaining the

statistically relevant datasets necessary for

screening of larger collections of genotypes.

Another valuable protocol of gas exchange

records is the light response curve, providing

the information on the maximum quantum yield

of carboxylation, light compensation point, the

level of light saturation and fully light saturated

steady-state photosynthetic rate. The photosyn-

thetic light response curve enables to determinate

some important issues of the intrinsic limitations

of photosynthetic assimilation (Skillman et al.

2011). In the Fig. 10.3 we see that in the dark-

exposed leaves net CO2 assimilation is negative

due to mitochondrial respiration (RD). Although

rates of RD decrease in light-exposed samples,

the mitochondrial respiratory pathway is not

completely stopped (Atkin et al. 1998). The real

rate of CO2 assimilation by plant, leaf or cell

represents net balance between the dissimilation

(mitochondrial respiration, photorespiration,

etc.) and carbon assimilation (i.e., gross photo-

synthetic carbon fixation). The rate of respiration

varies across growing conditions and is strongly

variable also among species or among individual

tissues in the same plant (Griffin et al. 2001). It is

frequently emphasized that the mitochondrial

respiration determines the net carbon gain,

becoming a subject of interest for crop improve-

ment programs (Skillman et al. 2011).

The slope of the steeply-increasing linear part

of the light-response curve (Fig. 10.3), represents

an estimate of the quantum yield (ΦACO2
), i.e. it

serves as a measure of the maximum efficiency

by which the light energy is converted into

assimilates by the photosynthetic machinery of

the leaf.

As it is evident from the figure, there can be

some variation in the ΦACO2
among different
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Fig. 10.2 An example of

A/Ci curve measured in

flag leaves (the upper) of
field grown wheat

(Triticum aestivum L. cv.

Astella) and Aegilops

(Aegilops cylindricaHost.).
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samples; such a variation was commonly found

across the different C3-species (Ehleringer and

Bj€orkman 1977). The maximumΦACO2
measured

in normal O2 and CO2 atmospheric

concentrations is much lower compared to the

maximum potential ΦACO2
determined under

low O2 concentrations. This inefficiency is

caused mainly by the photorespiratory activity,

which can be responsible for relatively high

energy losses. Therefore, photorespiration

might be an important target for improvement

of photosynthetic performance in C3 plants

(Skillman 2008; Skillman et al. 2011), as men-

tioned above. The maximum net photosynthetic

capacity (Amax) can be assessed as a steady-state

rate of CO2 assimilation (alternatively also as O2

release) at saturation light level (Fig. 10.3). Amax

values quantified in the same conditions are quite

variable across species and they also vary in the

same species depending on the growing

conditions and physiological status of a sample

(e.g., Skillman et al. 2005; Skillman et al. 2011).

While high quantum yield (ΦACO2
) is necessary

for high photosynthetic rate in light limited

conditions, the light-saturated level (Amax)

characterizes light responses of the leaf in high

light (Farquhar et al. 1980; Collatz et al. 1992).

10.2.2 Mesophyll Limitations
to Photosynthesis

Today’s understanging mesophyll conductance

(gm) is increasingly important not only in terms

of efforts to maximize crop productivity and

yield (Price et al. 2013), but also understand the

coupled processes taking place between the veg-

etation and atmosphere (Ballantyne et al. 2011)

as well as role of evolution in plant physiological

processes (Griffiths and Helliker 2013).

Recent photosynthesis models used for pre-

diction of crop yields or plant responses to cli-

mate change are based on two main regulation

and limiting factors, such as stomatal diffusive

conductance (gs) (Medrano et al. 2002; Chaves

et al. 2003) and metabolic capacity of photosyn-

thetic apparatus (Wullschleger 1993; Farquhar

et al. 2001). However, the knowledge of last

two decades has shown that there is a third player

in the photosynthesis regulation, called meso-

phyll conductance for CO2 flow (gm), which

may affect the photosynthetic carbon gain

(Loreto et al. 1992), and should be included

into existing models (Sharkey et al. 2007).

Internal leaf conductance to CO2 diffusion

(gm) is known to be finite, which means that
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Fig. 10.3 An example of light response curves,

i.e. relationships between the CO2 assimilation rate

measured by infra-red analyzer and incident photosyn-

thetically active radtiation (PAR), measured on different

leaf positions in barley (Hordeum vulgare L.,

cv. Kompakt) in post-anthesis growth stage. The leaves

are numbered in the order in which they appeared. The

leaf 7 represents a penultimate leaf (the second leaf from

the top, well exposed to sun), the leaf 4 (an older leaf,

below others) was almost completely shaded inside the

canopy. The measurements were done at leaf temperature

20 �C and air CO2 content of 370 ppm)

10 Photosynthetic Responses Under Harmful and Changing Environment: Practical. . . 209



CO2 concentration measured in sub-stomatal

cavities (ci) is substantially higher than CO2 con-

centration inside the chloroplasts (cc). So, this

concentration gradient for CO2 in the leaf meso-

phyll introduces another diffusive limitation to

photosynthesis in addition to the stomatal con-

ductance (gs) (Bernacchi et al. 2002; Flexas and

Medrano 2002).

The mesophyll conductance (gm) includes

several individual conductances: firstly, CO2 is

dilluted in the mesophyll cell walls, then diffuses

through plasmalema into cytosol; after that it

enters chloroplasts through the chloroplastic

envelope with the next movement to Rubisco

enzyme. Some of the authors also mention the

CO2 originating from photorespiration, which

may supply the CO2 diffusion and use in the

mesophyll (Pinelli and Loreto 2003; Kebeish

et al. 2007; Tholen and Zhu 2011; Tholen et al.

2012).

There are some indications of a strong

co-regulation of gs and gm especially under

conditions of drought and salinity, so that the

sum of the stomatal and mesophyll diffusion

limits (resistances), and not the metabolic

impairment sets the limit for photosynthesis

(Bernacchi et al. 2002; Flexas et al. 2004). How-

ever, the mechanisms that down-regulate gm
under such conditions are still to be investigated

and confirmed. Likely mechanisms might be reg-

ulation activity of carbonic anhydrase, a protein

regulator (Gillon and Yakir 2000) and

aquaporines, a common agent for both water

and CO2 molecules transport through the

membranes (Martin and Ruiz-Torrez 1992;

Uehlein et al. 2003; Flexas et al. 2006;

Kaldenhoff 2012).

The A/ci curve analyses have shown that sto-

matal limitation to photosynthesis has been

found in most of analysed plant species under

water stress conditions as prevailing (Martin and

Ruiz-Torrez 1992; Escalona et al. 1999), how-

ever, there are some reports showing: (i) the

appearance of both non-stomatal

(e.g. metabolic) and stomatal limitations at the

same time during the early stages of water stress;

(ii) that the changes of gm can be as fast as those

of gs (Centritto et al. 2003), and (iii) a higher

mesophyll limitation compared to the stomatal

resistance (Tezara et al. 1999; Lawlor and Cornic

2002).

The results of Flexas et al. (1999) and others

support the fact that metabolism impairment of

photosynthesis does not occur at mild to moder-

ate water stress conditions, as plants show very

fast recovery of ACO2
(less than 1 day), but at

more severe water stress, the Rubisco, RuBP and

TPU factors mostly restrict the biochemical

capacity to assimilate CO2, even if they are indi-

rect factors, mediated by stomatal closure and

reduced CO2 concentration inside the leaf. As

gm makes a concentration gradient for CO2 inside

the leaf, the estimates of photosynthetic

limitations from A/ci curves may lead to incor-

rect interpretations of photosynthetic responses

of plants to the abiotic factors. Measurements of

A/cc curves show that while the photosynthetic

activity is a function of diffusive limits, photo-

synthetic capacity is preserved under water and

salinity stress (Flexas et al. 2004; Niinemets et al.

2009; Hu et al. 2010).

Future research in the topic of gm lays on

analyses of interspecific differences of gm and

its responses to environental factors as well as

the study of structural, physiological and molec-

ular mechanisms underlying the regulation of gm.

Incorporation of gm and its variability into the

existing photosynthetic models will improve the

prediction ability and open a new promising way

for biotechnological improvement of crop photo-

synthesis, water use efficiency and yield (Flexas

et al. 2008; Parry et al. 2011).

10.2.3 The Chlorophyll Fluorescence
Methods in Crop Research

The previous paragraphs clearly indicated that

measurements of photosynthetic performance

will be an important part of future strategy of

crop improvement. Individual leaves of crops

have different photosynthetic properties and the

values of measured parameters strongly vary with

time. In this respect, an extensive measurement
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campaign is necessary to obtain a dataset neces-

sary for a comprehensive description of canopy

photosynthesis, which is often not feasible. To be

used in the process of high throughput screening,

the method should be reproducible, fast and

non-invasive (Flood et al. 2011). The

measurements of gas exchange are non-invasive

and, thanks to the possibility of precisely con-

trolled light intensity, leaf temperature, air humid-

ity and CO2 content, they are also reproducible.

Anyway, field portable systems that measure pho-

tosynthetic CO2 assimilation are slow, a fact

which severely limits the ability to survey varia-

tion in photosynthetic characters between

cultivars or within germplasm collections (Evans

2013). Therefore, there are attempts to substitute

them by other, more efficient methods. The most

advanced are chlorophyll fluorescence

measurements realized either as conventional

single-point measurements or as screens of emit-

ted chlorophyll fluorescence from the larger leaf

areas, processed in a pixel scale, generally known

as the chlorophyll fluorescence imaging. A wide

range of relevant photosynthetic parameters can

be derived from the fluorescence data, including

photosynthetic electron transport rate, which can

serve to estimate the photosynthetic rate, analogi-

cally to measurements of CO2 fixation (Flood

et al. 2011).

The several techniques of chlorophyll fluores-

cence are broadly used now with well developed

and commercially available technical

equipments. The methods based on variable

chlorophyll a fluorescence measurements differ

in the manner by which the photochemistry is

saturated. The most frequently used are the satu-

ration pulse analysis method using pulse ampli-

tude modulation (PAM) fluorometers (Schreiber

et al. 1986; Schreiber 2004) and the direct fluo-

rescence recording represented by the method

fast chlorophyll a fluorescence kinetics analysis

(Strasser and Govindjee 1991, 1992).

10.2.3.1 Saturation Pulse Method
The saturation pulse method has been recently

the most frequently used and generally accepted

chlorophyll fluorescence technique. Thanks to

this method, the measurements of the correct

fluorescence yield through quenching analysis

using modulated fluorescence and saturation

pulses became possible (Bradbury and Baker

1981; Quick and Horton 1984; Schreiber et al.

1986; Schreiber 2004). The majority of chloro-

phyll fluorescence parameters, which can be

found in literature, can be determined from five

basic values taken from a record of slow chloro-

phyll fluorescence kinetics (Fm, F0, Fm
0, Fs

0, F0
0)

(Rohacek et al. 2008; Baker 2008). The most

frequently used parameters are:

– The maximum quantum yield of PS II photo-

chemistry, Fv/Fm, the most frequently used

parameter, often applied as the indicator of

photoinhibition or other kind of injury caused

to the PS II complexes (Rohacek et al. 2008).

It quantifies the maximum photochemical effi-

ciency (capacity) of open PS II reaction

centers. It is almost constant for many differ-

ent plant species when measured under

non-stressed conditions and equals to 0.832

(Bjorkman and Demmig 1987). For stressed

and/or damaged plants, Fv/Fm is strongly

reduced.

– Effective quantum yield of photochemical

energy conversion in PS II, ΦPSII (Fq’/Fm
0;

ΔF’/Fm0). Assessment of ΦPSII does not

require previous dark adaptation of the sam-

ple. Therefore, it is often used for field

investigations. It quantifies the efficiency of

the electron transport, as well as a fraction of

photons absorbed in PS II antennae and

utilized in the PS II photochemistry. If the

photochemical and biochemical processes of

photosynthesis are equilibrated under

non-stress conditions,ΦPSII is often correlated

with the quantum yield of CO2 fixation or the

rate of photorespiration (Genty et al. 1989;

Rohacek et al. 2008).

– Non-photochemical quenching of chlorophyll

fluorescence, NPQ, often used as an indicator

of the excess-radiant energy dissipation to

heat in the PS II antennae. The extent of

NPQ is linearly correlated to xanthophyll

deepoxidation through the xanthophyll cycle.

NPQ reflects also the decrease of the light-

harvesting antenna size, PS II inactivation,
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etc. (Bilger and Bjorkman 1990; Rohacek

et al. 2008).

– Electron transport rate (ETR) as a function of

the quantum yield and illumination. The most

frequently used formula is: ETR¼ 0.84� 0.5�
I � ΦPSII. However, this calculation must be

used carefully, especially in conditions of plant

stress. If the chlorophyll content decrease

occurs, the absorbance change must be consid-

ered (Baker 2008).

Similarly to the gas exchange records, the

chlorophyll fluorescence measurements can be

done as single records or by using different

protocols (Brestic and Zivcak 2013). The most

simple and fast approach is the application of a

single saturation pulse on dark adapted sample.

The obtained value of Fv/Fm parameter provides

only very basic and in the most cases insufficient

information about the physiological status of the

photosynthetic apparatus. The better approach

useful for plant screening of larger collections

is use of the chlorophyll fluorescence

measurements without previous dark adaptation

(used e.g. by Kuckenberg et al. 2009; Morales

et al. 2012). Although the parameters that need

previous dark adaptation cannot be calculated, it

is possible to measure the actual quantum yield

of PS II (ФPSII) and hence the electron transport

rate (ETR) using the light intensity provided by

the device or measured value of the photosyn-

thetic active radiation incident on a leaf, if the

fluorescence was measured under external

(e.g. solar) irradiation. Such an approach enables

to make more measurements in a short time.

Kuckenberg et al. (2009) reported more hetero-

geneous data measured without previous dark

adaptation compared to the dark adapted

samples, but the data from both approaches

showed the same tendency. In more detailed

studies, the slower, automated measuring

protocols can be employed (in detail, see chapter

of Brestic and Zivcak 2013):

Slow induction curve with recovery is regularly

measured after dark adaptation period (usu-

ally 15–20 min), followed by the period of

actinic light and the next dark (recovery)

period. The first phase can serve for assess-

ment of photosynthetic induction (startup),

while the recovery period enables to recog-

nize the major constituents of non-photo-

chemical quenching (Lichtenthaler et al.

2005a).

Slow and rapid light response curves represent

plots of fluorescence parameters related to the

graduated light intensities. The time of steps

with particular light intensities should be

enough to get the steady-state at each light

level. Recently, the curves have been fre-

quently measured simultaneously with other

parameters, e.g. gas exchange (CO2 or O2). As

this approach is very time-consuming, the

more efficient version called “rapid light

curves” is used more frequently. They can be

used for assessment of the physiological flex-

ibility of photosynthetic apparatus to the rapid

changes in light relations, similar to environ-

mental conditions (Schreiber et al. 1997;

White and Critchley 1999; Ralph and

Gademann 2005; Guarini and Moritz 2009),

providing a detailed eco-physiological infor-

mation on performance of plant photochemis-

try, which is strongly determined by

environmental conditions and plant physio-

logical status (Wing and Patterson 1993;

Kubler and Raven 1996; Hewson et al. 2001;

Seddon and Cheshire 2001).

Measurement of relative fluorescence decrease

represents less frequent protocol for estima-

tion of the physiological status of samples to

obtain the simple Rfd parameter (the relative

fluorescence decrease ratio). For the calcula-

tion of this parameter, saturation light pulses

are not needed, as it uses the values of fluo-

rescence at defined points measured during

the dark-to-light induction at strong actinic

light. According to the methodical paper of

Lichtenthaler et al. (2005a), this irradiance-

induced chlorophyll fluorescence induction

kinetic is characterized by fast increase of

chlorophyll fluorescence from the initial F0
level (also termed base fluorescence) to a

local maximum fluorescence level, plateau,
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FP, within 0.1–0.2 s, where the Fp is recorded.

Then, after startup of the photosynthetic

machinery, the fluorescence within 3–5 min

decreases to a much lower steady state Fs. The

greater this Chl fluorescence decrease Fd
(Fd ¼ Fp – Fs), the higher the net photosyn-

thetic rate ( ACO2
) of the leaf examined

(Lichtenthaler and Rinderle 1988;

Lichtenthaler and Miehé 1997; Lichtenthaler

and Babani 2004; Lichtenthaler et al. 2005a;

Brestic and Zivcak 2013). Rfd ratio is calcu-

lated as: Rfd ¼ Fd/Fs. The RFd-values being

measured at the saturated irradiance of photo-

synthesis exhibited a highly significant linear

correlation to ACO2
as shown in Lichtenthaler

et al. (2005a).

10.2.3.2 Analysis of Fast Chlorophyll
Fluorescence Induction

As the methods based on saturation pulse analysis

are relatively time-consuming, a big effort has

been applied to develop a more efficient way of

measurements of photosynthetic performance and

environmental effect. In the last decades, the expo-

nential increase of the studies applying the fast

fluorescence kinetics can be observed. Chloro-

phyll fluorescence induction represents a plot of

measured fluorescence intensity as a function of

time of continuous illumination (Fig. 10.4).

Such a curve recorded under continuous light

has a fast (less than one second) exponential

phase, and a slow decay phase (duration of few

min). The rise has a typical polyphasic shape,

well evident when the curve is plotted on the

logarithmic time scale, or if the individual steps

are plotted separately, in different time resolution

(Fig. 10.4). The shape of OJIP-transient is some-

times denoted as a ‘fingerprint’ of a sample of a

given physiological status; any deviation of the

curve indicate photochemical changes at the thy-

lakoid membrane level. The analysis of OJIP

curve taking the theoretical assumptions and

probabilities derives different photosynthetic

parameters for a dark adapted state of the photo-

synthetic systems (Strasser et al. 2000, 2004;

Stirbet and Govindjee 2011). The nomenclature

for ‘OJIP’ is as followed: O for origin or Fo ¼ F0
level measured at 50 μs (or less) after illumina-

tion, J and I represent intermediate states

measured after 2 ms and 30 ms, respectively,

and P is the peak or FP ¼ Fm (maximal fluores-

cence). This is valid only if a sufficient light

intensity is used. In heat-stressed samples,

another peak arise between F0 and FJ at app.

300 μs, which is usually called K-step (Guisse

et al. 1995; Srivastava et al. 1997; Strasser et al.

2000); therefore some authors call the fast chlo-

rophyll fluorescence induction the OKJIP-curve

or transient. The OJIP curve from F0 to Fm is

correlated with the primary photochemical

reactions of PS II (Duysens and Sweers 1963)

and the fluorescence yield is controlled by a PS II

acceptor quencher (the primary quinone accep-

tor, QA) (Van Gorkom 1986). Thus, the OJIP

transient can be used for estimation of the photo-

chemical quantum yield of PS II photochemistry,

and electron transport properties. The OJIP fluo-

rescence curve analysis can be used to monitor

the effect of various biotic and abiotic stresses,

and photosynthetic mutations affecting the struc-

ture and function of the photosynthetic apparatus

(Strasser et al. 2004).

There are several groups of parameters

derived from the fluorescence rise. In addition

to the basic fluorescence values and fundamental

parameters, such as Fo, Fm, Fv/Fm (similar to

the saturation pulse method), there is also a group

of parameters derived from the JIP-test,

introduced by Strasser and coauthors (1995,

2000, 2004, 2010), reviewed well by Stirbet and

Govindjee (2011). We can divide it into the fluo-

rescence parameters derived from the data

extracted from OJIP transient and the biophysical

parameters calculated using the previous group

of fluorescence parameters (Strasser et al. 2010).

In plant stress research there are several possible

ways of interpreting the data. A multiparametric

approach is based on the visualization of data

e.g. by spider plots or pipeline models. On the

other hand, the model offers the integrative

parameters enabling simple assessment of the

status and vitality of the photosynthetic appara-

tus, which are sensitive and created mostly for
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possible practical applications in pre-screening

or selection in research and breeding programs

(Brestic and Zivcak 2013), including special

applications such as assessment of nutrition sta-

tus (Kalaji et al. 2014a, b) or toxic effects (Shaw

et al. 2014; Kalaji et al. 2014b).

From numerous JIP-test parameters, for prac-

tical applications in the crop research Perfor-

mance Index (PI) was introduced (Strasser et al.

2000). This complex parameter integrates several

independent structural and functional properties

of the photochemistry, reflecting the functional-

ity of both photosystems and providing a quanti-

tative information on the current state of plant

performance under stress conditions (Strasser

et al. 2004). An example of the comparison

based on PI values in field grown winter wheat

genotypes is presented in Fig. 10.5.

The average data (based on the highest num-

ber measurements across the vegetation period,

creating statistically relevant datasets) show sig-

nificant differences among genotypes in PI

values. More specifically, the lowest values

were found in historical local landraces, while

new modern genotypes of the same provenance

had usually higher PI values. This suggests, at

least, that the structural and functional properties

in modern genotypes differ from the old

landmarks. However, the current level of knowl-

edge does not entitle us to draw further

conclusions about photosynthetic performance

based on the fast chlorophyll fluorescence only.

Even usefulness of the fast chlorophyll fluores-

cence for leaf photosynthetic performance test-

ing could be proven in the future, more probably,

the method will remain the tool for assessment of
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Fig. 10.4 Examples of O-J-I-P-curves recorded in two

different leaves of barley (Hordeum vulgare L. cv.

Kompakt) in post-anthesis stage. The leaves are num-

bered in the order in which they appeared. The leaf

7 represents a penultimate leaf (the second leaf from the

top, well exposed to sun), the leaf 4 (an older leaf, below
the others) was almost completely shaded inside the

canopy. The main graph (left) shows the entire O-J-I-P-

kinetics plotted on a logarithmic time scale. The small

graphs (right) show individual phases plotted on a regular

time scale: O-J phase in time 0–2 ms, J-I phase in time

2–30 ms, and I-P phase in time 30–300 ms. Unpublished

data of the authors
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the stress effects on the photosynthetic functions

mostly.

In this respect, Stirbet and Govindjee (2011)

postulated that the availability of user-friendly

portable fluorometers for high-frequency record

of OJIP-transient and the useful software for the

analysis of experimental data, make the JIP test

derived from the fast chlorophyll fluorescence

attractive even for users without a deep knowl-

edge on photochemical processes at the thylakoid

membrane level. As we have mentioned above,

the small and portable devices allow efficient

data records even in the field conditions. The

chlorophyll fluorescence induction kinetics

contains a valuable information about the photo-

chemical efficiency of primary conversion of

incident light energy, electron transport events,

and related regulatory processes. These issues

can be deciphered using advanced mathematical

models based on the analysis of fluorescence

curves, providing a large number of the fluores-

cence parameters. However, the JIP test, in this

context, is nothing more than a systematic

method, to be used as a practical tool, to obtain

quick information on the various possibilities of

effects on photosynthesis, particularly on PSII,

and to a limited extent on PSI. Till now, it is not

sufficiently confirmed that the measurements

could be used to obtain detailed information on

the entire system, without direct measurements

of electron transport, and overall photosynthesis

rates (Stirbet and Govindjee 2011) Nevertheless,

despite the large number of partial results, the

potential of the method for the use in practice is,

in fact, almost unrealized.

10.2.3.3 Chlorophyll Fluorescence
Imaging

One of the most useful innovations of the chloro-

phyll fluorescence technique has been the devel-

opment of chlorophyll fluorescence imaging,

which involves advancements in the technology

of light emission, imaging detectors, and rapid

data handling (Nedbal and Whitmarsh 2004;
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Fig. 10.5 Example of application of JIP-test in assess-

ment of leaf properties in wheat genotypes. Average

values of Performance Index (PIabs) recorded in

31 wheat genotypes. The data represent mean values for

several subsequent measurements done from April to June

on leaves of wheat. Data were compared using ANOVA

with F-test (α ¼ 0.05, p < 0.001), vertical bars represent

standard error. Genotypes are ranked according to mean

values. Black columns represent old landraces of Slovak

origin, the green columns represent modern wheat

varieties of Slovak origin (original figure based on the

results published by Brestic et al. 2012)
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Gorbe and Calatayud 2012). Fluorescence imag-

ing devices have been constructed for their use

either at the microscopic level (Oxborough and

Baker 1997; Rolfe and Scholes 1995), at the

plant, leaf and organ level (Omasa et al. 1987;

Calatayud et al. 2006) or for remote sensing of

chlorophyll fluorescence (Calatayud et al. 2006;

Gorbe and Calatayud 2012). Fluorescence imag-

ing represents an efficient tool for observing the

fluorescence emission pattern of sub-cellular

structures, cells, tissues, leaves or other plant

organs, or whole plants, providing precise visual

information about the plant stress effects

(Calatayud et al. 2006). The fluorescence imag-

ing method enables the observation of the tem-

poral and spatial heterogeneities of

photosynthetic processes over the relatively

large observed area; such heterogeneities occur

as a result of internal and/or environmental

factors (Nedbal and Whitmarsh 2004). They can

be just barely (or not at all) detected through the

conventional point measurements by

non-imaging chlorophyll fluorescence (Ellenson

and Amundson 1982; Oxborough and Baker

1997; Omasa and Takayama 2003).

An example of chlorophyll fluorescence

imaging record confirming the unequal spatial

distribution of photosynthetic performance

within the crop canopy can be seen in Fig. 10.6.

It is evident that the newest leaves in upper

positions, which are exposed to the maximum

light intensity have a higher photosynthetic rate

(expressed in photosynthetic electron transport

units). Moreover, the figure also indicates the

unequal distribution (heterogeneity) of photosyn-

thetic rate across the leaf. It is particularly impor-

tant as far as considering the dominant use of

point measurements of photosynthesis. Here,

we can see that the results of point measurements

are similar to the full area results in upper leaves,

where the photosynthetic rate was distributed

more-or-less homogenically; this was not the

case of lower leaf positions where the point

measurements done in the middle of a leaf led

to overestimation of the leaf photosynthetic elec-

tron transport rate. This example clearly

documents the advantages of chlorophyll fluores-

cence imaging compared to the common point

measurements. The standard, commercially

available instruments for chlorophyll fluores-

cence imaging enable to record the automated

protocols, such as light response curves

(Fig. 10.6, right below), analogically to those

presented in the gas exchange measurements

(Fig. 10.2).

One of the possible fields for future

applications of chlorophyll fluorescence imaging

is the plant breeding, especial the process of

selection of useful parental germplasm or prog-

eny. Harbinson et al. (2012) stated that the recent

advanced studies with chlorophyll fluorescence

imaging are focused on high-throughput screen-

ing of genotypes tolerant to abiotic and biotic

stress factors. Recently, the assessment of stress

tolerance or disease resistance in breeding

programs is based mostly on a visual scoring by

evaluators, i.e. it is strongly subjective and prone

to error; moreover, it is time-consuming. In this

regard, an important advantage of chlorophyll

fluorescence imaging is that it can be applied to

screen simultaneously a large number of

samples. Moreover, fluorescence imaging can

be integrated into robots for automatic

measurements (Baker and Rosenqvist 2004;

Charlie et al. 2007; Gorbe and Calatayud 2012).

10.2.4 Photosynthetic Data in Context
of Plant and Canopy

Any increase in photosynthetic process at the

chloroplast or leaf level will only bring substan-

tial practical benefits if it confers an improve-

ment at the level of the crop canopy. The rate of

crop photosynthesis is typically measured by

enclosing part of a single leaf in measuring

head of gazometer, but to understand growth,

the daily integral of photosynthetic uptake by

the whole plant or canopy and its further alloca-

tion need to be considered (Evans 2013). The

variation in photosynthetic data depends on the

unit of measurement chosen (Flood et al. 2011).

The crop plant photosynthesis is most frequently

quantified as the assimilation rate per leaf area

unit, as the activity of the photosynthetic process

is it enables to compare results and easily
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evaluate the leaf photosynthetic activity. For

studies at the canopy level, it needs to be

integrated to give the rate per plant or unit area

of the crop. For this purpose, parameters like leaf

area index (LAI) as well as those describing the

photosynthetic variation between the leaves and

canopy architecture are needed. The photosyn-

thetic activity at the leaf level is combined with

the architecture and plant morphology, which are

non-photosynthetic in their character. Although

leaf area index and the measures of plant archi-

tecture are important traits in crop research, they

have to be considered separately to the leaf pho-

tosynthetic capacity expressed per unit of leaf

area. Moreover, in the major crop plants, almost

optimal crop architecture and LAI were achieved

by previous breeding, and thus potential for fur-

ther improvement is almost depleted (Long et al.

2006; Parry et al. 2011).

More specifically, at high irradiance, the rate

of CO2 assimilation is limited by the photosyn-

thetic capacity. The loss of efficiency at high

irradiance by a single leaf can be reduced in a

plant canopy by distributing light capture
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Fig. 10.6 An example of chlorophyll fluorescence imag-

ing screen of different leaf positions in wheat (Triticum
aestivum L.). The figure left shows a two-dimensional

distribution of recorded values of electron transport rate

of PS II photochemistry (ETR), recorded at leaf

illuminated by blue actinic light with intensity

~200 μmol m�2 s�1 for 5 min. Figure right above shows

the comparison of average values recorded for full

screened leaf area with the results obtained if the point

measurement in the middle part of the leaf was used. The
figure right below shows the result of rapid light curves

performed at the same levels. Individual ETR values were

obtained after 20 s at each light intensities, the curve was

plotted using 12 levels of PAR measured in different leaf

positions in barley (Hordeum vulgare L., cv. Kompakt) in

post-anthesis stage. The leaves are numbered in the order

in which they appeared. The leaf 8 represents the flag leaf

(first leaf from the top, well exposed to sun), the leaf

4 (an older leaf, below the others) was almost completely

shaded by younger leaves. Measurements were performed

by Maxi-Imaging-PAM (Walz, Germany), unpublished

data of the authors
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between leaves. Thus, a larger leaf area would

operate with a greater efficiency at moderate

irradiances and lower leaf area operating less

efficiently at high irradiance. To achieve this,

leaves at the top of canopy need to be held

more erected (Song et al. 2013a; Evans 2013).

The sample size represents one of the most

frequent complications, in terms of the interpreta-

tion of photosynthetic measurements. In many

cases it is not feasible to realize measurements

more than just on one leaf in one time only. The

rate of photosynthesis is, however, rather variable

depending on growth phase, leaf age, irradiation

level, etc. A lack of correlation between the pho-

tosynthetic capacity and plant yield, which was

often reported in the past, might be caused by

generalization of results of the photosynthetic

rate per unit leaf area in a portion of one leaf for

the whole crop canopy. To obtain true results, the

sufficient representative dataset across the leaf

positions must be recorded during whole season;

the necessary representative sample size will vary

depending on factors such as canopy architecture

and leaf age distribution (Flood et al. 2011).

In addition to the classical physiological

measurements at the plant scale, the remote-

sensing approaches offer potential to estimate

crop productivity (Evans 2013). The most

promising data were introduced by

measurements of leaf reflectance spectroscopy

in trees, which enabled to estimate key

determinants of photosynthetic capacity (Vc,max

and Jmax). This approach applied successfully in

broadleaf trees (Serbin et al. 2012) represents a

promising strategy for developing remote sens-

ing method for advanced analysis of canopy

photosynthetic metabolism at broad scales.

10.3 The Photosynthesis
and Abiotic Stress Factors

As it was shown above, the increase in crop yield

potential can be achieved by increasing the max-

imum capacity of the source through improve-

ment of maximum efficiency of carboxylation

process in leaves. However, in a global range,

the yields of crops are far away from the yield

potential, which is caused mainly by adverse

environmental conditions (Araus et al. 2002).

Therefore, another way of crop yield improve-

ment is an increase of crop resistance or toler-

ance to stress factors. In the next part of chapter

we will aim at presenting the effects of main

abiotic stresses on crop photosynthesis and

highlighting of some examples of the application

of photosynthetic techniques in screening for

improved plant stress tolerance.

10.3.1 Limitation of Photosynthesis
by Drought

Drought is the main environmental factor limit-

ing plant productivity in a global range. Drought

stress leads to stomatal closure and reduced rate

of transpiration, a decrease in the water content

in plant tissues, inhibition of plant growth and

decline in photosynthesis. It is associated with

accumulation of abscisic acid (ABA), being the

main stress signal molecule as well as other stress

related compounds such as compatible osmolytes

(sorbitol, mannitol, proline) or radical scaveng-

ing compounds (e.g. ascorbate, glutathione,

α-tocopherol) (Yordanov et al. 2003). Plants

also undergo changes at different level of organi-

zation, starting with ultrastructural changes of

the chloroplast (Vassileva et al. 2012), through

anatomical to morphological alterations. At the

level of whole plant, the drought stress effects are

mostly manifested as a decline in growth and

photosynthesis, and is connected with changes

in the metabolism of nitrogen and carbon. The

plant responses are complex as they reflect the

influences of stress over time and space, and

responses are distributed at all levels of plant

organization. Under field conditions, the one

stress-related changes might by modified by the

superimposition of other stresses; either syner-

gistically or antagonistically (Blum 1996; Cornic

and Massacci 1996; Yordanov et al. 2003).

The knowledge of the biophysical, biochemi-

cal, and physiological bases for a decrease of

photosynthesis in plants experienced to water

deficits is necessary for improvement of plant

stress responses. Drought-induced effects on
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leaf photosynthesis and, in the next step, on plant

performance have been discussed over the

decades (Genty et al. 1987; Sharkey and

Seemann 1989; Cornic and Briantais 1991;

Brestic et al. 1995; Lawlor and Tezara 2009).

Results confirmed by several research groups

have shown that a decrease of leaf photosynthetic

rate caused by moderate water stress is mostly

the result of stomatal activity and the stomatal

conductance and photosynthesis are mutually

co-regulated. The stomata close progressively

with the drought progress, followed by parallel

decreases of net photosynthesis (Medrano et al.

2002). The photosynthetic techniques are fre-

quently employed in drought stress studies in

crop plants, as it is documented in Table 10.1,

Table 10.1 The overview of the most recent studies employing the photosynthetic techniques in drought stress studies

in crop plants

Crops

Applied photosynthetic

techniques References

Wheat Gas exchange, multispectral
fluorescence

Burling et al. (2013)

Gas exchange, chlorophyll
fluorescence slow

Zivcak et al. (2013), Hou et al. (2013) and Fábián et al. (2013)

Gas exchange, WUE Li et al. (2010), Bencze et al. (2011), Deák et al. (2011), Akhkha et al.

(2011), Karim et al. (2012) and Yasir et al. (2013)

Gas exchange, chlorophyll
fluorescence (fast)

Roohi et al. (2013) and Li et al. (2010)

Chlorophyll fluorescence (fast) Zivcak et al. (2008a, b, c), Zivcak et al. (2009a, b) and Kovačevič et al.

(2013)

Barley Gas exchange, chlorophyll
fluorescence (slow, fast)

Wójcik-Jagła et al. (2013)

Gas exchange, WUE Bencze et al. (2011)

Fast chlorophyll fluorescence Repkova et al. (2008)

Gas exchange, fast chlorophyll
fluorescence

Roohi et al. (2013) and Rapacz et al. (2010)

Fast chlorophyll a fluorescence Jedmowski et al. (2013) and Ashoub et al. (2013)

Rice Gas exchange Ishizaki et al. (2013) and Farooq et al. (2008, 2009)

Chlorophyll fluorescence
(slow)

Do et al. (2013)

Chlorophyll fluorescence fast Redillas et al. (2011) and Phung et al. (2011)

Maize Gas exchange Wang et al. (2008), Markelz et al. (2011), Anjum et al. (2011), Barnaby

et al. (2013), Zhang et al. (2013) and Nguyen et al. (2013)

Slow chlorophyll fluorescence Fan et al. (2013)

Soybean Gas exchange, chlorophyll
fluorescence (slow)

de Souza et al. (2013)

Gas exchange, WUE Li et al. (2013) and Anjum et al. (2013)

Sorghum Gas exchange, fast chlorophyll
fluorescence

Zegada-Lizarazu and Monti (2013)

Bean Gas exchange, chlorophyll
fluorescence (slow)

Ramalho et al. (2014) and Santos et al. (2009)

Tomato Gas exchange, fast chlorophyll
fluorescence

Giannakoula and Ilias (2013)

Sugar

beet

Fast chlorophyll fluorescence
with P700

Ceppi et al. (2012)

Tobacco Gas exchange, chlorophyll
fluorescence slow

Deeba et al. (2012)

Cotton Gas exchange, chlorophyll
fluorescence, imaging

Massacci et al. (2008)

Gas exchange, A/Ci curve Kuppu et al. (2013)
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referencing the most recent contributions in this

area.

The most useful method for observation of

changes in photosynthetic activity in drought

stress are the gas exchange records, mostly the

non-invasive measurements of CO2 assimilation

and transpiration by infra-red analyzers, as

described above. An example of photosynthetic

induction record in non-stressed and severely

stressed wheat plants is shown in Fig. 10.7,

where the lower CO2 assimilation in steady-

state (after 30 min on light) was associated with

low internal CO2 concentration, indicating the

stomatal limitation of the net photosynthetic rate.

The leaf CO2 assimilation rate is down-

regulated at mild drought stress even before the

leaf water content falls down due to the soil water

shortage (Gollan et al. 1986; Davies and Zhang

1991) or in response to a drop in humidity of

atmosphere (Bunce 1981). The proportion of

photosynthetic stomatal effect depends on the

severity of drought stress. Under mild water def-

icit the stomatal closure is a first event, followed

by changes of photosynthetic reactions (Cornic

and Briantais 1991). Under field conditions, sto-

matal regulation of transpiration was shown as a

primary event in plant response to water deficit

leading to decrease of CO2 uptake by the leaves

(Chaves 1991; Cornic and Massacci 1996;

Chaves et al. 2002; Ditmarova et al. 2010). The

level of photosynthetic limitation of steady-state

photosynthesis caused by drought-induced sto-

mata closure can be evaluated from the relation-

ship between stomata conductance and CO2

assimilation, shown in Fig. 10.8a, indicating

direct linear relationship between gs and ACO2

below the threshold level of stomatal conduc-

tance. On the other hand, the range of stomatal

Fig. 10.7 The effect of severe drought stress in wheat

leaves on induction of assimilation process (ACO2
) and

related parameters: Electron transport rate (ETR), internal
CO2 content in leaf (ci), and the proportion of electron

transport spent in the process of photorespiration. The

measurements were carried out after switching-on actinic

light (after 20 min in darkness); the point in time

0 represents the record at the moment of switching-on

light. The figure is composed using the data published by

Zivcak et al. (2013)
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conductance, which is sufficient to reach the

maximum photosynthetic rate is rather wide,

indicating possible inefficiency in water use

when stomata fully open.

In addition to the lower stomatal conductance,

the opening stomata to get steady-state levels

took much longer time in drought stressed plants

compared to non-stressed Zivcak et al. (2013). It

was shown that stomatal closure occurs in

response either to a decrease in leaf turgor

and/or water potential, or to low air humidity

(Maroco et al. 1997). Responses of stomata cor-

relate better with the soil water content than with

water content in leaf. It indicates stomatal

responses to “non-hydraulic” chemical signals

(Yordanov et al. 2003), mainly to abscisic acid

(ABA) synthesized in the roots in response to

decrease of water content in soil (Davies and

Zang 1991). This is comfirmed by an early

drought-induced stomatal closure before any

change in leaf water status is detected (Medrano

et al. 2002). Some role in stomata responses play

also the circadian rhythm (Chaves et al. 2002).

Lawlor (2002) has shown that variations in cell

carbon metabolism are frequently occurring at

the beginning of drought stress. The stomatal

function in drought-tolerant species is controlled

to remain some carbon fixation running even in

stress conditions; hence, the water use efficiency

increases. Moreover, when water deficit is

relieved, they open stomata more rapidly. Some

studies have shown (Faver et al. 1996; Herppich

and Peckmann 1997) that in severe drought

stress, photosynthesis depends more on the car-

bon fixation capacity determined by enzymatic

properties than by decreased conductance for

CO2 diffusion.

The non-stomatal responses of photosynthetic

assimilation (PS II energy conversion, the dark

reaction of Rubisco carbon fixation) have been

shown to be resistant to water deficits (Genty

et al. 1987; Chaves 1991). The strong drought-

induced reductions of Rubisco activity has also

been reported (Maroco et al. 2002; Parry et al.

2002) but a lot of studies have observed negligi-

ble effect of drought (Lal et al. 1996). Flagella

et al. (1998) has shown that the quantum yield of

PS II in relation to Calvin cycle metabolism was

reduced only under extreme water shortage.

However, Lauer and Boyer (1992) identified a

metabolic damage of photosynthetic machinery

by assessment of intercellular CO2 partial pres-

sure measured directly in the leaves. An example

of such observation can be seen in Fig. 10.9.

It is evident that the decrease of leaf relative

water content below 70% was associated with the

decrease of carboxylation efficiency, as a func-

tion of both increase of photorespiration rate and

metabolic limitations mentioned above. Interest-

ingly, the diurnal changes in carboxylation
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Fig. 10.8 Relationship between the stomatal conduc-

tance (a) or electron transport rate derived from chloro-

phyll fluorescence measurements (b) and CO2

assimilation. Measurements were performed during the

prolonged drought stress in winter wheat. The

simultaneous measurements of gas exchange and chloro-

phyll fluorescence was done by gas exchange system

Licor 6400 (Licor, USA). The figure is composed from

the data published by Zivcak et al. (2013)
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efficiency are also evident (small insertion in

Fig. 10.9), probably as a function of leaf temper-

ature and/or changes in leaf water content.

Low activity of biochemical pathways under

drought stress may lead to down-regulation of

photochemical reaction by decreasing consump-

tion of photosynthetic intermediates (Santos

et al. 2009). It was concluded (Nogues and

Baker 2000) that in C3 under conditions with

reduced CO2 assimilation due to stomata closure,

the Rubisco-driven reduction of O2 in the process

of photorespiration plays a protective role by

partial utilization of excessive excitation energy

converted to NADPH and ATP. However, the

photorespiration itself is not sufficient to dissi-

pate the full excess of energy absorbed by PS II

antennae therefore the photoprotective responses

towards the dissipation of light energy in PSII are

up-regulated.

Tezara et al. (1999) indicated that the low

ATP synthesis cause limitation of electron trans-

port, leading to decrease of ribulose-1,5-

bisphosphate (RuBP) supply. Similarly, Lawlor

and Cornic (2002) postulated that both the

decrease in ATP content and related imbalance

in the redox status substantially affect plant cell

metabolism. They argued that impaired metabo-

lism, associated with a shortage of ATP, limits

RuBP synthesis without negative effects on

enzymes of carbon reduction cycle including

Rubisco. In conditions of mild drought stress,

the cycles of photosynthetic Calvin cycle and

photorespiration serve as the main PSII electron

sinks (Cornic and Fresneau 2002). Activity and

responses at the level of PS II were not substan-

tially changed during early phases of water defi-

cit. The CO2 content in the chloroplasts

decreases after stomatal closure in drying leaves,

leading (in C3 plants) to increase of RuBP

oxygenation, where O2 plays a role of electron

acceptor; the extent of this activity depends on

the intensity of incident light. The estimation of

partitioning of the electron transport destination

between Calvin cycle and photorespiration

(Fig. 10.7d) by the method of Epron et al.

(1995) confirm the significant increase of photo-

respiration in drought stressed plants, being the

main factor decreasing the net photosynthetic

efficiency (indictated e.g. as A/ci ratio in

Fig. 10.9). Similarly, increasing yield of CO2

assimilation per unit of electron transport rate,

indicated from the exponential shape of relation-

ship between ACO2
and ETR (Fig. 10.8b) suggest

that the losses of energy by photorespiration

increased with drought-induced decrease in

CO2 assimilation.

According to Girardi et al. (1996) long-term

drought reduction in water content led to nega-

tive changes in PSII structures. The rest of PS II

core complex was functional, but they observed

changes in organization and stoichiometry. Sim-

ilarly, Yordanov et al. (2003) reported that

drought stress induced accumulation of PS II-

inactive reaction centers in bean; this effect was

more serious in drought-sensitive cultivars com-

pared to drought-tolerant varieties.

The genotypic differences in stomatal behav-

ior and photochemical drought resistance can be

subscribed partially also to osmotic adjustment.

It represents the mechanism important for main-

tenance of plant cell turgor and hence it is impor-

tant for delay of full stomata closure (Zhang et al.

1999). Results of correlation analyses

(Table 10.2) show significant positive correlation

between capacity for osmotic adjustment and

values of stomatal conductance during drought

Fig. 10.9 The decrease of carboxylation efficiency

(expressed as the ratio of CO2 assimilation rate and inter-

nal CO2 content) caused by drought stress in wheat plants.

The small plot shows the differences in carboxylation

efficiency recorded in two different times during the day

(Zivcak 2006)
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stress (Zivcak et al. 2009b). The same trend was

confirmed also for a relationship of osmotic

adjustment and net assimilation rate. It indicates

that a higher capacity for the accumulation of

osmotically active compounds is beneficial for

the elongation of active period of CO2 assimila-

tion under drought conditions.

A main role often attributed to the osmotic

adjustment and especially to free proline is to

protect the subcellular structures within the pho-

tosynthetic apparatus. Proline plays a role in the

regulation of cellular redox potential, signaling

and recovery from stress conditions (Ashraf and

Fooladad 2006). The effects of drought stress on

primary photosynthetic processes were evaluated

using analysis of rapid chlorophyll fluorescence

kinetics with the Performance Index as a param-

eter useful for determination of drought stress

effects (Zivcak et al. 2008a).

Stress physiologists are particularly interested

in the process of photosynthesis, because it is a

very good sensitive indicator of the overall fit-

ness of plants. One of the first responses of plants

to harmful environment is the decrease in the rate

of photosynthesis and inhibition of several

molecular mechanisms. In this context chloro-

phyll fluorescence analysis has become a very

good tool for estimating various photosynthetic

parameters and for optimization and control of

crop photosynthesis in the field conditions

(Brestic and Zivcak 2013). However, the gas

exchange method, even being a very efficient

tool for observing the drought effect on photo-

synthetic process, is too slow and labor-

consuming and its usefulness for practical

applications in screening for drought tolerance

in crops is limited (as we have documented

before). Therefore the chlorophyll fluorescence

methods are the permanent object of interest of

many stress physiologists.

The effect of drought stress on chlorophyll

fluorescence parameters depends on the degree

of water deficit. It is generally accepted, that mild

to moderate drought stress decrease the photo-

synthetic rate mainly due to stomata closure,

whilst the metabolic processes remain almost

unaffected (Cornic and Massacci 1996). The crit-

ical leaf relative water content is app. 70%;

below this value, the non-stomatal limitation of

photosynthesis increases its importance. This

phenomenon is reflected by the values of chloro-

phyll fluorescence and calculated fluorescence

parameters.

One of the most frequently used fluorescence

parameters in plant physiological research,

including drought stress research, is the maxi-

mum quantum yield of PS II photochemistry

(Fv/Fm). It is mostly because this parameter is

very easy to measure and it is generally well

accepted measure of photosynthetic status. How-

ever, this parameter is highly insensitive to sto-

matal effects neither to any other effects

occurring in moderate drought stress recorded

during quick dehydration of wheat leaf in dark-

ness. This parameter was shown to be insensitive

to changes in leaf photosynthetic capacity even if

the chlorophyll content was significantly

reduced, e.g. due to insufficient nutrient supply

(Zivcak et al. 2014a, b). It is obvious, that Fv/Fm

values are extremely stable and they start to

decrease at the level that can be entitled as the

lethal level. If the drought stress run in field

conditions, the water deficit acts to leaf much

longer and hence the decrease of Fv/Fm starts

at something higher values of relative water con-

tent. Even here, it is obvious that the Fv/Fm

values keep high and start its decline below

70% of relative water content in leaf; anyway

we didn’t observe the strong decrease even at

50% of relative water content (Zivcak et al.

2008a). As it was reported in many other studies,

any decrease of Fv/Fm cannot be attributed to

drought stress at the physiologically relevant

level; however, the Fv/Fm measurements during

drought stress make sense, as they can draw

attention to the effects of co-occurring stresses

Table 10.2 Results of correlation analyses between

capacity for osmotic adjustment and selected parameters

in winter wheat genotypes

Parametera r p

Stomatal conductance 0.590 0.019

Net assimilation rate 0.789 0.035

Grain yield 0.510 0.053

Zivcak et al. (2009b)
ar correlation index, p probability value
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(heat stress, photoinhibition, etc.) or to the early

phases of leaf senescence (Brestic and Zivcak

2013).

Anyway, both measurements of the slow and

the fast chlorophyll fluorescence kinetics were

shown to be sensitive to drought stress

(Fracheboud and Leipner 2003; Oukarroum

et al. 2007, 2009; Zivcak et al. 2008a, b, c,

2009a, b).The decrease of effective PS II quan-

tum yield (ΦPSII) and ETR in drought stressed

leaves compared to well-hydrated is mainly due

to lack of CO2 inside the leaf (closed stomata). In

C3 leaves, the decrease of ΦPSII was correlated

with the net assimilation rate, but the correlation

was not linear as the increased photorespiration

efficiently consumes part of electrons flowing

within the linear electron transport chain (as it

can be seen in Fig. 10.8b). Anyway, the measure-

ment of the slow fluorescence kinetics and calcu-

lation of quantum yields and electron transport

rate seems to be useful for determination of the

drought stress effects, reflecting both stomatal

and non-stomatal effects; however, such

measurements during drought stress cannot be

directly related directly to CO2 assimilation

(Baker 2008). Similarly, Lichtenthaler et al.

(2005a) reported the relative fluorescence

decrease ratio (Rfd) being more sensitive and

better correlating with photosynthetic assimila-

tion compared to PS II quantum yield or ETR. A

very promising approach to assess the effects of

drought stress, as well as protective mechanisms

at the level of photochemical processes is the

simultaneous measurement of slow chlorophyll

fluorescence with redox changes of photosystem

I (Zivcak et al. 2014c), as its proper activity is

crucial for photoprotection (Brestic et al. 2014,

Zivcak et al. 2015).

The gradual decrease of parameter Perfor-

mance Index (PIABS), derived from fast chloro-

phyll fluorescence kinetics and the JIP-test

(Strasser et al. 2000) during dehydration

indicates the drought induced changes at the PS

II electron acceptor side. Such a decrease was

observed in laboratory conditions (Zivcak et al.

2009a, b), even in natural conditions during

slowly advancing drought stress (Zivcak et al.

2008a). The decrease of Performance Index is

associated with changes of chlorophyll fluores-

cence transients. The mentioned results, as well

as the high number of other scientific papers

describe the possibilities, but also the limits of

the chlorophyll fluorescence method in study of

drought stress (see e.g. Brestic and Zivcak 2013).

An example of experimental results comparing

sensitivity of different parameters (Zivcak et al.

2009a, b) is shown in Fig. 10.10.

Similarly to the results published by others

(e.g. Oukarroum et al. (2007, 2009), the Perfor-

mance Index represents the parameter useful for

screening of the drought stress effects on photo-

synthetic apparatus. Moreover, it enables to rec-

ognize the genotypic differences in drought stress

effects. Despite some partial results indicate posi-

tive correlation (Zivcak et al. 2008b, c), there is

still a lack of information on a direct relationship

between the drought tolerance evaluated by chlo-

rophyll fluorescence parameters and crop yield.

Nevertheless, one cannot exclude that further

research will bring the desired results, as the

method meets the demands for simplicity, speed

and non-invasiveness mentioned before.

10.3.2 Limitation of Photosynthesis by
High Temperature

Description of general mechanisms for adjust-

ment of photosynthesis to temperature in higher

plants is very difficult for three reasons:

(i) unequal strategies in growth and develop-

ment, (ii) inherent genetic diversity and (iii)

responses of organisms to temperature changes

rather than to absolute temperature (Falk et al.

1996). In addition to the general heat tolerance,

there can be recognized also the acquired stress

tolerance to temperature extremes. It represents

the complex trait depending on different factors.

We can define it as enhanced ability to survive a

severe temperature stress induced by exposure to

a non-lethal (mild) temperature (or even some

other abiotic or biotic) stress (Sung et al. 2003).

Plant responses to the external environmental

changes can be classified within two groups.

Adaptations express stable genotypic responses

to long-term changes while acclimations cause
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phenotypic changes within a single life cycle

without apparent genetic changes (Falk et al.

1996).

The sensitivity of photosynthetic reactions to

high temperatures is generally well known. Even

short exposure of plants to moderate temperature

(from 35 to 40 �C) can lead to inhibition of

photosynthesis in various (but not in all) plant

species (Crafts-Brandner and Salvucci 2002;

Sinsawat et al. 2004). After heat stress, photo-

synthetic electron transport was lowered due to

low PSII thermostability. Unlike the drought

stress, the stomatal conductance and internal

CO2 content in plant tissues appears to play

only a minor role in the temperature limitation

of photosynthesis. This fact can be observed well

by A/Ci curves based on gas exchange analyses,

where the metabolic limitation can be also

recognized (Fig. 10.11).

Havaux (1996) has shown that PS II is dam-

aged by severe high temperature stress,

i.e. higher than 45 �C, while the significant

decrease of CO2 assimilation occurs at moderate

heat stress. Recently, the most of authors believe

that the decrease of CO2 assimilation is

associated with the inhibition of Rubisco activa-

tion via a direct effect of temperature on Rubisco

activase (Feller et al. 1998; Law and Crafts-

Brandner 1999; Crafts-Brandner and Salvucci

2002; Salvucci and Crafts-Brandner 2004). Any-

way, it is also generally accepted that the photo-

chemical reactions on the level of thylakoids are

endangered by heat stress effects (directly or

indirectly) (Wise et al. 2004; Wahid et al.

2007). PS II is highly susceptible to high temper-

ature, and its activity is significantly impaired

under heat stress conditions (Bukhov et al.

1999; Camejo et al. 2005; Datko et al. 2008).
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Fig. 10.10 An example of

application of fast

chlorophyll fluorescence

kinetics in comparison of

drought stress responses

and drought tolerance in

two genotypes of winter

wheat. The values of basal

fluorescence – F0 (a, b),
the maximum quantum

yield of PSII

photochemistry – Fv/Fm (c,
d) and performance index

(PIabs) are compared

related to duration of

dehydration (left) and leaf

relative water content –

RWC (right).
Figure presents the data

published by Zivcak et al.

(2009a)

10 Photosynthetic Responses Under Harmful and Changing Environment: Practical. . . 225



An important role can play the properties of

thylakoid membranes causing heat susceptibility

of the system (Sharkey and Zhang 2010). More-

over, the protein components of thylakoid

membranes have several weak spots. Heat expo-

sure can lead to dissociation of manganese-

stabilizing protein at PS II reaction center com-

plex and the release of Mn atoms (Yamane et al.

1998). Heat stress may also lead to the damage of

other components in the reaction center,

e.g. major protein units (D1, D2) or other

proteins (De Las Rivas and Barber 1997). In

barley, heat pulses led to damage of the PS II

and to the decline of photosynthetic capacity

(measured as O2 release) and hence, to a limited

electron transport (Toth et al. 2005). Sharkova

(2001) has shown that high temperatures in high

light conditions led to damage of different sites

of PS II. It was associated with reinforcing of

mechanisms recovering the PSII function.

Impaired PS II units are degraded and then

synthesized de novo to maintain the PS II activity

(Wahid et al. 2007). In addition to PSII, Cyto-

chrome b559 (Cytb559) and plastoquinone

(PQ) are also affected by heat (Mathur et al.

2014).

Under high temperature conditions, photosys-

tem I (PS I), chloroplast envelopes, and stromal

enzymes are thermostable and the PS I driven

cyclic electron flow, contributing to thylakoid

proton gradient, is activated (Bukhov et al.

1999). However, in heat susceptible plants, the

decrease of cyclic electron flow associated with

PSI damage was also observed (Essemine et al.

2011; Brestic et al. 2016). Photosynthetic appa-

ratus is sensitive to high temperature; anyway,

the thermotolerance can be improved by expo-

sure to moderately high temperature. Havaux

(1993) observed that exposition of potato plants

at 35 �C for 20 min significantly increased the PS

II thermostability. Similar effect observed

Brestic et al. (2012) in field grown wheat after

the air temperature exceeded 30 �C. The rapid

acclimation occured probably thanks to the accu-

mulation of the xanthophylls, especially zeaxan-

thin (Havaux and Tardy 1996; Ye et al. 2000),

which stabilize the lipids of the thylakoid

membrane.

Heat tolerance is associated also with the

enhanced PSI activity (Zhang and Sharkey

2009), which reflects its quantum yield

(Harbinson and Hedley 1989; Datko et al.

2008). The cyclic electron flow around PS I is

strongly stimulated by high temperature, and

plants lacking this mechanism were significantly

more heat-susceptible (Zhang and Sharkey

2009). The cyclic electron transport have several

pathways, which can be stimulated to increase or

maintain the proton gradient across the thylakoid

membrane without increase of NADPH produc-

tion (Shikanai 2007; Rumeau et al. 2007). This is

especially important when the heat stress induce

leakiness of thylakoid membrane (Bukhov et al.

1999). Thanks to this mechanism, the ATP levels
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A/Ci curves recorded in

wheat leaves at leaf

temperature 25 �C (grown
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level) and at leaf

temperature 42 �C in plants

pre-exposed to the same

high air temperature for 8 h

prior to the measurements

(Based on unpublished

experimental data of the

authors)
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are not affected by heat as much as expected

(Schrader et al. 2004). Hence, the PS II fluores-

cence measurements may lead to overestimation

of the PSII electron transport rate measured at

high temperature.

Although many of the physiological

mechanisms of crop tolerance to high tempera-

ture are well described, further research is

needed to uncover the physiological basis of

phenotypic flexibility, which enables plant to

withstand high temperature. Chlorophyll fluores-

cence has been used as an early, in vivo, indicator
of many types of plant stress including tempera-

ture stress (Brestic and Zivcak 2013). The chlo-

rophyll fluorescence parameters correlated well

with other physiological determinants under high

temperature conditions (Wahid et al. 2007).

Yamada et al. (1996) found correlation between

the maximum quantum yield of PS II photo-

chemistry (Fv/Fm) or the basal fluorescence

(F0) and the heat tolerance in tropical fruits.

Gautam et al. (2014) demonstrated use of chloro-

phyll a fluorescence measurement as an effective

tool to screen plants grown in tropical zone for

their heat stress tolerance. In many cases the

chlorophyll fluorescence may be a more reliable

measurement of photosynthesis than CO2

exchange, which can be low due to closed sto-

mata and not by heat itself (Ierna 2007).

The high temperature effects on PS II and the

thermostability at the PS II level has been often

evaluated by the basic parameters, such as F0, Fm

and Fv/Fm. Anyway, minimum and maximum

fluorescence values are variable, depending on

the optical and physiological properties of the

sample. Hence, it causes high variability even

in non-stressed samples and can become a source

of mistakes. The use of the Fv/Fm ratio dimin-

ished the risk of error; however, the correct

values of Fv/Fm are obtained only in that case,

when F0 is measured in open reaction centers

(QA fully oxidized) and Fm in closed reaction

centers (QA fully reduced). In heated samples,

the F0 can slightly grow up due to process of

chlororespiration leading to partial reduction of

QA in the dark, which is enhanced by high tem-

perature (Sazanov et al. 1998). Moreover, if the

electron supply by the donor side of PSII is

limited due to highly impaired oxygen evolving

complex, the electron transport is low and there

is the risk that the saturation flash can be insuffi-

cient to reach Fm value. Thus, in heat stressed

samples the maximum fluorescence Fm can be

underestimated and Fv/Fm value does not refer

to the maximum quantum yield of PSII photo-

chemistry (Toth et al. 2007; Chen and Cheng

2009). Both the overestimation of F0 and

underestimation of Fm lead to Fv/Fm

underestimation showing the temperature effect

more severe than it is (Brestic and Zivcak 2013).

Some studies have shown, that the parameters

derived from the fast chlorophyll fluorescence

kinetics are more sensitive to heat than the com-

mon fluorescence parameters such as

Fv/Fm. General effects of heat stress on fast

fluorescence kinetics are the decrease of maxi-

mum fluorescence Fm, increase of minimum

fluorescence F0 and an appearance of additional

peak at ~0.3 ms, known as the K- step (Srivastava

et al. 1997). The effect of different temperature

levels on OJIP-transient of chlorophyll fluores-

cence induction can be seen in Fig. 10.12.

This is usually associated with a decrease in

J-I phase and by the final rise of fluorescence in

I-P-phase. The K-step is an indicator of the

decrease of capacity of the PSII donor side caused

by down-regulation of electron transport between

oxygen evolving complex and PSII reaction cen-

tre (Guisse et al. 1995; Srivastava et al. 1997). As

this effect can be invisible at moderate heat stress

if the chlorophyll fluorescence kinetics is shown

in common way, the better form is the plot of

relative variable fluorescence W ¼ Vt/VJ from

0.05 to 2 ms. The level of this parameter at 0.3 ms

(WK ¼ VK/VJ value) is very stable (~ 0.50) in

non-stressed samples, while in heat treated

samples the values increase gradually, in some

cases reaching several times higher values in

comparison with non-stressed controls (Brestic

et al. 2012; Brestic and Zivcak 2013).

This effect is caused only by high tempera-

ture, for example even sub-lethal level of drought

stress doesn’t induce the K-step (Brestic and

Zivcak 2013). The effects of exposition at differ-

ent temperature levels (30 min in darkness) is

presented in Fig. 10.13.
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Although the resistance of PSII photochemis-

try to high temperatures can be evaluated by

exposition at one threshold temperature level,

the more efficient way is the testing at wider

temperature scale, as it enables to estimate the

critical temperature level. Analogically, the PS II

thermostability, as a part of the overall leaf heat

tolerance, has been determined frequently by the

dependence of basal fluorescence and tempera-

ture (F0-T curve), introduced by Schreiber and

Berry (1977) (Fig. 10.14).

The method is based on a continuous increase

of sample temperature and the regular record of

F0 values. The critical temperature TC is the

temperature at which the F0 starts a steep

increase. The values of critical temperature

range in broad scale, mostly between 42 and

50 �C (Dreyer et al. 2001; Robakowski et al.

2002; Froux et al. 2004). Similarly, the method

analogous to the continuous F0 measurements

can be used, which is the exposition of leaf

samples at several temperature levels (graduated
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Fig. 10.12 An example of

the fast chlorophyll

fluorescence kinetics

recorded after exposition of

leaf segments at different

temperature levels for

30 min (the termotest

described by Brestic et al.

(2012). Figure left shows
average curves for set of

wheat genotypes measured

after exposition at 25, 40

and 45 �C, as published by

Zivcak et al. (2009a). The

figure right shows the

different level of PSII

thermostability observed in

two wheat genotypes
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temperature approach) with the fresh sample

used at each level (Brestic et al. 2012); such

measurements give more complex information

about the heat effects on PS II photochemistry,

but it enables also estimate the critical tempera-

ture for F0 parameter (but even for any other

measured parameter) similarly as in previous

technique (Brestic and Zivcak 2013). The slight

increase of F0 in moderate temperatures might be

the result of chlororespiration (Sazanov et al.

1998) or by other processes causing partial

re-reduction of fully oxidized QA during dark

heat treatment. However, beyond the threshold

level (in our case app. 42 �C and more) we

observed the start of the exponential F0 increase;

this observation is consistent with critical

temperatures published for annual species

grown at moderate temperatures up to 25 �C
(Havaux et al. 1990; Froux et al. 2004). The

critical temperature can be stated also using any

heat sensitive parameter of fast fluorescence

kinetics, if the measurements were done at

graduated levels of high temperature (Zivcak

et al. 2013).

Critical temperature based on Fo level

represents the temperature, at which the serious

disorganization of structure and loss of main

functions occurs (Yamane et al. 1998). Hence,

it is temperature mostly out of range of “physi-

ologically relevant” temperature, as in most

cases leaves in a field are not heated up to

50 �C or more during their life. On the other

hand, the occurrence of K-step even at tempera-

ture 4–5 �C lower than a steep F0 increase was

found (Brestic et al. 2012; Zivcak et al. 2013)

and the VK/Vj values in non-treated plants are

almost stable. Moreover, a higher capacity to

increase thermostability at the K-step level

than at F0 level was observed (Brestic et al.

2012).

In addition, by the analysis of OJIP-transient,

the responses to mild heat stress between 35 and

40 �C can be also observed, especially the

decrease of active reaction centers, followed by

limitation of the donor side indicated by the

appearance of K-step (Fig. 10.15).

The physiological meaning of the K-step

increase is clear and it represents probably the

first (and hence the critical) irreversible heat

effect inactivating the PS II reaction centers.

For all these reasons the application of fast chlo-

rophyll a fluorescence measurements aimed at

the K-step determination can be considered to

be an efficient approach of testing PS II heat
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Fig. 10.14 Example of estimation of critical temperature

in leaves of two wheat genotypes. The method is based on

a continuous record of chlorophyll fluorescence in contin-

uously heated leaves. The rate of heating was app. 1 �C
per 1 min. Measurements were made by Maxi-Imaging-

PAM (Walz, Germany). The original figure is based on

unpublished data provided by the authors, the improved

method was previously presented by Brestic and Zivcak

(2013)
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thermostability and plasticity in plants (Brestic

and Zivcak 2013) as shown also by other studies

(Oukarroum et al. 2012); moreover it has poten-

tial of practical use in plant screening, as this

method is fast and reliable. The record of fast

chlorophyll a fluorescence transient in dark

adapted samples represent an efficient tool for

assessment of adverse effects on PS II photo-

chemistry (Strasser et al. 2004).

Numerous research papers deal with the appli-

cation of photosynthetic methods in heat stress

responses in crop plants; the most recent papers

are listed in Table 10.3.

In general, the last years brought promising

data towards practical applications of photosyn-

thetic techniques, mostly chlorophyll fluores-

cence in screening and breeding new genotypes

characterized by higher heat tolerance. The

challenges in this area come with new technical

applications, like chlorophyll fluorescence imag-

ing and its modifications, as well as simultaneous

measurement of chlorophyll fluorescence

(or even fluorescence imaging) with other physi-

ological parameters, can that verify fluorescence

measurements and bring more complex and use-

ful information about the mechanisms

contributing to stress tolerance.

10.4 Future Challenges: The Central
Role of Plant Phenotyping

Plant phenotyping has been introduced as a new

discipline in plant sciences, using non- or

minimally-invasive sensors to measure plant per-

formance and uncover genetic determinants of

enhanced agronomic traits (Rascher et al.

2011). Complex traits, such as plant and canopy

growth, accumulation of biomass and harvest-

able yield are products of the interplay of envi-

ronmental and genetic factors during vegetation

season of crops. Different external factors modu-

late the gene expression and influence markedly

the plant phenotype. Reactions can be

generalized for individual traits and environmen-

tal factors using advanced statistical tools,

requiring a high number of experimental data

(Poorter et al. 2010; Rascher et al. 2011).

Phenotyping can be done under laboratory

conditions, in greenhouses or in the field. The

term phenotyping covers many aspects associated

with selection of useful germplasm and, in fact,

there is often big difference between approaches

employed in field conditions and in laboratory. In

laboratory, external conditions may be easily

regulated. In contrast, field trials are grown in

highly variable, fluctuating conditions (Rascher

and Nedbal 2006; Schurr et al. 2006; Mittler and

Blumwald 2010). The specific part of phenotyping

represent so called automate high throughput

phenotyping, which is more frequently applied in

technical platforms in controlled conditions; how-

ever, there have been introduced also advanced

field automated phenotyping platforms. The new

technologies employed in the high-throughput

phenotyping are done in a line with monitoring

environmental factors, and they provide highly

valuable datasets for statistical approaches

(Rascher et al. 2009). Exponentially increasing

number of papers have been published dealing

with the crop phenotyping, including general

concepts as well as practical outputs of field and

laboratory approaches; the most recent papers are

listed in Table 10.4.

Although plant phenotyping can be aimed at

different traits (e.g. growth patterns of

Fig. 10.15 The early heat stress responses recorded by

the changes in fast chlorophyll fluorescence kinetics in

leaves of winter wheat. The first response to heat is a

decrease of number of fully cative reaction centers,

evident eve at 35 �C. The donor side inhibition

appeared mostly at temperature over 37 �C. The Fo

component was insensitive to moderate heat stress

(Zivcak 2006)
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Table 10.3 The list of the most recent papers dealing with heat stress and photosynthethesis

Crops

Applied photosynthetic

methods References

Wheat Gas exchange Tian et al. (2012), Almeselmani et al. (2012) and Fang et al. (2013)

Gas exchange, chlorophyll
fluorescence (slow)

Tian et al. (2012), Dias et al. (2011), Almeselmani et al. (2012),

Amirjani (2012), Ushakova et al. (2013), Shanmugan et al. (2013),

Wang et al. (2014) and Wang et al. (2011)

Chlorophyll fluorescence
(slow)

Chauhan et al. (2012)

Chlorophyll fluorescence
(fast)

Brestic et al. (2013), Olsovska et al. (2013), Shefazadeh et al. (2012),

Brestic et al. (2012), Oukarroum et al. (2012), Zivcak et al. (2008a, b, c)

and Mathur et al. (2011a, b)

Chlorophyll fluorescence
(slow and fast)

Sharma et al. (2012)

Barley Gas exchange, chlorophyll
fluorescence

Kaňa et al. (2008)

Fast chlorophyll fluorescence Kalaji et al. (2011), Janeczko et al. (2011) and Oukarroum et al. (2012)

Fast chlorophyll fluorescence
with P700

Oukarroum et al. (2009)

Slow chlorophyll fluorescence
with P700

Datko et al. (2008)

Rice Gas exchange Thussagunpanit et al. (2012)

Gas exchange, chlorophyll
fluorescence (JIP-test)

Restrepo-Diaz and Garces-Varon (2013)

Gas exchange, A/Ci curves Scafaro et al. (2012)

Gas exchange, chlorophyll
fluorescence (slow),

Chandrakala et al. (2013) and Song et al. (2013b)

Maize Gas exchange, WUE Suwa et al. (2010)

Gas exchange, slow
chlorophyll fluorescence

Xu et al. (2011)

Soybean Gas exchange, chlorophyll
fluorescence (slow)

Herzog and Chai-Arree (2012)

O2 evolution, chlorophyll
fluorescence (fast)

Li et al. (2009)

gas exchange Djanaguiraman et al. (2011)

Sorghum Gas exchange, fast chlorophyll
fluorescence

Yan et al. (2012) and Yan et al. (2011)

Gas exchange, fast chlorophyll
fluorescence, P700

Yan et al. (2013a, b)

Potato Gas exchange Aien et al. (2011)

Sunflower Gas exchange Kalyar et al. (2013)

Oilseed

rape

Gas exchange Qaderii et al. (2012)

Bean Gas exchange, chlorophyll
fluorescence (slow)

Huve et al. (2011) and González-Cruz and Pastenes (2012)

Chlorophyll fluorescence
(slow)

Ribeiro et al. (2008)

Fast chlorophyll fluorescence Stefanov et al. (2011)

Tomato Gas exchange, chlorophyll
fluorescence with PSI

Qi et al. (2013)

Jer.

artichoke

Gas exchange, fast chlorophyll
fluorescence, P700

Yan et al. (2013a, b)

Mulberry Gas exchange with
chlorophyll fluorescence

Yu et al. (2013)

(continued)
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aboveground biomass or roots), an important part

of crop phenotyping programs is focused on

improvement of the photosynthetic efficiency

under optimal or stress conditions. In addition

to different approaches aimed at improvement

of light use efficiency, mentioned above (Parry

et al. 2003; Long et al. 2006; Hibberd et al. 2008;

Murchie et al. 2009; Rascher et al. 2010;

Whitney et al. 2011; Gowik and Westhoff

2011), also the phenotyping programs aimed at

improvement of water use efficiency (Gilbert

et al. 2011) or plant stress tolerance use photo-

synthetic parameters.

Among numerous methods, the quantification

of chlorophyll fluorescence represents a robust

approach to determine the photosynthetic light

Table 10.3 (continued)

Crops

Applied photosynthetic

methods References

Eggplant Gas exchange, chlorophyll
fluorescence (slow)

Wu et al. (2014)

Melon Gas exchange, chlorophyll
fluorescence (slow)

Zhang et al. (2013)

Tall

fescue

Gas exchange (A/Ci curves),
Rubisco activity

Yu et al. (2014)

Jatropha Gas exchange, chlorophyll
fluorescence (slow)

Silva et al. (2010)

Tobacco Gas exchange, fast chlorophyll
fluorescence

Frolec et al. (2010) and Tan et al. (2011)

Cotton Gas exchange, chlorophyll
fluorescence (slow)

Snider et al. (2009), Hozain et al. (2012) and Carmo-Silva et al. (2012)

Table 10.4 The overview of recent papers dealing with photosynthetic traits in crop phenotyping

Topic Crops References

Crop phenotyping

(general reviews)

General Montes et al. (2007), Furbank and tester (2011), Tuberosa (2012), Fiorani et al.

(2012), Pieruschka and Poorter (2012), Dhondt et al. (2013) and Cobb et al.

(2013)

Field phenotyping General Cativelli et al. (2008), Jones et al. (2009), Tuberosa (2012), Cabrera-Bosquet

et al. (2012), Fiorani and Schurr (2013), Costa et al. (2013), Sadras et al. (2013)

and Araus and Cairns (2014)

Wheat Munns et al. (2010), Richards et al. (2010), Reynolds et al. (2009), Saint Pierre

et al. (2012), Rebetzke et al. (2012) and Passioura (2012)

Barley Munns et al. (2010)

Maize Masuka et al. (2012), Ciampitti et al. (2012) and Araus et al. (2012)

Rice Kamoshita et al. (2008), Serraj et al. (2011) and Fischer et al. (2012)

Soybean Mengistu et al. (2011)

Bean Rascher et al. (2011) and Beebe et al. (2013)

Potato Prashar et al. (2013)

Automated phenotyping

(laboratory)

General Granier and Tardieu (2009), Berger et al. (2010), Kolukisaoglu and Thurow

(2010), Pereyra-Irujo et al. (2012), Harbinson et al. (2012) and Brien et al.

(2013)

Wheat Golzarian et al. (2011) and Hackl et al. (2013)

Barley Cseri et al. (2013)

Rice Feng et al. (2013)

Maize Fuad-Hassan et al. (2008), Chapuis et al. (2012) and Dignat et al. (2013)

Soybean Vollmann et al. (2011)

Bean Rascher et al. (2011)
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use efficiency (Maxwell and Johnson 2000;

Baker 2008). However, when using the common

fluorescence methods mentioned above, the

leaves need to be excited actively by high light

intensities, thus reducing applicability of these

methods for fluorescence imaging of larger

areas under natural light. The possible alternative

method represents the LIFT, i.e. the laser

induced fluorescence transient that was previ-

ously applied to determine the chlorophyll fluo-

rescence parameters for detection of stress

effects from a distance of 50 m (Ananyev et al.

2005; Kolber et al. 2005; Rascher and Pieruschka

2008; Pieruschka et al. 2010). Another approach

represents the passive recording of the chloro-

phyll fluorescence (Fs) emmited by naturally

iluminated plants, which has overcome the prob-

lem of required active excitation (Moya et al.

2004; Liu et al. 2005; Alonso et al. 2008;

Malenovsky et al. 2009; Meroni et al. 2009). It

has been experimentally documented that Fs

correlates well with leaf photosynthetic effi-

ciency and with the stress induced limitation of

the photosynthetic electron transport. In this

respect, it may be used to quantify photosyn-

thetic light use efficiency (Rosema et al. 1998;

Flexas et al. 2000; Meroni and Colombo 2006;

Damm et al. 2010). However, when we take into

account the 3-D structure of canopy, the Fs signal

has not a simple interpretation as it depends also

on the light-leaf interaction determined by the

orientation of the different canopy elements.

Anyway, recent results of the combination of Fs

with the 3-D parameterisation of plant morpho-

logical data, which enable to obtain satisfactory

results (Rascher et al. 2011).

In addition to the imaging methods based on

chlorophyll fluorescence, mapping crops can be

done also by rapidly developing imaging spec-

troscopy. While these methods in the past were

based on a limited number of spectral bands, now

it is possible to record a continuous light spec-

trum (Ustin et al. 2004; Rascher et al. 2007).

Imaging spectroscopy deals with the reflected

radiation to obtain information about different

plant and canopy properties. The value of canopy

reflectance in the visible spectra (400–700 nm)

depends on the absorbance of light by the plant

photosynthetic pigments. Near infrared band

(700–1100 nm) is influenced mainly by light

absorption by the internal plant tissues. The

shortwave infrared band (1100–2500 nm)

depends on the water content in plants (Curran

1989; Rascher et al. 2010, 2011). Moreover, an

important advance represents the possibility to

derive the natural light-induced chlorophyll fluo-

rescence data from imaging spectroscopy records

(Malenovsky et al. 2009; Meroni et al. 2009;

Rascher et al. 2009).

The spatio-temporal changes of metabolic and

structural components of crop canopy result in a

variable interactions with incident radiation. In

most of cases, the research studies have been

concentrated on a few spectral bands. Most fre-

quently, the normalized difference vegetation

index (NDVI) has been applied, as it correlates

well with the leaf area index (LAI) and chloro-

phyll content. However, the methods of spectral

reflectance have been improved significantly and

it one may expect that the improved methods

enriched in different information will be

employed in the automated crop phenotyping in

a broad extent (Rascher et al. 2011).

10.5 Concluding Remarks

A system process of the improvement of main

crop species has led to attending the harvest

index nearby to the theoretical maxima; there-

fore, the only way to reach another gain of yield

potential in the future genotypes have to be

associated with an increase in the production of

crop biomass through the improvement of photo-

synthetic efficiency. Moreover, the decrease of

photosynthetic production caused by abiotic

stress factors represents the main reason why

yields in a global range are far away from the

yield potential of main crops. In this respect, the

application of non-invasive methods for assess-

ment of crop photosynthesis is gaining a greater

practical importance. The most important

parameters can be obtained from gas exchange

method, especially from the measurements of

A/ci curves, which enable to estimate the main

photosynthetic limitations, including stomatal,
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enzymatic and mesophyll limitations. However,

the method has a limited practical application in

the screening of useful germplasm in genotype

collections, as the measurements are very time-

consuming. Therefore, attention has been paid

also to chlorophyll fluorescence, which is fast,

more efficient and potentially useful in plant

testing. More than in the study of improved pho-

tosynthetic production, chlorophyll fluorescence

corresponds better with the screening for

improved stress tolerance, as it has been

documented by numerous studies. Analyses of

the fast chlorophyll fluorescence kinetics has a

big potential in the future because of its simplic-

ity, large screening capacity and low time

requirements. Especially promising are the

results directed to the application of fast chloro-

phyll fluorescence in the screening of photosyn-

thetic apparatus for high temperature tolerance.

The future challenges lie mainly in the appli-

cation of photosynthetic methods for a high-

throughput crop phenotyping. For automated

systems, imaging methods seem to be the most

useful. In addition to the chlorophyll fluores-

cence imaging, methods based on the canopy

reflectance open a path for efficient development

of large-scale models useful in practical

applications. In the context of above-mentioned,

for a model parameterization of individual crops

and specific environmental conditions, the exten-

sive involvement of “classical” photosynthetic

methods will be necessary.

Acknowledgements This work was supported by grants

APVV-15-0721 and the research project of the Scientific

Grant Agency of Slovak Republic VEGA-1-0923-16.

References

Aien A, Khetarpal S, Pal M (2011) Photosynthetic

characteristics of potato cultivars grown under high

temperature. Am-Eurs J Agric Environ Sci

11:633–639

Ainsworth EA, Long SP (2005) What have we learned

from 15 years of free-air CO2 enrichment (FACE)? A

meta-analytic review of the responses of photosynthe-

sis, canopy. New Phytol 165:351–371

Ainsworth EA, Davey PA, Bernacchi CJ, Dermody OC,

Heaton EA, Moore DJ, Morgan PB, Naidu SL, Ra

HSY, Zhu XG, Curtis PS, Long SP (2002) A meta-

analysis of elevated [CO2] effects on soybean (Glycine
max) physiology, growth and yield. Glob Change Biol
8:695–709

Akhkha A, Boutraa T, Alhejely A (2011) The rates of

photo-synthesis, chlorophyll content, dark respiration,

proline and abscicic acid (ABA) in wheat (Triticum
durum) under water deficit conditions. Internat J Agric
Biol 13:215–221

Almeselmani M, Deshmukh PS, Chinnusamy V (2012)

Effects of prolonged high temperature stress on respi-

ration, photosynthesis and gene expression in wheat

(Triticum aestivum L.) varieties differing in their

thermotolerance. Plant Stress 6:25–32

Alonso L, Gomez-Chova L, Vila-Frances J, Amoros-

Lopez J, Guanter L, Calpe J, Moreno J (2008)

Improved Fraunhofer line discrimination method for

vegetation fluorescence quantification. IEEE Geosci

Remote Sens Lett 5:620–624

Amirjani M (2012) Estimation of wheat responses to

“high” heat stress. Amer-Euro J Sustain Agri

6:222–233

Ananyev G, Kolber ZS, Klimov D, Falkowski PG, Berry

JA, Rascher U, Martin R, Osmond CB (2005) Remote

sensing of heterogeneity in photosynthetic efficiency,

electron transport and dissipation of excess light in

Populus deltoides stands under ambient and elevated

CO2 concentrations, and in a tropical forest canopy,

using a new laser-induced fluorescence transient

device. Glob Change Biol 11:1195–1206

Anjum SA, Wang LC, Farooq M, Hussain M, Xue LL,

Zou CM (2011) Brassinolide application improves the

drought tolerance in maize through modulation of

enzymatic antioxidants and leaf gas exchange. J

Agron Crop Sci 197:177–185

Anjum SA, Ehsanullah LX, Wang L, Farrukh M, Saleem

CJH (2013) Exogenous benzoic acid (BZA) treatment

can induce drought tolerance in soybean plants by

improving gas-exchange and chlorophyll contents.

Austral J Crop Sci 7:555

Araus JL, Cairns JE (2014) Field high-throughput

phenotyping: the new crop breeding frontier. Trends

Plant Sci 19:52–61

Araus JL, Slafer GA, Reynolds MP, Royo C (2002) Plant

breeding and drought in C3 cereals: what should we

breed for? Ann Bot 89:925–940

Araus JL, Serret MD, Edmeades GO (2012) Phenotyping

maize for adaptation to drought. Front Physiol 3:305

Arntz M, Delph L (2001) Pattern and process: evidence

for the evolution of photosynthetic traits in natural

populations. Oecologia 127:455–467

Arntz AM, DeLucia EH, Jordan N (2000) From fluores-

cence to fitness: variation in photosynthetic rate

affects fecundity and survivorship. Ecology

81:2567–2576

Ashoub A, Beckhaus T, Berberich T, Karas M,

Brüggemann W (2013) Comparative analysis of

234 M. Zivcak et al.



barley leaf proteome as affected by drought stress.

Planta 237:771–781

Ashraf M, Foolad MR (2006) Roles of glycine betaine and

proline in improving plant abiotic stress resistance.

Environ Exp Bot 59:206–216

Atkin OK, Evans JR, Siebke K (1998) Relationship

between the inhibition of leaf respiration by light and

enhancement of leaf dark respiration following light

treatment. Aust J Plant Physiol 24:437–443

Austin R, Bingham J, Blackwell R, Evans L, Ford M,

Morgan C, Taylor M (1980) Genetic improvements

in winter wheat yields since 1900 and associated

physiological changes. J Agr Sci 94:675–689

Austin RB, Ford MA, Morgan CL (1989) Genetic

improvement in the yield of winter wheat: a further

evaluation. J Agr Sci 112:295–301

Bainbridge G, Madgwick P, Parmar S, Mitchell R,

Paul M, Pitts J, Keys AJ, Parry MAJ (1995) Engineer-

ing Rubisco to change its catalytic properties. J Exp

Bot 46:1269–1276

Baker NR (2008) Chlorophyll fluorescence: a probe of

photosynthesis in vivo. Annu Rev Plant Biol

59:659–668

Baker NR, Rosenqvist E (2004) Applications of chloro-

phyll fluorescence can improve crop production

strategies: an examination of future possibilities. J

Exp Bot 403:1607–21

Ballantyne AP, Miller JB, Tans PP, White JWC (2011)

Testing biosphere models with atmospheric

observations: novel applications of isotopes in CO2.

Biogeosciences 8:3093–3106

Barnaby JY, Kim M, Bauchan G, Bunce J, Reddy V,

Sicher RC (2013) Drought responses of foliar

metabolites in three maize hybrids differing in water

stress tolerance. PloS One 8:77145

Beadle CL, Long SP (1985) Photosynthesis – is it limiting

to biomass production? Biomass 8:119–168

Beebe SE, Rao IM, Blair MW, Acosta-Gallegos JA

(2013) Phenotyping common beans for adaptation to

drought. Front Physiol 4:35

Bencze S, Bamberger Z, Janda T, Balla K, Bedő Z, Veisz
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Mirek M (2011) Physiological effects and transport

of 24-epibrassinolide in heat-stressed barley. Acta

Physiol Plant 33:1249–1259

Jedmowski C, Ashoub A, Brüggemann W (2013)

Reactions of Egyptian landraces of Hordeum vulgare
and Sorghum bicolor to drought stress, evaluated by

the OJIP fluorescence transient analysis. Acta Physiol

Plant 35:345–354

Jones HG, Serraj R, Loveys BR, Xiong L, Wheaton A,

Price AH (2009) Thermal infrared imaging of crop

canopies for the remote diagnosis and quantification

of plant responses to water stress in the field. Funct

Plant Biol 36:978–989

Kalaji HM, Bosa K, Koscielniak J, Hossain Z (2011)

Chlorophyll a fluorescence—a useful tool for the

early detection of temperature stress in spring barley

(Hordeum vulgare L.). OMICS 15:95–934

Kalaji HM, Schansker G, Ladle RJ, Goltsev V, Bosa K,

Allakhverdiev SI (2014a) Frequently asked questions

about in vivo chlorophyll fluorescence: practical

issues. Photosynth Res 122:121–158

Kalaji HM, Oukarroum A, Alexandrov V,

Kouzmanova M, Brestic M, Zivcak M, Samborska

IA, Cetner MD, Allakhverdiev SI, Goltsev V (2014b)

Identification of nutrient deficiency in maize and

tomato plants by in vivo chlorophyll a fluorescence

measurements. Plant Physiol Bioch 81:16–25

Kaldenhoff R (2012) Mechanisms underlying CO2 diffu-

sion in leaves. Curr Opin Plant Biol 15:276–281

Kalyar T, Rauf S, Teixeira da Silva JA, Iqbal Z (2013)

Variation in leaf orientation and its related traits in

sunflower (Helianthus annuus L.) breeding

populations under high temperature. Field Crop Res

150:91–98

Kamoshita A, Babu R, Boopathi N, Fukai S (2008) Phe-

notypic and genotypic analysis of drought-resistance

traits for development of rice cultivars adapted for

rainfed environments. Field Crop Res 109:1–23
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Kovačević J, Kovačević M, Cesar V, Drezner G, Lalić A,
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Gómez JA, Goulas Y, Guanter L, Gutiérrez-de-la-
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Tan W, Brestič M, Olšovská K, Yang X (2011) Photosyn-

thesis is improved by exogenous calcium in heat-

stressed tobacco plants. J Plant Physiol

168:2063–2071

Tezara W, Mitchell VJ, Driscoll SD, Lawlor DW

(1999) Water stress inhibits plant photosynthesis

by decreasing coupling factors and ATP. Nature

401:914–917

Tholen D, Zhu XG (2011) The mechanistic basis of inter-

nal conductance: a theoretical analysis of mesophyll

cell photosynthesis and CO2 diffusion. Plant Physiol

156:90–105

Tholen D, Ethier G, Genty B, Pepin S, Zhu X (2012)

Variable mesophyll conductance revisited: theoretical

background and experimental implications. Plant Cell

Environ 35:2087–2103

Thussagunpanit J, Jutamanee K, Chai-Arree W, Kaveeta

L (2012) Increasing photosynthetic efficiency and pol-

len germination with 24-Epibrassinolide in rice

(Oryza sativa L.) under heat stress. Thai J Bot

4:135–143

Tian Y, Chen J, Chen C, Deng A, Song Z, Zheng C,

Hoogmoed W, Zhang W (2012) Warming impacts

on winter wheat phenophase and grain yield under

field conditions in Yangtze Delta Plain, China. Field

Crops Res 134:193–199

Toth SZ, Schansker G, Kissimon J, Kovacs L, Garab G,

Strasser RJ (2005) Biophysical studies of photosystem

II-related recovery processes after a heat pulse in

barley seedlings (Hordeum vulgare L.). J Plant

Physiol 162:181–194

Toth SZ, Schansker G, Strasser RJ (2007) A non-invasive

assay of the plastoquinone pool redox state based on

the OJIP-transient. Photosynth Res 93:193–203

Tuberosa R (2012) Phenotyping for drought tolerance of

crops in the genomics era. Front Physiol 3:347

Uehlein N, Lovisolo C, Siefritz F, Kaldenhoff R (2003)

The tobacco aquaporin NtAQP1 is a membrane CO2

pore with physiological functions. Nature

425:734–737

Ushakova SA, Tikhomirov AA, Shikhov VN, Gros JB,

Golovko TK, Dal’ke IV, Zakhozhii IG (2013) Toler-

ance of wheat and lettuce plants grown on human

mineralized waste to high temperature stress. Adv

Space Res 51:2075–2083

Ustin SL, Roberts DA, Gamon JA, Asner GP, Green RO

(2004) Using imaging spectroscopy to study ecosys-

tem processes and properties. Bioscience 54:523–534

van Gorkom HJ (1986) Fluorescence measurements in the

study of photosystem II electron transport. In:

Govindjee, Amesz J, Fork DC (eds) Light Emission

by Plants and Bacteria. Academic Press, New York,

pp 267–289

Vassileva V, Demirevska K, Simova-Stoilova L,

Petrova T, Tsenov N, Feller U (2012) Long-term

field drought affects leaf protein pattern and chloro-

plast ultrastructure of winter wheat in a cultivar-

specific manner. J Agron Crop Sci 198:104–117

Vollmann J, Walter H, Sato T, Schweiger P (2011) Digital

image analysis and chlorophyll metering for

phenotyping the effects of nodulation in soybean.

Comput Electron Agr 75:190–195

von Caemmerer S (2003) C4 photosynthesis in a single

C3 cell is theoretically inefficient but may ameliorate

internal CO2 diffusion limitations of C3 leaves. Plant

Cell Environ 26:1191–1197

Wahid A, Gelani S, Ashraf M, Foolad MR (2007) Heat

tolerance in plants: an overview. Environ Exp Bot

61:199–223

Wang B, Li Z, Eneji AE, Tian X, Zhai Z, Li J, Duan L

(2008) Effects of coronatine on growth, gas exchange

traits, chlorophyll content, antioxidant enzymes and

lipid peroxidation in maize (Zea mays L.) seedlings

under simulated drought stress. Plant Production Sci

11:283–290

Wang X, Cai J, Jiang D, Liu F, Dai T, Cao W (2011)

Pre-anthesis high-temperature acclimation alleviates

damage to the flag leaf caused by post-anthesis heat

stress in wheat. J Plant Physiol 168:585–593

Wang X, Cai J, Liu F, Dai T, Cao W,

Wollenweber B, Jiang D (2014) Multiple heat

priming enhances thermo-tolerance to a later

high temperature stress via improving subcellular

antioxidant activities in wheat seedlings. Plant

Physiol Bioch 76:185–192

246 M. Zivcak et al.



Watanabe N, Evans JR, Chow WS (1994) Changes in the

photosynthetic properties of Australian wheat

cultivars over the last century. Aust J Plant Physiol

21:169–183

White AJ, Critchley C (1999) Rapid Light Curves: A new

fluorescence method to assess the state of the photo-

synthetic apparatus. Photosynth Res 59:63–72

Whitney SM, Houtz RL, Alonso H (2011) Advancing our

understanding and capacity to engineer Nature’s CO2-

sequestering enzyme, Rubisco. Plant Physiol

155:27–35

Wing SR, Patterson MR (1993) Effects of wave-induced

light flecks in the intertidal zone on photosynthesis in

the macroalgae Postelsia palmaeformis and

Hedophyllum sessile (Phaeophyceae). Mar Biol

116:519–52

Wise RR, Olson AJ, Schrader SM, Sharkey TD (2004)

Electron transport is the functional limitation of pho-

tosynthesis in field-grown Pima cotton plants at high

temperature. Plant Cell Environ 27:717–724
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Rataj V, Shao HB, Brestič M (2014a) Application of

chlorophyll fluorescence performance indices to

assess the wheat photosynthetic functions influenced

by nitrogen deficiency. Plant Soil Environ 60:210–215

Živčák M, Olšovská K, Slamka P, Galambošová J,
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Effects of Environmental Pollutants
Polycyclic Aromatic Hydrocarbons
(PAH) on Photosynthetic Processes

11

Anjana Jajoo

Summary

Increasing pollution of the environment has

become an important problem of the present

era. Polycyclic aromatic hydrocarbons

(PAHs) are widely known as anthropogenic

pollutants harmful to plants, animals and

humans. Plants are an integral component of

the terrestrial ecosystem and have ability to

take up, transform and accumulate environ-

mental pollutants including PAHs. It has

been shown that PAHs influence the biochem-

ical and physiological processes in plants, just

similar to other toxic organic compounds,

i.e. herbicides. They not only change the pro-

cesses of energetic metabolism, but also

change mechanisms associated with plant

growth and development. In this chapter we

shall be discussing the effects of PAH on plant

growth, particularly the photosynthetic appa-

ratus. A comprehensive and updated knowl-

edge of the effects of various PAHs including

naphthalene, anthracene, pyrene, fluoranthene

on the photosynthetic mechanisms has been

presented and discussed.
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11.1 Introduction

In the last few decades, industrial activities car-

ried out by human beings, involving partial com-

bustion of fossil fuels, oil spills etc. has led to

accumulation of various harmful chemical

substances. Of the numerous environmental

pollutants, polycyclic aromatic hydrocarbons

(PAHs) are amongst the most toxic and highly

persistent pollutants (Burritt 2008). PAHs are

extremely harmful compounds that can disturb

several physiological processes in plant and thus
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ultimately inhibiting crop yield. This problem is

of great significance since PAHs are commonly

present in water, air, soil, food and living

organisms. As much as 90% of the PAHs accu-

mulate in the soil due to their hydrophobic char-

acter which favours rapid association with soil

solid particles and their permeation to bottom

sediments (Bałdyga et al. 2005).

Polycyclic aromatic hydrocarbons (PAHs), a

prevalent group of toxic and mutagenic

contaminants, are of environmental concern

because they are both ubiquitous and highly

hydrophobic. They readily accumulate in the

lipoprotein membranes of both aquatic and ter-

restrial organisms. Hydrophobicity also limits

bioavailability of PAHs and these chemicals are

usually sequestered to sediment and particulate

phases in aquatic environments. Some polycyclic

aromatic hydrocarbons are harmful mainly due to

their cytostatic and immunostatic effects,

genotoxic properties and carcinogenic products

of their transformation.

11.2 Structure and Properties
of PAH

The basic chemical structure of PAHs consists of

carbon (C) and hydrogen atom (H) arranged in

the form of two or more fused benzene rings in

linear, angular or cluster arrangements (Wilson

and Jones 1993). The stability of PAHs is

indicated by the ring arrangement, linear being

the most unstable and angular the most stable.

anthracene phenanthrene pyrene

The reactivity of PAHs is dependent on the

number and organization of the condensed rings

(Sverdrup et al. 2003). Polycyclic aromatic

hydrocarbons are classified as Persistent,

Bio-acumulative and Toxic (PBT) compounds.

PAHs are relatively inert compounds and are

resistant to the degradation processes. The reac-

tivity of PAHs is influenced by several factors

like temperature, light, oxygen (O2), ozone (O3)

and other chemical reagents.

Soil is a crucial environmental factor involved

in the translocation and the phytotoxic effects of

organic pollutants in plants (Desalme et al.

2011). Much of PAHs released into atmosphere

eventually reach the soil by direct deposition or

by deposition on vegetation. Forest and prairie

fires or decomposition of dead plants are impor-

tant natural sources of PAHs for soils. The indus-

trial emission and usage of sewage sludges are

also important soil sources of PAHs.

Plants have the ability to take up PAHs from

the environment. Four major pathways include

passive and active uptake through root system,

gaseous and particulate deposition to above-

ground shoots and direct contact between soil

and plant tissues (Collins et al. 2006; Vácha

et al. 2010). It was shown that the transfer of

PAHs into plants is influenced mainly by chemi-

cal characteristics of the substances (the number

and position of aromatic nuclei); by soil

characteristics (content and quality of soil

organic matter) and by plant characteristics

(plant species and plant bodies). More than 50%

of total atmospheric PAHs are adsorbed into

soils, eluted to deeper layers and then taken up

by plants. More than 20 toxic PAHs have been

identified amongst those which are commonly

found in the environment and they include

anthracene, pyrene, fluoranthene, naphthalene

and phenanthrene.

The study of influence of selected PAHs on

higher plants is very important because plants are

dominant component of terrestrial ecosystems

with ability to uptake PAHs from the environ-

ment. For these reasons, plants are used as early

indicators of environment pollution. The evalua-

tion of biological parameters can allow for faster

and economical preferable pollution information

than complex chemical analyses. Therefore,

some plant species may be used for detoxifica-

tion of the environment.
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11.3 Effects of PAHs on Plant
Growth

Increasing fluoranthene (FLT) concentration

inhibited the energy of germination and the ger-

mination rate of seeds of all plant species. In

none of the plant species, FLT affect the uptake

of water by the seeds (Kummerová et al. 2006,

2012). Seedling growth was a far more sensitive

endpoint than seed emergence for all substances

(Sverdrup et al. 2003). The addition of PAHs,

especially higher level (400 mg kg�1), to soils

resulted in some adverse effects on rice growth

such as a decrease in biomass and chlorophyll

content and an increase of water content and the

chlorophyll a/b ratio. Certain responses of rice,

including enhancement of soluble protein

contents and inducement of SOD activities,

indicated that rice possessed some resistance to

stress due to the presence of PAHs. Among the

parameters examined, water content and SOD

activity were the most sensitive indicators. Inoc-

ulation with PAH-degrading bacteria signifi-

cantly promoted biomass and the photosynthetic

effectiveness of rice (Li et al. 2008).

PAHs have been shown to induce oxidative

stress, reduce growth, and cause leaf deformation

as well as tissue necrosis. Some of the physiolog-

ical systems that participate in the PAH-induced

stress response in Arabidopsis have been

identified (Weisman et al. 2010). Microarray

results have revealed numerous perturbations in

signalling and metabolic pathways that regulate

reactive oxygen species (ROS) and responses

related to pathogen defence. A number of gluta-

thione S-transferases that may tag xenobiotics for

transport to the vacuole were upregulated. Com-

parative microarray analyses indicated that the

phenanthrene response was closely related to

other ROS conditions, including pathogen

defence conditions. The ethylene-inducible

transgenic reporters were activated by phenan-

threne. Mutant experiments showed that PAH

inhibits growth through an ethylene-independent

pathway, as PAH-treated ethylene-insensitive

etr1–4 mutants exhibited a greater growth reduc-

tion than WT. Further, phenanthrene-treated,

constitutive ethylene signalling mutants had lon-

ger roots than the untreated control plants,

indicating that the PAH inhibits parts of the eth-

ylene signalling pathway (Weisman et al. 2010).

In fact, many PAH-induced responses involve

interference with membrane-mediated physio-

logical and biochemical processes; these include

membrane permeability, enzymatic dysfunction,

and photosynthesis (Duxbury et al. 1997).

Because PAHs partition primarily into

thylakoids, they could disrupt the ordered

arrangement of chloroplasts and interfere with

electron transport and photosynthesis. Modified

PAHs, being more hydrophilic, reactive, and

electrophilic, may bind covalently to cellular

structures such as proteins, DNA, and RNA,

interfering with metabolism, enzyme activity,

and growth.

The PAH stress response was studied in

Arabidopsis (Arabidopsis thaliana) exposed to

the three-ring aromatic compound, phenanthrene

(Alkio et al. 2005). Morphological symptoms of

PAH stress were growth reduction of the root and

shoot, deformed trichomes, reduced root hairs,

chlorosis, late flowering, and the appearance of

white spots, which later developed into necrotic

lesions. At the tissue and cellular levels, plants

experienced oxidative stress as indicated by

localized H2O2 production and cell death. These

findings show that (i) Arabidopsis takes up phen-

anthrene, suggesting possible degradation in

plants, (ii) a PAH response in plants and animals

may share similar stress mechanisms, since in

animal cells detoxification of PAHs also results

in oxidative stress, and (iii) plant specific defence

mechanisms contribute to PAH stress response in

Arabidopsis. It has been proven that PAHs influ-

ence the biochemical and physiological pro-

cesses in plant, just similar to other toxic

organic compounds such as herbicides. They

not only change the processes of energetic

metabolism but also mechanisms associated

with plant growth and development.
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11.4 Effects of PAHs
on Photosynthesis

Photosynthesis is one of the important metabolic

processes in plants which is highly sensitive to

stress and at the same time is directly correlated

with biomass. Any stress which results in inhibi-

tion of this process ultimately leads to reduced

crop yield. Photosynthesis is susceptible to inhi-

bition from many environmental contaminants,

including herbicides, metals, and organic

contaminants (Marwood et al. 2001, 2003). Pho-

tosynthetic electron transport is a universal fea-

ture of higher plants, algae, and cyanobacteria.

It is also known that PAHs affect primary and

secondary processes involved in photosynthesis.

The multifaceted action of PAHs observed in

treated plants suggests that hydrophobic PAHs

accumulate in thylakoid membranes (Duxbury

et al. 1997) and may induce conformational

changes in their structures, thus causing distur-

bance of electron transport at both donor and

acceptor site of PS II (Aksmann and Tukaj

2008; Kummerová et al. 2008; Tomar et al.

2015). Some PAH, like anthracence, inhibit pho-

tosynthetic activities of green alga due to lower-

ing of quantum efficiency of electron trapping

and transport and impairment of PS II and PS

I. Lower activity of oxygen electron complex

(OEC) is observed in anthracene treated algal

cells (Aksmann and Tukaj 2008). It is also

reported that anthracene inhibits carbon fixation,

i.e. it affects net photosynthesis (Huang et al.

1997). Other PAHs like phenanthrene and pyrene

also decrease net photosynthesis in higher plants.

Phenanthrene and pyrene exposure caused a

decrease in growth, photosynthetic pigment

contents, stomatal conductance, maximal quan-

tum yield, effective quantum yield of PSII and

photochemical quenching coefficient (Ahammed

et al. 2012).

In higher plants, the exposure to PAHs cause

diminished biomass accumulation, chlorosis and

inhibition of photosynthesis (Huang et al. 1996;

Oguntimehin et al. 2008). PAHs cause a decrease

in photosynthetic pigment content by direct

interaction with the pigment molecules or by

inhibition of their synthesis (Kummerová et al.

2006; Oguntimehin et al. 2010). Images from

Transmission electron microscopy have revealed

that PAHs can cause gross deformation in chlo-

roplast and may lead to oxidation stress (Liu

et al. 2009). PAH has been found to enhance

production of reactive oxygen species (ROS) in

higher plants (Oguntimehin et al. 2008). Several

studies have shown inhibitory effects of PAH on

donor and acceptor sides of Photosystem II

(PS II) including oxygen evolving complex

(OEC) and electron transport chain (Aksmann

and Tukaj 2008; Kummerová et al. 2008).

Fluoranthene was found to inhibit both light as

well as dark reactions of photosynthesis in wheat

(Tomar and Jajoo 2014).

By measuring the polyphasic rise of fluores-

cence transients to evaluate the modifications in

PSII photochemistry in PAHs exposed wheat

(Triticum aestivum), effects of fluoranthene on

energy trapping and utilization rather than on

other components of photosynthetic electron

transport chain have been proposed (Tomar and

Jajoo 2013a).

Several parameters including growth, net pho-

tosynthesis rate, production of ethylene, ethane

and carbon dioxide, and the content of cytokinins

etc. of in vitro cultivated pea plants responded

sensitively to PAH (fluoranthene) in the environ-

ment (Kummerová et al. 2010). Decrease in the

net photosynthesis rate and CO2 production,

increase in ethylene and ethane production and

lowering in cytokinin content induced by FLT,

especially its higher concentrations, reflected

negatively on the growth of plants (Kummerová

et al. 2010). BN PAGE analysis of thylakoid

membrane proteins in Arabidopsis grown in

PAH showed no major change in the composi-

tion of protein complexes (unpublished data).It

will be of interest to investigate the effects of

various PAH differing in their aromaticity

(2-ring, 3-ring, 4- ring PAHs) on photosynthetic

activity.

Recently, a study of prevalent polycyclic aro-

matic hydrocarbon fluoranthene (FLT) on wheat

plants (Triticum aestivum) has been carried out

and considerable attention has been paid to the

effect of this compound on the primary reactions
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of photosynthesis (Tomar and Jajoo 2013a). Chl

a fluorescence is used as an indicator of the

toxicity of FLT in wheat. FLT has the potential

to have impact on the primary productivity of

crops via inhibition of primary processes of pho-

tosynthesis. It is proposed that FLT inhibits

quantum efficiency of energy absorption and

trapping by converting active PS II reaction

centers into inactive centers (heat sink). The

method and the interpretations can be applied to

assess the effects of environmental pollutants on

a wide range of samples including higher plants,

algae etc.

11.5 Effects of PAHs
on Photosystem II
Heterogeneity

As compared to other protein pigment complexes

participating in light reaction, photosystem II

(PSII) shows diverse nature in structural and

functional aspects and this is termed as PS II

heterogeneity. Most important observation is

that the extent and nature of PS II heterogeneity

varies under different physiological conditions

(Lavergne and Briantais 1996) i.e. salinity,

osmotic, temperature and pH stress (Mehta

et al. 2010; Mathur et al. 2011a, b; Tongra et al.

2011).Two major types of PS II heterogeneity

have been identified: reducing side heterogeneity

and antenna heterogeneity. It is possible to esti-

mate heterogeneity of PS II by measuring Chlo-

rophyll a fluorescence. It is a rapid method for

measuring photosynthetic electron transport

from plants in vivo and can be used to calculate

several parameters that describe the efficiency of

a photochemical process within the photosyn-

thetic apparatus, especially PS II.

Reducing side heterogeneity of PS II is based

on the electron transport properties on the reduc-

ing side of the reaction centers. PS II in green

plants occur in two distinct forms: centers with

efficient electron transport from QA to QB are

known as QB reducing type, while centers that

are photochemically competent but unable to

transfer electron from QA to QB are known as

QB non-reducing type (Graan and Ort 1986). In

such centers QA- can only be reoxidized by a

back reaction with the donor side of PS II. QB

reducing centers are so called ‘active centers’

while QB non-reducing centers are termed as

‘inactive centers (Fig. 11.1).

Antenna heterogeneity of PS II is related to

heterogeneity in the antenna size as well as their

energetic connectivity between PS IIs. Analysis

of the biphasic data obtained in DCMU treated

plant material suggested the presence of three

distinct populations of PS II centers in the chlo-

roplast, termed as PS IIα, PS IIβ and PS IIγ. The
characteristics of these are listed in Fig. 11.1.

Tomar and Jajoo (2013b) have described

inhibitory response of Fluoranthene on PSII het-

erogeneity in crop plant wheat (Table 11.1). With

FLT treatment the fractions of QB-non-reducing

centers increased and QB-reducing centers

decreased which implies that the active centers

were converted into inactive centers. In case of

antenna heterogeneity, increase in FLT concen-

tration caused change in the relative amount of α,
β and γ centers. The active α centers were

converted into inactive β and γ centers. Decrease
in QB-reducing center and alteration in α, β and γ
center is associated with down regulation of pho-

tochemical activity and damage of photosyn-

thetic apparatus. Measurement of PSII

heterogeneity in early developmental stages

under stress condition may prove to be an excel-

lent biomarker to assess tolerance to toxicity.

11.6 Photo-Toxicity of PAH

Photo-induced processes involving these

chemicals are environmentally relevant, and are

observed as increased toxicity of PAHs in the

presence of simulated solar radiation (SSR) and

natural sunlight. One of the most important

factors is solar radiation, especially the ultravio-

let wavelengths (UV-A 320–400 nm and UV-B

290–320 nm). Interestingly, PAHs strongly

absorb solar ultraviolet (UV) radiation, resulting

in photo-modification (generally oxidation) of

the carbon skeleton (Duxbury et al. 1997). The

absorption of UV-photons causes excitation of

the PAH molecule and leads to triplet-state
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formation. PAHs are highly efficient at promot-

ing formation of singlet oxygen (1O2) and other

reactive oxygen species which can cause oxida-

tive damage in biological systems.

Photo-induced toxicity of PAHs is derived

from two photochemical processes: photosensiti-

zation and photo-modification. In a photo-

sensitization reaction, intracellular singlet-state

oxygen (1O2) and other active oxygen species

are generated, which can cause oxidative damage

in biological systems. During photo-

modification, PAHs are structurally altered and

form a complex mixture of photoproducts which

may be more toxic than parent compounds

(Ankley et al. 1999). Since these photoproducts

are more polar, their increased solubility and

bioavailability cause them to be more toxic

(Tomar et al. 2015; Mcconkey et al. 1997).Inter-

estingly, some PAH photo-oxidation products

are similar to those produced by biological oxi-

dation via cytochrome P450 (Huang et al. 1997).

When PAHs are photo-modified, many of the

resultant products are quinones. Such chemicals

partition into thylakoid membranes where they

potentially can block photosynthesis, especially

where plastoquinone is used as an electron

Table 11.1 Changes in reducing side and antenna size heterogeneity of PS II in 25 days FLT exposed wheat plants

Concentration % of QB non-reducing centers % of QB reducing centers α centres β centres γ centres
Control 21 � 1 79 � 1 69 � 1 25 � 1 6 � 1

5 μM 24 � 1 76 � 2 57 � 2 33 � 2 10 � 1

10 μM 25 � 1 75 � 1 55 � 1 36 � 1 9 � 1

25 μM 28 � 2 72 � 1 52 � 1 38 � 1 10 � 1

50 μM 30 � 1 70 � 1 52 � 2 40 � 2 8 � 1

75 μM 34 � 1 66 � 1 50 � 1 41 � 1 9 � 1

100 μM 38 � 2 62 � 2 44 � 2 42 � 2 14 � 1

1. Reducing side heterogeneity:     (i) Q

(ii) Q
B

reducing centres

B non-reducing centres
2. Antenna heterogeneity: (i)  Connectivity- Grouped, Ungrouped

• Mainly located in the stromal region 
of thylakoid membranes.

• Exhibit small light harvesting 
antenna (100-120 Chl a and b).

• No excited states transfer between 
PS II occurs as reflected in an 
exponential fluorescence rise when 
measured with DCMU.

• Dominant form, localized in the 
grana partition regions.

•

•

Exhibits a large light harvesting 
antenna (210-250 Chl a and b).
Excited states transfer between PS II 
units is possible as reflected in a 
sigmoidal fluorescence rise when 
measured with DCMU.

• Antenna size of centre is supposed to be very small as compared to alpha (α) centres  

Photosystem II heterogeneity 

PS II α: PS II β:

PS II γ:

(ii)  Antenna size – Alpha (α), Beta (β), Gamma (γ) centres

Fig. 11.1 Types of photosystem heterogeneity
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acceptor or donor. However, little information is

currently available on the route(s) by which

PAHs or their environmental photoproducts can

interfere with photosynthetic electron transport.

Both photosystem I (PSI) and PSII were found to

be inhibited, with the primary site of action being

PSI. Photo-modified fluoranthene was found to

exert more harmful effects as compared to intact

fluoranthene by inhibiting growth and photosyn-

thetic parameters in wheat (Tomar and Jajoo

2015).

Generation of reactive oxygen intermediates

(ROI) such as �O2, H2O2, and
�OH is known to

be a major mechanism of damage in biological

systems. Photo-sensitization is an overproduc-

tion of reactive oxygen species (ROS) inside

cells treated with PAHs and exposed to natural

or artificial sunlight. After absorption of energy,

especially UV radiation, PAHs in the excited

state can transfer their energy to molecular oxy-

gen to generate ROS including singlet oxygen,

superoxide radical and hydrogen peroxide. ROS

can be also generated when light excited photo-

synthetic pigments cannot transfer electrons due

to inhibition of photosynthetic electron chain by

PAHs located inside chloroplast. Oxidative stress

is often suggested as one of the PAHs toxicity

mechanisms (Aksmann and Tukaj 2008; Tukaj

and Aksmann 2007). Due to oxidative stress in

pants, chloroplast and mitochondria in treated

plants undergo gross deformation, and cellular

structures collapses as revealed by Transmission

electron microscopy (Liu et al. 2009).

Photo-induced toxicity of PAHs could be

based in the formation of intracellular singlet

oxygen and other ROI that lead to biological

damage. Phyto-toxicities appear to vary,

depending on the particular PAH and plant spe-

cies (Hwang et al. 2003). The production of

reduced and excited species of ROI in

chloroplasts has been reviewed (Asada 2006).

The reaction centers of PSI and PSII in chloro-

plast thylakoids are the major sites of ROI gener-

ation. Superoxide dismutase (SOD) constitutes

the first line of defence against ROI within a

cell (Chen and Schopfer 1999). Peroxidases

(PERO, hydrogen peroxide oxidoreductase) are

widely found in plants, and oxidize a vast array

of compounds in the presence of hydrogen per-

oxide (H2O2) (Upham and Jahnke 1986). Manni-

tol (MANN) is produced in some plants and is

recognized as a potent ROI quencher. It was

shown to scavenge hydroxyl radicals (_OH)

generated by cell-free oxidant systems

(Muratova et al. 2003).

Oguntimehin et al. (2010) showed that perox-

idase (PERO), superoxide dismutase (SOD) and

mannitol (MANN) were all effective scavengers

of ROI. MANN was found to be most effective

and scavenged �OH, the most lethal of the ROI.

Role of polyamines has been suggested in the

PAH induced oxidative damage. Recovery

appeared, at least in part, due to increased syn-

thesis of PAs, achieved via increased activities of

the enzymes arginine decarboxylase (ADC) and

S-adenosylmethionine decarboxylase (SAMDC).

Chemical inhibition of these enzymes inhibited

plant recovery, while treatment with PAs aided

recovery. Finally, as chloroplasts and the plasma

membrane are to be key targets for PHEN-

induced damage, the potential roles of PAs in

protecting these cellular components has been

suggested (Burritt 2008).

11.7 Phytoremediation Methods

The effectiveness of vegetation for the bioreme-

diation of PAH-contaminated soils has previ-

ously been studied (Muratova et al. 2003, 2009;

Joner et al. 2002; Yoshitomi and Shann 2001). It

has been shown that phyto-remediation of PAH-

contaminated soils may be enhanced by plant

root exudates, which stimulate microbial PAH

degradation in rhizosphere. Studies by Rentz

et al. (Rentz et al. 2004) and Kamath et al.

(Kamath et al. 2004) observed repression of

PAH-catabolic genes by root exudates and

demonstrated greater PAH degradation by bacte-

ria grown on root products compared to PAH,

supporting the notion that prolific microbial

growth provides improved degradation in the

rhizosphere. Consequently, the mechanisms

responsible for PAH degradation in the rhizo-

sphere requires deeper understanding.
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Various plant species have been shown to

accumulate and tolerate PAHs and half of the

PAHs released from the contamination resources

can be absorbed and removed by plants. Ama-

ranth, a selenium accumulator, lowered phenan-

threne and pyrene amounts by 87.85–94.03% and

46.89–76.57%, respectively, in contaminated

soils. Trees such as poplar and jack pine, grasses

such as rye, oat, wheat, and maize, as well as

agricultural crops including sunflower, soybean,

pea and carrot, have been shown to remove PAH

and crude oil pollutants from the environment

(Liu et al. 2009). Surprisingly, inhibitory effects

of PAHs on photosynthetic performance were

not found to be related to their aromaticity

(Jajoo et al. 2014).

There is a lack of information related to the

interaction between higher plants and PAH-

degrading bacteria. It was reported that inocula-

tion with the Pseudomonas putida strain

PCL1444 isolated from the rhizosphere of a

grass species (Lolium multiflorum cv.Barmultra)

from a PAH-contaminated site protected grass

seeds and seedlings against high naphthalene

concentrations (Li et al. 2008). Mycobacterium

vanbaalenii PYR-1 is capable of degrading a

wide range of high-molecular-weight PAHs,

including fluoranthene. A combination of

metabolomic, genomic, and proteomic

technologies were used to investigate

fluoranthene degradation in this strain (Kweon

et al. 2007). The strain operates multiple

pathways for fluoranthene degradation. Many

genome-predicted proteins were identified, and

more detailed roles were suggested with respect

to the degradation of fluoranthene. The presence

of S. densiflora significantly increases phenan-

threne degradation in soils (Gómez et al. 2011).

To improve phyto-remediation processes,

multiple techniques that comprise different

aspects of contaminant removal from soils have

been combined. Using creosote as a test contam-

inant, a multi-process phyto-remediation system

composed of physical (volatilization), photo-

chemical (photo-oxidation) and microbial reme-

diation, and phyto-remediation (plant-assisted

remediation) processes was developed (Huang

et al. 2004).The techniques applied to realize

these processes were land-farming (aeration and

light exposure),introduction of contaminant

degrading bacteria, plant growth promoting

rhizobacteria (PGPR), and plant growth of con-

taminant tolerant tall fescue (Festuca
arundinacea). Over a 4-month period, the aver-

age efficiency of removal of 16 priority PAHs by

the multiprocess remediation system was twice

that of land-farming, 50% more than bioremedi-

ation alone, and 45% more than phyto-

remediation by itself. Importantly, the multi-

process system was capable of removing most

of the highly hydrophobic, soil bound PAHs

from soil. The key elements for successful

phyto-remediation were the use of plant species

that have the ability to proliferate in the presence

of high levels of contaminants and strains of

PGPR that increase plant tolerance to

contaminants and accelerate plant growth in

heavily contaminated soils. The synergistic use

of these approaches resulted in rapid and massive

biomass accumulation of plant tissue in

contaminated soil, putatively providing more

active metabolic processes, leading to more

rapid and more complete removal of PAHs.

11.8 Conclusions and Future
Prospective

Polycyclic aromatic hydrocarbons (PAH) being

prevalent environmental pollutants deserve spe-

cial attention by plant physiologists and

biotechnologists. Although some research has

been done unraveling the harmful effects of

PAH on plant growth and Photosynthesis,

mechanisms underlying the physiological effects

need to be explored. Molecular aspects of effects

of PAH should be investigated to understand its

mechanism of action and thereby to plan

strategies to protect from them.
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Joner, E.J.; Corgié, S.C.; Amellal, N.; Leyval,

C. Nutritional contributions to degradation of polycy-

clic aromatic hydrocarbons in a stimulated rhizo-

sphere. Soil Biol. Biochem., 2002, 34, 859–864.

Kamath, R.; Schnoor, J.L.; Alvarez, P.J.J. Effects of plant

derived substrates on expression of catabolic genes

using a nah-lux reporter. Environ. Sci. Tech., 2004,

38, 1740–1745.
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Chlorophyll Fluorescence for High-
Throughput Screening of Plants During
Abiotic Stress, Aging, and Genetic
Perturbation

12

Krishna Nath, James P. O’Donnell, and Yan Lu

Summary

Chlorophyll (Chl) is nature’s gift to oxygenic

photosynthetic organisms which capture solar

radiation and convert it into chemical energy

to drive the whole process of photosynthesis

for proper growth and development of plants.

Understanding the responses of photosyn-

thetic apparatus in crop plants under various

stress conditions has become a major target

for many research programs. In this chapter,

we describe the principal of Chl fluorescence

and the recent advances in the application of

Chl fluorescence. Chl fluorescence measure-

ment is one of the most useful, cost-effective,

and non-invasive tools to measure efficiency

of photosystem II photochemistry.

Incorporated with improved imaging and

computer technologies, it can be utilized on

a small or large scale for examination of pho-

tosynthetic performance, stress tolerance, and

aging. Further advancements are being made

to develop efficient more tools to apply Chl

fluorescence measurement for large-scale

high-throughput photosynthesis phenotyping,

forestry and crop management.
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12.1 Introduction

Plants provide food, fiber, shelters, and fuel to

humans and other animals. In this regard, photo-

synthesis is directly related to the existence of life

on Earth. Photosynthesis involves a series of

oxidation-reduction reactions in which solar radi-

ation is captured and converted to chemical energy

by plants and some other organisms (Arnon 1959;
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Bj€orkman and Demmig-Adams 1995; Eberhard

et al. 2008). The net process of photosynthesis is

the temporary capture of light energy in the chem-

ical bonds of ATP and NADPH during the light

reactions and the permanent conversion of cap-

tured energy in long-term energy storage

molecules such as glucose during the dark

reactions (Allen 1975; Whitmarsh 1999; Baker

2008; Eberhard et al. 2008; Araújo et al. 2014).

Finally, this stored energy is utilized in cellular

metabolism for growth and development of all

living organisms, because almost all

non-photosynthetic organisms consume energy

from photosynthetic organisms (Whitmarsh

1999). Therefore, photosynthesis could be consid-

ered the ultimate source of cellular energy.

When a photon strikes a chlorophyll (Chl)

molecule, the Chl molecule becomes excited by

absorbing energy in the form of visible light

(photons) (Müller et al. 2001). In leaves, photo-

synthetic light absorption is carried out by

Chl-binding light harvesting complexes (LHCs)

that are associated with Photosystem I (PSI) and

Photosystem II (PSII) (Müller et al. 2001; Bj€orn
et al. 2009). Light absorbed by Chl molecules is

further transferred from one pigment molecule to

another within the LHC and eventually to a reac-

tion center (RC) (Huner et al. 1998). Some of the

light energy absorbed by Chl molecules can be

re-emitted as fluorescence; this process is called

Chl fluorescence (Flexas et al. 2000, 2002, Max-

well 2000; Freedman et al. 2002; Zarco-Tejada

et al. 2003; Soukupová et al. 2008; Rascher et al.

2010; Porcar-Castell 2011; Garbulsky et al.

2013). At ambient temperature, PSII is the pri-

mary contributor to Chl fluorescence (Müller
et al. 2001). Therefore, Chl fluorescence is an

important indicator for the activity of PSII

(Baker 2008; Li et al. 2010; Stirbet and Govindjee

2011; Zivcak et al. 2014). The measurement of

Chl fluorescence is simple and straightforward.

Among different photosynthetic complexes, PSII

is highly sensitive to environmental stresses, such

as drought, heat, high light, and aging (Saibo et al.

2009; Sperdouli and Moustakas 2011; Nath et al.

2013a, c). For these reasons, Chl fluorescence is

considered as an efficient and non-invasive tech-

nique to monitor the responses of PSII to environ-

mental, developmental, and genetic perturbations

(Baker 2008; Finkel 2009; Furbank and Tester

2011; Lu et al. 2011b; Araus and Cairns 2014).

In this chapter, we summarize the principle of Chl

fluorescence and recent advancements in its

application to different aspects of plant science

including; the responses of PSII to abiotic

stresses, aging, and large-scale phenotypic

screening of genetic variants.

12.2 The Basic Principle of Chl
Fluorescence

Chl molecules are present in the photosynthetic

antenna in thylakoid membranes where absorbed

light energy is used to perform photosynthesis

(Govindjee 1995; Maxwell 2000). Absorption

of light results in the excitation of Chl from its

ground state (1Chl) to its singlet excited state

(1Chl*), which can be returned to the original

ground state, 1Chl, through several internal

decay pathways (Fig. 12.1). The excitation

energy of 1Chl* is then transferred to reaction

centers to drive photosynthetic reactions. The

remaining energy that is not used by photosyn-

thesis can be re-emitted as fluorescence or

released by thermal dissipation processes.

Because the yield of fluorescence is the recipro-

cal of thermal dissipation and photochemistry

processes, the release of heat is called non-pho-

tochemical quenching (NPQ) and the energy

emitted as fluorescence is known as photochemi-

cal quenching (qP). However, 1Chl* may also

decay via triplet state of Chl (3Chl*) and produce

singlet oxygen (1O2
*), a cause of photo-oxidative

damage to plants tissues and photosynthetic

complexes, particularly PSII (Havaux and

Niyogi 1999; Jahns and Holzwarth 2012). The

excessive light energy dissipated by qP and NPQ

can be considered as two important protective

mechanisms that compete with each other and

minimize the harmful process which produces

highly reactive 1O2
*.

In addition to understanding the role of NPQ

as a protective mechanism under adverse envi-

ronmental conditions, it is important to under-

stand how plants maintain their photosynthetic

activity under extreme environments. To monitor

photosynthetic performance in algae and higher
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plants, several photosynthetic parameters, such

as photochemical efficiency of PSII, electron

transport, excitation pressure, and performance

index (PIABS) can be measured with conventional

or advanced Chl fluorescence imaging systems

(Maxwell 2000; Baker 2008; Stirbet and

Govindjee 2011; Zivcak et al. 2014). Among

these instruments, conventional pulse-amplitude-

modulated (PAM) and imaging-PAM (I-PAM)

are most widely used (Baker 2008). Chl fluores-

cence can be utilized in different research areas

such as photosynthesis, phenomics, stress

biology, developmental biology, and aging biol-

ogy. Additional applications of Chl fluorescence

include remote sensing in forestry, agriculture,

and crop biology.

12.3 Chlorophyll Fluorescence
as a Tool to Study Abiotic
Stresses

The responses of photosynthetic apparatus to

abiotic stress conditions are complex and involve

Fig. 12.1 Model for the possible fates of light energy in

the de-activation pathway of excited 1Chl*. Light energy

absorbed by Chl molecules associated with PSII can be

utilized in the subsequent process of photosynthesis.

When a leaf is exposed to light, photons absorbed by

Chl molecules may cause excitation of an electron (e�)
in Chl molecules. At the same time, the 1Chl molecule is

excited into 1Chl* from ground state (S0) to excited state

(S1). From there, 1Chl* has several routes to get back to

the ground state (1Chl) such as, fluorescence (①), thermal

dissipation processes (NPQ, ②), and photochemical

processes (qP, ③). Chl fluorescence, heat dissipation,

and photochemistry are in direct competition for the exci-

tation energy. In addition to the three above mentioned

fates, 1Chl* can be transformed into 3Chl*and return to its

ground state by phosphorescence (④). 3Chl* has a rela-

tively long life-time and it can produce highly reactive

oxygen species 1O2
*, which may cause photo-oxidative

damages (⑤). The yield of 3Chl*and fluorescence

depends on the yield of qP and NPQ, and thus they may

help minimize the production of 1O2
* during excessive

light illumination
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the interplay of stress responses occurring at

different sites of the photosynthetic machinery

(Eberhard et al. 2008; Takahashi and Murata

2008; Kreslavski et al. 2013). Changes in the

environmental conditions can result in imbalance

between energy supplied by photochemistry and

energy consumed by metabolism. In order to

survive under such fluctuating environmental

conditions, photosynthetic organisms have to

balance between photochemistry and carbon

metabolism (Huner et al. 1998). Algae and

higher plants have developed the ability to toler-

ate a series of abiotic stresses such as low or high

light, low or high temperature, flood or drought,

the presence of heavy metals or mineral toxicity,

excess of salts, deficiency of oxygen (hypoxia) in

the soil, ultraviolet radiation, and oxidative stress

to allow survival in adverse conditions (Vranova

et al. 2002; Foyer and Noctor 2005; Mittler 2006;

Gill and Tuteja 2010; Nath et al. 2013a). Photo-

synthetic efficiency of crop plants is known to be

tightly associated with stress tolerance (Mittler

2006; Rascher et al. 2010). Abiotic stresses have

adverse effects on plant growth, for example,

reduction in biomass and crop yield (Furbank

and Tester 2011). Among these stress conditions,

high light and high temperature are most critical,

because they directly influence the photosyn-

thetic efficiency and the repair cycle of PSII

(Sharkey 2005; Takahashi and Murata 2008;

Tikkanen et al. 2008; Nath et al. 2013a;

Kreslavski et al. 2013). In response to abiotic

stresses, plants have developed mechanisms that

lead to suppression of many physiological

functions (Apel and Hirt 2004; Mittler 2006;

Nath et al. 2013a). To understand how plants

cope with severe environmental conditions, ver-

satile and efficient techniques are needed to mon-

itor photosynthetic performance. Chl

fluorescence was developed as a tool to study

photosynthesis. Several methods are available

to detect signals from stressed leaf samples, for

example, microarray analysis of stress-inducible

genes, proteomics analysis, ultra-thin transmis-

sion electron microscopy of chloroplasts, and

high performance liquid chromatography analy-

sis of pigments. However, these approaches gen-

erally require expensive instrumentation and

long sample preparation and measurement time

(Cortese et al. 2009; Miller and Tang 2009;

Slonim et al. 2009). In contrast to these methods,

Chl fluorescence analysis is very sensitive to

changes in thylakoid membranes or perturbations

in plant cells in given environmental conditions

and it does not involve sample preparation pro-

cedure such as homogenization of leaf tissues

(Baker et al. 2007; Baker 2008; Li et al. 2010).

Therefore, Chl fluorescence has been widely

used as a non-invasive tool to monitor photosyn-

thetic performance (Baker 2008). At the onset of

an abiotic stress condition, a readily visible phys-

iological stress response is often absent (Chaerle

et al. 2007; Mishra et al. 2011; Murchie and

Lawson 2013; Rousseau et al. 2013). However,

Chl fluorescence can detect the initial stress

response of a plant before the morphological

stress response becomes visible. Therefore, Chl

fluorescence is an efficient tool to examine the

responses of photosynthetic organisms to envi-

ronmental stresses. Recent advances in

computerized digital imaging systems make it

more convenient to perform Chl fluorescence

measurements, allowing collection of a massive

amount of data in a very short time (Baker 2008;

Eberhard et al. 2008; Rousseau et al. 2013).

Modern instruments for Chl fluorescence imag-

ing are equipped with high-resolution cameras

and a variety of light sources (Murchie and

Lawson 2013). Coupling of such advanced

instrumentation systems with other measurement

techniques and software is important for Chl

fluorescence measurements in given environ-

mental conditions. For example, Chl fluores-

cence imaging systems equipped with large

light-emitting diodes are perfect for large-scale

phenomics studies, but they are not suitable in a

field condition due to the relatively big size. In

contrast, Chl fluorescence imaging systems

equipped with standard fiber optic systems are

compact and portable. Therefore, they are suit-

able for field measurements.

Chl fluorescence can be used to detect short-

term effects of abiotic stresses. For example, we

treated cherry (Prunus avium L) leaves at 50 �C
for 5 min and measured Chl fluorescence before

and after the treatment (Fig. 12.2a). Leaf tips
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treated with high temperature (+HT) did not

show visible phenotypic signs when compared

to the non-treated basal portion of the same leaf

(�HT), but dramatic changes were observed in

maximum Chl fluorescence (Fm) and maximum

photochemical efficiency of PSII (Fv/Fm)

(Fig. 12.2a right). As shown in Fig. 12.2a, before

the 5-min high temperature treatment, there was

no detectable difference in Fv/Fm between the

leaf tip and the basal portion of the same leaf.

Substantial changes in Fv/Fm were seen after the

treatment: the Fv/Fm ratio was ~0.5 at the junc-

tion of the treated and untreated portion of the

leaf (between the full blue line and the dotted

blue line); the Fv/Fm ratio at the untreated base

of the leaf was ~0.76. There was a dramatic

change in the Fv/Fm ratio after the 5-min high

temperature treatment to the leaf tip. These

results demonstrate that Chl fluorescence can be

easily utilized to screen for high-temperature-

sensitive plants.

To investigate the effect of high light stress on

Arabidopsis thaliana leaves, we treated the 3rd

and 4th leaves of A. thaliana plants under

4000 μmol photons m�2 s�1 for 5 min and

measured Chl fluorescence before and after the

treatment (Fig. 12.2b). As shown in Fig. 12.2b,

Fm and Fv/Fm were significantly reduced in

high-light-treated areas as compared to untreated

leaves. These data suggest that Chl fluorescence

can be used to screen for high-light-sensitive

plants.

Chl fluorescence can also be used to monitor

long-term effects of abiotic stresses, such as

Fig. 12.2 Analysis of Chl fluorescence under short-term

and long-term abiotic stresses. (a) Chl fluorescence of a

control cherry leaf before and after a short-term (5-min)

high-temperature treatment at 50 �C. +HT, high-tempera-

ture-treated; �HT, non-treated. (b) Chl fluorescence of

A. thaliana leaves before and after a short-term (5-min)

high-light treatment at 4000 μmol photons m�2 s�1. +HL,

high-light-treated; �HL, non-treated. (c) Chl

fluorescence of a control A. thaliana plant and a plant

under continuous drought stress for 7 days. Black circles
in (a) and (b) represent areas of interest selected for

generating numeric values for Chl fluorescence

parameters Fo, Fm, and Fv/Fm. All Chl parameters were

measured with the M-series I-PAM system (Heinz Walz

GmbH, Effeltrich, Germany)
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drought. Drought stress is and will continue to be

one of the major limitations placed on plant

growth and crop yield (Khush 2001; Sperdouli

and Moustakas 2011; Ashraf and Harris 2013).

Therefore, it is important to screen for drought-

tolerant plants using efficient methods, such as

Chl fluorescence. To test whether Chl fluores-

cence can be employed to monitor plant

responses to drought, we simulated long-term

drought stress by blocking the regular watering

cycle, and monitored the responses of plants

along with the changing Chl fluorescence

parameters (Fig. 12.2c). This experiment allowed

us to identify specific Chl fluorescence

parameters as the indicators of drought stress

during long-term drought conditions. Interest-

ingly, false-color images of Chl fluorescence

showed that a number of Chl parameters,

Fv/Fm in particular, were dramatically altered

in plants under drought stress (Fig. 12.2c). This

suggests that Chl fluorescence parameter Fv/Fm

can be utilized as a biological marker to screen

drought-tolerant plants.

12.4 Chlorophyll Fluorescence as an
Approach to Investigate
the Aging Process

Plants often change their visible phenotypes and

photosynthetic characteristics throughout their

developmental stages. As the primary organ for

photosynthesis, leaves go through a series of

developmental, metabolic, and physiological

transitions throughout their lifespan, which

culminates in senescence and eventually cell

death (Pennell and Lamb 1997; Woo et al.

2013). Leaf senescence is a developmental pro-

cess that is controlled by an array of internal and

external factors such as age of leaf, levels of

plant growth hormones, transcription factors,

environmental conditions, and pathogen infec-

tion (Guo and Gan 2005; Lim et al. 2007; Park

et al. 2007; Breeze et al. 2011; Woo et al. 2013).

One visible symptom of leaf senescence is

color change. Changes in leaf color could be

caused by preferential degradation of Chl or

accumulation of other pigments during

senescence (Matile et al. 1992). The gradual

loss of Chl is normally accompanied by a

decrease in photosynthetic activity during senes-

cence (Park et al. 2007; Sakuraba et al. 2012;

Nath et al. 2013b). During leaf senescence, most

macromolecules such as lipids, nucleic acids, and

proteins are degraded, which results in sharp

decreases in photosynthetic activity (Oh 2003;

Kusaba et al. 2007, 2013; H€ortensteiner 2009;

Nath et al. 2013b). It is well known that leaf

senescence is initiated by chloroplast degenera-

tion (Gepstein 2004), which leads to dramatic

imbalances in photostasis, redox status, and

sugar levels (Mohapatra et al. 2013; Woo et al.

2013). However, the relocation of nutrients from

senesced organs to young organs is not well

understood and there is little data available

regarding this process (Lim et al. 2007; Woo

et al. 2013). It is believed that nutrients released

by catabolic activities during senescence are

translocated from source to sink, i.e., from old

organs to young and actively growing organs

such as new buds, young leaves, and developing

seeds and fruits (Guo and Gan 2005; Yang and

Ohlrogge 2008; Breeze et al. 2011; Pottier et al.

2014). Successful nutrient translocation requires

crosstalk between photosynthetic functions and

plant development.

The aging of plants, especially leaf senes-

cence, is one of the major limitations of crop

yields (Kusaba et al. 2013; Woo et al. 2013).

One potential approach to increase crop yield is

delaying senescence thereby increasing the dura-

tion of active photosynthesis (Dohleman and

Long 2009). Significant progress have been

made in the attempts to extend the duration of

active photosynthesis in crop plants via genetic

engineering of Chl biosynthetic pathways

(Buchanan-Wollaston 1997; Woo et al. 2001,

2004; Park et al. 2007; Balazadeh et al. 2007;

Rauf et al. 2013). In general, there are two types

of mutations that could result in delayed senes-

cence and extended life in plants. One of them is

“functional stay-green type senescence mutants”,

where leaf senescence is initiated as scheduled

but proceeds slowly. These mutants stay green

longer and retain their photosynthetic activity at

higher levels than wild-type plants (Thomas and
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Howarth 2000; Thomas et al. 2002). Alterations

in physiological, molecular and signaling

pathways, such as slower metabolism, suppres-

sion of ethylene, abscisic acid, brassinosteroid,

and strigolactone signal transduction, and activa-

tion of cytokinin signaling can result in stay-

green phenotypes and prolong the lifespan of

the plants (Woo et al. 2001; Oh 2003; Kim

et al. 2009; Kusaba et al. 2013). More than a

dozen Oresara mutants (Oresara, a Korean

word for “long-lived”, hereinafter referred to as

Ore, have been identified (Oh et al. 1997; Woo

et al. 2001, 2004; Oh 2003; Lim et al. 2007). For

example, an ORE1 transcription factor has been

found to control the senescence process by

regulating the expression of downstream genes

including senescence genes (Kim et al. 2009;

Rauf et al. 2013). ORE9 was identified as an

F-box motif containing protein that limits leaf

longevity by removing target proteins which are

essential for delaying leaf senescence (Oh 2003).

ORE12 was found to encode a cytokinin receptor

and a gain-of-function mutant of ORE12

demonstrated prolonged lifespan (Kim et al.

2006). The above mentioned mutants showed

delayed senescence because they retain their

greenness and maximum photochemical effi-

ciency of PSII longer than wild-type plants.

The second type of mutants with delayed

senescence is “non-functional”, where mutant

plants retain green color due to the aggregation

of Chl-containing LHCs. These mutants are not

functionally active and their photosynthetic

activity becomes impaired much earlier than

that in wild-type plants (Oh 2003). This type of

mutant is usually caused by defects in the degra-

dation pathway of Chl (Thomas and Howarth

2000; Thomas et al. 2002), and is very useful to

study the disassembly process of Chl-binding

protein complexes in PSI and PSII (Oh 2003).

One representative “non-functional stay-green

type mutant” is ore10. Deletion of the ORE10
gene causes the aggregation of Chl-containing

LHCs during senescence. In contrast to func-

tional stay-green type senescence mutants, such

as ore1, ore9 and ore12, non-functional stay-

green type mutants, such as ore10 fail to main-

tain their functionality, for example their maxi-

mum photochemical efficiency of PSII. Their

Fv/Fm value decreases much earlier than that in

wild-types but the mutants appear green during

senescence. Therefore, they are called “earlier

than wild-type progenies”. However, because

they look green during senescence, they are also

known as “non-functional mutants” (Oh 2003).

The dramatic changes in photosynthetic activ-

ity and the gradual loss of Chl content during

senescence can be monitored by Chl fluorescence

measurements (Kusaba et al. 2007; Park et al.

2007; Nath et al. 2013b). For example, we deter-

mined the Chl content and monitored the Chl

fluorescence parameters in 7–35 days old leaves

(Fig. 12.3). Leaves reached their maximum pho-

tochemical efficiency of PSII (i.e., Fv/Fm) at

maturity, coinciding with the highest amount of

Fig. 12.3 Chl content and maximum photochemical effi-

ciency (Fv/Fm) of PSII as functions of leaf age. Visible

symptoms and the false color images of Fv/Fm of aging

leaves are shown as well. Maximum photochemical effi-

ciency of PSII (Fv/Fm) was measured with the M-series

I-PAM system (Heinz Walz GmbH, Effeltrich, Germany)
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Chl. This was followed by a gradual decline of

the Chl content during senescence (Fig. 12.4).

These data indicate that photosynthetic activity

is tightly associated with Chl contents.

12.5 Chlorophyll Fluorescence
as a Biomarker in Large-Scale
Phenomics Studies

In modern agricultural research, it is important to

identify desirable traits and apply them into crop

plants. The search for desirable traits among

large populations of genetic variants could

benefit from rapid and high-throughput screening

methods (Oxborough and Baker 1997; Baker

et al. 2007; Baker 2008; Araus and Cairns

2014). For example, the collaborative Chloro-

plast Phenomics project (http://www.plastid.

msu.edu) at Michigan State University andWest-

ern Michigan University has successfully

utilized Chl fluorescence kinetics measurement

to screen ~5200 A. thaliana insertional mutants

for changes in photosynthetic parameters Fv/Fm

and NPQ (Lu et al. 2011a). The use of 3-week-

old A. thaliana plants in small pots allows simul-

taneous measurement of Chl fluorescence

parameters in 12 plants in the same sub-flat

(Fig. 12.4). The npq1 mutant, in which the bio-

synthetic pathway for zeaxanthin is blocked, was

used as a positive control. The identification of

positive controls such as the npq1 mutant in a

double-blind and high-throughput method

demonstrated the power of Chl fluorescence in

large-scale phenomics studies. In addition to the

confirmation of known photosynthetic mutants,

the Chloroplast Phenomics project also identified

>90 novel genes with potential roles in photo-

synthesis (http://bioinfo.bch.msu.edu/2010_

LIMS). Select mutants are subject to detailed

physiological and biochemical studies to under-

stand the molecular functions of the

corresponding genes. Although there are increas-

ing interests in high-throughput phenotyping

platforms (Araus and Cairns 2014), large-scale

data acquisition and process continues to be a

daunting task. The development of a laboratory

information management system (LIMS) and a

standardized laboratory operational workflow

ensured the accuracy and ease of large-scale

data acquisition (Lu et al. 2011b). In addition to

the Chloroplast Phenomics Project, a number of

other plant phenomics facilities, for example, the

Australian Plant Phenomics Facility (http://

Fig. 12.4 Chl fluorescence assay to identify mutants with reduced photosynthetic parameters. False-colored images of

maximum photochemical efficiency of PSII (Fv/Fm, left) and NPQ (right) are shown
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www.plantphenomics.org.au/) and the Michigan

State University Center for Advanced Algal and

Plant Phenotyping (http://www.prl.msu.edu/

caapp), have emerged recently.

Although it is fast and straightforward to gen-

erate Chl fluorescence images, the extraction of

numeric values for photosynthetic parameters

from Chl fluorescence images is still a slow and

tedious process. Because one has to manually

select areas of interest from individual leaves

and then export the fluorescence values for the

areas of interest. Fortunately, the recently devel-

oped computer vision algorithms demonstrate

the potential to speed up this process substan-

tially (Tessmer et al. 2013). The current

challenges of imaging systems and computer

vision algorithms include: (a) the need to train

established algorithms in the presence of

emerging new leaves; (b) the necessity of

implementing three-dimensional imaging

systems and vision algorithms suitable for taller

plants such as tobacco, tomato, and bean

(Tessmer et al. 2013). Ultimately, the three-

dimensional Chl fluorescence imaging technol-

ogy could be applied to investigate the impacts of

herbicides on a whole plant (Konishi et al. 2009).

12.6 The Application of Chl
Fluorescence in Forestry
and Crop Management

There is a growing interest in utilizing Chl fluo-

rescence in remote sensing to understand the

heterogeneity and dynamics of the global vege-

tation physiology (Gamon et al. 1990; Baret and

Guyot 1991; Flexas et al. 2000; Malenovsky

et al. 2009; Meroni et al. 2009; Rascher et al.

2009; Damm et al. 2010; Garbulsky et al. 2013;

Zarco-Tejada et al. 2013). Remote sensing of

plant canopy could be accomplished by using

airborne multispectral sensors that detect both

reflectance and fluorescence from vegetation

canopies (Malenovsky et al. 2009). These remote

sensing instruments have been employed to mon-

itor the diurnal and seasonal changes in photo-

synthesis (Zarco-Tejada et al. 2003; Dobrowski

et al. 2005; Malenovsky et al. 2009; Lausch et al.

2013). During Chl fluorescence measurements of

vegetation canopies in field conditions, manipu-

lation of actinic light intensity is technically

challenging. Therefore, steady state Chl fluores-

cence is often utilized to track changes in photo-

synthetic activity of forest and field vegetation

(Flexas et al. 2000, 2002; Freedman et al. 2002;

Zarco-Tejada et al. 2003; Soukupová et al. 2008;

Rascher et al. 2010; Porcar-Castell 2011;

Garbulsky et al. 2013). The challenges of remote

sensing include: (a) the need to extract simple

parameters from complex steady-state Chl fluo-

rescence signals; (b) the requirement of scaling

up steady-state Chl fluorescence signals from

individual leaves to heterogeneous canopies;

(c) the necessity to increase the sensitivity of

space-borne remote sensors; and (d) the need

for accurate algorithms for downstream data

processing (see Malenovsky et al. 2009 for a

detailed review on this topic). Recently, Konishi

et al. (2009) combined Chl fluorescence analysis

of photosynthetic parameters with three-

dimensional imaging and modeling technology

to study spatiotemporal effects of herbicides on a

whole melon (Cucumis melo L) plant (Omasa

et al. 2009). This study illustrated the power of

combined use of Chl fluorescence and other

advanced technologies. The approach can also

be used to investigate spatiotemporal effects of

environmental, developmental, and genetic

perturbations and spatiotemporal responses of

photosynthetic apparatus to perturbations.

12.7 Concluding Remarks

Chl fluorescence analysis is an efficient and

non-destructive method to determine photosyn-

thetic parameters. When coupled with methods

that lead to changes in the environment develop-

mental stages, and/or genetic backgrounds, Chl

fluorescence can be used to monitor the

responses of photosynthetic apparatus to envi-

ronmental, developmental, and/or genetic

perturbations. In this chapter, we discussed the

applications and challenges of Chl fluorescence

in plant abiotic stress responses, aging, large-

scale phenomics studies of genetic variants, and
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forestry and crop management. Overall, it is

quick and easy to generate data with the Chl

fluorescence method. Further improvements in

instrument sensitivity and downstream data

processing algorithms will make Chl fluores-

cence even more useful, especially in large-

scale phenomics studies, remote sensing, forestry

and crop management.
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Soukupová J, Cséfalvay L, Urban O, et al (2008) Annual

variation of the steady-state chlorophyll fluorescence

emission of evergreen plants in temperate zone. Funct

Plant Biol 35:63–76.

Sperdouli I, Moustakas M (2011) Spatio-temporal hetero-

geneity in Arabidopsis thaliana leaves under drought

stress. Plant Biol. doi: 10.1111/j.1438-8677.2011.

00473.x

Stirbet A, Govindjee (2011) On the relation between the

Kautsky effect (chlorophyll a fluorescence induction)

and Photosystem II: Basics and applications of the

OJIP fluorescence transient. J Photochem Photobiol

B: Biol 104:236–257. doi: 10.1016/j.jphotobiol.2010.

12.010

Takahashi S, Murata N (2008) How do environmental

stresses accelerate photoinhibition? Trends Plant Sci

13:178–182. doi: 10.1016/j.tplants.2008.01.005

Tessmer OL, Jiao Y, Cruz JA, et al (2013) Functional

approach to high-throughput plant growth analysis.

BMC Syst Biol 7:1–13.

Thomas H, Howarth CJ (2000) Five ways to stay green. J

Exp Bot 51:329–337.

Thomas H, Ougham H, Canter P, Donnison I (2002) What

stay-green mutants tell us about nitrogen remobiliza-

tion in leaf senescence. J Exp Bot 53:801–808.

Tikkanen M, Nurmi M, Kangasjärvi S, Aro E-M (2008)

Core protein phosphorylation facilitates the repair of

photodamaged photosystem II at high light. Biochim

et Biophys Acta 1777:1432–1437.

Vranova E, Inze D, Van Breusegem F (2002) Signal

transduction during oxidative stress. J Exp Bot

53:1227–1236.

Whitmarsh J (1999) The photosynthetic process. In:

Concepts in Photobiology. Springer, pp 11–51

Woo HR, Chung KM, Park J-H, et al (2001) ORE9, an

F-box protein that regulates leaf senescence in

Arabidopsis. Plant Cell 1779–1790.

Woo HR, Kim JH, Nam HG, Lim PO (2004) The delayed

leaf senescence mutants of Arabidopsis, ore1, ore3,

and ore9 are tolerant to oxidative stress. Plant Cell

Physiol 45:923–932.

Woo HR, Kim HJ, Nam HG, Lim PO (2012) Plant leaf

senescence and death – regulation by multiple layers

of control and implications for aging in general. J cell

Sci 126:4823–4833. doi: 10.1242/jcs.109116

Yang Z, Ohlrogge JB (2008) Turnover of fatty acids

during natural senescence of Arabidopsis,

Brachypodium, and switchgrass and in Arabidopsis ?-

oxidation mutants. Plant Physiol 150:1981–1989.

Zarco-Tejada PJ, Pushnik JC, Dobrowski S, Ustin SL

(2003) Steady-state chlorophyll a fluorescence

272 K. Nath et al.

http://dx.doi.org/10.1105/tpc.106.044891
http://dx.doi.org/10.1105/tpc.106.044891
http://dx.doi.org/10.3389/fpls.2014.00011
http://dx.doi.org/10.1038/embor.2013.24
http://dx.doi.org/10.1105/tpc.111.089474
http://dx.doi.org/10.1105/tpc.111.089474
http://dx.doi.org/10.1371/journal.pcbi.1000543
http://dx.doi.org/10.1371/journal.pcbi.1000543
http://dx.doi.org/10.1111/j.1438-8677.2011.00473.x
http://dx.doi.org/10.1111/j.1438-8677.2011.00473.x
http://dx.doi.org/10.1016/j.jphotobiol.2010.12.010
http://dx.doi.org/10.1016/j.jphotobiol.2010.12.010
http://dx.doi.org/10.1016/j.tplants.2008.01.005
http://dx.doi.org/10.1242/jcs.109116


detection from canopy derivative reflectance and

double-peak red-edge effects. Remote Sens Environ

283–294.

Zarco-Tejada PJ, Morales A, Testi L, Villalobos FJ

(2013) Spatio-temporal patterns of chlorophyll fluo-

rescence and physiological and structural indices

acquired from hyperspectral imagery as compared

with carbon fluxes measured with eddy covariance.

Remote Sens Environ 133:102–115.

Zivcak M, Brestic M, Kalaji HM, Govindjee (2014) Pho-

tosynthetic responses of sun- and shade-grown barley

leaves to high light: is the lower PSII connectivity in

shade leaves associated with protection against excess

of light? Photosynth. Res. 119:339–354.

12 Chlorophyll Fluorescence for High-Throughput Screening of Plants During. . . 273



Adaptation to Low Temperature
in a Photoautotrophic Antarctic
Psychrophile, Chlamydomonas sp. UWO
241

13

Beth Szyszka, Alexander G. Ivanov, and Norman P.A. Hüner

Summary

Permanent cold environments account for a

large portion of the Earth. These environments

are inhabited by various micro-organisms that

have often adapted to unique combinations of

selection pressures. Therefore, there is consider-

able interest in understanding survival strategies

utilized by extremophiles to exist in such harsh

environments. This chapter summarizes com-

mon adaptive mechanisms of psychrophilic

organisms with focus on the unique photosyn-

thetic characteristics of a unicellular green

microalga, Chlamydomonas sp. UWO241.

Chlamydomonas sp. UWO 241 was isolated

from perennially, ice-covered Lake Bonney,

Antarctica where it has adapted to constant

low temperatures and high salinity. A unique

characteristic of this algal strain is its inability

to undergo state transitions combined with

its high rates of photosystem I cyclic

electron transport. Consequently, in contrast to

mesophilic green algal species such as

Chlamydomonas reinhardtii which undergo

state transitions, Chlamydomonas sp. UWO241

does not phosphorylate LHCII polypeptides.

Rather, the Antarctic psychrophile exhibits a

unique, light-dependent, thylakoid polypeptide

phosphorylation profile associated with a

photosystem I supercomplex which also

contains the cytochrome b6/f complex. The sta-

bility of this photosystem I supercomplex in

Chlamydomonas sp. UWO 241 is sensitive to

its phosphorylation status as well as high salt

concentrations. The role of the photosystem

I supercomplex and its phosphorylation status

in the regulation of photosystem I cyclic electron

transport is discussed. We suggest that

Chlamydomonas sp. UWO 241 should be con-

sidered a model system to study psychrophily

and adaptation to low temperature in eukaryotic

photoautrophs.
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13.1 Introduction

The majority of the Earth’s biosphere is

characterized by cold ecosystems, which for the

most part, remain largely unexplored. These per-

manently cold environments consist of polar and

alpine habitats, as well as the ocean depths,

where 90% of the volume is below 5 �C (Feller

and Gerday 2003). In addition, constant low

temperatures of these habitats are frequently

accompanied by additional abiotic stresses,

including desiccation, osmotic stress, as well as

immense fluctuations in salinity, irradiance,

photoperiod and nutrient availability (Eicken

1992). Consequently, while plants and animals

exhibit a rather limited diversity in such extreme

environments, microorganisms contribute to the

majority of the ecosystem biomass, including

bacteria, yeasts, fungi, Archaea, protists and

cyanobacteria (Feller and Gerday 2003). These

microorganisms are often “polyextremophiles”,

which are able to tolerate several extreme

conditions simultaneously. Despite the large,

low-temperature coverage of the Earth, relatively

little is known about the microorganisms that

colonize these areas.

Cold-adapted microorganisms which have suc-

cessfully inhabited low temperature regions are

classified as being either “psychrophilic” or

“psychrotrophic”. Psychrophiles are defined as

organisms having an optimal growth temperature

below 15 �C but do not grow and survive above

temperatures of 20 �C (Feller and Gerday 2003).

Alternatively, psychrotrophic, or cold-tolerant

organisms, do not share this cold requirement, and

although they are capable of growth and survival

temperatures below 15 �C, their optimal growth

temperatures are generally above 18 �C. Thus, psy-
chrophilic or “cold-loving” organisms are consid-

ered to be truly adapted to grow only at low

temperatures, whereas psychrotolerant organisms

are usually “eurythermal”, meaning they are able

to grow over a wide range of temperatures.

Organisms can respond to their specific

low-temperature environments by either using

short-term mechanisms of acclimation or long-

term adaptation.Adaptation refers to the combined

genetic traits that have been altered by natural

selection/selective pressures, which are heritable

and maintained over many generations. In con-

trast, acclimation describes short-term adjustments

to phenotypic and physiological traits which occur

within a single lifetime (Hüner et al. 1998). Sur-
vival in cold environments necessitates that cellu-

lar metabolic rates are balanced with growth and

maintenance requirements, and therefore, the

energy produced must be sufficient to fulfill all

energy demands. Habitats characterized by

decreased temperatures pose several major

challenges to microbial metabolism, growth and

survival, including decreased membrane fluidity,
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reduced biochemical activity and cold-

denaturation of proteins. Therefore, psychrophilic

microorganisms exhibit a complex array of

mechanisms to compensate for the metabolic

challenges associated with cold environments.

Remarkably, psychrophiles have evolved to not

only survive, but to thrive at temperatures as low

as �20 �C (Thomas and Dieckmann 2002;

D’Amico et al. 2006). Adaptive mechanisms

employed by these organisms have been observed

on many organizational levels which range from

modifications in cell morphology, to membrane

lipid and fatty acid composition to alterations in

the structure and function of enzymes.

13.2 Ultrastructure and Cell
Morphology

During short periods of cold acclimation, several

temperate/mesophilic green algal species exhibit

an increase in the number and individual size of

both starch grains and oil droplets (Hatano et al.

1982; Nagao et al. 2008). In addition, short-term

cold-acclimation induces an increase in the cyto-

plasmic volume of algal cells, with a concomi-

tant decrease in the vacuole size (Nagao et al.

2008). These structural characteristics have also

been observed among cold-adapted algae perma-

nently inhabiting Antarctica (Pocock et al. 2004;

Hu et al. 2008; Chen 2012; Chen et al. 2012).

Another common trait of Antarctic algal species

is that they exhibit thicker cell walls, and are

often described to exist in multi-cellular

structures, surrounded by a mucilaginous sheath

(Pocock et al. 2004; Hu et al. 2008; Chen 2012).

It is not clear whether these groups of cells rep-

resent temporarily aggregated, cohering cells or

reproductive structures involved in sexual or

asexual reproduction.

Although some green algae exhibit morpho-

logical variability under certain growth

conditions, relatively few studies have

investigated this phenomenon. Therefore, little

is known about the potential advantage of

membrane-bound multicellular structures, over

motile unicells. However, at low temperatures,

Antarctic bacteria are known to produce large

amounts of extracellular exopolysaccharides

(Mancuso Nichols et al. 2004). These

polysaccharides prevent intracellular freezing,

provide protection against cold-denaturation of

extracellular enzymes, aid in nutrient trapping,

and alter adhesive properties of cells (Mancuso

Nichols et al. 2004). Thus, formation of mucus-

embedded multi-cellular structures in Antarctic

algae may provide a more favorable microenvi-

ronment under low temperature conditions.

13.3 Membrane Fatty Acid
Composition

Biological membranes function as physical

barriers, regulate the movement of solutes and

ions, and provide a matrix for protein complexes

as well as signal transduction pathways (Hazel

1995). As temperatures decline, membrane lipid

molecules become packed more tightly, and

membranes become increasingly rigid. Such

reduction of membrane fluidity can have adverse

effects on the physical properties and the overall

membrane function (Hazel 1995; Sinensky 1974;

Los et al. 2013). Psychrophilic and

psychrotolerant organisms can regulate the

degree of membrane fluidity by adjusting fatty

acid composition of their membrane lipids (Los

et al. 2013; Los and Murata 2004; Morgan-Kiss

et al. 2006a). Biosynthesis of unsaturated fatty

acids in response to low temperature in order to

modulate membrane fluidity is called

“homeoviscous acclimation” (Sinensky 1974).

Fatty acid desaturases (FADs) regulate the bio-

synthesis of unsaturated fatty acids and have

been shown to be cold-inducible in a wide

range of heterotrophic as well as photoautotro-

phic organisms (Los et al. 2013; Chen and

Thelen 2013). A change in membrane fluidity

has been proposed to act as a temperature sensor

in photoautotrophic micro-organisms (Wada

et al. 1993; Nishida and Murata 1996; Murata

and Los 1997; Los and Murata 2002). In the

cyanobacterium, Synechosystis, cold induces

more than 50 genes (Inaba et al. 2003) of which

about 50% are regulated by the HIK33-Rre, two
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component sensing-signalling system (Los et al.

2013). HIK33 is the transmembrane protein with

histidine kinase activity whose sensor domain is

autophosphorylated at a specific His residue

upon low temperature-induced decreases in

membrane fluidity. The phosphate group of the

sensor domain is transferred to an aspartate resi-

due on Rre, the protein response regulator. This

causes a conformational change in Rre which

allows this transcription factor to bind to the

promoters that activate the expression of FADs

such as desA, desB, desC and desD in

Synechocystis (Los et al. 2013; Los and Murata

2002). As a consequence of the activation of

these FAD genes, the level of fatty acid

unsaturation increases which enhances mem-

brane fluidity at low temperature.

For photoautotrophic organisms, sunlight

represents the ultimate source of energy which

is transformed into chemical energy (ATP) and

reducing power (NADPH) by the photosynthetic

electron transport system localized to thylakoid

membranes. The major chloroplast thylakoid

lipids include mono- and digalactosidediacyl-

glycerides (MGDG and DGDG), the sulfolipid,

sulfoquinovosyldiacylglyceride (SQDG) and the

phospholipid, phosphatidyldiaclyglyceride (PG).

MGDG and DGDG are the major lipid species of

thylakoid membranes and constitute about

40 and 30 mol % respectively whereas SQDG

and PG constitute 5 and 10 mol % respectively of

the total thylakoid lipids. The primary fatty acids

associated with these lipids usually include the

16 and 18 carbon saturated fatty acids, palmitic

(16:0) and stearic acid (18:0) respectively com-

bined with their cis-unsaturated forms, 16:3, as

well as 18:1, 18:2 and 18:3 which results in array

of lipid molecular species associated with thyla-

koid membranes (Murata and Siegenthaler

1998). The content of 18:1, 18:2 and 18:3 in

MGDG and DGDG represents approximately

95% of the fatty acids associated with these

major thylakoid lipids even at optimal growth

temperatures due to the high protein/lipid ratio

characteristic of thylakoid membranes (Murata

and Siegenthaler 1998). Thus, thylakoid

membranes isolated from cold acclimated, cold

tolerant winter rye exhibited minimal (2–5%)

changes in thylakoid lipid unsaturation compared

with thylakoids isolated from non-acclimated

plants grown to the same developmental state as

the cold acclimated plants. However, the major

change in fatty acid composition was reflected in

a significant decrease in the unique Δ3-transhex-

adecenoic acid (Δ3-trans16:1) esterified at the

sn2 position of PG with no change in the fluidity

of the thylakoid membrane between cold

acclimated and nonacclimated rye as determined

by either electron spin resonance or differential

scanning calorimetry (Hüner et al. 1987). The

decrease in Δ3-trans16:1 in PG was correlated

with a predisposition for stabilization of the

monomeric form of LHCII whereas high levels

of this fatty acid predisposed the stabilization of

oligomeric LHCII under controlled growth

(Hüner et al. 1987, 1993; Dubacq and

Tremolieres 1983; Remy et al. 1982; Krol et al.

1988; Krupa et al. 1992; Tremolieres and

Siegenthaler 1998) as well as natural field

conditions (Gray et al. 2005). Furthermore, the

extent to which low growth temperature

modulates Δ3-trans16:1 content in PG and the

oligomeric state of LHCII are excellent

predictors of the freezing tolerance of cereals

(Hüner et al. 1989).

13.4 Cold-Adapted Enzymes

Temperature reflects the kinetic energy of

molecules – the higher the temperature the higher

the kinetic energy of molecules. Biology is

characterized by specialized proteins called

enzymes that catalyze biochemical reactions

within cells. In general, the ability of enzymes

to catalyze high rates of chemical bond formation

to convert reactants to products is the ability of

enzymes to reduce the activation energy for this

conversion. To lower the activation energy, most

biochemical reactions require a conformational

change in the enzyme catalyzing the reaction to

optimize the structure of active site for maximal

reaction rates. This is considered to be the rate

limiting step for most biochemical reactions and

is very temperature sensitive (Hochachka and

Somero 2002). Consequently, low temperature
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imposes a thermodynamic constraint on the rate

of enzyme catalyzed reactions. Furthermore, the

increased medium viscosity at low temperatures

further contributes to reducing biochemical reac-

tion rates (Demchenko et al. 1989). Thus, cold-

adapted organisms must compensate for both of

these temperature-dependent thermodynamic

constraints in order to maintain metabolic

homeostasis at low temperature.

Catalytic performance is traditionally

measured as kcat, the rate that substrate is

converted to product per active site of enzyme

(kcat ¼ rate of reaction/[enzyme], assuming one

active site per enzyme molecule). To maintain

appropriate enzyme reaction rates at low

temperatures, psychrophiles are characterized

by cold-adapted enzymes which can exhibit kcat
that can be fivefold to tenfold higher at low

temperature than the same enzyme from

mesophilic and thermophilic organisms (Feller

and Gerday 2003; Hochachka and Somero

2002; Van den Burg 2003). This enhanced cata-

lytic performance of cold adapted enzymes at

low temperature is achieved through enhanced

protein flexibility especially near the active site

(Feller and Gerday 2003; Thomas and

Dieckmann 2002; Hochachka and Somero

2002). Increased protein flexibility of cold

adapted enzymes reflects changes in the primary

structure which is consistent with a general lower

thermal stability and higher heat sensitivity than

the same enzymes from mesophilic species

(Feller and Gerday 2003; Van den Burg 2003).

However, the increased protein flexibility

exhibited by cold adapted enzymes reduces the

activation energy for enzyme catalysis which

leads to increased kcat at low temperature

(Hochachka and Somero 2002).

Although the increased protein flexibility of

cold adapted enzymes reflects differences in pri-

mary structure of cold adapted versus warm

adapted enzymes, an increased kcat for a bio-

chemical reaction can also be achieved by

increasing the amount of enzyme present in a

cellular compartment since enzyme activity is

the product of kcat and enzyme concentration.

Increasing enzyme concentration would also

help to overcome limitations imposed by the

lower rates of diffusion through an aqueous solu-

tion at low temperature. Rubisco (ribulose-1,5-

bisphosphate carboxylase/oxygenase), a key

enzyme in photosynthesis, is the most abundant

protein in nature and present in the chloroplast

stroma at mM concentrations but catalyzes the

fixation of CO2 with a relatively low kcat
(Spreitzer and Salvucci 2002).

In contrast to the typical response of psychro-

philic enzymes discussed above, Devos et al.

(1998) reported that the carboxylase activity of

Rubisco from psychrophilic unicellular green

algae appears to be reduced at low temperatures

compared to the enzyme from mesophilic species

and that the psychrophilic and mesophilic forms

of Rubisco exhibit similar optimal temperature

for maximal activities (Devos et al. 1998).

Although similar trends were obtained for

enzyme activity measured either in crude

extracts or the enzyme purified by sucrose gradi-

ent purification, the psychrophilic species

appeared to exhibit significantly higher amounts

of Rubisco per cell (Devos et al. 1998). It is

interesting to note that Devos et al. (1998) did

not verify their in vitro results by in vivo

measurements of maximum light and CO2

saturated rates of photosynthesis which reflect

the maximum Rubisco carboxylation rates

(Devos et al. 1998). Pocock et al. (2007) exam-

ined the temperature dependence of the

maximum light- and CO2-saturated rates of pho-

tosynthesis in the psychrophile, Chlamydomonas

sp. UWO241, with that of the model mesophile,

Chlamydomonas reinhardtii (Pocock et al.

2007). The psychrophilic form of Rubisco

exhibited maximum activity at 10 �C which pro-

gressively decreased with an increase in temper-

ature with minimal activity at 45 �C. In contrast,

the mesophilic form of the enzyme exhibited a

typical temperature response curve for

mesophilic enzymes with minimal activity at

10 �C that was threefold lower than the psychro-

philic form measured at the same temperature

with a maximum between 25�C and 30 �C. Sub-
sequently, the rates of photosynthesis decreased

to minimal levels at 45 �C (Pocock et al. 2007).

Since the maximum light- and CO2-saturated

rates of photosynthesis reflect Rubisco activity,
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Pocock et al. (2007) conclude that, in contrast to

Devos et al. (1998), Rubisco in the psychrophile

Chlamydomonas sp. UWO241 exhibits a photo-

synthetic activity temperature profile consistent

with cold adaptation relative to the mesophilic

enzyme (Pocock et al. 2007).

13.5 Energy Metabolism

As described above, rigidification of membranes

and decreased reaction rates represent challenges

to the management of biochemical processes at

low temperatures. However, under low physio-

logical growth temperatures where biological

processes for most microorganisms become

non-functional, psychrophiles must generate

adequate energy levels to maintain metabolic

homeostasis. Photosynthesis and respiration rep-

resent the two primary processes involved in

energy metabolism in photoautotrophic

psychrophiles. These two metabolic processes

are coupled since light energy is converted into

reductants and ATP for the biosynthesis of

triose-P intermediates, via the Calvin-Benson

Cycle, that are subsequently exported from the

chloroplast to the cytosol either for conversion

into sucrose or oxidation via glycolysis and aer-

obic respiration in the matrix of the mitochondria

(Hopkins and Hüner 2009). Hydrolysis of ATP

by mitochondria in the cytoplasm is the major

energy source for metabolism, growth and devel-

opment. Thus, cellular concentrations of ATP

and adenylates provide information on cellular

metabolic states (Bott and Kaplan 1985). Cold-

adapted organisms generally exhibit elevated

concentrations of adenylate compounds – key

molecules of energy metabolism, compared to

mesophilic species (Napolitano and Shain 2004).

In both mesophilic and thermophilic

organisms, growth rates and ATP levels decline

with decreasing temperatures. Therefore, at

higher growth temperatures, higher growth rates

correspond to increased energy supply, as

measured by total adenylate levels (Napolitano

and Shain 2004, 2005). In contrast, psychrophilic

microorganisms exhibit an inverse relationship

between adenylate pool size and growth

temperature (Napolitano and Shain 2004, 2005).

Therefore, the presence of high levels of ATP

and total adenylate pool size at low temperature

may represent an additional adaptive mechanism

utilized by psychrophiles to offset decreased

rates of biochemical reactions at low

temperatures (Napolitano and Shain 2004,

2005). It has been suggested that this adaptation

likely results from adjustments to components

involved in ATP synthesis, either due to struc-

tural modifications or alterations in the cellular

environment (e.g. pH) (Portner et al. 1999).

This is consistent with both adaptation and

acclimation to low temperature in

photoautotrophs. Pocock et al. (2007) reported

that the maximum absolute light- and CO2-

saturated in vivo rates of photosynthesis observed

for the psychrophile, Chlamydomonas sp.
UWO241, at its optimal growth temperature

(10 �C) was equal to that of the mesophile,

Chlamydomonas reinhardtii, at its optimal

growth temperature (25–30 �C) (Pocock et al.

2007). The low temperature adaptation of maxi-

mum photosynthetic rates was matched by low

temperature adaptation of rates of respiration

which ensures metabolic homeostasis at low tem-

perature as confirmed by the temperature for

maximum growth.

Dahal et al. (2012a, b, c) reported that winter

cereals acclimated to growth at 5 �C exhibited

significantly higher rates of light- and CO2

saturated rates photosynthesis at all

temperatures between 5 and 20 �C, comparable

rates between 25 and 30 �C and similar inhibi-

tion of photosynthetic rates between 30 and

45 �C (Dahal et al. 2012a). These enhanced

rates of CO2 assimilation at low temperature

are matched by increased levels of expression

and higher activities of the regulatory enzymes,

fructose bisphosphatase and sucrose-P synthase

involved in cytosolic sucrose biosynthesis

(Hurry et al. 1995a; Strand et al. 1997, 1999;

Savitch et al. 2000, 2005; Stitt and Hurry 2002).

Cold acclimation of winter cultivars typically

results in increased concentrations of Rubisco

and other enzymes involved in photosynthetic

carbon metabolism (Dahal et al. 2012a; Hurry

et al. 1995a; Strand et al. 1997, 1999).

280 B. Szyszka et al.



Furthermore, enhanced rates of respiration are

characteristic of cold acclimated plants relative

to the warm acclimated state (Dahal et al.

2012a; Hurry et al. 1995b; Atkin et al. 2005;

Armstrong et al. 2008; Ruelland et al. 2009).

Thus, the adjustments in photosynthesis and

respiration are consistent with the establishment

of metabolic homeostasis and optimal growth

rates during acclimation as well as adaptation

to cold temperatures in photoautotrophs.

13.6 Photosynthesis at Low
Temperatures

In addition to low temperature, photoautotrophs

must deal with a unique and critical challenge to

survival at low temperature that is not faced by

heterotrophs. Photosynthetic organisms trans-

form absorbed visible electromagnetic radiation

into electrons (NADPH) and chemical energy

(ATP) as their primary energy source for all

subsequent cellular processes necessary for the

establishment of metabolic homeostasis, growth

and development. However, one must distinguish

between the roles of light quality versus light

intensity in the regulation of the photosynthetic

apparatus. Pogson and co-workers (2008) differ-

entiate sensing/signalling associated with

changes in light quality through photoreceptors

involved in photomorphogenesis as “biogenic

signals” versus sensing/signalling associated

with changes in light intensity through photosyn-

thetic electron transport in mature chloroplasts as

“operational signals” (Pogson et al. 2008;

Estavillo et al. 2011). For example, biogenic

light signals are involved in chloroplast biogene-

sis and govern the proper biosynthesis and

assembly of thylakoid membranes and their con-

stituent membrane protein complexes whereas

light energy as an operational signal is required

to ensure energy balance and cellular homeosta-

sis in an environment where light intensity, tem-

perature, water and nutrient availability

constantly fluctuate (Hüner et al. 1998, 2012,

2013a; Wilson et al. 2006; Kurepin et al. 2013).

The former is governed by changes in light qual-

ity which is sensed through photoreceptors such

as phytochrome and cryptochrome which regu-

late chloroplast biogenesis and photomorphogen-

esis (Pogson et al. 2008). In contrast, the

latter is sensed through alterations in the redox

state of the photosynthetic electron transport

chain (PETC) which, in turn, directly regulates

chloroplast gene expression in addition to

nuclear gene expression through a retrograde

signalling process (Nott et al. 2006; Fernandez

and Strand 2008; Jung and Chory 2010;

Foyer et al. 2012). It has been proposed that

chloroplast operational signals are associated

with PETC (Foyer et al. 2012), specifically,

the redox state of the plastoquinone pool

(Allen 1993; Escoubas et al. 1995; Maxwell

et al. 1995a; Pfannschmidt 2003; Rosso et al.

2009), singlet oxygen generated by PSII (Apel

and Hirt 2004; Aluru et al. 2009), redox

intermediates associated with the acceptor side

of PSI (Dietz 2003; Dietz and Pfannschmidt

2011; Brautigam et al. 2009) as well as

intermediates of the chlorophyll and heme bio-

synthetic pathway (Lermontova and Grimm

2006; Luo et al. 2012; Woodson et al. 2011).

Identification of intermediates of the signal trans-

duction pathway between the chloroplast and the

nucleus remains a challenge (Jung and Chory

2010) but may include H2O2 (Apel and Hirt

2004; Karpinski et al. 1999), GUN1 and

Mg-protoporphyrin IX (Fernandez and Strand

2008) as well as the phosponucleotide, 3-
0-phosphoadenosine-50-phosphate (Estavillo

et al. 2013). Noctor and co-workers (2013) have

suggested that glutathione acts as an important

cellular “redox gatekeeper” involved in redox

homeostasis and signalling associated with

plant stress (Noctor et al. 2013).

The operational signals generated by

chloroplasts is a consequence of the potential

imbalance between the primary, photophysical

and photochemical processes involved light

absorption, energy transfer within light

harvesting complexes and charge separation in

the reaction centers that generate electrons and

the biochemical processes that utilize these

electrons for the reduction of C, N and S

(Hüner and Grodzinski 2011). The photophysical
and photochemical processes are temperature-
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insensitive, in contrast to downstream metabolic

reactions that consume photochemically formed

energy products (NADPH and ATP), which are

temperature-dependent (Hüner and Grodzinski

2011). Since the rate of PSI photo-oxidation-

reduction is not considered limiting during

steady-state photosynthesis, the rate of PSII pho-

tochemistry is considered to be significantly

slower than PSI, in part, due to the diffusion

limited oxidation of plastoquinol by the Cyt b6/f

complex (Haehnel 1984; Mitchell et al. 1990). A

balance between the photophysical and photo-

chemical processes (energy source) and the bio-

chemical processes (energy sinks) that utilize the

energy is termed photostasis (Hüner et al.

2003a). Photostasis may be represented by the

following equation (Falkowski and Chen 2003a):

σPSII � Ek¼ τ�1

where σPSII is the effective cross section area of

photosystem II, Ek is the irradiance (I) at which

the maximum photochemical yield of PSII

balances photosynthetic capacity, and τ�1 is the

rate at which photosynthetic electrons are con-

sumed by downstream metabolic sinks

(Falkowski and Chen 2003a).

Thus, an imbalance in energy budget occurs

whenever the rate of energy absorbed through

PSII and the rate of electron flux into photosyn-

thetic electron transport exceeds the metabolic

sink capacity, i.e. whenever σPSII � Ek > τ�1.

This may occur as a consequence of increased

growth irradiance to exceed Ek, or lowering

growth temperature, which causes a decrease in τ
�1(Hüner et al. 1998, 2003b, 2013b). Exposure to
excess light may lead to a reduced ability to

utilize the increased amount of energy trapped

by photochemistry, whereas exposure to low

temperatures results in the downregulation of

metabolic processes downstream of photochem-

istry (Hüner et al. 1998). Therefore, conditions of
high light and cold temperatures result in

increased energy input or decreased energy utili-

zation, respectively, which leads to increased

excitation pressure (Hüner et al. 1998, 2003a).
High excitation pressure occurs when

components of the photosynthetic electron

transport chain, and the plastoquinone pool

(PQ) become over-reduced, as electrons are

generated faster by PSII than they can be con-

sumed by the metabolic sinks (Hüner et al. 1998).
In turn, a balance can be restored either by

increasing the rate of energy utilization and stor-

age (τ�1) by the metabolic sinks or by decreasing

the energy input (σPSII � I), by reducing either

the physical size and/or the effective, functional

absorption cross section of PSII (Hüner et al.

2003b, 2013b).

13.7 Acclimation to Light and Low
Temperatures

To maintain photostasis, photosynthetic

organisms integrate a variety of short-term and

long-term acclimation mechanisms (Anderson

et al. 1995). On a short time scale of minutes,

organisms can reduce the efficiency of energy

transfer to PSII by diverting energy away from

PSII in favour of PSI through state transitions

(Fig. 13.1) (Kargul and Barber 2008; Rochaix

2011). During exposure to conditions that cause

an over-reduction of the plastoquinone

(PQ) pool, plastoquinol (PQH2) binds to the Q

(o) site of the cytochrome b6/f complex. Upon

docking of plastoquinol, a membrane bound pro-

tein kinase, STT7 in Chlamydomonas

reinhardtii, is activated, which phosphorylates

LHCII proteins. Recently, it was reported that

the STN8 protein kinase appears to be the pri-

mary thylakoid protein kinase that regulates the

phosphorylation of the PSII core proteins

whereas STN7 governs the phosphorylation of

Lhcb1, Lchb2 and Lhcb4 in Arabidopsis thaliana
(Rochaix 2011; Bonardi et al. 2005; Tikkanen

et al. 2008, 2012; Fristedt et al. 2009; Wunder

et al. 2013). The orthologous thylakoid protein

kinases in Chlamydomonas reinhardtii are STT8

and STT7 (Fig. 13.1) (Rochaix 2011; Depège

et al. 2003; Vener 2006).

Upon phosphorylation, major LHCII trimers

dissociate from photosystem II and physically

migrate to couple with photosystem I (state II)

(Finazzi and Forti 2004). Therefore, this transi-

tion to state II results in an increase of PSI
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antenna size at the expense of the PSII antenna

(Finazzi and Forti 2004). In contrast, when the

plastoquinone pool becomes increasingly

oxidized, thylakoid phosphatases such as PPH1/

TAP38 remove the phosphate group, and the

mobile fraction of the PSII antenna becomes

associated with PSII (state I) (Rochaix 2011).

Alternatively, the photosynthetic apparatus can

be protected from excess absorbed light by dissi-

pation of the excess energy as heat by non-pho-

tochemical quenching (NPQ) via the xanthophyll

cycle (Hüner et al. 2003a; Demmig-Adams et al.

P
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Fig. 13.1 A hypothetical model for state transitions from

state I to state II in green algae. Transition from state I to

state II occurs when the redox state of the plastoquinone

(PQ) pool is reduced. Docking of a plastoquinol (PQH2)

to the Q(o) site of Cyt b6 causes the Rieske protein to shift

from a distal to proximal position, relative to the thyla-

koid membrane. This movement results in the interaction

of Rieske with the Stt7 kinase, and its subsequent

activation. The active STT7 kinase interacts with PSII,

leading to the phosphorylation of LHCII proteins.

Phosphorylated LHCII proteins dissociate from PSII and

physically migrate to dock with PSI. The transition from

state II to state I occurs upon LHCII dephosphorylation by

a phosphatase, resulting in LHCII detachment from PSI

and re-association with PSII (not shown)

13 Adaptation to Low Temperature in a Photoautotrophic Antarctic Psychrophile. . . 283



1999; Horton et al. 2008; Li et al. 2009). Both

state transitions and NPQ are rapid and require

no de novo biosynthesis of either new

metabolites or proteins and can be activated by

either a change in irradiance or temperature

(Adams et al. 1995; Krol et al. 1999). Since

both processes are regulated by the redox state

of the plastoquinone pool, state transitions and

NPQ are governed by excitation pressure

(Wilson et al. 2006; Rochaix 2011; Wilson and

Hüner 2000).
In contrast, long-term acclimation to excess

absorbed light due to exposure to either low

temperature or high light is a consequence of

alterations in gene expression and translation.

Typically, in many single cell photosynthetic

micro-organisms such as Dunaliella tertiolecta

(Escoubas et al. 1995; Falkowski and Chen

2003b), Chlorella vulgaris (Hüner et al. 1998;

Maxwell et al. 1995b; Wilson et al. 2003) and

Dunaliella salina (Maxwell et al. 1995a; Masuda

et al. 2003), this is reflected in alterations in the

abundance of light-harvesting antenna

polypeptides and/or adjustments in PSI:PSII stoi-

chiometry to balance the excitation light energy

absorbed by the two photosystems (Melis et al.

1996; Fujita 1997; Yamazaki et al. 2005). Coor-

dinated regulation of chlorophyll (Chl) biosyn-

thesis and Chl binding LHC abundance is likely

an important characteristic of acclimation to

excitation pressure in green algae such as Chlo-

rella vulgaris. The majority of Chl b is bound to

LHC polypeptides and is required both for the

assembly and function of LHCs (Peter and

Thornber 1991). Masuda et al. (Masuda et al.

2003) demonstrated that changes in the levels

of CAO transcripts encoding chlorophyll a oxi-

dase, the enzyme catalyzing the conversion of

Chl a to Chl b, occur concomitant with changes

in Lhcb transcript abundance during acclimation

to high light intensity in D. salina (Masuda et al.

2003). Furthermore, the use of site specific

inhibitors of the PETC demonstrated that the

redox state of the PQ pool regulates both CAO

and Lhcb transcript abundance. This is consistent
with previous work demonstrating regulation of

Lhcb transcription rates by the redox state of the

PQ pool in D. tertiolecta during

photoacclimation (Escoubas et al. 1995). Simi-

larly, parallel decreases in Lhcb and CAO tran-

script abundance have also been observed in

green algae during salt stress (Chen et al. 2010).

These studies are consistent with acclimation to

high excitation pressure as both high light and

high salt stress have the potential create

imbalances in energy flow between light energy

absorption and consumption by increasing the

influx of electrons into intersystem electron

transport or through reduction of growth rates,

respectively (Hüner et al. 1998). Reduction of the
PQ pool through environmentally induced high

excitation pressure is proposed to act as a source

of retrograde signals which affect a decrease in

the transcript abundance of nuclear encoded

genes, CAO and Lhcb, which in turn,

co-ordinately decreases LHCII and Chl abun-

dance. This results in a pale-yellow green pheno-

type. Conversely, oxidation of the PQ pool

signals for increases CAO and Lhc transcript

abundance thereby coordinating an increase in

LHCII polypeptide and Chl accumulation which

results in the typical dark green phenotype.

Thus, it appears that Chlorella vulgaris

inherently exhibits a limited capacity to adjust

photosynthetic carbon metabolism (τ�1) in

response to changes in excitation pressure

(Savitch et al. 1996). Consequently, Chlorella

vulgaris maintains photostasis by reducing σPSII
coupled with an increase in xanthophyll cycle

activity which stimulates NPQ to balance energy

absorbed with energy consumption by the meta-

bolic sinks (τ�1). This strategy to maintain

photostasis allows organisms to survive at the

expense of a decrease in photosynthetic light

use efficiency. On the other hand, some marine

phytoplankton avoid exposure to excess light by

changing their vertical position in the water col-

umn (Falkowski 1983).

Alternatively, winter cereals (Hüner et al.

1993, 1998, Savitch et al. 2002; Ensminger

et al. 2006; Dahal et al. 2013a, b; c), Brassica

napus (Hurry et al. 1995a; Savitch et al. 2005;

Dahal et al. 2012b), Arabidopsis thaliana (Strand
et al. 1999, 2003; Savitch et al. 2001) and the

native Antarctic species, Colobanthus quitensis

(Kunth) Bartl. (Bravo et al. 2007) maintain
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photostasis at low temperature by enhancing

photosynthetic capacity. This is the result of an

increased capacity for photosynthetic electron

consumption by increasing the mRNA and pro-

tein levels of Calvin cycle enzymes such as

Rubisco as well as cytosolic enzymes involved

in sucrose biosynthesis (Hüner et al. 1998; Strand
et al. 1999, 2003; Savitch et al. 2005). This is, in

turn, coupled to increased rates of export from

source leaves to metabolic sinks (Leonardos

et al. 2003). Thus, there is no requirement for

these plants to adjust σPSII or enhance NPQ since

the enhanced sink capacity (τ�1) appears to be

sufficient in these plants to maintain photostasis

at low temperature. Consequently, the enhanced

sink capacity induced by cold acclimation results

in a significant increase in photosynthetic light

use efficiency which is translated into increased

biomass production and enhanced seed yield in

winter cereals (Dahal et al. 2013a, b).

13.8 Chlamydomonas sp. UWO241

Although cold acclimation, low temperature

stress and freezing tolerance have been studied

in myriad mesophilic photoautotrophs, we know

relatively little about adaptation of true psychro-

philic photoautotrophs to cold environments

(Hüner et al. 1993). For the past two decades,

Chlamydomonas sp. UWO241 has been the most

studied psychrophilic green alga to date, and

consequently can be considered the model organ-

ism for the study of psychrophily in

photoautrophs (Morgan-Kiss et al. 2006a).

13.8.1 Natural Habitat of UWO241

Chlamydomonas sp. UWO241 originates from

the east lobe of Lake Bonney in Taylor Valley,

Antarctica – one of the coldest and driest deserts

of our planet – with annual air temperatures

average of �20 �C, and annual precipitation is

lower than 10 cm (Neale and Pricu 1995; Priscu

1998). Psychrophilic UWO241 was isolated

from the deepest trophic zone, situated at 17 m

below the permanent ice-cover of this unique

lake. The presence of a thick (3–4.5 m) ice

cover limits gas exchange between lake water

and the atmosphere and prevents vertical mixing

within the water column, due to the absence of

wind turbulence (Spigel and Priscu 1996).

Mixing occurs predominantly via molecular dif-

fusion and the vertical mixing time for Lake

Bonney is estimated to be approximately

50,000 years (Moorhead et al. 1999).

Vertical stratification in Lake Bonney results

from strong salinity gradients, reaching levels up

to ten times that of seawater at maximum lake

depths (Spigel and Priscu 1996; Priscu et al.

1998). Stable salinities of approximately

700 mM are characteristic at the depth where

UWO241 was isolated, which is above that of

seawater (545 mM) (Priscu 1998). The light

environment at the depth where UWO241 natu-

rally exists is characterized by low light

(<50 μmol photons m�2 s�1) during austral sum-

mer and a light spectral distribution that is

heavily biased to the blue region of the visible

spectrum (450–550 nm) (Lizotte and Priscu

1994; Lizotte et al. 1996).

A recent study of the distribution of microbial

eukaryotes using 18S rRNA libraries revealed

that Lake Bonney is dominated by photosyn-

thetic protists, with the majority being related to

flagellated strains (Bielewicz et al. 2011). Both

lobes of the lake were vertically stratified with

dominating populations of a cryptophyte at shal-

low depths (6–10 m), a haptophyte at mid-depths

(13 m) and various chlorophytes, including

UWO241 residing in the deepest photic zone

(15–20 m) (Bielewicz et al. 2011). Thus,

UWO241 is a psychrophile that has adapted to

an extreme but stable growth regime that is

characterized by low temperatures, high salinity

and extreme shade in a narrow spectral range

distribution.

13.8.2 Growth of UWO241

13.8.2.1 Temperature
Cultures of UWO241 exhibit an optimal growth

temperature of 8 �C and exponential growth up to

temperatures of 16 �C. However, at 20 �C or
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higher, growth of UWO241 is inhibited which

confirms that UWO241 is an obligate

psychrophile adapted to growth at low

temperatures (Morgan et al. 1998a). To address

the inability UWO241 to grow at temperatures

above 16 �C, a recent study examined the effects

of supra-optimal temperatures on the physiology

of UWO241 (Possmayer et al. 2011). Using the

membrane impermeable SYTOX green assay to

stain cellular DNA, it was determined that expo-

sure of UWO241 cells to 24 �C, results in cell

death with a half-time of 34.9 h (Possmayer et al.

2011). Surprisingly, cell death occurred indepen-

dently of light, as dark incubation of cells

showed a comparable half-time of 43.7 h

(Possmayer et al. 2011). This suggests that

absorption of excess light and formation of reac-

tive oxygen species in the chloroplast of

UWO241 play relatively minor roles in cell

death (Possmayer et al. 2011). A 12 h shift of

UWO241 from 10 �C to 24 �C caused reductions

in light-saturated rates of photosynthesis and res-

piration and stimulated excitation pressure and

altered energy partitioning. This was associated

with a decrease in transcript abundances for

LHCII polypeptides and ferredoxin but dramatic

increases in the transcript abundance for heat

shock proteins (HSPs) (Possmayer et al. 2011).

All of these effects were reversible within

24–48 h of recovery at 10 �C, indicating that

UWO241 exhibits significant physiological plas-

ticity at a temperature that is lethal to this

psychrophile (Possmayer et al. 2011). However,

this molecular and physiological plasticity is

time dependent at supra-optimal temperatures.

13.8.2.2 Salt
Although UWO241 has adapted to a salinity of

700 mM, it has been demonstrated that UWO241

is not halophilic, but halotolerant (Pocock et al.

2011). This psychrophilic strain exhibits the abil-

ity to grow under a wider salinity range of 10 mM

to its upper critical salinity limit of 1300 mM at

8 �C, compared to a mesophilic strain that was

unable to grow at salt concentrations above

100 mM at 24 �C (Pocock et al. 2011). However,

UWO241 exhibited decreased growth rates as

salinity increased, with a 35% reduction in

growth rate at 700 mM compared to 10 mM

NaCl (Pocock et al. 2011). Therefore, despite

the hypersaline environment of Lake Bonney,

high salt is not an absolute requirement for

growth of UWO241, but rather a condition that

is tolerated by this psychrophile.

13.9 Adaptation of UWO241 to Low
Temperature

Detailed microscopy studies (Pocock et al. 2004)

revealed that Chlamydomonas sp. UWO241 cells

exist as motile, biflagellate single cells of

approximately 10–15 μm in length, as well as

non-motile membrane-bound palmelloids,

consisting of 16–32 cells that measure approxi-

mately 30 μm (Fig. 13.2). It is not clear if these

palmelloids are a product of mitosis or whether

they represent meiotic reproductive structures.

However, it has been observed that cell morphol-

ogy in UWO241 is regulated by growth temper-

ature. Increasing growth temperature between

8 and 16 �C caused a significant shift from pre-

dominantly motile, single cells to palmelloids.

Thus, this shift in cell morphology may play a

role in cold adaptation. Similar to other Antarctic

algae, UWO241 cells secrete ice-binding

proteins (IBPs), which function extracellularly

to alter the structure of surrounding ice and

increase freezing tolerance (Raymond and

Morgan-Kiss 2013).

Analysis of the membrane lipid composition

in UWO241 exhibited significantly higher levels

of unsaturated fatty acids compared to the

mesophilic model organism, Chlamydomonas

reinhardtii, with an unsaturation index of 2.74,

compared to 1.90, respectively (Morgan-Kiss

et al. 2002a). In addition, UWO241 membranes

revealed the presence of several unique polyun-

saturated fatty acids, with altered unsaturated

bond positions that occurred close to the lipid

head group (Morgan-Kiss et al. 2002a, 2006b).

As chloroplasts comprise more than 80% of the

total cell membranes, the majority of these fatty

acids represent galactololipids (MGDG, DGDG,

SQDG and PG) of the photosynthetic thylakoid

membranes (Morgan-Kiss et al. 2002a, 2006b).
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In a mechanism used to overcome reduced

catalytic efficiency at low temperatures,

UWO241 exhibits high concentrations of the

large unit of Rubisco, compared to a mesophilic

control, C. raudensis SAG 49.72 (Dolhi et al.

2013). However, despite these increased levels,

Rubisco activity was 30% lower in UWO241

compared to a mesophile, when cells were

grown under their optimal growth temperatures

of 8 �C and 29 �C (Dolhi et al. 2013). However,

the in vitro results for Rubisco activity are incon-

sistent with the temperature dependence for light

and CO2 saturated rates of photosynthetic gas

exchange which indicate that photosynthetic

rates for UWO241 are maximum at the optimal

low growth temperature and minimum at

non-permissive, high temperatures (Pocock

et al. 2007). Furthermore, in vivo photosynthetic

rates for UWO241 at its optimal growth temper-

ature (8 �C) were comparable to those of the

mesophile, Chlamydomonas reinhardtii, at its

optimal growth temperature (29 �C) (Pocock

et al. 2007).

In addition, growth under similar optimal

conditions showed that UWO241 significantly

increased concentrations of two major (α and β)
subunits of the CF1 complex of the chloroplast

ATP synthase compared to the mesophilic con-

trol, C. reinhardtii (Morgan et al. 1998b). An

increase in chloroplast ATP synthase is likely

an adaptive strategy to maintain elevated

adenylate pools, which are required for

ATP-dependent biochemical reactions occurring

at low temperatures (Napolitano and Shain 2004,

Fig. 13.2 Light microscope images (a–c) of

Chlamydomonas sp. UWO241. Cells exist as motile, flag-

ellated single cells (a) and palmelloids (b). Magnification

100�. Scale bars, 5 μm. Electron micrographs (d–f)

showing a single cell (d), a palmelloid (e) and flagella

(f). Note the pyrenoids (P), the membrane (Mb)
surrounding the flagellated daughter cells in the colony,

the flat apical papilla (Pa), and the vesicular

outpocketings of the flagellar membrane (DF).
C chloroplast, N nucleus, G Golgi apparatus, Mi mito-

chondrion, F flagellum. Scale bars, 1.0 mm. Panels b–f
are reproduced, with permission, from Pocock et al.

(2004) (Journal of Phycology)
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2005). Increased levels of ATP in UWO241 may

also be necessary to actively pump sodium across

cell membranes in hypersaline growth

environments, as observed for the halotolerant

model, Dunaliella salina (Liska et al. 2004).

13.10 Photosynthetic Electron
Transport

13.10.1 Structure of PETC

Adaptation of C. raudensis UWO241 to its

unique environment has resulted in the evolution

of distinct structural features in its photosynthetic

apparatus. Previous studies have revealed that

this Antarctic psychrophile exhibits altered over-

all stoichiometry of PSII/PSI (Morgan et al.

1998a; Szyszka et al. 2007). This reflects the

reduced abundance of both PSI and LHCI,

resulting in a smaller functional absorptive

cross section of this photosystem (σPSI), com-

pared to C. reinhardtii (Morgan et al. 1998a).

Conversely, the absorptive cross section of PSII

(σPSII) was larger compared to C. reinhardtii and
a higher proportion of LHCII proteins were

found in an oligomeric, rather than a monomeric

state (Morgan et al. 1998a). As chlorophyll b is

present exclusively bound to light harvesting

complex II (LHCII) proteins, high levels of

LHCII also result in characteristically low chlo-

rophyll a/b ratios (~1.8-2.0) in UWO241, com-

pared to typical values of ~3.0 in C. reinhardtii

(Pocock et al. 2004; Morgan et al. 1998a). Rela-

tively high levels of PSII, LHCII and increased

PSII cross section most likely allow for more

efficient use of light and reflect an adaptation of

extreme shade conditions (Neale and Pricu 1995;

Morgan et al. 1998a).

In addition to altered stoichiometry of

photosystems, UWO241 shows higher levels of

the Cyt b6/f complex compared to mesophilic

algae under the same growth conditions (Morgan

et al. 1998a; Szyszka et al. 2007). Based on

SDS-PAGE, the cytochrome f protein of

UWO241 has a 7-kDa lower apparent molecular

mass (34 kDa) compared to that of C. reinhardtii

(41 kDa) (Morgan-Kiss et al. 2002b). This mass

difference does not affect the ability of the psy-

chrophilic cytochrome f to bind the heme factor;

however, this covalently bound heme is signifi-

cantly less stable to high temperature than that of

C. reinhardtii, which likely reflects an adaptive

protein modification towards cold environments

(Gudynaite-Savitch et al. 2006). The amino acid

sequence of the petA gene, encoding the

UWO241 cytochrome f protein was found to be

79% identical to that of C. reinhardtii, with a

similar calculated molecular mass, despite the

observed apparent molecular mass variance

based on SDS-PAGE (Gudynaite-Savitch et al.

2006). Notably, the UWO241 cytochrome

f sequence revealed the presence of three cyste-

ine residues (C21, C24, and C261), compared to

the two cysteine residues (C21 and C24) that are

usually observed in other photosynthetic

organisms and involved in heme binding

(Gudynaite-Savitch et al. 2006). The additional

C261 residue of UWO241 cytochrome

f originates from a transmembrane helix and is

not implicated in heme binding (Gudynaite-

Savitch et al. 2006). The role of C261 remains

to be elucidated.

13.10.2 Function of PETC

In addition to structural differences, the photosyn-

thetic electron transport chain of UWO241 reveals

major functional changes (Szyszka et al. 2007;

Morgan-Kiss et al. 2002b). Two inhibitors of elec-

tron transport, DCMU (3-(3,4-dichlorophenyl)-

1,1-dimethylurea) and DBMIB (2,5-dibromo-3-

methyl-6-isopropyl-p-benzoquinone) were used

to examine the redox state of the photosynthetic

electron transport chain of UWO241. DCMU

competes for the plastoquinone binding site of

PSII, blocking the transfer of electrons from PSII

to the PQ pool, while DBMIB occupies the Q

(o) site of the Cyt b6/f complex, thereby preventing

the oxidation of PQ (Trebst 1980). Spectroscopic

studies assessing the rates of intersystem electron

transport through the light dependent reduction of

P700
+ revealed that intersystem electron transport

in UWO241 appears to be less sensitive to the

presence of DCMU and DBMIB than that of
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C. reinhardtii. These results are consistent with the
fact that UWO241 is locked in state I and is unable

to undergo a state transition. Thus, it appears that

the redox status of the intersystem electron trans-

port of UWO241 is predisposed to favour the

oxidized state compared to that of C. reinhardtii
(Morgan-Kiss et al. 2002b).

In addition to production of both ATP plus

NADPH through linear electron flow (LEF)

between PSII and PSI, cyclic electron flow

(CEF) recycles photosynthetic electrons solely

around PSI to produce ATP, with no net produc-

tion of NADPH (Finazzi et al. 1999; Eberhard

et al. 2008; Cardol et al. 2011). This pathway

functions to adjust the appropriate ratio of

ATP/NADPH needed for carbon fixation as

well as other cellular processes which require

ATP (Lucker and Kramer 2013a). An increase

in the ratio of CEF/LEF has been observed under

environmental conditions associated with

increased ATP demand, including, low

temperatures (Clarke and Johnson 2001), low

CO2 (Golding and Johnson 2003; Lucker and

Kramer 2013b), drought (Golding and Johnson

2003) and high light (Munekage et al. 2004).

Several reports have suggested that CEF is

activated by state I-II transitions (Iwai et al.

2010; Wollman 2001a). However, recent studies

demonstrated that CEF occurs independently of

state transitions and that the kinetics of state

transitions are considerably slower than the

rapid kinetics observed for CEF activation

(Lucker and Kramer 2013a, b; Takahashi et al.

2013). Chlamydomonas sp. UWO241 is locked

in state I (Morgan-Kiss et al. 2002b; Gudynaite-

Savitch et al. 2006; Takizawa et al. 2009) and

maintains rates of cyclic electron flow that are up

to twofold greater than that observed for the

mesophiles, C. reinhardtii and C. raudensis
SAG 49.72 (Fig. 13.3) (Morgan-Kiss et al.

2002b; Szyszka-Mroz et al. 2015).

Cyclic electron flow also plays a role in

photoprotection through dissipation of excess

excitation energy and the down regulation of

photosystem II (Golding and Johnson 2003;

Heber and Walker 1992; Munekage et al.

2002). CEF-dependent generation of a pH gradi-

ent (ΔpH) across the thylakoid membrane results

from electron transfer from PSII to the Cyt b6/f
complex. Acidification of the thylakoid lumen

increases non-photochemical quenching (NPQ),

thereby reducing the efficiency of PSII, PSII

photodamage, and electron transfer from PSII to

PSI (Golding and Johnson 2003; Heber and

Walker 1992). Therefore, CEF may exert regu-

latory control over PSII activity and electron

transport rates through the associated changes

in lumenal pH. This is called photosynthetic con-

trol (Foyer et al. 2012).

A comparison of energy partitioning of

UWO241 with the mesophile C. raudensis SAG

49.72 at their optimal growth temperatures of

8 �C and 28 �C, respectively, showed that the

psychrophile exhibits a 30% reduction in the

efficiency of PSII with a nearly twofold higher

level of non-photochemical quenching (Szyszka

et al. 2007). Consistently, UWO241 maintains

lower epoxidation states of xanthophyll pigments

(violaxanthin, antheraxanthin and zeaxanthin)

compared to the mesophilic species,

C. raudensis SAG 49.72 (Szyszka et al. 2007),

which are known to play an important role in

energy dissipation and photoprotection under

conditions of high light. Higher levels of NPQ

and lower epoxidation states could be associated

with higher rates of cyclic electron flow in

UWO241, since this electron pathway results in

the generation of a proton gradient.

As a consequence of the differences in both

structure and function of the photosynthetic

apparatus, UWO241 maintains comparable pho-

tosynthetic capacity, PSII excitation pressure and

thus, energy balance to that of mesophilic algae

when grown under their respective optimal

growth conditions (Morgan et al. 1998a; Szyszka

et al. 2007).

13.10.3 Acclimation to Temperature
and Irradiance

Recently, the capacity of UWO241 to acclimate

to different steady state temperature and light

growth regimes was examined and compared to

that of the mesophile, C. raudensis SAG 49.72

(Szyszka et al. 2007). Although the psychrophile
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retained the capacity to acclimate to these vari-

ous conditions, the mechanism employed to

maintain photostasis appears to be quite differ-

ent. UWO241 exhibits alterations in the

partitioning of excess excitation energy in

response to both elevated growth temperatures

and increased growth irradiance (Szyszka et al.

2007). While C. raudensis SAG 49.72 favoured

energy partitioning through typical down regu-

latory processes associated with the xanthophyll

cycle and antenna quenching, UWO241 favoured

energy partitioning through other constitutive

processes involved in energy dissipation, which

most likely reflect PSII reaction centre quenching

(Szyszka et al. 2007).

Although the xanthophyll cycle does not

appear to be the primary process employed for

dissipation of excess light energy in UWO241 at

low temperature, this psychrophile does maintain

a fully functional xanthophyll cycle, and exhibits

adjustments of epoxidation states in response to

changes in irradiance and temperature (Pocock

et al. 2007; Szyszka et al. 2007). Despite the

adaptation of UWO241 to a cold environment,

surprisingly, this Antarctic psychrophile exhibits

greater susceptibility to low temperature

photoinhibition of PSII compared to the

mesophilic C. reinhardtii (Pocock et al. 2007).

However, to compensate for this sensitivity to

low temperature-induced photoinhibition,

UWO241 displays an unusually rapid rate of

recovery from photoinhibition at 8 �C, as a result
of a unique D1 repair cycle that operates maxi-

mally at low temperatures (Pocock et al. 2007).

13.10.4 Acclimation to Light Quality

Adjustments of PSII:PSI stoichiometry are con-

trolled by the redox state of the PQ pool and

represents a mechanism for maintaining maxi-

mum efficiency of photosynthetic electron trans-

port during long-term acclimation to light

intensity and light quality (Melis et al. 1996;

Fujita 1997; Yamazaki et al. 2005; Falkowski

et al. 1981; Miskiewicz et al. 2002). Under blue

light, PSII is preferentially excited and the inter-

system electron transport components are mostly

reduced, whereas under conditions enriched in

red light absorbed mainly by PSI, the

components of the intersystem electron pool are

mostly in an oxidized state (Melis et al. 1996).

Studies with UWO241 have demonstrated that

UWO241 is able to adjust photosystem stoichi-

ometry in response to growth temperature, irra-

diance and light quality (Szyszka et al. 2007;

UWO 241

SAG 49.72

117.716°C

747.75°C

190.116°C

266.728°C

tred1/2 (P700+)
(% of control)

Growth 
temperature

AL off

UWO 241SAG 49.72

AL off

(a) (b) (c)

Fig. 13.3 The post-illumination chlorophyll fluores-

cence transient of the (a) mesophilic SAG 49.72 and

(b) psychrophilic UWO 241 Chlamydomonas strains.

Consistent with higher rates of cyclic electron flow

observed in UWO 241, this Antarctic psychrophile

exhibits an increase in fluorescence following actinic

light illumination (AL of 250 μmol photons m�2 s�1),

due to reduction of the plastoquinone pool in the dark. (c)

Effects of antimycin A on the half times for P700+ reduc-

tion after turning off the FR light in a mesophilic SAG

49.72 and psychrophilic UWO 241 strain of

Chlamydomonas grown under steady state growth

temperatures of 28 �C and 5 �C, respectively, and a

common temperature of 16 �C for both strains.

Antimycin A, an inhibitor of cyclic electron flow, lowered

the rate of P700+ re-reduction after turning off the FR

light (tred½) by 748% in UWO 241, compared to only

257% in SAG 49.72, confirming the greater activity of

CEF in UWO 241 cells
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Morgan-Kiss et al. 2005). However,

Chlamydomonas sp. UWO241 is unable to grow

under red light illumination exclusively even

though the light is absorbed by Chl a and Chl

b. Exposure to such a light environment inhibits

growth and photosynthetic rates and results in a

fourfold increase in excitation pressure with con-

comitant increases in nonphotochemical

quenching (Morgan-Kiss et al. 2005).

13.10.5 State Transitions

Despite the ability of UWO241 to adjust photo-

system stoichiometry, one of the most striking

characteristics of UWO241 is that this

psychrophile lacks the capacity to redistribute

light energy among photosystem I and photosys-

tem II through a process called state transitions

(Morgan-Kiss et al. 2002b). Thus,

Chlamydomonas sp. UWO241 is the first natural

variant deficient in the state transition response

(Morgan-Kiss et al. 2002b). Consequently, the

ability to undergo state transitions is not an abso-

lute requirement for survival in green algae.

However, the presence of the thylakoid STT7

kinase has been detected in UWO241 at compa-

rable levels to that observed for C. reinhardtii
and C. raudensis SAG 49.72 using

immunodetection with specific STT7 antibodies

(Szyszka and Hüner, unpublished).
Activation of the STT7 kinase is initiated by

its interaction with the Cyt b6/f complex, which

occurs due to a rotation of the Rieske Fe-S pro-

tein from a distal to proximal position upon bind-

ing of plastoquinol to the Q(o) site of cytochrome

b6 (Fig. 13.1) (Zito et al. 1999; Finazzi et al.

2001; Wollman 2001b). Since STT7 kinase acti-

vation depends on the structure of the Cyt b6/f

complex, the observed 7 kDa difference in appar-

ent molecular mass of cytochrome f in UWO241

compared to that of C. reinhardtii, and its possi-

ble impairment of state transitions were assessed

(Gudynaite-Savitch et al. 2006). The substitution

of cytochrome f in a petA deletion mutant of the

mesophilic C. reinhardtii with the petA from

UWO241 clearly showed that the altered struc-

ture of psychrophilic cytochrome f is not

responsible for its inability of UWO241 to

undergo state transitions (Gudynaite-Savitch

et al. 2006).

Another requirement for state transitions has

recently been established by Zer et al. (Zer et al.

1999) who demonstrated that in order for phos-

phorylation to occur, LCHII polypeptides must

undergo a light-induced conformational change

in order to expose the phosphorylation site to the

STT7 kinase (Zer et al. 1999). Although it is not

known whether LHCII proteins of the Antarctic

psychrophile have the capacity to undergo such

conformational changes, non-denaturing and

SDS-PAGE analyses have revealed differences

in both the structure of LHCII complexes, as well

as variation in the apparent molecular masses of

several individual LHCII proteins, compared to

C. reinhardtii and C. raudensis SAG 49.72 (Mor-

gan et al. 1998a; Szyszka et al. 2007).

13.10.6 Thylakoid Polypeptide
Phosphorylation Profile

Phosphorylation of light harvesting complex II

(LHCII) polypeptides is essential in the regula-

tion of state transitions (Fig. 13.1) (Depège et al.

2003; Finazzi et al. 2001; Zer et al. 1999). Con-

sistent with the inability to perform state

transitions, UWO241 does not phosphorylate

LHCII proteins (25–40 kDa) (Fig. 13.4) in

response to either growth temperature, irradiance

or light quality (Szyszka et al. 2007; Morgan-

Kiss et al. 2002b; Morgan-Kiss et al. 2005). In

contrast to the typical phosphorylation patterns

observed for photosynthetic organisms,

UWO241 exhibits a light dependent phosphory-

lation of high molecular mass polypeptides

(70 kDa, >115 kDa), as well as a small 17 kDa

protein (Fig. 13.3) (Szyszka et al. 2007; Morgan-

Kiss et al. 2002b; Szyszka-Mroz et al. 2015).

Recently, the nature of the altered thylakoid

membrane phosphorylation pattern exhibited by

the Antarctic psychrophile was examined

through the identification of its unique

phosphoproteins (Szyszka-Mroz et al. 2015).

Two dimensional blue native PAGE of thylakoid

membrane complexes demonstrated that
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UWO241 preferentially phosphorylates proteins

associated with a large ~1000 kDa pigment-

protein supercomplex. Subsequent isolation of

this supercomplex using sucrose density

gradients revealed that it contains components

of both PSI and the Cyt b6/f complex and thus,

most likely functions in CEF. The stability of this

supercomplex was dependent upon the phosphor-

ylation state of the thylakoid membrane. Treat-

ment of purified thylakoids with the phosphatase

inhibitor, NaF, stabilized while treatment with

staurosporine, a kinase inhibitor, destabilized

the PSI-Cyt b6/f supercomplex. The abundance

of this supercomplex was also dependent on the

concentration of NaCl. The stability of the PSI-

Cyt b6/f supercomplex was significantly

increased in high-salt (700 mM NaCl) grown

cells compared to low salt (70 mM NaCl)

grown cells. The physical stability of this

supercomplex was correlated with functional

measurements of CEF by P700 photo-oxidation

and its dark relaxation kinetics, which indicated

that high-salt grown UWO241 with a stable PSI-

Cyt b6/f supercomplex exhibited rates of CEF

that were 2.5 times faster than low-salt grown

cells which exhibit minimal levels of this com-

plex (Fig. 13.4).

Separation of individual subunits of this PSI-

Cyt b6/f supercomplex by isoelectric focusing,

led to the identification of 2 major

phosphorylated proteins, including a 17 kDa

PsbP-like protein and a 70 kDa ATP-dependent

zinc metalloprotease FtsH. The UWO241 PsbP-

like protein showed 70.6% amino acid sequence

identity relative to the authentic PsbP protein

associated with the oxygen evolving complex of

PSII in Chlamydomonas reinhardtii (Szyszka-

Mroz et al. 2015).

13.10.7 PsbP-Like Proteins

Authentic PsbP proteins normally are lumenal

PSII subunits associated with the oxygen-

evolving complex (OEC), and are not associated

with PSI. However, in addition to the authentic

PsbP genes, recent genomic and proteomic stud-

ies have revealed the existence of a family of

chloroplast PsbP proteins, categorized as either

PsbP-Like (PPL) proteins or PsbP-domain (PPD)
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koid proteins in the model organism (a) Chlamydomo-
nas reinhardtii 1690 and (b) Chlamydomonas sp. UWO

241. Thylakoid membranes and purified complexes were

separated on SDS-PAGE and immunoblotted with

phospho-threonine antibodies. In contrast to

C. reinhardtii, UWO 241 exhibits the absence of LHCII

phosphorylation (b, lane 2), and instead, phosphorylation

of subunits associated with a high density supercomplex

(b, lane 5). Arrows indicate the novel phosphorylated

protein bands in UWO 241. Molecular masses are

indicated on the left (kDa)
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proteins (Ifuku et al. 2010). While these proteins

share significant sequence and structural

homologies, their functions are diverse and unre-

lated to that of authentic PsbP proteins (Ishihara

et al. 2007). Interestingly, several recent studies

have demonstrated that the PsbP-like 2 protein

(PPL2) was not associated with PSII, but instead,

required for the accumulation of chloroplast

NDH complex in Arabidopsis (Peng et al. 2009;

Suorsa et al. 2009). Furthermore, an Arabidopsis

mutant of the PsbP-domain 5 protein (PPD5)

displayed decreased levels of NADPH dehydro-

genase (NDH) activity (Roose et al. 2011). The

PsbP-domain protein 1 (PPD1) interacts with

PsaA and PsaB of PSI and is thought to be

essential for the assembly of this complex (Liu

et al. 2012).

Based on these findings, together with the

recent evidence from UWO241, it was concluded

that the unique thylakoid phosphoproteins of this

psychrophile are subunits of a PSI- Cyt b6/f
supercomplex that governs CEF. Since stability

of the PSI-Cyt b6/f supercomplex is dependent on

the phosphorylation status of the thylakoid mem-

brane, this supercomplex likely functions in the

dynamic regulation between linear and cyclic

electron transport in UWO241. Therefore, we

suggest that the balance of excitation energy

between the two photosystems may be

maintained through regulation of the CEF path-

way, rather than regulation of state transitions in

the Antarctic psychrophile.

13.11 A Model of Cyclic Electron Flow
in Chlamydomonas
sp. UWO241

Until recently, the composition of the thylakoid

membrane-enclosed lumen has been poorly

characterized. Thus, the function of this chloro-

plast compartment has been considered to play a

limited role in electron transport and photosyn-

thesis. A recent proteomic analysis had identified

over 80 proteins in the lumen of Arabidopsis, for
which only approximately half have been

assigned a putative function, including

isomerases, m-type thioredoxins, chaperones,

peroxidases and proteases (Schlicher and Soll

1996; Kieselbach et al. 2000; Adam 2001; Peltier

et al. 2002). Two-dimensional isoelectrophoresis

of lumenal proteins also revealed the expression

of a surprising number of paralogs (Peltier et al.

2002). In addition to several plastocyanin, PsbO

(OEC33) and PsbQ (OEC16) paralogs, the

authors discovered seven weakly related PsbP

(OEC23)-like paralogs (Peltier et al. 2002).

In addition, several reports have shown evi-

dence for nucleotide-dependent processes in the

chloroplast lumen [reviewed in (Spetea et al.

2004)], including the presence of a nucleoside

diphosphate kinase (NDPKIII), a trans-thylakoid

membrane nucleotide transport system, and the

capacity of lumenal PsbO (OEC33) to bind GTP

(Spetea et al. 2004; Thuswaldner et al. 2007; Yin

et al. 2010). Several studies have revealed the

existence of a thylakoid ATP/ADP carrier

(TAAC) that delivers stromal ATP to the thyla-

koid lumen in exchange for ADP (Spetea et al.

2004; Thuswaldner et al. 2007; Yin et al. 2010).

Spetea et al. (Spetea et al. 2004) demonstrated

the presence of a 17 kDa nucleoside diphosphate

kinase III (NDPKIII) in the thylakoid lumen,

which catalyzes the transfer of a phosphate

group from ATP to GDP, in the synthesis of

GTP, a nucleotide known to alter the conforma-

tion of a wide array of GTP-binding proteins

(GTPases) (Spetea et al. 2004). These same

authors demonstrated the light and DCMU sensi-

tive high-affinity binding of GTP to the PSII-

associated, lumenal PsbO (OEC33) protein,

suggesting a correlation to photosynthetic elec-

tron transport as well as the additional function

of PsbO as a GTPase involved in signal transduc-

tion (Spetea et al. 2004). Subsequent studies

showed that GTP binding to PsbO induces

changes in the structure of this protein and

stimulates the dissociation of PsbO from PSII

(Lundin et al. 2007a). Furthermore, in

Arabidopsis, PsbO is encoded by two isoforms,

PsbO1 and PsbO2 with seemingly different

functions. While PsbO1 supports oxygen evolu-

tion, PsbO2 regulates the phosphorylation state

and turnover of the D1 protein (Lundin et al.

2007b, 2008). Small plant GTPases act as impor-

tant molecular switches in plant signaling and
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exhibit significant diversity in both structure and

function (Yang 2002). These G-proteins are typ-

ically between 18 and 33 kDa, require Mg2+ ions

for activity, exist as both soluble and membrane-

associated forms and are activated by a guanine

nucleotide exchange factor (GEF) (Lundin et al.

2007a; Leipe et al. 2002).

Coincidently, the crystal structure of authentic

PsbP from Nicotiana tabacum also suggests a

novel function for this protein in GTP-regulated

metabolism, as PsbP exhibits strong structural

similarity to Mog1p, (Ifuku et al. 2004). Analysis

of PsbP structural homology indicated that the

folding of this protein is very similar to that of

Mog1p, a 24 kDa regulatory protein which

interacts with a multifunctional Ran, a small

GTPase of the RAS superfamily (Ifuku et al.

2004; Baker et al. 2001). Studies in Saccharomy-
ces cerevisiae have shown that Mog1p is a novel

factor involved in regulating the nucleotide state

of Ran (Ifuku et al. 2004). Upon formation of a

complex between Mog1p and a Ran GTPase,

Mog1p stimulates the release of bound GDP or

GTP from Ran (Ifuku et al. 2004). It has also

been suggested that Mog1p may function in the

binding of a kinase involved in signal transduc-

tion of osmotic response genes (Lu et al. 2004).

Based on our recent studies of a PSI-Cyt b6/f

supercomplex, together with established

functions of several related proteins, we propose

a model for cyclic electron flow in

Chlamydomonas sp. UWO241 (Fig. 13.5). The

major subunits identified in this supercomplex

include photosystem I proteins, cytochrome b6,

cytochrome f, a 17 kDa PsbP-like protein, an

ADP-ribosylation factor associated with the

ARF family of GTPases, a PSI assembly protein

associated with the Ycf4 superfamily in

Chlamydomonas, an ATP-dependent FtsH

metalloprotease, heat shock protein 70 and an

adenine nucleotide (ATP/ATP) translocator.

Both FtsH and the PsbP-like protein appear to

be the primary phosphorylated subunits of this

supercomplex.

We propose that under conditions associated

with increased ATP demand (i.e. low

temperatures, high irradiance, high salt), phos-

phorylation of a lumenal PsbP-like protein in

UWO241 may increase its affinity towards pho-

tosystem I. Increased levels of PSI bound PsbP-

like proteins may promote their interaction with

membrane-associated small Ras GTPase

proteins. Binding of a PsbP-like protein with an

inactive GTPase-GDP could induce a conforma-

tional change to remove the GDP nucleotide

group. This would facilitate the guanine nucleo-

tide exchange of GTPase, possibly via a lumenal

nucleoside diphosphate kinase (NDPK) in the

activation of GTPase-GTP, which in turn,

would play a role in regulating GTPase effector

proteins. These proteins may include some of the

subunits found associated with the PSI-Cyt b6/f

supercomplex, including heat shock protein

70 (HSP70), ATP-dependent metalloprotease

(FtsH) and Ycf4, which have previously been

identified to function as chaperones or assembly

proteins and are therefore, likely involved in

maintaining the stability of this supercomplex.

Thus, phosphorylation of a PsbP-like protein

may subsequently activate a GTPase together

with its effector proteins to ultimately assemble

the structure of the PSI-Cyt b6/f supercomplex

and potentially signal other GTPase-dependent

events in the lumen.

Conversely, during conditions when ATP

demand is reduced (i.e. low salt, low light),

dephosphorylated PsbP-like proteins may disso-

ciate from PSI and subsequently localize to the

thylakoid lumen. Decreased PsbP-like protein

interaction with GTPase may result in the inac-

tive GTPase-GDP form and favour disassembly

of the PSI-Cyt b6/f supercomplex, resulting in

lower levels of CEF.

In addition, previous studies have

demonstrated that a hypersaline environment

can result in NaCl-induced phosphorylation of

several thylakoid membrane proteins by

activating the corresponding kinase (Liu and

Shen 2004). Therefore, under conditions of

high-salt, increased levels of phosphorylated

PSI-Cyt b6/f supercomplex subunits could further

enhance CEF in UWO241.

The chloroplast ATP/ADP transporter

functions to supply ATP to the lumen in

exchange for ADP, which can subsequently be

converted to GTP. It has been demonstrated that
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lumenal GTP enhances D1 degradation by alter-

ing the proteolytic system (Spetea et al. 2000).

Therefore, enhanced D1 photoinhibition and

repair observed in UWO241 at low temperatures

may be associated with increased levels of

lumenal GTP resulting from higher rates of

CEF, in addition to increased adenylate pools.

13.12 Conclusions

Relatively little is known about cold-adapted

microorganisms that dominate the large,

low-temperature portion of the Earth, in

particular, the psychrophilic primary producers

that depend on photoautotrophic metabolism.

While UWO241 exhibits some typical cold

adapted characteristics with respect to cell mor-

phology, individual proteins and thylakoid mem-

brane lipids and fatty acids, this psychrophile has

revealed some unique photosynthetic features.

The major distinguishing feature between

UWO241 and mesophilic green algae is its

inability to undergo state transitions. This

appears to be due to the unique composition

and organization of the electron transport chain.

Compared to similar green algae from temperate

environments, UWO241 exhibits a greater
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dependence on CEF which appears to be

governed by the phosphorylation status of a

PSI-Cyt b6/f supercomplex. The novel protein

phosphorylation of specific subunits of this

supercomplex as well as the salt concentration

appear to control the stability and function of this

PSI-Cyt b6/f supercomplex. Therefore, just as

state transitions balance the excitation energy

between PSII and PSI when these photosystems

operate in concert with each other, CEF may play

a prominent role in regulating energy distribution

between PSII and PSI in UWO241.

With over two decades of research,

Chlamydomonas sp. UWO241 is one of the

most studied psychrophilic phytoplankton to

date and can be considered the model psychro-

philic photoautotroph. Consequently, we suggest

that Chlamydomonas sp. UWO241 is an excel-

lent candidate as the model system for the study

of psychrophily and adaptation to low tempera-

ture in eukaryotic photoautotrophs. Given the

recent publication of the genome sequence for

Chlamydomonas reinhardtii (Merchant et al.

2007), comparison with genome sequence of

UWO241 represents an exceptional scientific

opportunity to elucidate the molecular basis of

psychrophily and adaptation to low temperature

in Chlamydomonas and in photosynthetic

organisms in general.
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Wilson KE, Ivanov AG, Öquist G, Grodzinski B,

Sarhan F, Hüner NPA. Energy balance, organellar

redox status and acclimation to environmental stress.

Can J Bot 2006; 84: 1355–70.

Wollman FA. State transitions reveal the dynamics and

flexibility of the photosynthetic apparatus. EMBO J

2001a; 20: 3623–30.

Wollman FA. State transitions reveal the dynamics and

flexibility of the photosynthetic apparatus. EMBO J

2001b; 20: 3623–30.

Woodson JD, Perez-Ruiz JM, Chory J. Heme synthesis by

plastid ferrochelatase I regulates nuclear gene expres-

sion in plants. Curr Biol 2011; 21: 897–03.

Wunder T, Liu Q, Aseeva E, Bonardi V, Leister D, Pribil

M. Control of STN7 transcript abundance and tran-

sient STN7 dimerisation are involved in the regulation

of STN7 activity. Planta 2013; 237: 541–58.

Yamazaki JY, Suzuki T, Maruta E, Kamimura Y. The

stoichiometry and antenna size of the two

photosystems in marine green algae, Bryopsis maxima
and Ulva pertusa, in relation to the light environment

of their natural habitat. J Exp Bot 2005; 56: 1517–23.

Yang Z. Small GTPases versatile signaling switches in

plants. Plant Cell 2002; 14: S375-S388.

Yin L, Lundin B, Bertrand M, Nurmi M, Solymosi K,

Kangasjärvi S, Aro EM, Schoefs B, Spetea C. Role of

thylakoid ATP/ADP carrier in photoinhibition and

photoprotection of photosystem II in Arabidopsis.
Plant Physiol 2010; 153: 666–77.

Zer H, Vink M, Keren N, Dilly-Hartwig HG, Paulsen H,

Herrmann RG, Andersson B, Ohad I. Regulation of

thylakoid protein phosphorylation at the substrate

level: reversible light-induced conformational

changes expose the phosphorylation site of LHCII.

FEBS J 1999; 96: 8277–82.

Zito F, Finazzi G, Delosme R, Nitschke W, Picot D,

Wollman FA. The Qo site of cytochrome b6/f

complexes controls the activation of the LHCII kinase.

EMBO J 1999; 18: 2961–69.

13 Adaptation to Low Temperature in a Photoautotrophic Antarctic Psychrophile. . . 303



Nitric Oxide Mediated Effects
on Chloroplasts 14
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and Emilia L. Apostolova

Summary

Nitric oxide (NO) is emerging as a signaling

molecule in plants. Its metabolism, site and

mode of action in chloroplasts are still not

clear. Chloroplasts are emerging as an alter-

native site for NO synthesis in plants. How-

ever, exogenous NO donors show direct

evidence on the action of this molecule on

chloroplasts under stress as well non-stress

conditions. Nitric oxide is also implicated in

the development and senescence of the organ-

elle. The effects of NO on chloroplasts, par-

ticularly on photosynthetic and antioxidative

processes are described. The target sites and

probable sites of action are enumerated.
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Abbreviations

PSI photosystem I

PSII photosystem II

LHCII light-harvesting chlorophyll a/b

complex of PSII

GSNO S-nitrosoglutathione

GSSG glutathione disulphide

NO nitric oxide

qL coefficient of photochemical fluores-

cence quenching assuming

interconnected PSII antennae

qP coefficient of photochemical fluores-

cence quenching assuming

non-interconnected PSII antennae

NPQ non-photochemical quenching

Rubisco ribulose-1,5-bisphosphate

carboxylase

PTIO 2-phenyl-4,4,5,5-tetramentyl-

imidazoline-1-oxyl-3-oxide

NOS nitric oxide synthase

L-NNA Nω-nitro-L-arginine
SNP sodium nitropruside

OEC oxygen-evolving complex

CPTIO 2-(4-carboxyphenyl)-4,4,5,5-

tetramethylimidazoline-l-oxyl-3-

oxide

14.1 Introduction

Nitric oxide (NO) is a gaseous molecule with a

signaling role in plant growth, development and

responses to environmental changes (Neill et al.

2008; Palavan-Unsal and Arisan 2009; Misra

et al. 2010a, b, 2011, 2012). The effects of NO

in plants can be direct or through intermediate

effector molecules regulating cellular metabo-

lism (Krasylenko et al. 2010). Nitric oxide action

is achieved also by modifying the redox state of

the cell and can modulate the activity of proteins,

through reversible reactions with functional

groups such as thiols and heme. It is well

known that iron is a necessary element for

synthesis and development of chloroplast and

NO plays an important role in the distribution

of iron in the chloroplasts in plant leaves (Sun

et al. 2007). Nitric oxide, a highly unstable free

radical, has been described both as a cytotoxin

and a cytoprotectant in plants, as well (Beligni

and Lamattina 1999a, 2001a). This signal mole-

cule appears to take part in the regulation of

cellular redox homeostasis, acting either as an

oxidant or as an antioxidant (Stamler et al.

1992). However, at lower concentrations, NO

promotes normal plant growth and development

(Beligni and Lamattina 2001b). Nitric oxide

stimulates leaf expansion, prevents etiolation,

retards leaf senescence and induces stomatal clo-

sure (Leshem et al. 1998; Beligni and Lamattina

2000; Garcı́a-Mata and Lamattina 2001). When

applied at relatively high doses to plants, NO

clearly perturbs normal metabolism and reduces

the net photosynthesis in leaves of oats and

alfalfa (Hill and Bennett 1970). Nitric oxide in

concentrations above optimal (above 10�6 M)

inhibits the expansion of leaf lamina, increases

the viscosity of simulated thylakoid lipid

monolayers and potentially impairs photosyn-

thetic electron transport (Leshem et al. 1998;

Leterrier et al. 2012).

Chloroplasts are highly specialized semiau-

tonomous photosynthesizing organelles found

in green plants. There is wide diversity in chloro-

plast structure, function and adaptation. The

chloroplasts encode a large number of their own

RNAs and proteins, in addition to that

synthesized by the nuclear genes, economizing

the cellular energy demand for its structural orga-

nization. Chloroplast develops from a progenitor

known as proplastid accompanied with the coor-

dinated regulation of plastid and nuclear-

encoded genes (Baumgartner et al. 1989;

Dilnawaz et al. 2001; Joshi et al. 2013). The

chloroplasts are the only organelle that supports

autotrophy in plants through its role in photosyn-

thesis and also sustains life on earth. The process

involves coordination between the primary pho-

tochemical processes in the thylakoid membrane

and reduction of CO2 in the stroma of

chloroplasts. The photochemical process

includes solar energy trapping, photolysis of

water, electron transfer and generation of
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reductants for the reduction of CO2 to

carbohydrates in the stroma – the soluble fraction

of chloroplasts. The thylakoid membrane has

four main multi-subunit protein complexes: pho-

tosystem II (PSII), photosystem I (PSI), cyto-

chrome b6f and ATPase (Nelson and Yocum

2006).

Studies on the effect of NO on chloroplasts

are crucial for understanding its role in green

plants. In addition, chloroplasts are reported to

be one of the several cellular sites for the synthe-

sis of endogenous nitric oxide (Guo and

Crawford 2005; Jasid et al. 2006; Galatro et al.

2013; Tewari et al. 2013). However, till date

there is a lack of a precise report on the effect

of the NO on the regulation of different physio-

logical, biochemical and molecular processes in

chloroplasts. In this review, we consolidate the

up-to-date studies on the effect of NO on

chloroplasts. An emphasis will be given in this

chapter for the effect of NO on the photochemi-

cal efficiency in chloroplasts under physiological

conditions and abiotic stress.

14.2 Sources of Nitric Oxide
in Plants

The nitric oxide production in plant cells is

compartmentalized and is mediated through sev-

eral different pathways (Gupta et al. 2011). It has

been shown to produce NO from nitrite (Desikan

et al. 2002), from L – arginine by NOS like

activity (Guo et al. 2003) and from

S-nitrosoglutathione decomposition (Jasid et al.

2006) in chloroplasts. Non-enzymatic production

of NO from nitrite involving plastid pigments

such as carotenoids has also been reported

(Cooney et al. 1994). Interestingly, NO synthesis

in response to iron, elicitors, high temperatures,

salinity or osmotic stress is first detected in

chloroplasts using NO-sensitive

diaminofluorescein probes (Foissner et al. 2000;

Gould et al. 2003; Arnaud et al. 2006). In spite of

several ifs and buts, these results corroborate the

hypothesis that plastids are key players in the

control of NO levels in plant cells. Nitric oxide

originates in chloroplasts through the reduction

of nitrite to NO and/or through nitric-oxide

synthases (NOS) like activities (NOA) mediated

NO biosynthetic pathway using arginine as a

precursor molecule.

14.3 Effect of Nitric Oxide
on Photosynthetic Pigment
Dynamics

Nitric oxide improves the accumulation of

chlorophylls (Chls) and even imitates red light

responses in greening leaves (Beligni and

Lamattina 2000). It is well known that the photo-

synthetic pigments, Chls in particular, are visible

markers for chloroplast development and senes-

cence in leaves (Misra and Biswal 1980, 1982;

Misra and Misra 1986, 1987; Biswal et al. 2001;

Dilnawaz et al. 2001). The synthesis of Chls and

plastid proteins is intricately connected and is

essential for the stability of Chl-protein

complexes in vivo (Dilnawaz et al. 2001; Neill

et al. 2003; Joshi et al. 2013). Seedlings grown in

darkness develop etioplasts from proplastids,

which ultimately transform into well organized

chloroplasts in light (Misra and Misra 1987;

Joshi et al. 2013). But, genes for nuclear-encoded

Chl a/b – binding antennae and plastid-encoded

Chl a – binding polypeptides are obligatorily

dependent on incidence of light only. These

photo-regulatory processes have several light

receptors such as phytochrome and

cryptochrome (Pogson and Albrecht 2011;

Lepist€o and Rintamäki 2012).

Nitric oxide donor sodium nitropruside (SNP)

enhanced Chl synthesis and accumulation of

light-harvesting chlorophyll a/b complex of

PSII (LHCII) and PSIA/B, primary photochem-

istry of PSII and effective quantum yield of PSII

of the developing chloroplasts in greening of

barley leaves (Zhang et al. 2006). Nitric oxide

scavenger PTIO (2-phenyl-4,4,5,5-tetramentyli-

midazoline-1-oxyl-3-oxide) or NOS inhibitor

L-NNA (nitro-nitro-L-arginine) retarded the

greening process. Moreover, sodium ferrocya-

nide, an analog of SNP, nitrite and nitrate etc.

do not have any effect on the greening process,

suggesting a positive role of NO in the greening

process (Zhang et al. 2006). The endogenous NO

content of greening leaves also increased in
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parallel with the greening (measured by Chl

accumulation) of leaves indicating a direct role

of plastid NO in leaf greening (Zhang et al.

2006). Leaf senescence is associated with the

symptoms of Chl degradation through various

enzymatic and oxidative processes in the green

cells (Biswal et al. 2001; Misra et al. 2006).

Endogenous and exogenous NO at lower

concentrations delayed leaf senescence, but at

higher concentrations accelerated leaf senes-

cence (Leshem et al. 1997; Guo and Crawford

2005; Mishina et al. 2007; Selcukcam and

Cevahir 2008; Prochazkova and Wilhelmova

2011).

14.4 Interaction of Nitric Oxide
with Oxygen Evolving Complex

Photosystem II is one of the sites of action for

NO in chloroplasts (Wodala et al. 2008). At the

electron donor side of PSII it acts at the oxygen-

evolving complex (OEC). This complex is a part

of the PSII, which is a multi-subunit chlorophyll-

protein complex that uses light energy to oxidize

water and form molecular oxygen, with a con-

comitant reduction of plastoquinone to

plastoquinol (Debus 1992; Britt 1996). The func-

tional conformation of the Mn cluster is expected

to be maintained by a 33 kDa hydrophilic protein

subunit of OEC attached to the luminal side of

the D1/D2 heterodimer. During the oxidation of

two water molecules to one oxygen molecule and

protons, the OEC cycles through five intermedi-

ate redox states termed S0–S4 (Fig. 14.1). Dark

adapted photosynthetic apparatus contains S0 and

S1 states. The most reduced state is S0, while S1,

S2 and S3 represent higher oxidation states and

molecular oxygen being evolved during the tran-

sition from S4 to S0 states (Haumann et al. 2005;

Penner-Hahn and Yocum 2005).

It is suggested that NO interacts with Mn

cluster of PSII and leads to rapid destabilization

of the excited states of OEC (Schansker and

Petrouleas 1998). Studies with PSII and the

di-manganese catalase have shown a similar

mode of interaction of NO with the different

oxidation states of the Mn clusters (Ioannidis

et al. 2000). It is also suggested by Ioannidis

et al. (2000) that one-electron reduction of the

cluster occurs followed by release of NO2
─ as

described below:

Mnn þ NO ! Mnn�1þNOþ;
NOþþOH- ! NO2

�þHþ

Schansker et al. (2002) studied the oxygen

oscillation patterns of PSII-enriched membranes

and observed shift of the maximum flash-induced

oxygen yield from flash 3 to flash 6/7 in the

NO-treated samples. Considering these

observations, the authors suggested the reduction

of Mn cluster to the S�2 state by NO, which is

assigned to the formation of Mn(II)-Mn(III)

dimer. During catalysis the enzyme appears to

cycle between the states Mn(II)-Mn(II) and Mn

(III)-Mn(III) (Khangulov et al. 1990; Waldo and

Penner-Hahn 1995).

Ioannidis et al. (2000) proposed a rapid inter-

action of NO with S3 state of the OEC. This is

explained by a metallo-radical characteristic of

the S3 state. A probable role of Tyr YD in

oxidizing of Mn complex to the lower oxidizing

state S0 than the S1 state was proposed by Styring

and Rutherford (1987). Sanakis et al. (1997) pro-

posed the formation of a Tyr-NO species which

can act as an electron donor to PSII. An iminoxyl

S1 S2

S0

O2

S-n
[S4]

S3

hv

hv

hv

hv

Fig. 14.1 Schematic presentation of the Kok’s model of

oxygen evolution, consisting of four stabile states (S0–S3)

and one transient state (S4). The possible sites of action of

NO on the cycle are shown by asterisks. The back reduc-

tion of S-states by NO and possible over-reduction to S-n
states are shown by dashed arrows
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radical is formed upon light-induced oxidation of

this species, which is the first example of a

chemical modification of one of the tyrosines of

PSII to produce a photochemically active spe-

cies. Our recent in vitro study demonstrated that

the exogenous NO donor SNP (above 5 μM) has

a clearly pronounced damaging effect on the

primary oxygen-evolving reactions at the elec-

tron donor side of photosynthetic apparatus

(Vladkova et al. 2011). In addition, our investi-

gation for influence of exogenous NO donor SNP

on isolated thylakoid membranes also revealed a

dramatic increase of PSII population in the most

reduced S0 state and an increase of the turnover

time of the oxygen-evolving centers, i.e. delayed

the process of the electron donor capturing or Si
states turnover (Vladkova et al. 2011).

14.5 Effect of Nitric Oxide
on Photosynthetic Electron
Transport

One of the important reactions of NO in biology

is interaction with metal complexes (Wink and

Mitchell 1998). Because NO possesses an

unpaired electron, it has high affinity to transition

metals to form metal-nitrosyl complexes (Wink

and Mitchell 1998). Due to this reason, proteins

containing transition metal ions in either heme or

non-heme complexes can be the potential targets

for NO (Wink and Mitchell 1998). Nitric oxide is

able to influence the photosynthetic electron

transport chain directly by binding to such

non-heme iron in the core complex of the PSII

(Wodala et al. 2008). The important binding sites

of NO in PSII are the non-heme iron between QA

and QB binding sites (Diner and Petrouleas 1990;

Petrouleas and Diner 1990) and YD, the Tyr

residue of D2 protein (Sanakis et al. 1997). Elec-

tron paramagnetic resonance (EPR) studies con-

firmed the NO binding to non-heme iron and that

NO competes with bicarbonate for its binding

(Diner and Petrouleas 1990). Formate, an anion

which also competes with bicarbonate, binds

simultaneously with NO (Diner and Petrouleas

1990) besides the other anions like fluoride

(Sanakis et al. 1999).

Experiments with isolated thylakoids

indicated that NO binding slows down the rate

of electron transfer between QA and QB

(Diner and Petrouleas 1990). Binding of NO to

the QAFe
2+QB complex is facilitated in the pres-

ence of reduced QA acceptor, as this reduction

weakens the bond between bicarbonate and iron

(Goussias et al. 2002). Nitric oxide binding to

PSII can also decrease the rate of electron trans-

port on the donor side as well, since in vitro

experiments have proven that NO interacts with

the YD• tyrosine residue and the OEC. The latter

is reduced to the S�2 state by NO, as shown by

oxygen electrode, fluorescence and EPR

measurements (Schansker et al. 2002).

Measurements in the presence of DCMU

demonstrated that NO induces inhibition of QA
� recombination with the S2 state of the OEC.

This donor side inhibition of electron transport

may sufficiently be accounted by the reduction of

either the OEC, or the YD• residue by NO. To the

contrary, our recent results showed that the NO

donor SNP is probably the only NO donor which

stimulates the electron transport through PSII at

sub-μmolar concentrations (Vladkova et al.

2011). Nitric oxide interacts with the tyrosine

residue of the D2 protein (Sanakis et al. 1997)

and the resulting YD•–NO couple has a decreased

redox potential low enough to become a more

efficient electron donor in isolated thylakoid

membranes than the immediate redox-active

tyrosine residue (YZ) located on the D1 protein.

The probable binding sites and sites of action in

thylakoid membranes are summarized in

Fig. 14.2.

Chlorophyll fluorescence studies have

provided contradictory effects of NO on

chloroplasts in vivo. However, these results

depend on the used NO donor. In the leaves,

NO derived from S-nitroso-N-acetylpenicil-

linamine (SNAP) showed no effect on the maxi-

mum quantum efficiency of photosynthesis, but

that from SNP and S-nitrosoglutathione (GSNO)

decreased this parameter (Takahashi and

Yamasaki 2002; Yang et al. 2004; Wodala

2006; Wodala et al. 2008). All the NO donors

induced a decrease in effective quantum effi-

ciency, which is related to photochemical
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quenching (qP). These studies indicated that NO

increases the proportion of closed PSII reaction

centers in intact leaves (Wodala 2006; Wodala

et al. 2008). However, all these results are not

uniform and unequivocal. Wodala et al. (2008)

suggested that the different chemical properties

of NO donors and the different experimental

conditions generate conflicting experimental

results in vivo. Fast Chl fluorescence induction

kinetics of GSNO-treated leaf disks confirmed

significant donor and acceptor side inhibition of

electron transport (Wodala et al. 2008).

It has been found that NO influences the non-

photochemical quenching (NPQ). Besides reduc-

ing steady-state NPQ values, NO changes the

amplitude and kinetics of an NPQ transient,

which resembles reaction-center NPQ described

by Finazzi et al. (2004). Reaction-center NPQ

arises upon the onset of illumination of dark-

adapted leaves and, at low light intensities, it is

relaxed rapidly after a few min of illumination.

On the basis of its fast relaxation and ΔpH-
dependency, Finazzi et al. (2004) showed that

reaction-center NPQ is caused by the rapid and

transient over acidification of the thylakoid

lumen, which is created by the immediate onset

of the photochemistry. In addition, they

suggested that the ΔpH may be further increased

by cyclic and pseudo-cyclic electron transport

(Mehler-reaction) and explain the relaxation of

this transient form of NPQ by the activation of

the carbon fixation apparatus, which decreases

ΔpH and redox pressure. Although a potential

effect of NO on Calvin cycle activation would

account for changes in this NPQ transient,

steady-state NPQ values below control values

indicate that NO does not decrease the maximum

rate of the Calvin cycle (Finazzi et al. 2004).

Photosynthetic studies on stomata of peeled

epidermal strips respond to exogenous NO by

instantly decreasing photochemical fluorescence

quenching coefficients (qP and qL), the operating

quantum efficiency of PSII, and NPQ to close to

zero. However, NO effect in vivo is reversible.

The reversible inhibition by NO of the electron

transport rate could be restored by bicarbonate, a

Fig. 14.2 Summary and schematic presentation of the

probable binding of NO to different components of PSII,

cytochrome b6f, PSI, ATPase complexes. The

nitrosylation of membrane lipids and of both thylakoid

and stromal polypeptides are shown as red colored circu-
lar asterisks. These binding and nitrosylation affect pho-

tosynthetic processes
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compound known to compete with NO for one of

the two coordination sites of the non-heme iron

(II) in the QAFe
2+QB complex (Ordog et al.

2013).

14.6 Effect of Nitric Oxide
on the Photophosphorylation
in Chloroplasts

Previous studies revealed that NO donor SNAP

inhibits the linear electron transport rate and

light-induced pH formation (ΔpH) across thyla-
koid membrane, and decreased the rate of ATP

synthesis (Takahashi and Yamasaki 2002). The

inhibitory effect of NO on the photophosphory-

lation can be prevented by a supplemental high

concentration of bicarbonate. It has been

reported that high concentrations of bicarbonate

enable the bound NO to liberate from the reac-

tion center and recover electron transport activity

(Diner and Petrouleas 1990). Thus, sensitivity of

photosynthesis against NO would depend on a

local concentration of bicarbonate within thyla-

koid membranes. It is plausible that the

decreased rate of electron transport, due to the

NO-induced dissociation of bicarbonate from the

specific sites of thylakoids, is involved in the

mechanism of the inhibitory effect of NO on

the photophosphorylation. The overall effect of

NO on the electron transport and the photophos-

phorylation as well its resultant effect on the

stromal enzymes is summarized and shown in

Fig. 14.2.

14.7 Ameliorating Effect of Nitric
Oxide on Photosynthetic Stress
Responses

Plants produce substantial amounts of NO in

their natural environments (Wilson et al. 2008).

In recent years, there has been increasing evi-

dence that NO is involved in regulating, if not

all, many key physiological processes in plants

under normal and stress conditions. NO is

reported to ameliorate several stress responses

in plants (Garcı́a-Mata and Lamattina 2001,

2002; Arasimowicz and Floryszak 2007;

Krasylenko et al. 2010; Misra et al. 2011). Abi-

otic stresses, such as drought, high and low tem-

perature, salinity, heavy metals, UV-B and

oxidative stress is reported to induce NO produc-

tion in plants (Shi et al. 2005; Arasimowicz and

Floryszak 2007; Qiao and Fan 2008; Misra et al.

2011). Stressors form free radicals and other

oxidants, resulting in increased level of reactive

oxygen species (ROS) in plant cells (Mittler

2002; Qiao and Fan 2008). NO eliminates the

superoxide radicals and as a signal molecule

interacts with plant hormones and ROS (Laxalt

et al. 1997; Zhao et al. 2004; Qiao and Fan 2008).

In addition to its signal roles, NO may also func-

tion as a regulator of gene expression (Kopyra

and Gwozdz 2004; Qiao and Fan 2008). A large

amount of NO may combine with O2� to form

peroxynitrite (ONOO¯), which has been reported

to damage lipids, proteins and nucleic acids

(Yamasaki et al. 1999).

14.7.1 Nitric Oxide Under Osmotic
Stress

Osmotic stress is one of the major abiotic factors

limiting crop productivity and natural status of

the environment, affecting functions of the plants

(Misra et al. 2001). Drought, high salinity and

freezing impose osmotic stress on plants. Plants

respond to this stress in part by modulating gene

expression, which eventually leads to the resto-

ration of cellular homeostasis, detoxification of

ROS and recovery of growth (Xiong and Zhu

2002). One of the most important responses of

the plants under osmotic stress is increased syn-

thesis of abscisic acid (ABA) (Neill et al. 2008).

Nitric oxide maintains leaf water content by

regulating ABA-induced stomatal closure during

osmotic stress. But the physiological role of

NO-induced ABA accumulation remains

unknown. Reactive oxygen species are one of

the main damaging compounds that are produced

during stress and osmotic stress in particular

(Beligni and Lamattina 1999a, b). The protective

action of NO against oxidative damage can be

explained by two mechanisms. Firstly, NO
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operates as a signaling molecule, which activates

cellular antioxidant enzymes (Huang et al. 2002;

Shi et al. 2005; Zhao et al. 2008). Secondly, NO

might detoxify ROS directly. Mutant analysis of

genetically modified Arabidopsis showed

evidences that NO is an endogenous regulator

of the tolerance of the plants to salt stress

(Martinez et al. 2000; Zhao et al. 2004, 2007).

These authors showed that Atnos 1 mutant with

decreased NO production due to a T-DNA inser-

tion in AtNOS gene was hypersensitive to oxida-

tive stress induced by NaCl (Martinez et al. 2000;

Zhao et al. 2004, 2007).

14.7.2 Nitric Oxide Under
Temperature Stress

Extreme temperatures either high or low (chill-

ing) are stressful to plants affecting photosynthe-

sis in plants (Misra and Misra 1986; Misra et al.

1997). Heat stress can also cause an overproduc-

tion of ROS, which could be involved in trigger-

ing defence responses against potentially

damaging temperatures (Suzuki and Mittler

2006; Volkov et al. 2006; Kotak et al. 2007;

Locato et al. 2008). A significant rise in NO

production under heat stress in alfalfa sprouts

(Leshem et al. 1998) and in tobacco leaf cells

(Gould et al. 2003) are reported. Conversely, pea

plants exposed at 38 �C for 4 h reduced the NO

content of leaves, but it was found that the

S-nitrosothiol (SNOs) content increases three-

fold and that the protein nitrosylation is enhanced

(Corpas et al. 2008a). Protein nitrosylation can

cause an inhibition of the activities of photosyn-

thetic enzymes such as carbonic anhydrase and

of ferredoxin-NADP reductase (Chaki et al.

2011). In Arabidopsis, several mutants have

been identified to have impairment in the

GSNOR1 gene, showing the involvement of this

gene in the mechanism of response against heat

stress. Thus, the mutant HOT5 (sensitive to hot

temperatures) showed that GSNOR modulates

the intracellular level of SNOs, enabling

thermo-tolerance, as well as the regulation of

plant growth and development (Lee et al. 2008).

In calluses of reed, the exogenous application of

SNP or ABA elevated thermo-tolerance by

alleviating ion leakage, lipid peroxidation and

growth suppression induced by heat stress

(45 �C for 2 h). On the other hand, exogenous

ABA notably activated NOS activity and

increased NO release, maintaining the heat toler-

ance (Song et al. 2008). Studies so far unequivo-

cally report an increase in NO content and

increase in thermo-tolerance of plants.

Chilling (below 4 �C) or cold (below 10 �C)
stress is also detrimental for plant systems (Misra

et al. 1997). A proteomic analysis showed that

the chilling stress induced S-nitrosylation of

Rubisco, which correlated with the inhibition of

photosynthesis (Abat and Deswal 2009). Pea

plants exposed to low temperature (8 �C for

48 h) showed an enhanced activity of

L-arginine NOS and GSNOR, and an increase

in the content of SNOs (Sharma et al. 2005).

Low temperature caused an imbalance of the

ROS and reactive nitrogen species metabolism

in leaves, triggering a rise in the lipid oxidation

and the protein tyrosine nitration, which

indicates an induction of oxidative and

nitrosative stress (Corpas et al. 2008b; Airaki

et al. 2012). Similar responses and an increase

in NO content have been reported in Arabidopsis
thaliana exposed to chilling (4 �C for 1–4 h)

stress or during cold acclimation (Zhao et al.

2009; Cantrel et al. 2011). It is most probable

that temperature stress induced increase in NO

and stress ameliorating effect of NO could be due

to the antioxidative action of NO (Desikan et al.

2002).

14.7.3 Nitric Oxide Under High Light
Stress and UV Radiation

High light causes photoinhibition of photosyn-

thesis and generates ROS in green plants (Misra

et al. 1997). Protective role of NO during

photoinhibition has been reported in higher

plants. Pronounced increases of NO production

are found in tall fescue leaves after exposure to

high-light stress (Xu et al. 2010). Nitric oxide

might act as a signaling molecule to enhance

antioxidant enzyme activities, further protecting
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against injuries caused by high light stress

(Xu et al. 2010). However, Chlamydomonas

reinhardtii cells under very high light conditions

induces 1O2 (singlet oxygen) accumulation due

to a decrease in the 1O2 scavenging capacity

caused by NO-mediated inhibition of carotenoid

synthesis and PSII electron transport, which in

turn leads to oxidative damage and cell death

(Chang et al. 2013).

The UV-B radiation (280–320 nm) clearly

affects plant growth and usually also induces

oxidative stress. Moreover, UV-B triggered a

rise in ROS widely distributed in chloroplasts

and mesophyll cells, causing cell damage. It has

been observed that apocynin reduces UV-B-

induced oxidative damage because it reduces

the Chl breakdown caused by H2O2, and this is

correlated with NO production mediated by an

enhanced NOS activity (Tossi et al. 2009). In the

case of maize leaves, the UV-B irradiation pro-

voked a simultaneous rise in the concentration of

ABA, H2O2 and NO in leaves. These authors also

reported that the accumulation of endogenous

NO is ABA-dependent and is responsible for

tolerance to high doses of UV-B radiation

(Tossi et al. 2012). Exogenous NO partially

alleviated the UV-B effect characterized by a

decrease in Chl contents and oxidative damage

to the thylakoid membrane in bean seedlings (Shi

et al. 2005). Zhang et al. (2009) suggested that

under UV-B stress, NO production is mediated

by H2O2 through the enhancement of NOS activ-

ity. It is well established that H2O2 induces NO

synthesis and accumulation and vice versa

(cf. Mazid et al. 2011).

The other possible explanation of the protec-

tive action of NO on the photosynthesis under

UV and temperature stress can be either due to

the modification of the OEC after interaction

with NO (for SNP treated thylakoid membranes),

which leads to a strong increase of the most

reduced S0 state in the dark or an increase of

PSII open centers (Vladkova et al. 2011). It is

well established that the most sensitive compo-

nent to UV and temperature stress in photosyn-

thetic membranes is LHCII-PSII supercomplex

(Ivanova et al. 2008; Dankov et al. 2009;

Apostolova and Dobrikova 2010; Dobrikova

et al. 2013). Apostolova et al. (2006) showed

that there is a relationship between the organiza-

tion of PSII complex and oxidation state of the

Mn clusters of the OEC. On the other hand, it has

been demonstrated that UV radiation causes

increase of PSII centers in the S0 state, as one

of the reasons for the UV-induced inhibition of

the oxygen evolution is the direct absorption of

UV light by Mn ions in Mn(III) and Mn

(IV) oxidation states (see in Ivanova et al. 2008;

Dobrikova et al. 2013). Therefore, it could be

assumed that modification of the oxido-reduction

states (i.e. more reduced states) of the Mn cluster

in OEC after NO interaction is also a possible

reason for protection of photosynthetic apparatus

under abiotic stress.

14.7.4 Nitric Oxide Under Heavy
Metals

The sensitivity of the photosynthetic processes to

heavy metals is studied extensively (Arellano

et al. 1995; Barón et al. 1995; Boucher and

Carpentier 1999; Prasad 2004; Rouillon et al.

2006). One of the primary sources of metal tox-

icity in chloroplasts is through the generation of

ROS, which affects chloroplast structure and

function, as in other abiotic stresses. Recently,

Saxena and Shekhawat (2013) reported the role

of NO in heavy metal tolerance in plants. As

reported for other abiotic stresses, NO has both

beneficial and harmful effects during heavy

metal stress, depending on the concentration

and location of NO in the plant cells. Nitric

oxide decreases the harmful effects of the ROS

generated by heavy metal stress, interacts with

other target molecules and regulates the expres-

sion of stress responsive genes (Saxena and

Shekhawat 2013).

Recently it has been shown that the metalloid

arsenic (As) also triggers the NO and

S-nitrosoglutathione (GSNO) metabolism in

Arabidopsis (Leterrier et al. 2012). Arsenic-

treated seedlings showed a significant decrease

in growth and an increase in lipid oxidation due

to an alteration in antioxidant enzymes with a

significant increase in NO content, protein
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tyrosine nitration and also the

S-nitrosoglutathione reductase (GSNOR) activ-

ity, which reduced the glutathione and

S-nitrosoglutathione content. Talukdar (2013)

reported that the exogenous addition of NO sig-

nificantly reversed the As-induced oxidative

stress in Phaseolus vulgaris seedlings,

maintaining H2O2 in a certain level through bal-

anced alterations of antioxidant enzyme

activities. The role of SNP donated NO in the

process of amelioration has ultimately been

manifested by significant decrease of the mem-

brane damage and improvement of growth per-

formance in plants grown on As + SNP medium.

Nitric oxide synthesis inhibitor PTIO accelerates

As-induced oxidative damage, which clearly

demonstrates the role of NO in ameliorating

metal stress in plants. Yu et al. (2013) studied

the effect of Cd-induced stress in cucumber

seedlings. Both leaf pigments and net photosyn-

thesis, and antioxidant activity decreased after

Cd treatment, which could be reversed by the

application of exogenous NO (100 μM SNP).

Similarly, Srivastava and Dubey (2012) showed

ameliorating effect of NO on the ROS scaveng-

ing machinery in Mn-induced oxidative stress in

rice seedlings.

14.7.5 Nitric Oxide Under Herbicides

The widespread use of herbicides in agriculture

has resulted in increasing pollution of soil and

water with these toxic compounds. Herbicides

are one of the major abiotic stressors as that of

salinity, drought, temperature extremes,

flooding, toxic metals, high light intensity and

UV-radiation. All of these are the major causes

of yield loss in cultivated crops worldwide and

pose major threats to agriculture and food secu-

rity (Rodrı́guez et al. 2005). The primary site of

action of many herbicides is chloroplast, besides

the mitochondria. As many other abiotic

stressors (Qiao and Fan 2008; Misra et al.

2010a, b, 2011), the herbicides also elicit the

production of NO (Klepper 1979; Mallick et al.

2000; Sakihama et al. 2002). Exogenous NO has

been shown to reduce herbicide toxicity by its

protective effects on chloroplast membrane and

by retarding herbicide induced loss of Chl

(Beligni and Lamattina 1999a, b; Hung et al.

2002).

One of the most widely used herbicides is

atrazine, which belongs to the triazine group of

chemicals. The primary site of atrazine action is

blocking the PSII electron transport via binding

to the QB-binding site on the D1 polypeptide of

PSII reaction center and inhibition of light-driven

electron transport from QA to QB in PSII (Trebst

1987; Draber et al. 1991). A high sensitivity of

the photosynthetic apparatus to atrazine is well

documented (Qian et al. 2009; Vladkova et al.

2009; Apostolova et al. 2011; Rashkov et al.

2012). Qian et al. (2009) have shown that in

unicellular green algae Chlorella vulgaris, atra-

zine (100 μg/L) or glufosinate (10 mg/L) with

low concentrations of NO donor SNP

(10–20 μM) significantly decreased herbicide

induced ROS generation and membrane peroxi-

dation and increased the chlorophyll content of

leaves.

Other widely used herbicide in agriculture is

paraquat (also known as methyl viologen), which

belongs to the bipyridinium herbicides. This her-

bicide exerts its toxic effects by catalyzing the

electron transfer from PSI to molecular oxygen,

producing oxygen radicals that cause lipid per-

oxidation and membrane damage (Cha et al.

1982). Hung et al. (2002) have evaluated the

protective effect of NO against paraquat toxicity

of rice leaves. They showed that NO-donors

(PBN, N-tert-butyl-α-phenylnitrone, SNP,

sodium nitropruside and SIN-1, 3-morpholino-

sydnonimine), as well as the ascorbic acid and

NaNO2 are effective in reducing paraquat toxic-

ity in rice leaves, most likely mediated through

an increase in antioxidant enzyme activities and

decrease in lipid peroxidation.

Recently, Sood et al. (2012) revealed the

effects of the exogenous NO (donor SNP) on

the paraquat treated Azolla microphylla. The

authors results suggested that SNP released NO
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can work both as cytoprotective and cytotoxic in

concentration dependent manner and involve-

ment of NO in protecting Azolla against paraquat
toxicity. Paraquat (8 μM) alone increased the

activities of antioxidant enzymes SOD, CAT,

GPX, APX and the amount of H2O2. The supple-

mentation of SNP (8–100 μM) suppressed the

activities of antioxidant enzymes and the amount

of H2O2 compared to paraquat alone. The addi-

tion of NO scavengers along with NO donor in

paraquat treated fronds neutralized the effect of

exogenously supplied NO, indicating that NO

can effectively protect Azolla against paraquat

toxicity by quenching ROS. Higher SNP concen-

tration (200 μM) is reported to reverse the effect

of NO.

Diquat, like as the paraquat is a bipyridinium

herbicide and serves as an artificial electron

acceptor of PSI (Beligni and Lamattina 1999a,

b), influencing also the level of NO in the plants.

Beligni and Lamattina (2002) reported that

diquat triggered lipid peroxidation, ribulose-1,5-

biphosphate carboxylase/oxygenase (Rubisco)

and D1 protein loss. Supplementation of

NO-donors SNP and S-nitroso-N-acetylpeni-

cillamine greatly reduced lipid peroxidation,

rapid protein turn-over and mRNA breakdown

caused by the application of a high dose of diquat

to potato leaf pieces or isolated chloroplasts.

Moreover, diquat caused an increase in the rate

of photosynthetic electron transport in isolated

chloroplasts and NO restored it back to the con-

trol levels (Beligni and Lamattina 2002).

Lactofen is a diphenylether herbicide, which

inhibits Chl biosynthesis by blocking the enzyme

protoporphyrinogen-IX oxidase activity, which

catalyses the oxidation of protoporphyrinogen-

IX to protoporphyrin-IX (proto-IX) (Matringe

et al. 1989). Accumulation of protoporphyrins

leads to ROS generation causing oxidative stress

in the plants. SNP donated NO was able to scav-

enge ROS generated by the lactofen action in

soybean plants, avoiding the photosynthetic pig-

ment breakdown, but the lipid peroxidation was

not completely prevented (Ferreira et al. 2010).

Later, Ferreira et al. (2011) demonstrated that the

lactofen-induced morphological and

physiological alterations in soybean leaves are

reduced with NO.

14.8 Conclusion

This review clearly shows NO effects on the

chloroplast structure and function under physio-

logical and stress conditions. Many

investigations revealed the role of the nitric

oxide as a key signal molecule in plants. It has

also been shown that NO participates under abi-

otic stress. Nitric oxide production increases in

the plants as a response to abiotic stress (Qiao

and Fan 2008). Under stress, NO enhances

activities of the antioxidant enzymes (Shi et al.

2005; Neill et al. 2008) and as a signal molecule

interacts with plant hormones, and affects physi-

ological processes (Laxalt et al. 1997; Zhao et al.

2004; Misra et al. 2006; Qiao and Fan 2008;

Misra et al. 2011). The other possibility of the

protection of NO on the photosynthesis under

abiotic stress can be due to the direct action on

the thylakoid membranes, which leads to an

increase of the open PSII centers and a modifica-

tion of the OEC (Vladkova et al. 2011). These

changes influence the structure of the LHCII-

PSII supercomplex in response to stress factors

(Ivanova et al. 2008; Dankov et al. 2009;

Apostolova and Dobrikova 2010). On the other

hand, it has been shown that there is relationship

between the organization of the PSII complex

and the oxidation state of the Mn cluster in the

OEC (Apostolova et al. 2006). It has been pro-

posed that the modification of the oxido-

reduction state of the Mn cluster after NO inter-

action is a possible reason for the protection of

the photosynthetic apparatus under abiotic stress.
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Nanostructured Mn Oxide/Carboxylic
Acid or Amine Functionalized Carbon
Nanotubes as Water-Oxidizing
Composites in Artificial Photosynthesis

15

Mohammad Mahdi Najafpour, Saeideh Salimi,
Małgorzata Hołyńska, Fahime Rahimi, Mojtaba Tavahodi,
Tatsuya Tomo, and Suleyman I. Allakhverdiev

Summary

Herein, we report on nano-sized Mn oxide/

carboxylic acid or amine-functionalized car-

bon nanotubes as water-oxidizing composites

in artificial photosynthesis. The composites

are synthesized by simple procedures and

characterized by different methods. The

water-oxidizing activities of these composites

are also considered in the presence of cerium

(IV) ammonium nitrate and Ru(bpy)3
3+ in a

photochemical reaction. Some composites are

efficient Mn-based catalysts with turnover fre-

quency (TOF, mmolO2/(mol Mn�s)) of more

than 1.

Keywords
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15.1 Introduction

The finding of an efficient, cheap and environ-

mentally friendly water-oxidizing or reducing

catalyst is highly desirable for artificial photo-

synthetic systems (Jafari et al. 2016). As it is
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known, water oxidation is a bottleneck for water

splitting. Among different compounds, Mn

oxides are very promising because they are

cheap and environmentally friendly. Glikman

and Shcheglova indicated that Mn oxides can

catalyze water-oxidation in the presence of

cerium(IV) salts as an oxidant (Glikman and

Shcheglova 1968). The electrochemical water

oxidation by Mn dioxide was considered by

Morita’s group (Morita et al. 1977). Harriman

in 1988 showed that among Mn oxides, Mn(III)

oxide is an efficient catalyst (Harriman et al.

1988). After these groups, many Mn oxides

were reported for water oxidation and under dif-

ferent conditions. An active MnOx/glassy carbon

catalyst for water oxidation and oxygen reduc-

tion obtained by atomic layer deposition was

reported (Pickrahn et al. 2012). Strasser and

Behrens used an incipient wetness impregnation

method for the preparation of MnOx/carboxylic

acid electrocatalysts for efficient water splitting

(Mette et al. 2012). Besides the use of the two

methods, the MnOx/carbon nanotubes (CNTs)

sample was obtained by conventional impregna-

tion and was reported as a promising catalytic

anode material for water electrolysis at neutral

pH, showing a high activity and stability (Mette

et al. 2012). In 2014, nano-sized Mn oxide/CNT,

graphene and graphene oxide as water-oxidizing

compounds in artificial photosynthesis were

reported (Najafpour et al. 2014a). Mn oxides on

other nanocarbon structures, such as

nanodiamond and C60, show good water-

oxidizing activity toward water oxidation. How-

ever, the decomposition of these carbon

nanostructure was also reported (Najafpour

et al. 2014b, c). The composites were synthesized

by different simple procedures and characterized

by a number of methods. The water-oxidizing

activities of these composites were also consid-

ered in the presence of cerium(IV) ammonium

nitrate (Ce(IV)) as a usual oxidant (Parent et al.

2013). Some composites were efficient catalysts

toward water oxidation.

MnO2/multi wall CNTs were synthesized by

coating oxidized multi-walled CNTs with MnO2

via simple immersion of the multi-wall CNTs in

KMnO4 solution. This catalyst, comprising the

outer region of catalytic MnO2 and the inner

region of highly conductive the multi-wall

CNTs, showed enhanced photocatalytic activity

toward water oxidation.

Herein, we report on the catalytic activity of

different nanostructured Mn oxide/carboxylic

acid or amine functionalized CNTs toward

water oxidation in the presence of Ce(IV) and

photo-produced Ru(bpy)3
2+.

15.2 Experiments

Water oxidation experiments in the presence of

Ce(IV) were performed using an HQ40d portable

dissolved oxygen-meter connected to an oxygen

monitor with digital readout at 25 �C. In a typical
run, the instrument readout was calibrated

against air-saturated distilled water stirred con-

tinuously with a magnetic stirrer in an air-tight

reactor. After ensuring a constant baseline

reading, water in the reactor was replaced with

a Ce(IV) solution. Without the catalyst, Ce

(IV) was stable under these conditions and

oxygen evolution was not observed. After

deaeration of the Ce(IV) solution with argon,

Mn oxides as several small particles were added

and oxygen evolution was recorded with the

oxygen meter under stirring (Scheme 15.1). The

formation of oxygen was followed and the

oxygen formation rates per Mn site were

obtained from linear fits of the data by the initial

rate. Electrochemical water oxidation was

performed with the use of a setup shown in

Scheme 15.1.

Photochemical water oxidation experiments

were performed in a flask containing 10 mL of

aqueous buffer (Na2SiF6-NaHCO3,

0.022–0.028 M) with pH held at 5.8, Na2SO4

(150 mg), K2S2O8 (800 mg), [Ru(bpy)3]

Cl2�6H2O (15 mg), and the catalyst 1 (20 mg).

After deaeration of the solution by Ar, the reactor

was irradiated with 4 LED (each one 10 W)

around flask in a home-made device.

For Fabrication of modified electrodes in elec-

trochemical experiments, 30 μL of the

composites suspension were dripped on the

FTO electrode surface and dried at room temper-

ature. Eventually, 10 μL of 0.5 wt % Nafion

solution was deposited onto the center of the
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modified electrode. A three-electrode system was

applied for the investigation of the electrochemi-

cal properties of the modified electrodes by

cyclic voltammetry. Electrochemical

experiments were performed using an EmStat3+

device from the Palm Sens Company (the

Netherlands). In this case, a conventional three

electrodes setup were used in which a FTO elec-

trode or FTO electrode modified with the

composites, an Ag|AgCl|KClsat electrode and a

Pt rod served as the working, reference and aux-

iliary electrodes, respectively.

A-1 Nanostructured Mn oxide/amine

functionalized CNT (A-1) was

synthesized with a simple method by

mixing and stirring of KMnO4 (50 mL,

12.6 mM) and the amine-functionalized

CNT (500 mg) for 24 h at room tempera-

ture. The solid was washed with water to

remove KMnO4 and dried at 60 �C.

A-2 Nanostructured Mn oxide/amine-

functionalized CNT (A-2) was synthesized

by a simple method by mixing and stirring

of KMnO4 (50 mL, 12.6 mM) and amine-

functionalized CNT (500 mg) for 10 h

under hydrothermal conditions at 120 �C.
The solid was washed with water to

remove KMnO4 and dried at 60 �C.
C-1 Nanostructured Mn oxide/carboxylic acid

CNT (C-1) was synthesized by mixing

and stirring of KMnO4 (50 mL,

12.6 mM) and the carboxylic acid CNT

(100 mg) for 24 h at room temperature.

The solid was washed with water to

remove KMnO4 and dried at 60 �C.
C-2 Nanostructured Mn oxide/carboxylic acid

CNT (C-2) was synthesized with a simple

method by mixing and stirring of KMnO4

(50 mL, 12.6 mM) and amine-

functionalized CNT (100 mg) for 10 h

under hydrothermal conditions at 120 �C.

Monitor O2 Meter

Sensor of O2 Meter

Catalyst

Bath

Stirrer

Magnet

N2 or Ar before experiment

Scheme 15.1 Setup for a water-oxidation experiment
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The solid was washed with water to

remove KMnO4 and dried at 60 �C.

15.3 Results and Discussion

The composites were synthesized by two differ-

ent methods and under different conditions. In

contrast to other supports, such as gold, platinum

or silica, carbon nanostructures react with

KMnO4 even at room temperature. The amounts

of Mn (%) in A-1, A-2, C-1 and C-2 are 6.6, 8.8,

8.7 and 7.0%, respectively, which shows that the

method is promising to synthesize Mn oxide

composites with CNTs. TEM images of CNTs

and their composites with Mn oxides show very

similar structure, which prove that there are no

significant changes in the morphology. TEM

images are shown in Fig. 15.1. These images

for CNT clearly show CNTs with diameters at

about 5–10 nm and lengths of 0.5–1.5 μm.

Fig. 15.1 TEM images of carboxylic acid (a, b) or amine (c) functionalized carbon nanotube and A-2 (d)
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EDX-SEM images of the material are shown

in Fig. 15.2. The images show C, Mn and K on

the surface of the composite.

Cyclic voltammograms (CVs) of the materials

on FTO electrode show no specific peaks, but Mn

oxide/CNT composites display peaks for Mn(II)/

Mn(III) oxidation and Mn(III)/Mn(IV) oxidation

at 0.5 and 0.8 V (Ag|AgCl), which are clear in

A-1 and A-2. Mn oxide shows also increased

charge capacity compared to Mn oxide (Fig. 15.3).

Turnover frequencies (TOFs) of different

compounds for water oxidation catalyzed by the

composites are shown in Table 15.1.

In comparison to TOFs displayed by other

catalysts, Mn oxide/amine-functionalized CNTs

composites are among good catalysts toward

water oxidation in the presence of Ce

(IV) (Table 15.2). However, Mn oxide/ CNTs

functionalized with carboxylic acids are not

good catalysts in the presence of Ce

(IV) (Table 15.2). However, in the presence of

Ru(bpy) 3
3+, the results are different and Mn

oxide/ CNTs functionalized with carboxylic

acids are more active toward water oxidation

(Fig. 15.4, Table 15.1). We speculated that the

effect may be related to the interaction of

Fig. 15.2 EDX-SEM images for A-2
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Fig. 15.3 Cyclic voltamograms of carboxylic acid (a) or amine (b) functionalized carbon nanotubes, A-2 (c,d) and
A-1 (e,f), C-2 (g,h) and C-1 (i,j)
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negatively charged carboxylate groups with pos-

itive Ru(bpy)3
3+ions. In contrast to Ru(bpy)3

3+,

the interaction of negative Ce(IV)(NO3)6
2� with

negative carboxylate groups on CNTs signifi-

cantly inhibit from interaction Mn oxide/CNTs

and Ce(IV)(NO3)6
2�.

In addition to efficiency, the stability of the

catalyst is also an important issue for

applications on industrial scale. The self-healing

is a strategy to increase the stability of the cata-

lyst. The Najafpour’s group reported a self-

healing reaction of Mn oxides in the presence

of Ce(IV), which remakes the Mn oxide phase

from MnO4
�. In this mechanism, MnO4

� ions

are produced as the decomposition product of the

reaction of Mn oxide and Ce(IV).

Fig. 15.3 (continued)

Table 15.1 Oxygen evolution by the composites in the presence of oxidants

Compound Oxidant TOF (mmol O2/(mol Mn))

Carbon nanotubes functionalized with carboxylic acids Ce(IV) 0

Amine-functionalized carbon nanotubes Ce(IV) 0

Carbon nanotubes functionalized with carboxylic acids Ru(bpy)3
3+ 0

Amine-functionalized carbon nanotubes Ru(bpy)3
3+ 0

A-1 Ce(IV) 1.3

A-2 Ce(IV) 1.7

C-1 Ce(IV) 0.2

C-2 Ce(IV) 0.07

A-1 Ru(bpy)3
3+ 0.3

A-2 Ru(bpy)3
3+ 0.1

C-1 Ru(bpy)3
3+ 0.2

C-2 Ru(bpy)3
3+ 0.5
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This is in accordance with the following

observations (Scheme 15.2) (Najafpour et al.

2013; Najafpour 2015a, b):

– The MnO4
� ions reacted with compounds

such as Mn oxide or supports at the end of

the reaction when the concentration of Ce

(IV) decreased.

– The MnO4
� ions formation in the reaction of

Mn(II) nitrate and Ce(IV) is observed

(Scheme 15.2).

– The amounts of theMnO4
� ions in the absence

ofMn oxide showed no change during 100 h of

the experiment indicating that Mn oxide is

necessary for the reduction of MnO4
�.

Table 15.2 Oxygen evolution by different Mn compounds in the presence of oxidants

Compound Oxidant TOF (mmol O2/(mol Mn))

Ca-Mn oxide Ce(IV) 3.0

Nano-scale Mn oxide within NaY zeolite Ce(IV) 2.62

Layered Mn-calcium oxide Ce(IV) 2.2

Nanolayered Mn oxide/CNT,G or GO Ce(IV) 0.5–2.6

Layered Mn-Al, Zn, K, Cd and Mg oxide Ce(IV) 0.8–2.2

Mn oxide/amine- functionalized carbon nanotubes Ce(IV) 1.3–1.7

CaMn2O4�H2O Ce(IV) 0.54

Amorphous Mn

Oxides

Ru(bpy)3
3+ 0.06

Ce(IV) 0.52

CaMn2O4�4H2O Ce(IV) 0.32

Mn oxide nanoclusters Ru(bpy)3
3+ 0.28

Mn oxide-coated montmorillonite Ce(IV) 0.22

Mn oxide/carboxylic acid functionalized carbon nanotubes Ce(IV) 0.07–0.2

Nano-sized α-Mn2O3 Ce(IV) 0.15

Octahedral Molecular Sieves Ru(bpy)3
3+ 0.11

Ce(IV) 0.05

MnO2 (colloid) Ce(IV) 0.09

α-MnO2 nanowires Ru(bpy)3
3+ 0.059

CaMn3O6 Ce(IV) 0.046

CaMn4O8 Ce(IV) 0.035

α-MnO2 nanotubes Ru(bpy)3
3+ 0.035

Mn2O3 Ce(IV) 0.027

β-MnO2 nanowires Ru(bpy)3
3+ 0.02

Ca2Mn3O8 Ce(IV) 0.016

CaMnO3 Ce(IV) 0.012

Nano-sized λ-MnO2 Ru(bpy)3
3+ 0.03

Bulk α-MnO2 Ru(bpy)3
3+ 0.01

Mn Complexes Ce(IV) 0.01–0.6

PSII Sunlight 100–400 � 103

0 250 500 750

0.0

0.5

1.0

1.5

2.0

2.5

3.0

O
2 (

m
g/

L)

Time (s)

Fig. 15.4 The water oxidation in the presence of carbox-

ylic acid (red) or amine (black) functionalized carbon

nanotube, A-1 (blue) and C-2 (green) in the presence of

Ru(bpy)3Cl3/K2S2O8 and LED (for details see text) at

30 �C. For detail see experimental section
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In accordance with all these results, a mecha-

nism was proposed for the self-healing of Mn

oxide in the presence of Ce(IV) (Scheme 15.2).

Mn oxide/CNT composites undergo a very

similar self-healing process: Mn oxide/CNT

after the reaction with Ce(IV) forms MnO4
�

ions (Fig. 15.5). MnO4
� ions are not a catalyst

for water oxidation in the presence of Ce(IV) and

oxygen evolution occurs on the surface of Mn

oxide. These MnO4
� ions disappear completely

after conversion of Ce(IV) to Ce(III). Our

experiments showed that the MnO4
� ions react

not only with the Mn oxide/CNT composite, but

also with CNT to remake the catalyst. In other

words, the reaction of MnO4
� with CNT is also

the method to synthesize these composites.

15.4 Conclusions

In accordance with the presented results we

concluded that:

– The reaction of MnO4
� ions with CNTs is a

promising procedure to synthesize of water-

oxidizing composites. In this case, a compos-

ite with the TOF (mmolO2/(mol Mn�s)) > 1

can be obtained. Thus, the synthesis of car-

boxylic acid or amine-functionalized CNTs

as efficient water-oxidizing composites with

very simple methods is possible.

– Amine-functionalized CNTs as support are bet-

ter than CNTs functionalized with carboxylic

acids, at least, under herein reported conditions.

Scheme 15.2 Self-healing process in water oxidation

catalysed by Mn oxides in the presence of Ce(IV). 1:
Oxygen evolution was detected with an oxygen meter.

The origin of oxygen is water. 2: Mn(II) was detected by

EPR. 3: the MnO4
� ions formation could be detected by

UV-Vis in a reaction of Mn(II) and Ce(IV). 4: It is known
that in the reaction of Mn(II) and MnO4

� at different pH

values Mn oxide is produced. 5: The MnO4
� ions in the

presence of Mn oxide oxidize water. In this reaction, the

MnO4
� ions are reduced to Mn oxide. 6: Mn(II) in the

presence of Ce(IV) forms Mn oxide. In a typical experi-

ment, the reaction of MnSO4 in the presence of Ce

(IV) (1.0 M) yields MnO2 that can be detected by XRD.

Images and captions are taken (Najafpour 2015b)

(Reprinted with permission from Najafpour 2015b. Copy-

right (2015) by American Chemical Society)
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Self-Healing in Nano-sized
Manganese-Based Water-Oxidizing
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Davood Jafarian Sedigh, and Suleyman I. Allakhverdiev

Summary

Water splitting is considered as a method to

storage of renewable energies to hydrogen.

The water-oxidation reaction in water

splitting is an efficiency-limiting process for

water splitting, and thus, there has been nota-

ble progress to find highly efficient water-

oxidizing catalysts made from cost-effective

and earth-abundant elements. In addition to

efficiency, the stability of the water-oxidizing

compounds is very important. Herein we

focus on self-healing in manganese-based

water-oxidizing catalysts in artificial photo-

synthetic systems.
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16.1 Introduction

Hydrogen as a fuel is proposed as a solution for

the problems of the global warming and depletion

of fossil fuels and a good way to hydrogen pro-

duction is water splitting (Barber 2009; Bockris
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1975; Pace 2005). There are a number of methods

for water splitting, and water electrolysis is one of

the best methods (Scheme 16.1) (Rasten et al.

2003; Takenaka et al. 1982; Zeng and Zhang

2010). It is possible to convert energy from Sun,

wind, ocean currents, tides or wave to electricity.

One big problem in water splitting is water

oxidation, which is involving multi-electron

transfer (Scheme 16.1) (Nocera 2012):

2H2O ! 4HþþO2þ4e� ð16:1Þ
Thus, the development of novel water

oxidizing catalysts is necessary (Blakemore et al.

2015; Frey et al. 2014; Hocking et al. 2011;

Kärkäs et al. 2014). Platinum and iridium are

widely used for water oxidation in modern tech-

nology (Liu and Wang 2012). On the other hand,

cyanobacteria, algae, and higher plants manage to

use abundant, non-toxic transition metals for the

same purpose (Fig. 16.1) (Najafpour et al. 2015b).

Recently, there has been significant progress

in improving the activities of catalysts for water

oxidation (Blakemore et al. 2015; Frey et al.

2014; Hocking et al. 2011; Kärkäs et al. 2014;

Liu andWang 2012; Nocera 2012). However, the

stability of these catalysts is also necessary for

commercial application. To solve the stability

problem we have, at least, two ways. The first

strategy is using a very stable catalyst with a very

high turnover number, and the second is using a

catalyst with self-healing (Najafpour et al.

2015a). The term ‘self-healing’ or ‘self-repair’

means self-recovery of the compound following

damage caused by the external environment

or internal stresses (Najafpour et al. 2015a).

As discussed by Nosonovsky (Nosonovsky

and Bhushan 2009), healing is performed by

shifting the system away from the thermo-

dynamic equilibrium, which causes a restoring

thermodynamic force to drive the system back to

equilibrium (Scheme 16.2) (Nosonovsky and

Bhushan 2009). The force drives the healing pro-

cess. Shifting the system away from equilibrium

can be achieved by placing it in a metastable state,

so that the rupture breaks the fragile metastable

equilibrium, and the system drives to the new

most stable state (Scheme 16.2). The metastability

can be achieved by energy for example heating or

redox potential.

16.2 Self-Healing in Water-
Oxidizing Catalysts

There are a few observed self-healing phenom-

ena in compounds:

The compounds require no external interven-

tion to restore the damage, and other compounds

are capable of nonautonomous self-healing that

requires an external trigger to start the self-

healing process (Amendola and Meneghetti

2009; Ghosh 2009; Zheludkevich 2009). These

self-healing are important to increase the robust-

ness and extend the life of a compound when in

cases where repair or replacement of compounds

is economically detrimental, dangerous, or impos-

sible (Amendola and Meneghetti 2009; Ghosh

2009; Zheludkevich 2009). Nanomaterials are

prone to both fast degradation and structural dam-

age and self-healing can be more important for

them. A few strategies were used in self-healing

compounds (Amendola and Meneghetti 2009;

Ghosh 2009; Zheludkevich 2009). One strategy

is using epoxy that can serve as a healing agent

that stored within brittle macrocapsules embedded

into the matrix. When damage occurs, the

capsules fracture and the healing agent is released

and propagates into the crack due to capillarity. In

the next step, the healing agent reacts with the

catalyst in the matrix, which starts the cross-

linking reaction and hardening of the epoxy that

seals the crack (Amendola and Meneghetti 2009;

Ghosh 2009; Zheludkevich 2009). Another strat-

egy involves thermoplastic polymers with various

ways of incorporating the healing agent into the

material that needs heating to initiate healingScheme 16.1 Water oxidation to form cheap electrons
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(Amendola and Meneghetti 2009; Ghosh 2009;

Zheludkevich 2009). These two strategies are

used for polymers.

For metallic systems, there are three main

methods for self-healing. The first is the forma-

tion of precipitates at the defect sites that immo-

bilize further growth until failure. The second is

using an alloy matrix with a microfiber or wires

with ability to recover their original shape after

some deformation has occurred (Amendola and

Meneghetti 2009; Ghosh 2009; Zheludkevich

2009). This process usually needs heating above

the phase transformation temperature. The third

approach is to use a healing agent such as an

alloy with a low melting temperature embedded

into a metallic solder matrix.

The compounds that catalyse multi-electron

reactions are prone to structural rearrangement,

and instability, during turnover as discussed by

Nocera (Lutterman et al. 2009; Surendranath

et al. 2012). Nature used a self-healing for the

WOC as an enzyme that performs a four-electron

reaction (Najafpour et al. 2015a). As water-

oxidizing catalysts are very significant for energy

Scheme 16.2
Possible reaction pathways

(marked by arrows) related
to the energy state of a

system. Stable, metastable

and unstable points are

indicated

Fig. 16.1 The Mn-Ca cluster (Ca:green; Mn:blue; O: red) cluster and surrounding amino acids. Amino acid residues

in PSII are involved in proton, water and oxygen transfer
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science, the designs of catalysts that repair

themselves is a necessary issue in industrial

application. In water oxidation, a self-healing

mechanism in in-situ for cobalt oxides under

water oxidation was first mentioned by Kanan

and Nocera (Lutterman et al. 2009; Surendranath

et al. 2012). In that experiment, an amorphous

cobalt oxide catalyst film (CoCF) was

electrodeposited from a solution containing cobalt

and phosphate ions at neutral pH. The fate of the

Co- and phosphate ions during electrodeposition

and catalyst operation was examined when the

oxide film (Co-Pi) was prepared from a radio

labelled solution containing 57Co and 32P

isotopes.When a potential bias of 1.3 V vs. normal

hydrogen electrode (NHE) was applied no film

dissolution was observed until the potential bias

was removed (Lutterman et al. 2009;

Surendranath et al. 2012). This process could be

reversed when a buffering electrolyte was present.

It has been described as self-healing of the catalyst

film, which entails the re-deposition of the leached

Co(II) ions at operational potentials as an amor-

phous phosphate-rich Co(III) oxide catalyst

(Lutterman et al. 2009; Surendranath et al. 2012).

16.3 Manganese Based Water-
Oxidizing Catalyst

A tetranuclear Mn cluster with diarylphosphinate

ligand was reported as an efficient catalyst for

water oxidation. [Mn4O4L6]
þ (L: diarylpho-

sphinate) embedded into a Nafion shows to be

robust and to function for up to 3 days with minor

loss in activity (Dismukes et al. 2009). A few

mechanisms were proposed for water oxidation

by the complex. In 2011, Hocking et al. proposed

a mechanism for water oxidation by the

[Mn4O4L6]
þ compound (Parent et al. 2013).

The group demonstrated that in situ cycling

between the Mn(II) photoreduced product and

an oxidized, disordered Mn(III/IV) oxide phase

most likely forms the basis of the observed water

oxidation catalysis. To proof the cycling, the

group used K-edge X-ray absorption spectros-

copy (XAS) for [Mn4O4L6]
þ both in acetonitrile

and embedded in a Nafion film coated on an

electrode (Parent et al. 2013).

A shift of the X-ray absorption near edge

structure (XANES) peak to a lower energy

related to a Mn(II) was also observed immedi-

ately upon loading of [Mn4O4L6]
þ into Nafion

(Parent et al. 2013). The extended X-ray absorp-

tion fine structure (EXAFS) and its Fourier trans-

form was consistent with a Mn(II) inner sphere

occupied by six oxygen donors with no ordered

second sphere (Parent et al. 2013). Electro-

oxidation of the film shifted the XANES rising

edge to a higher energy expected for layered Mn

oxide. Thus, the group concluded that

[Mn4O4L6]
þ may not be responsible for the

prolonged water oxidation catalysis. The

protonated ligand was detected clearly on the

Nafion film by HNMR and PNMR that show

decoordination of ligand from [Mn4O4L6]
þ (Par-

ent et al. 2013). High resolution TEM studies for

both the oxidized and reduced states of Mn in the

Mn compound show that nanoparticles (1–2 nm

diameter) were identified in the TEM image of

the oxidized films from both Mn(II) and

[Mn4O4L6]
þ (Parent et al. 2013), whereas no

nanoparticles were found for the reduced state

(Fig. 16.2).

Najafpour’s group introduced new mecha-

nism for self-healing of Mn oxide in the presence

of Ce(IV) (Najafpour et al. 2012a, b, 2013a, b,

2015a, c). From Pourbaix diagram (Fig. 16.3)

(Hocking et al. 2014), we understand that in the

absence of any more activation energy all species

that place above the water oxidation line, such as

MnO4
�, should cause water oxidation. However,

water-oxidation reactions are usually slow by the

compound kinetically and in high enough poten-

tial both water oxidation and MnO4
� reactions

take place. MnO4
� and similar species cause a

long-term stability problem and separate Mn ions

from catalysts and decrease activity of these

compounds toward water oxidation.

Recently, the Najafpour’s group reported

more details about self-healing of Mn oxides

(Najafpour et al. 2013b). The group fund that in

the reaction of these Mn oxides with Ce(IV),

MnO4
� is produced that changes in concentra-

tion with time. All MnO4
� was consumed in the
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end of reaction when Ce(IV) was completely

consumed, suggesting the operation of a self-

healing mechanism (Najafpour et al. 2015c).

Regarding another experiment, a MnO4
� solu-

tion in the presence of K-layered oxide showed a

linear reduction in concentration of MnO4
�

(Najafpour et al. 2013b). On the other hand,

MnO4
� formation was observed by the reaction

of Mn(II) nitrate (0.5 mM) and Ce(IV) (0.2–2 M)

(Najafpour et al. 2013b). Without any Mn oxide,

the amounts of the MnO4
� showed no change

during 100 hours of experiment indicating that

Mn(II) or Mn(III) in Mn oxide is necessary for

reduction of MnO4
� (Najafpour et al. 2013b).

Using the multivariate curve resolution-

alternative least squares, spectroscopic data was

analyzed and the concentration profiles of cerium

(IV) ammonium nitrate (Ce(IV)) and MnO4
�

during the reaction under different conditions of

water oxidation were reported (Najafpour et al.

2015c). As shown in Fig. 16.4, the results

showed that the concentration profile of Ce

(IV) (red line) is in descending manner and is

expected since it is an initial oxidant and is

Fig. 16.2 Self-healing cycle for Mn oxide proposed by

Spiccia and co-workers. High-resolution transmission

electron microscopy images: Nafion film showing pres-

ence of manganese-oxide nanoparticles formed on

electro-oxidation of [Mn4O4L6]
þ at 1.0 V (versus

Ag/AgCl) (a). Nafion film examined after introduction

of [Mn4O4L6]
þ into the film (b). Images and captions

are from (Hocking et al. 2011) (Reprinted with permis-

sion from Hocking et al. 2011. Copyright (2011) by

Nature Publishing Group. A proposed mechanism for

self-healing by the system (c))
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consumed during the water oxidation. On the

other hand, MnO4
� is produced and consumed

during the reaction time (Najafpour et al. 2015c).

As shown in Fig. 16.4, the concentration profile

of MnO4
� (blue line) is similar to an intermedi-

ate during water oxidation. It is also clear that the

rate of MnO4
� formation is decreased when the

initial concentration of Ce(IV) is decreased

(Najafpour et al. 2015c). When the concentration

of Ce(IV) is low, the concentration of MnO4
�

cannot be clearly observed, which shows, in low

concentration of Ce(IV), MnO4
� formation is not

favorable (Najafpour et al. 2015c).

Regarding this experiments, the group suggest

that (Najafpour et al. 2015c):

(a) MnO4
� may be formed by oxidizing leaked

Mn(II) from Mn oxide by Ce(IV).

(b) Mn oxide is responsible for reduction of

MnO4
�. At least two reactions are possible

for reduction of MnO4
� in the presence of

Mn oxide: (i) The first proposed reaction is

the reaction ofMnO4
�withMn(II) or Mn(III)

ions on the surface of Mn oxide (Scheme

16.3). (ii) It is also possible that MnO4
�, as

an oxidant, and Mn oxide, as water-oxidizing

catalyst, react to oxidize water (Scheme 16.3)

(Najafpour et al. 2015c).

In Nature, the self-healing processes are usu-

ally performed by replacing the ‘outdated’

components but that is difficult to mimic in syn-

thetic systems (Urban 2012). However, the

systems introduced here, similar to biological

systems, use decomposed and ‘outdated’

components (Mn(II) or MnO4
�) for self-healing.

Mn(II) as a labile specie leads to degradation of

the catalyst in the water-oxidation reaction

because the population of the electrons in the

antibonding orbitals of metal oxides, eg* and t2g*

correlates with stability of the catalyst (Huynh

et al. 2014). Regarding this issue, the

Scheme 16.3 Self-healing in water oxidation by Mn

oxides in the presence of Ce(IV). 1: Oxygen evolution

was detected by an oxygen meter. The origin of oxygen is

water. 2: Mn(II) was detected by EPR (see text). 3:
MnO4

� formation could be detected by UV-Vis spectro-

photometry in reacting Mn(II) and Ce(IV). 4: It is known
that in the reaction of Mn(II) and MnO4

� at different pH

values, Mn oxide is produced. 5: MnO4
� in the presence

of Mn oxide oxidizes water. In the reaction, MnO4
�

reduces to Mn oxide. 6: Mn(II) in the presence of Ce

(IV) form Mn oxide. In a typical experiment, the reaction

of MnSO4 in the presence of Ce(IV) (1.0 M), forms MnO2

that can be detected by XRD. Images and captions are

taken (Najafpour et al. 2015a) (Reprinted with permission

from (Najafpour et al. 2015b). Copyright (2015a) by

American Chemical Society)
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decomposition of Mn oxides in acidic condition

is lower than other late first-row metal oxides

with higher d-electron counts. So the MnOx is

stable under the water oxidation conditions up

to 4 M HCl due to self-healing (Huynh et al.

2014).

Self-healing mechanisms for biological and

artificial compounds are usually different but a

few similarities were reported among different

water-oxidizing catalysts in self-healing reaction

(Najafpour et al. 2015a). Such systems can be

considered to be composed of a few simple

“building blocks” (Najafpour et al. 2015a):

1. Mn-Ca cluster in Photosystem II: Mn, Ca and

O

2. Mn oxides: primarily Mn and O

3. Co oxides: primarily Co and O

Both decomposition (red arrows in Fig. 16.5)

and self-healing (green arrows in Fig. 16.5)

reactions can occur for these structures. The

detachment and reattachment of these

components is related to the decomposition and

self-healing processes, respectively.
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A Robust PS II Mimic: Using
Manganese/Tungsten Oxide
Nanostructures for Photo
Water Splitting

17

Harvey J.M. Hou

Summary

Photosystem II is able to catalyze water-

splitting reaction to achieve energy storage

on the large scale at room temperature and

neutral pH in green plants, algae, and

cyanobacteria. The three-dimensional struc-

ture of photosystem II with oxygen-evolving

activity has been determined at an atomic

level, which provides a thorough image with

the specific position of each atom in the

Mn4CaO5 cluster. These advancements have

significantly enhanced our understanding of

the mechanisms of water splitting in photo-

synthesis and offered a unique opportunity for

solar fuel production. Inspired by the natural

photosynthesis, great progresses in using earth

abundant elements based artificial catalytic

systems have been made to achieve artificial

catalysis in photo water splitting. In this chap-

ter, I describe a robust PS II mimic containing

manganese/tungsten oxide nanostructure to

accomplish the photo water splitting chemis-

try. The synthesis, structural characterization,

photo water splitting activity, and possible

mechanism of the manganese/tungsten oxide

system are presented and discussed. This PS II

mimic shows a compelling working principle

by combining the active catalysts in water

splitting with semiconductor hetero-

nanostructures for effective solar energy

harnessing and is highly likely to offer novel

technology for transforming the solar energy

into our future energy systems.

Keywords

Photosystem II • Manganese • Tungsten

oxide • Semiconductor • Nanomaterial •

Water oxidation • Water splitting • Catalysis
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molecules via water splitting reaction. Photosys-

tem II is able to catalyze a water-splitting reac-

tion to liberate electrons and achieve energy

storage on the large scale at room temperature

and neutral pH in green plants, algae, and

cyanobacteria (Blankenship 2002; Diner and

Rappaport 2002; Brudvig 2008; Barber 2009).

To address the global energy crisis now, photo-

synthesis is a unique and an excellent example

for design and mimicry for solar energy utiliza-

tion and renewable fuel production on the large

scale via water splitting chemistry (Lewis and

Nocera 2006; Blankenship et al. 2011; Najafpour

et al. 2016; Moore 2016).

In photosynthetic organisms, photons are cap-

tured by light-harvesting antenna complexes, and

the light energy is efficiently transferred to reac-

tion centers by the antenna systems via well-

structured protein complexes such as the

phycobilisome megacomplex (Liu et al. 2013).

The three-dimensional structure of photosystem

II with oxygen-evolving activity has been deter-

mined at an atomic level, which provides a thor-

ough image with the specific position of each

atom in the Mn4CaO5 cluster (Ferreira et al.

2004; Loll et al. 2005; Umena et al. 2011).

Recently intense femtosecond X-ray pulses

were used for simultaneous X-ray diffraction

and X-ray emission spectroscopy of

microcrystals of PS II at room temperature and

revealed electronic structure of Mn4CaO5 cluster

on S1 and S2 states (Kern et al. 2013). These

advancements have significantly enhanced our

understanding of the mechanisms of water

splitting in photosynthesis and offered a unique

opportunity for solar fuel production.

17.2 Manganese Oxo Dimer
and Manganese Oxo Oligomer

Inspired by natural photosynthesis, great

progresses have been made in using earth abun-

dant materials to achieve photoinduced charge

separation and water oxidation (Blakemore

et al. 2015; Li et al. 2015). The design and

synthesis of functional oxygen evolving catalysts

using manganese-containing compounds was

successfully accomplished to mimic natural pho-

tosynthesis (Bolton 1996; Meyer 2008;

Brimblecombe et al. 2008, 2010; Sala et al.

2009; Youngblood et al. 2009; Kudo and Miseki

2009; Hou 2010; Rivalta et al. 2012; Young et al.

2012, 2015; He et al. 2013; Najapour et al. 2013).

One well known example is a Mn-oxo tetrameric

compound, [Mn4O4)(dpp)6], developed by

Dismukes and co-workers (Ruettinger and

Dismukes 1997; Ruettinger et al. 2000). The

important feature of the compound is its cubical

Mn4O4 core. Recently the Mn-oxo tetramer/

Nafion system has been developed by deposition

of cubium into the Nafion membrane and is able

to efficiently photo oxidize water to oxygen gas

as a supramolecular model system

(Brimblecombe et al. 2009; Dismukes et al.

2009).

Another exceptional example is Brudvig

Mn-oxo dimer, [OH2(terpy)Mn(O)2Mn(terpy)

OH2](NO3)3, which contains the key structure

of the two terminal water molecules for water

oxidation (Limburg et al. 1999, 2001; Cady et al.

2010). The Mn-oxo dimer as a PS II functional

model is able to oxidize water to produce

dioxygen in the presence of chemical oxidants

such as oxone or Ce(IV) ion (Cady et al. 2008).

The water oxidation mechanism of Mn-oxo

dimer is well studied and proposed that the active

catalytic species is Mn(V) ¼ O or Mn(V)-oxo

radical, which is capable of releasing oxygen and

close the catalytic cycle. The Mn-oxo dimer

compound can be directly deposited on the sur-

face of TiO2 nanoparticles and forms Mn-oxo

tetrameric structure, which is able to oxidized

water in the present of Ce(IV) ion (Li et al.

2009; McNamara et al. 2009). The Mn-oxo

dimer immobilized in Nafion membranes is able

to catalyze the photo reaction of water oxidation

(Young et al. 2011).

However, the Mn-oxo dimer compound seems

unstable in aqueous solution and may decompose

to form precipitate after exposed to room temper-

ature for several days. Figure 17.1 shows the

effect of the aqueous solution temperatures on

the UV-Vis spectra of Mn-oxo dimer (Zhang

et al. 2011). The elevated temperature causes

substantial changes in three regions of 280 nm,
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310–340 nm, and 400–440 nm. As Mn(IV/IV)-

oxo dimer species has strong absorption peak at

400–440 nm (Limburg et al. 2001), the increase

in absorption at these wavelengths upon heating

may be due to the conversion of Mn(III/IV)-oxo

dimer to Mn(IV/IV) dimer. The increase at

280 nm and 310–340 nm is likely due to the

dissociation of the terpy ligand from the Mn

center ions.

The absorbance at 400 nm indicates a

two-step process in the decomposion of Mn-oxo

dimer compound as shown in Fig. 17.2 (Zhang

et al. 2011). The first phase occurred at tempera-

ture below 60 �C, possibly due to formation of an

intermediate with a valence change in Mn ion.

The intermediate species is likely a Mn(IV/IV)-

oxo compound. The second phase happened at

above 60 �C accompanied by the precipitation of

the intermediate to form a more stable solid

species, which may be a Mn-oxo oligomer

material.

To confirm the valence change in Mn center

ion in the compound, EPR spectra of frozen

solution of the Mn-oxo dimer collected over

time during the heating process are recorded in

Fig. 17.3 (Zhang et al. 2011). The native Mn

(III/IV)-oxo dimer sample in acetate buffer

shows a 16-line signal in the range of

2800–4100 G, which is characteristic for the

Mn(III/IV) mixed-valence species. When the

solution was heated at 75 �C, the 16-line EPR

signal was decreased by a factor of 90% within

10 min. This indicates that the Mn(III/IV)-oxo

dimer is converted by heating into an EPR silent

species, such as the Mn(IV/IV)-oxo dimer

suggested by the UV–visible spectrophotometric

data.

To further characterize the thermal transfor-

mation of the Mn(III/IV)-oxo dimer, we

performed a kinetic study at 60 �C using UV–

Vis spectrometry to measure the spectral changes

at different time intervals. A solution of the Mn

(III/IV)-oxo dimer was placed in a reactor at

60 �C controlled by a circulated water bath

(Fig. 17.4) (Zhang et al. 2011). The conversion

of the Mn(III/IV)-oxo dimer into the intermedi-

ate with an increased absorbance at 400 nm took

approximately 8 min at a transformation temper-

ature of 60 �C. A fit of the kinetic trace of

absorbance at 400 nm revealed that the half

time of transformation of the Mn(III/IV)-oxo

dimer was 3.5 � 0.5 min in the first fast step
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Fig. 17.1 UV-Vis spectra

of the Mn-oxo dimer

compound taken at the

elevated temperatures

shows the decomposition

reaction of the compound

(Zhang et al. 2011,

reproduced with

permission from Elsevier)
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and 19� 4 min in the following slow step. The fit

of the kinetic trace of absorbance at 400 nm was

temperature dependent. The rate constants of the

two steps of decomposition of the Mn(III/IV)-

oxo dimer at the different temperatures were

used to determine the activation energy

(Ea) based on Arrhenius plots. The activation

energies for step 1 and step 2 were 68 � 10 kJ/

mol, and 82 � 16 kJ/mol, respectively.

We would expect to see the change in water

oxidation activity when the Mn-oxo dimer is

heated as the active species, Mn-oxo mix valence
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Fig. 17.2 The absorbance

at 400 nm of the Mn-oxo

dimer compound at the

elevated temperatures

reveals the two-step

mechanism of

decomposition reaction of

the compound (Zhang et al.

2011, reproduced with

permission from Elsevier)
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Fig. 17.3 EPR spectra of

Mn-oxo dimer compound

after heating at 75 �C at

times of 0, 2, 6, and 10 min

shows the valence change

of Mn ion in the compound

(Zhang et al. 2011,

reproduced with

permission from Elsevier)
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compound, is decomposed to produced a Mn-oxo

oligomer complex. Figure 17.5 shows the effect

of elevated temperatures on the initial rate of O2

evolution catalyzed by the Mn(III/IV)-oxo

dimer. The oxygen evolution rates of solutions

of the Mn(III/IV)-oxo dimer were measured at

room temperature in the presence of oxone in

acetate buffer solution. We found that the cata-

lytic activity of the Mn(III/IV)-oxo dimer

contains two phases during the heating process

in the range of 25–85 �C. In the first step in the

temperature range of 25 �C to 60 �C, the O2

evolution rate measured at 22 �C showed a

small decline and then an increase.

As the Mn(III/IV)-oxo dimer was heated, we

noticed a change in the color of the solution of

the Mn(III/IV)-oxo dimer from light green to

light brown. In addition, a brown precipitate

was formed during the heating. The UV–Vis

spectrophotometric and EPR data demonstrated

that the Mn(III/IV)-oxo dimer decomposed. As

the active catalytic species has previously been

shown to be the Mn(III/IV)-oxo dimer (Limburg

et al. 2001), one would anticipate the activity

would decrease after decomposition of Mn

(III/IV)-oxo dimer. Unexpectedly, Fig. 17.5

showed an increase in catalytic rate after heating

to 60 �C (Zhang et al. 2011). We propose that

heating the solution of Mn(III/IV)-oxo dimer

produces a novel Mn-containing complex,

which has higher activity to catalyze the O2

evolving reaction in the presence of oxone. Com-

paring the O2 evolving reaction catalyzed by the

supernatant aliquot and the precipitate fraction in

the reaction, we observe that both the supernatant

and precipitate per Mn showed higher activity

than the native Mn(III/IV)-oxo dimer solution.

It is likely that two types of Mn-containing

catalysts were formed: one in solid and one in

aqueous form (Hou 2011).

We propose a two-step mechanism for

decomposition of the Mn(III/IV)-oxo dimer

under elevated temperature between 25 and

85 �C. The fast step involving a valence change

in Mn has a lifetime of 3.5 � 0.5 min and an

activation energy of 68 � 10 kJ/mol. In this first

reaction step, the Mn(III/IV)-oxo dimer may

have disproportionated into Mn(II)–terpy com-

plex, Mn(IV/IV)-oxo dimer, and an unknown

water-soluble species (I) with high catalytic

activity. The following slow step with a lifetime

of 19 � 4 min leads to a transformation of the

intermediate species to a highly active

Mn-containing precipitate. The activation energy

of the second step is 82 � 16 kJ/mol. In the

second reaction step, an additional unknown
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Fig. 17.4 Kinetic curve of

the thermal induced

decomposition reaction of

the Mn-oxo dimer

compound monitored at

400 nm at 60 �C reveals the

lifetime of 3.0 min for the

first step and the lifetime of

19 min for the second step

(Zhang et al. 2011,

reproduced with

permission from Elsevier)
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water-soluble species (P) with high catalytic

activity was also presented. The novel

Mn-containing water splitting catalyst,

[(Mn2O2(terpy)2(H2O)2]x, is a Mn-oxo oligomer

solid material. The Mn-oxo oligomer is ther-

mally stable and may be coupled with a semicon-

ductor for efficient photo-water splitting.

17.3 Design, Synthesis,
and Structural
Characterization
of Manganese/Tungsten Oxide
Nanostructure

Inspired by natural photosynthesis, great

progresses in using earth abundant element

based artificial catalytic systems have been

made to achieve artificial catalysis in photo

water splitting (Nocera 2012; He et al. 2013;

Najapour et al. 2013). In particular, semiconduc-

tor material is proved to be an excellent candi-

date to achieve this purpose (Fujishima and

Honda 1972). Take the example of Mn-oxo olig-

omer complex and semiconductor materials such

as tungsten oxide, Fig. 17.6 illustrates the

proposed working mechanism of the semicon-

ductor/catalyst system (Liu et al. 2011). The sun-

light is absorbed by tungsten oxide

semiconductor and causes the charge separation

to produce electrons and holes. The holes receive

electrons from the Mn-oxo oligomer complex,

which is the precipitate of Brudvig catalyst

(Mn-oxo dimer) under thermal conditions (Liu

et al. 2011). The Mn-oxo compound has a high

catalytic activity to extract electrons from water

to generate oxygen gas. The electrons are trans-

ferred to the cathode by an electric wire to pro-

duce hydrogen gas. The key feature of the design

is the ultrathin layer of Mn-oxo compound

(2–5 nm). The design will take the advantage of

high catalytic activity and minimize the electron

resistance in electron transfer from water to Mn

compound and tungsten oxide.

We choose ALD to prepare WO3 because of

the following advantages: (1) a high degree of

control over the resulting materials; (2) excellent

step coverage to yield conformal coatings; and

(3) process versatility to tailor the composition of

the deposit. WO3 was studied because it is one of

the most researched compounds for water

splitting. The widely available literature makes
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Fig. 17.5 The formation

of the novel Mn-oxo

oligomer material with

high active oxygen

evolving activity after

heating the Mn-oxo dimer

compound (Zhang et al.

2011, reproduced with

permission from Elsevier)
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it easy to compare our results with existing

reports and thus allows us to test the power of

the heteronanostructure design. To avoid the pro-

duction of corrosive byproducts during the ALD

process and to ensure the reaction occurs in the

true ALD regime, we used (tBuN)2(Me2N)2W as

tungsten precursor and H2O as oxygen precursor.

The goal was to verify that the growth indeed

takes place in the ALD regime. The dependence

of the growth rate on the precursor pulse times

and on the substrate temperature unambiguously

confirms this. In addition, the excellent linear

dependence of the deposition thickness on the

number of precursor pulses supports the ALD

growth mechanism and shows the extent of con-

trol we can achieve. That a long H2O pulse time

is necessary to initiate growth is a key finding of

this work. Despite intentional strengthening of

the oxidative conditions, as-grown WO3

exhibited a tinted color, indicating the existence

of oxygen deficiencies, which was then corrected

by an annealing step in O2 at 550
�C. The crys-

talline nature of the product is shown in the high

resolution (HR) TEM image in Fig. 17.7 and

XRD data in Fig. 17.8 (Liu et al. 2011). The

as-grown tungsten oxide film was annealed at

550 �C in O2 to achieve the desired stoichiometry

and crystallinity. Consistent with the TEM result,

formation of monoclinic tungsten oxide was con-

firmed by XRD after annealing. The uniformity

and good coverage around the nanonet branches

show that this deposition technique is suitable for

the creation of heteronanostructures (Lin et al.

2009).

Different Mn-oxo dimer solution

concentrations, different deposition temperatures

and different deposition times were studied. The

general trend was that more concentrated dimer

solutions, lower temperatures and longer times

tend to produce thicker film. The coating thick-

ness was measured by TEM and spectroscopic

ellipsometer. Important to the H2O solar splitting

functionalities, films thicker than 5 nm are unde-

sired because charge transfer through the coating

becomes hindered. Films thinner than 1 nm also

exhibit detrimental effects because they fail to

provide adequate protection for the WO3. We

identified the following optimum conditions to

yield a continuous coating of 2 nm. Energy dis-

persive spectroscopy (EDS) and X-ray photo-

electron spectroscopy (XPS) confirmed the

presence of Mn element in the amorphous layer.

The surface of WO3 was coated with the

Mn-oxo oligomer catalyst by thermal treatment

of a solution of the Mn-oxo dimer compound at

75 �C as shown in Fig. 17.9 (Liu et al. 2011).

This step was typically 5 min and did not cause

noticeable colorization of WO3. No measurable

differences were observed in the absorption spec-

tra of WO3 before and after this deposition, that

MnIV.V H2O

O2 + H+
WO3

MnIII.IV

MnII.III

Fig. 17.6 Design of a catalytic system containing semi-

conductor tungsten oxide and manganese-oxo oligomer

complex in photo water splitting mimicking

photosynthesis (Liu et al. 2011, reproduced with permis-

sion from Wiley-VCH)
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is, solvation on the WO3 surface was insignifi-

cant. This observation also suggests that the cat-

alyst poses no appreciable competition to WO3 in

light absorption, which is an extremely important

feature, because light absorbed by the catalyst

would be wasted. WO3 can be protected in

non-acidic solutions by depositing other

materials such as TiO2 by, for example, ALD.

However, deposition of the Mn catalyst is pre-

ferred for at least three reasons: (1) deposition is

straightforward, (2) the coating does not compete

with WO3 in light absorption, and (3) the catalyst

facilitates hole transfer from the semiconductor

to the solution.

17.4 Catalytic Activity
of Manganese/Tungsten Oxide
Nanostructure

As shown in Fig. 17.10, the working hypothesis

is that the light radiation is absorbed by the WO3

semiconductor and causes a charge separation to

produce electrons and holes. The electrons may

be transferred to the cathode by an electric wire

to produce hydrogen gas in a photoelectro-

chemical cell. Donating electrons to the holes,

the Mn-oxo oligomer is able to extract electrons

from water to evolve O2 following the catalytic

mechanism described (Chou et al. 2012). A Pt

mesh was used as counter electrode, and the

reference electrode was Ag/AgCl in 1 m KCl

solution. The electrolyte solution was 1 m KCl

with HCl added to adjust the pH from 2 to 7. A

CHI 600C potentiostat was used. The voltage

was swept between 0 and 1.3 V (vs. RHE) at a

rate of 10 mV/s. The light source was a 150 W

Newport Mercury lamp, and the intensity was

adjusted to 100 mW/cm2.

Fig. 17.7 Structure of ALD-grown semiconductor tung-

sten oxide on ITO (a) and on a TiS2 nano-

net (b) showing the formation of uniformed tungsten

oxide and viable approach of ALD to prepare heterona-

nostructures (Liu et al. 2011, reproduced with permission

from Wiley-VCH)

Fig. 17.8 XRD pattern of tungsten oxide after annealing

shows that the crystal structure is identified as monoclinic

tungsten oxide material (Liu et al. 2011, reproduced with

permission from Wiley-VCH)
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To quantify the amount of O2 and H2

generated by the WO3/Mn catalyst electrode,

we conducted photocatalytic experiments with

GC analysis. An HP 5890 GC instrument

equipped with an HP-Plot MoleSeive column

was used for this experiment. The inject and the

detector temperatures were set at 100 �C. Helium
was used as the carrier gas for oxygen

measurements, and nitrogen was used for hydro-

gen. The flow rate of the carrier gases was 5.4 ml/

min. For the stability test, the reaction vesicle

was purged with N2 every 7 h while all other

test parameters were kept constant. When the

vessel was purged with N2 and the experiment

was restarted, O2 was produced at the same rate

as in the original experiment in Fig. 17.11, which

shows the robustness of the catalytic system in

efficient photo water splitting.

An apparent difference is observed for the

electrodes with and without the Mn catalyst as

shown in Fig. 17.12 (Liu et al. 2011). When the

catalyst is present, the amount of O2 increases

with time, following a linear relationship for up

to 5 h, after which the rate of O2 generation slows

down. Without the Mn catalyst, the amount of O2

measured was only approximately 50% of that

with the Mn catalyst after 3 h. Thereafter, the

electrode ceased to function, showed obvious

colorization, and eventually peeled off from the

ITO support. Better stability was observed when

solutions with lower pH were used, and no obvi-

ous colorization was seen when WO3 was tested

in solutions of pH 2 for up to a day. The

protecting effect of the Mn catalyst was more

pronounced when the electrodes were tested in

less acidic solutions. At pH 7, WO3 without the

Fig. 17.9 TEM image and

EDS analysis reveal the

thin coating of the Mn-oxo

oligomer material on the

surface of tungsten oxide.

The Mn-oxo dimer

concentration, 1 mM;

deposition temperature:

75 �C; and deposition time:

5 min (Liu et al. 2011,

reproduced with

permission from Wiley-

VCH)

e-

e-e- e- e-

ITO WO3 Pt

O2

H2O H2O

H2

Mn-oxo
Oligomer

Fig. 17.10 An experiment

set-up of the PS II mimic

using manganese-oxo

complex/tungsten oxide for

solar water splitting (Chou

et al. 2012, reproduced

with permission from

Elsevier)
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Mn catalyst decayed more quickly than at pH 4,

whereas approximately 4% performance degra-

dation was observed up to 2 h. In contrast, it took

more than 19 h in the Mn/WO3 case for the

efficiency to drop to 50% of the initial value.

The pH dependence of photocurrent over the

range of pH 2 to 8 is shown in Fig. 17.13) (Chou

et al. 2012). The upper panel showed the

photocurrents under light and dark at different

pH when the polarization is at 1.0 V for 10 min.

The dark signal is almost zero, and the light-

induced current is dramatically different and

around 1.2–1.4 mA. Almost the same

photocurrents were observed over the pH range

from 2 to 8, indicating that the performance of

Mn-oxo oligomer complex/WO3 system in water

splitting is virtually independent of pH values.

The lower panel shows the photocurrent in dif-

ferent pH buffers when the applied potential

scans from 0 to 1 V at the rate of 10 mV/min.

The steady photocurrents over the pH 2 to

8 supported the idea that Mn-oxo oligomer com-

plex/WO3 is functional over the wide range of

pH values. We concluded that Mn-oxo catalytic

material is a robust catalyst over the range of

pH 2 to pH 8.

Fig. 17.11 The robustness

of the catalytic system

containing manganese-oxo

oligomer complex and

tungsten oxide in photo

water splitting. The arrows
show where the reaction

vesicle is purged by inert

gas nitrogen (Liu et al.

2011, reproduced with

permission from Wiley-

VCH)
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Fig. 17.12 Stability of the catalytic systems containing

tungsten oxide (gray symbols) and manganese-oxo oligo-

mer complex/tungsten oxide (black symbols) in photo

water splitting at different pH aqueous solutions (a)

pH 4.0 and (b) pH 7.0 (Liu et al. 2011, reproduced with

permission from Wiley-VCH)
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17.5 Mechanism of the Manganese/
Tungsten Oxide System

In nature photosynthetic water splitting involves

transfer of electrons and protons from water mol-

ecule initiated by a light-driven step. The

reactions are catalyzed by a Mn4CaO5 complex

bound to PS II that undergo a cycle containing

five intermediate S-states (S0–S4), leading to

dioxygen formation (Joliot et al. 1969; Kok

et al. 1970; Hoganson and Babcock 1997; Yano

et al. 2006). The Mn-oxo dimer compound is a

functional model for PS II OEC complex,

Brudvig and co-workers proposed a catalytic

mechanism for oxygen evolution by the

Mn-oxo dimer which involves oxidation of Mn

to Mn(V) ¼ O species (Limburg et al. 1999;

McEvoy et al. 2005).

With an energy gap between the conduction

and valence bands, semiconductors represent an

appealing candidate to effectively absorb

photons and transform the optical energy into

free charges (electrons and holes). It has been

demonstrated that these charges can be readily

utilized for water splitting. Theoretical

calculations have shown that the power conver-

sion efficiency of using semiconductor for water

photo-splitting can be as high as that of solid-

state solar cells. Combining semiconductor

nanomaterials with the Mn-oxo catalyst as pro-

posed here overcomes a key challenge in using

semiconductor directly, which is the low cata-

lytic activity of semiconductors. The low reactiv-

ity often leads to a high overpotential and results

in significant reduction in the overall energy

conversion efficiency (Fig. 17.14).

As shown in Fig. 17.15, the W content is

almost unchanged after 19 h of reaction (left

panel) (Chou et al. 2012). It supported the idea

that Mn plays a protective role in keeping WO3
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active in the water splitting cycle. In contrast, Mn

on the surface of WO3 was absent after 19 h. This

observation suggested that Mn is likely dissolved

in the aqueous solution by forming of Mn(II) ion

during the catalytic cycle of water oxidation. To

confirm this hypothesis, we added different

amounts of Mn(II) ion (1.0 mM and 0.10 M)

and Mn-terpy complex in the aqueous solution.

After 19 h of reaction, the photoanode was

washed three times and subjected to XPS analy-

sis. In right panel, a Mn signal was observed in

all three cases. This observation indicated that

Mn ions in aqueous solution may be oxidized to

high valent species and deposited on the surface

of WO3 during the catalytic cycle of water

splitting.

Addition of Mn(II) in the aqueous solution

prevents the disappearing of the Mn peak after

testing. A question arises if it is necessary that

the Mn-oxo dimer to be used as a precursor, or if

just using Mn(II) ion would lead to the formation

of the same catalyst? We conducted the photo-

current measurements using WO3/ITO electrode

in the aqueous solution containing MnCl2 or Mn

(II)-terpy species under identical conditions. No

catalytic photocurrent was observed, and no Mn

species on the WO3 electrode was found by XPS,

indicating that Mn-oxo dimer as a precursor is
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Fig. 17.14 Photocatalytic experiments confirm that the

measured oxygen gas is the direct product of complete

water splitting. (a) The rate of hydrogen gas production is

approximately twice that of oxygen gas. (b) Isotopic

labeling experiments verify that oxygen atoms in oxygen

gas come from water (Liu et al. 2011, reproduced with

permission from Wiley-VCH)
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required for the formation of Mn-oxo oligmer/

WO3 catalyst.

The complete structure of the catalyst is

unknown. We have tried to optimize the experi-

mental conditions in order to obtain the crystals

of the compound. However the crystallization

has not been successful so far. We did use EPR,

X-ray absorption, electrochemistry, FTIR, and

elemental analysis to characterize the catalyst.

The experimental data of EPR and FTIR data

suggest that the catalyst is not MnO2. The stoi-

chiometry of elemental analysis indicates the

significant amount of N and O, matching the

composition of terpyridine ligand. The prelimi-

nary X-ray absorption spectroscopic data showed

the Mn-Mn distance is somewhat similar to that

of Mn-oxo mix valent dimer. We propose that the

catalyst is an Mn-oxo oligomer with terpyridine

ligand bound possibly to Mn.

We propose a working model of Mn-oxo

oligmer/WO3 for photo water splitting in

Fig. 17.16 (Chou et al. 2012). The semiconductor

tungsten oxide serves as the light harvesting sys-

tem and reaction center, which absorbs photons

and generates electrons and holes. The holes in

WO3 are filled by the electrons of Mn-oxo oligo-

mer complex via electron transfer steps. The

Mn-oxo oligomer complex is oxidized to form

an Mn(V) ¼ O species which is attacked by

water molecules. The O-O bond is formed

together with the reduction of Mn(V) ¼ O to a

Mn(II)-terpy species via proton-coupled electron

transfer reaction and closes the water splitting

cycle. The Mn(II)-terpy species is released to

the aqueous phase. It is very likely that the

exchange of oxygen atoms among the solid

phase would involve major structural rearrange-

ment and probably destruction of the complex.

The Mn-oxo oligomer complex or similar cata-

lytic form is regenerated by the oxidation of Mn

(II)-terpy.

The nature of the active species in the cata-

lytic cycle of water splitting is under debate. We

proposed that the Mn(III/V) might be the active

species in our model. However, our experimental

data cannot rule out the possible involvement of

Mn(II) or Mn-oxide as active species. The

terpyridine is likely a proton shuttle. This is

supported by the pH experiment. The ions in

the phosphate and acetate buffers (pH 4–8) may

act as proton acceptors, where in HCl solution

(pH 2–4) this is not the case. The effect of HCl

and acetate/phosphate buffers on photocurrent is

insignificant; suggesting the proton shuttle might

be terpyridine.

17.6 Conclusions

To face the global energy crisis today, efficiently

and expensively converting solar energy to elec-

tricity by splitting water is one of the most press-

ing issues. Several promising and exciting

catalytic systems using earth abundant elements

via visible light-driven water splitting reaction

have been developed recently (Yin et al. 2010;

Han et al. 2012; Reece et al. 2012; Birkner et al.

2013; Alibabaei et al. 2013; Mayer et al. 2013).

The major challenges in this area include

capabilities to design, make, and study novel

Fig. 17.16 Proposed

water splitting cycle of

catalytic system containing

tungsten oxide and

manganese-oxo oligomer

complex (Chou et al. 2012,

reproduced with

permission from Elsevier)
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materials that can perform this reaction with

meaningful efficiency and at low cost (Cook

et al. 2010; Concepcion et al. 2009, Han et al.

2012). The case study presented in this chapter

will contribute significantly to this goal.

Light is absorbed by WO3 to generate

electrons and holes. The built-in field in WO3

helps concentrate electrons away from the solid/

liquid interface to be collected by the supporting

substrate, which is indium tin oxide (ITO). Holes

are driven by the built-in field toward the solid/

liquid interface, where they transfer to the solu-

tion to oxidize H2O. This schematic neglects the

potential influence of the Mn catalyst coating on

the electronic energy of WO3 because of the

thinness of the former. The oxidation process is

mediated by the catalyst, which we suggest

works in a fashion similar to the oxo-bridged

Mn catalyst, that is, mixed-valent MnIII and

MnIV are oxidized by the photogenerated holes

from the semiconductor, and the product of the

oxidation process is reduced by H2O to produce

O2. A distinguishing feature of the WO3/Mn

catalyst system is that the presence of the catalyst

facilitates charge transfer from the semiconduc-

tor to the solution, and the effect is more obvious

when the charge density is high.

The ALD growth of tungsten oxide without

production of corrosive byproducts has not been

reported elsewhere, and the synthetic technique

makes it easy to form heteronanostructures. The

manganese catalyst derived from the

oxo-bridged Mn dimer is easy to prepare and

exhibits good stability and catalytic properties.

When interfaced with tungsten oxide, it acts as a

protecting layer without adverse effect on the

water-splitting properties. To the best of our

knowledge, this is the first time that tungsten

oxide photoelectrodes stable in neutral solution

has been prepared. The manganese/tungsten

oxide heteronanostrutrue design combines multi-

ple components, each with unique complemen-

tary and critical functions, and offers integration

of properties that are not available in single-

component materials. The versatility of the

method will find applications in numerous areas

where the availability of materials is the limiting

factor.
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Time-Resolved EPR in Artificial
Photosynthesis 18
Art van der Est and Prashanth K. Poddutoori

Summary

Time-resolved electron paramagnetic reso-

nance (TREPR) methods often play an impor-

tant role in characterizing artificial

photosynthetic systems. The radical pairs

and triplet states generated in such systems

are spin polarized because of the initial corre-

lation of the electron spins and the spin selec-

tivity of the electronic relaxation and electron

transfer. The polarization makes the TREPR

signals of the states fundamentally different

from those of equilibrium systems and makes

it possible to extract information about the

geometry of the radical pairs and about the

pathway and kinetics of electronic relaxation

and electron transfer. In this chapter, we give

an overview of the different types of TREPR

experiments that can be performed on artifi-

cial photosynthetic complexes and the differ-

ent polarization patterns that are observed.

This is followed by a summary of recent

results on a several selected systems, which

illustrate the strengths and weakness of the

technique.

Keywords

Electron transfer • Spin polarization • Light-

induced radical pairs • Molecular triplet states
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18.1 Introduction

18.1.1 Transient Paramagnetic
Species in Natural
Photosynthesis

In oxygenic photosynthesis, the absorption of

light leads to electron transfer through several

proteins embedded in the thylakoid membrane

(Fig. 18.1). This process results in the oxidation

of water in the lumen and the reduction of NADP

in the stroma. The initial steps take place in

Photosystems I and II in which a series of

sequential radical pairs are generated as the elec-

tron is transferred along the electron transfer

chain. These radical pairs have been studied

extensively using time-resolved electron para-

magnetic resonance (TREPR) spectroscopy

(M€obius 1997; van der Est 2001, 2009; Bittl

and Zech 2001; Stehlik 2006; Thurnauer et al.

2004). A key feature of natural photosynthetic

systems is the extremely high quantum yield of

charge separation, which is achieved by

optimizing the properties of the cofactors such

that the rates of forward electron transfer are

orders of magnitude faster than competing pro-

cesses such as charge recombination or intersys-

tem crossing. As a consequence of the fast

electron transfer, the radical pairs are produced

in spin states that are non-eigenstates of the spin

system and the population distribution is far from

equilibrium. This has a profound effect on the

TREPR signals observed from photosynthetic

reaction centers and allows details of the struc-

ture and dynamics of the system to be deter-

mined. TREPR methods and their application to

natural photosynthesis have been summarized in

detail in a number of review articles and book

chapters (M€obius 1997; van der Est 2001, 2009;

Bittl and Zech 2001; Stehlik 2006; Thurnauer

et al. 2004).

The goal of artificial photosynthesis is to

mimic the features of the natural systems and

TREPR methods have been used widely to

study artificial photosynthetic complexes.

Despite the goal of mimicking the natural

systems, the artificial complexes often display

significant differences, which have important

consequences for their time-resolved EPR spec-

tra (Forbes et al. 2013).

18.1.2 Differences Between Natural
and Artificial Photosynthesis

The term artificial photosynthesis refers to a wide

range of complexes all of which mimic natural

photosynthesis to some degree. These systems

can be broadly grouped into the two classes

shown in Fig. 18.2 based on whether the catalysis

is homogeneous or heterogeneous. In photocells

(Fig. 18.2a) a photosensitizer injects electrons

into the conduction band of a semiconductor

and activates heterogeneous catalysis at the elec-

trode surface. In homogeneous biomimetic

systems (Fig. 18.2b), synthetic analogues of the

components of the photosynthetic reaction

centers are coupled together to act as a shuttle

for electrons between two catalysts that should

perform oxidative and reductive chemistry in

solution. The arrangement, shown in Fig. 18.2b,

is only one of many possible schemes of this type

and the position of the chromophore in the elec-

tron transfer chain, the nature of the bridges,

donors and acceptors, the addition of antenna

chromophores and many other factors can be

varied. The vast majority of TREPR studies

involve the characterization of such complexes,

normally in the absence the redox catalysts, and

thus, the primary focus of this chapter will be in

this area.

In natural photosynthesis, the protein plays an

essential role in tuning the properties of the

cofactors and high quantum efficiency electron

transfer has been achieved primarily through

optimization of the protein-cofactor interactions

(Allen and Williams 2014). In artificial donor-
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Fig. 18.1 Schematic diagram of the electron transport

chain in oxygenic photosynthesis. The structures of the

proteins have been generated from the following protein

databank files using the program molmol (Koradi et al.

1996): Photosytem I 1JB0 (Jordan et al. 2001);

Photosystem II 2AXT (Loll et al. 2005) Cytochrome

b6f 1VF5(Kurisu et al. 2003); Plastocyanin 1JXD

(Bertini et al. 2001); Ferredoxin 1FXI(Tsukihara et al.

1990); Ferredoxin-NADPþ reductase (FNR) 1FNB

(Bruns and Karplus 1995)
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Fig. 18.2 Different possible schemes for artificial pho-

tosynthesis. (a). Photocell in which a photo-anode is used

to split water and drive the reduction of protons at the

cathode. (b). Donor-acceptor triad coupled to two

catalysts to drive the oxidation of water and reduction of

protons
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acceptor (D-A) complexes, the solvent and

bridging groups between the donor and acceptor

play the role of the protein. Because it is difficult

to achieve the same level of control found in the

natural photosystems, intersystem crossing in the

donor and back electron transfer often compete

with forward electron transfer and the lifetime of

the final charge-separated state is usually shorter.

The covalently bound bridging groups also gen-

erally provide stronger electronic coupling

between the electron donors and acceptors than

is found in a protein matrix in which the

cofactors are non-covalently bound. In addition,

partially ordered solvents are sometimes used to

stabilize the charge separation. All of these

factors lead to a wider variety of paramagnetic

states and TREPR spectra for synthetic donor

acceptor complexes compared to the natural

photosystems.

In the following section, an overview of the

basic principles of TREPR will be given,

followed by a description of the spectra of the

different species observed in artificial photosyn-

thetic systems.

18.2 Time-Resolved EPR Methods

18.2.1 Transient EPR

The most straightforward TREPR experiment is

transient EPR. A detailed description of the

method can be found in Forbes et al. (2013) and

only a brief overview is given here. As shown in

Fig. 18.3, a laser flash with a pulse length of

typically 10 ns or less is applied to the sample

while it is irradiated with continuous microwaves

in a static magnetic field. The microwave absorp-

tion is measured as a function of time giving a

transient response. The magnetic field is then

stepped over a range of values and a transient is

collected at each field position. The resulting

collection of transients forms a time/magnetic

field dataset and transient EPR spectra can be

generated by plotting the signal amplitude in a

chosen time window as a function of the mag-

netic field.

If lock-in detection with 100 kHz field modu-

lation is used, the response time is on the order of

100 μs. However, with so-called direct detection,
the response time can be reduced to several tens

of nanoseconds, and is limited by the Fourier

broadening at short times. The faster response

time comes at the cost of much lower sensitivity

but this loss in sensitivity is compensated for by

the strong spin polarization observed at short

times. The polarization arises from the spin

selectivity of the photoreactions and gives rise

to both absorptive (A) or emissive (E) signal

contributions. An important feature of TREPR

studies is the analysis of the patterns of the

absorptive and emissive polarization. In most

spectroscopic experiments the absorption coeffi-

cient, the concentration and the temperature

determine the intensity. However, for TREPR

spectra the pathway by which the paramagnetic

state was generated is the most important factor.

Thus, the same state can have different spectra if

it can be generated by different mechanisms. For

example, singlet and triplet electron transfer can

be distinguished by the polarization pattern of the

resulting radical pair.

18.2.2 Pulsed EPR

Pulsed EPR techniques can also be used to mea-

sure light-induced paramagnetic species

(Schweiger and Jeschke 2001). Such

experiments are technically more challenging

than transient EPR measurements but they pro-

vide additional information and allow the spin

system to be manipulated by shifting population

between the spin states. They can be grouped into

two general types illustrated in Fig. 18.4. In the

field-swept echo experiment (Fig. 18.4a) a

two-pulse sequence is used to generate a spin

echo (other echo sequences can also be used)

and the height of the echo is recorded over a

range of magnetic field positions to give a spec-

trum. In systems undergoing photochemical

reactions, the delay after the laser flash at which

the microwave pulses are applied can be varied

to obtain the spectrum at different times during

the reaction. In addition, the delay between the

microwave pulses can be chosen to suppress or

emphasize signal contributions from different

species. To obtain a field-swept echo spectrum
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corresponding to the allowed single-quantum

transitions of the spin system, the excitation

bandwidths of the pulses should be small com-

pared to the width of the spectrum. For molecular

triplet states this is essentially always the case.

However, for weakly coupled radical pairs,

which have narrow spectral widths, the excita-

tion bandwidth must be kept small.

Echo modulation measurements are the other

main class of pulse EPR experiments. They are

illustrated in Fig. 18.4b using the out-of-phase

echo modulation of a light-induced radical pair

as an example. In an echo modulation experi-

ment the height of the echo is measured as a

function of the spacing between the pulses at a

fixed magnetic field. The height of the echo is

modulated by the weak interactions of the spin

system. In the sequence shown in Fig. 18.4b only

one pulse spacing is varied and hence a single

modulation decay curve is obtained. For more

complex pulse sequences multiple delays can be

varied giving multidimensional modulation

datasets.

In the case of a weakly coupled singlet-born

radical pair, the echo is phase-shifted by 90�

compared to that of a stable radical and shows

deep modulations due to the coupling between

the two spins. The values of the coupling

constants can be obtained either by fitting calcu-

lated modulation curves to the experimental data

or from the positions of the features in the

Fourier transform of the modulation curve.

18.3 Quasi-Static Polarization
Patterns

The EPR signals from a photoreaction depend on

both the kinetics of the reaction and the spin

dynamics of the light-induced paramagnetic spe-

cies. In general, the analysis of TREPR data

requires that the time dependent spin density
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Fig. 18.3 Transient EPR. Continuous microwaves are

used to monitor the EPR signal response of the sample

to a short laser flash at a fixed magnetic field strength. The

field is stepped over a region to create a time/field dataset

from which transient EPR spectra can be extracted
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matrix of the system be calculated (Schweiger

and Jeschke 2001). However, if the microwave

field is weak (i.e. in the linear response regime)

and the signals are measured after the decay of

any coherence effects (i.e. if off-diagonal

elements of the density matrix can be ignored),

the spin polarized transient EPR spectrum or

field-swept echo spectrum can be calculated

from the transitions between energy levels of

the static spin Hamiltonian of the system.

In the light-induced radical pairs generated by

electron transfer in D-A complexes, the strength

of the spin-spin coupling has a strong effect on

the observed TREPR spectra. There are two

components to the coupling and they depend on

the structure of the complex and the distance

between the electrons. The dipolar coupling

falls off with r�3 and the exchange coupling

between the electrons can be written as:

J ¼ J0exp �β r � r0ð Þð Þ ð18:1Þ
where r0 is the van der Waals radius and the

attenuation factor β depends on the bridge

between the donor and acceptor (Schubert et al.

2015). Thus, within the range of distances found

in D-A complexes large variations in the strength

of the coupling occur. For a system of two cou-

pled S¼ 1/2 spins, there are two distinct regimes.

If the spin-spin coupling is much larger than the

difference of the Larmor precession frequencies,

the eigenstates can be separated into singlet and

triplet manifolds and the spin system is strongly

coupled. In contrast, if the coupling is small

compared to the difference in the precession

frequencies, the spin system is weakly coupled.

18.3.1 Spin-Polarized, Weakly-
Coupled Radical Pairs

Weakly coupled radical pairs generated from a

singlet precursor have been described exten-

sively in the literature because their importance

in photosynthetic reaction centers (Kandrashkin

et al. 1998; Norris et al. 1990; Closs et al. 1987;

Hore et al. 1987; Stehlik et al. 1989; Angerhofer

and Bittl 1996; Kandrashkin and van der Est

2001, 2007; Kamlowski et al. 1998; Savitsky

a b

Fig. 18.4 Pulsed EPR experiments. (a) Field Swept

Echo. After a laser flash, which generates a paramagnetic

species, the two microwave pulses generate an echo. The

field-swept echo spectrum is generated by measuring the

echo amplitude as a function of the magnetic field. (b)

Out-of-phase echo modulation. For a singlet-born radical

pair the echo is phase shifted by 90� and is the amplitude

of the echo is modulated strongly as a function of the

spacing between the pulses by the spin-spin coupling
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et al. 2007, 2013). The electron spin polarization

in such systems can be described using the spin

correlated radical pair (SCRP) model (Forbes

et al. 2013; Kandrashkin et al. 1998; Closs et al.

1987; Hore et al. 1987; Stehlik et al. 1989;

Buckley et al. 1987). As shown in Fig. 18.5,

there are four spin energy levels two of which

are pure triplet states and two which have both

singlet and triplet character. If the radical pair is

formed from a pure singlet state only the energy

levels with singlet character are populated and

thus there are two absorptive and two emissive

transitions. Electron transfer from a triplet pre-

cursor, also gives two absorptive and two emis-

sive transitions but the pattern of emission and

absorption is different. For a fixed orientation of

the radical pair in the magnetic field, the spec-

trum (Fig. 18.5, bottom) consists of two

antiphase doublets. The splitting of the doublets

is determined by the spin-spin coupling and each

of the doublets is centered at the effective

g-value of the respective radicals. Both the

splitting and the positions of the lines are orien-

tation dependent.

The observed spectrum also depends on the

motion of the donor-acceptor complex. Several

different situations arise depending on the sol-

vent used and the temperature. At low tempera-

ture in frozen solution, the system can be treated

as being in the rigid limit, while in liquid or

nematic solution, rapid motion occurs that leads

to averaging of the interactions. In the rigid limit,

the sum over all possible orientations of the radi-

cal pair in the magnetic field must be taken. In

natural photosynthetic reactions centers, the tum-

bling of the protein complexes is slow even in

liquid solution so that the rigid limit applies to

both frozen and liquid solution samples. In con-

trast, in donor-acceptor mimics, the rigid limit

only applies below the freezing point of the

solvent.

In the experimental spectrum, the lines are

normally broadened by unresolved hyperfine

couplings and if the inhomogenous linewidth is

larger than the spin-spin coupling the antiphase

doublet for each radical of a singlet-born radical

pair is given by (Kandrashkin and van der Est

2001, 2007):
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Fig. 18.5 Energy level

diagram and stick spectrum

of a singlet-born weakly

coupled radical pair
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2 J � deff θ;ϕð Þ� �

ffiffiffiffiffi
2π
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� �
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� �2
i

2Δω2
i

 !

ð18:2Þ
where i refers to the two radicals and the total

spectrum is Itotal ¼ Idonor þ Iacceptor. Δωi is

the inhomogeneous linewidth of each radical,

ωeff ¼ �h�1geffβB0 is the resonance frequency

and ω0 is the microwave frequency. The orienta-

tion dependences of d(θ,ϕ) and geff(θ,ϕ) makes

the polarization pattern dependent on the relative

orientations of the principal axes of the two

g-tensors and the vector from one radical to the

other that defines the dipolar coupling. Thus, the

spectra can be used to determine the geometry of

the radical pair. However, if the exchange cou-

pling is negligible, additional information is

required to obtain a unique solution for the

geometry (Kandrashkin and van der Est 2001,

2007). This is because the spin-spin coupling

influences only the amplitude of the antiphase

doublet described by Eq. 18.2 and not its shape.

As a result, the absolute amplitude of the spec-

trummust be known if the spin-spin coupling and

geometry is to be determined uniquely. Determi-

nation of the geometry also requires that the

nature of the precursor (singlet, triplet or mixed

singlet-triplet) be known. In the natural

photosystems, the highly efficient forward elec-

tron transfer ensures that the initial state of the

first observable radical pair is a pure singlet. In

artificial donor-acceptor complexes, triplet elec-

tron transfer and/or significant singlet-triplet

mixing can occur.

Figure 18.6 illustrates the sensitivity of radical

pair powder spectra to geometry of the radical

pair and the nature of the precursor. The black

spectra (a, d) are for a singlet precursor and the

red and blue spectra (b, c, e, f) for a triplet

precursor with different population distributions

of the spin states. The spectra on the (a–c) were

calculated with the dipolar coupling axis parallel

to the x-axis of the g-tensor of radical 1 and in the
spectra on the right (d–f) the g-tensor has been

rotated by 90� so that the y-axis is parallel to the

dipolar coupling axis. For the singlet precursor

spectra, (a, d) the sign of the polarization on the

low-field end of the spectrum is sensitive to the

orientation of the dipolar coupling vector relative

to the x-axis of the g-tensor of radical 1. For a

triplet precursor, however, the polarization pat-

tern depends on the spin selectivity of the inter-

system crossing by which the triplet state is

formed (spin selective intersystem crossing is

discussed in Sect. 18.3.4) and either sign (absorp-

tive or emissive) is possible on the low field end

of the spectrum. A characteristic feature of triplet

state formation by intersystem crossing is that it

also creates net polarization of the spin system,

which is generally emissive (Salikhov et al.

1984). Thus, the spectra of radical pairs

generated from a triplet precursor typically have

net emissive polarization as shown in spectra c,

d, e and f in Fig. 18.6

When the tumbling of the molecules is fast,

e.g. liquid solution at room temperature, the ori-

entation dependent terms are replaced by their

average values. An important consequence of

this is that the spectrum no longer depends on

the dipolar coupling since its average value is

zero. As a result the spectra no longer depend

on the internal geometry of the radical pair.

Moreover, if the exchange coupling is negligible

and the radical pair is formed from a singlet

precursor the absorptive and emissive lines can-

cel each other completely and no spectrum is

observed. However, in most donor acceptor

complexes the exchange coupling is sufficiently

large that this situation does not arise but the

radical pair signals are sometimes weak because

the cancellation.

Liquid crystalline solvents in the nematic

phase are often used for studying donor-acceptor

complexes because the solvent dynamics stabi-

lize the radical pair states (Hasharoni and

Levanon 1995; Wiederrecht et al. 1999a, 1997.)

In such solvents, the motion of the molecules is

rapid but they have a non-zero average alignment

relative to a direction known as the director. In

the absence of any external fields the director

varies randomly and there is no macroscopic
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alignment of the solvent. However, in the mag-

netic field of an EPR spectrometer, the director

becomes aligned and in most nematic phases is

parallel to the magnetic field. When a solute is

dissolved in a nematic phase it also becomes

partially ordered largely as a result of short-

range interactions with the solvent (van der Est

et al. 1987; Burnell and De Lange 1998). The

ordering of a solute molecule is described by its

order matrix, the elements of which are given by:

Sij ¼ 3

2
cos θiZ cos θjZ � 1

2
δij

� �
ð18:3Þ

where i and j refer to a set of axes fixed in the

molecule and Z is the direction of the magnetic

field. Determining the principal axes of the order

matrix in a molecule of low symmetry is not

trivial but since the ordering is the result of

short-range interactions, the principal z-axis of

rod-like molecules is along the rod axis and for

extended planar molecules it is perpendicular to

the plane.

For a radical pair in a rapidly tumbling donor-

acceptor complex in a nematic liquid crystal, the

dipolar coupling averages to:

deff ¼ D
3

2
cos 2θ � 1

2

� �
ð18:4Þ

where θ is the angle between the vector and the

magnetic field and the angled brackets mean the

weighted average over all orientations. The term

in angled brackets is the order parameter of the

dipolar coupling vector. The g-values of the

radicals are also averaged:

geff ¼ giso þ
2

3

X
i¼x, y, z

giiSii ð18:5Þ

where Sii, i¼ x,y,z are the order parameters of the

principal axes of the g-tensor. The order

parameters are difficult to predict accurately for

donor-acceptor complexes but approximate

values can be estimated from the structure. In

general the bridging groups define the long axis
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Fig. 18.6 Calculated spin-polarized EPR spectra of a

weakly coupled radical pair in the rigid limit. The spectra

illustrate the effect of the relative orientation of the donor

and acceptor and the influence of the precursor spin state.

a, b, c: dipolar-coupling axis parallel to the x–axis of

radical 1. d, e, f: Dipolar-coupling axis parallel to the y–
axis of radical 1. a, d: singlet precursor. b, e: triplet

precursor populated according to S2Ω, z � 1
3
~S2 in the

molecular frame. c, f: triplet precursor populated

according to S2Ω,x � S2Ω,y in the molecular frame. Principal

g-values of the two radicals of the radical pair: radical

1 gxx ¼ 2.014, gyy ¼ 2.008, gzz ¼ 2.002; radical

2 gxx ¼ gyy ¼ gzz ¼ 2.002. Dipolar coupling con-

stant ¼ �0.6 mT. Exchange coupling ¼ 0
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of the molecule (Fig. 18.2b) and the direction of

the dipolar coupling. Since the ordering is deter-

mined by short-range interactions, orientations of

the molecule with its long axis parallel to the

director and the magnetic field are more probable

than orientations with the long axis perpendicular

to the field. Thus, the order parameter of the

dipolar-coupling axis is generally positive.

Several calculated spectra of rapidly tumbling

radical pairs are shown in Fig. 18.7. On the left,

the motion is assumed to be isotropic, while on

the right anisotropic motion as would be

observed in a nematic liquid crystal has been

assumed. The exchange coupling J has been

taken to be negative. In the case of isotropic

motion, the negative sign of J results in A/E

polarization for each of the antiphase doublets

when the precursor is a pure singlet state (a). For

a triplet prescursor the sign of the multiplet

polarization depends on the orientation of the

complex in the magnetic field. For rapid motion,

the multiplet polarization averages to zero and

only the emissive polarization remains (b). If the

exchange coupling is negligible (c) no spectrum

is observed as discussed above. In an anisotropic

solvent the spectra show significant differences.

If the exchange and dipolar coupling constants

have the same sign, then the splitting of the lines

in the antiphase doublet, 2(J–d), can be of oppo-

site sign in isotropic and anisotropic solvents,

which results in an inversion of the sign of the

polarization. With a triplet precursor the multi-

plet polarization does not average to zero in an

anisotropic solvent and an E/A/E/A pattern with

net emission is obtained for the choice of

couplings used (e). Similarly, when the exchange

coupling is negligible (f) the spectrum does not

average to zero because the average dipolar cou-

pling is non-zero.

18.3.2 Strongly-Coupled Radical Pairs

In donor-acceptor dyads it is common for the

spin-spin coupling to be larger than the differ-

ence of the resonance frequencies of the two
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Fig. 18.7 Calculated spin-polarized EPR spectra of a

weakly coupled radical pair undergoing rapid motion.

The spectra illustrate the influence of the precursor spin

state and the effect of partial ordering when the exchange

and dipolar coupling constants are of the same sign. Left:
isotropic motional averaging. Right: anisotropic averag-

ing such that the dipolar-coupling axis has an order

parameter of 0.4. The magnetic parameters and geometry

of the radical pair are the same as in Fig. 18.6 except that

J ¼ �0.17 mT has been assumed for spectra a, b, d and e.
Spectra a and d singlet precursor; b and e triplet precursor

with populated according to S2Ω, z � 1
3
~S2; c and f exchange

coupling J ¼ 0, singlet precursor
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radicals. Under these conditions, the radical pair

is strongly coupled and its spin states are nearly

pure singlet and triplet states. Since the singlet

state is EPR silent, the spectrum of such a radical

pair is that of the triplet state, which gives an

antiphase doublet. The sign of the polarization

pattern and the amount of net polarization

depend on how the radical pair was formed and

what type of solvent is used (Fig. 18.8). In an

isotropic solvent, the dipolar coupling is aver-

aged to zero but an antiphase doublet is still

observed (Fig. 18.8a, b). The reason for this is

that the resonance positions of the two transitions

in a triplet state are not identical and the differ-

ence between them is approximately

ωD
eff � ωA

eff

� �2
=4J (van der Est and Poddutoori

2013). For a molecular triplet state, the exchange

coupling J is large and this difference is negligi-

ble but for a radical pair, the value of J can be

sufficiently small that the two peaks are observ-

able despite the fact that the dipolar coupling is

averaged. In a liquid crystalline environment, the

average dipolar coupling is no longer zero and

the separation between the lines is determined by

deff (Fig. 18.8c, d) In either case, if the separation

is much smaller than inhomogeneous broadening

of the lines, the observed splitting of the

antiphase doublet is determined by the linewidth,

Δω, of the two overlapping lines and the inten-

sity of the resulting pattern is determined by the

separation, ωD
eff � ωA

eff

� �2
=4J or 2deff. Since the

g-factors of most organic radicals do not differ

strongly from the free electron value,

ωD
eff � ωA

eff

� �
is small and the separation of the

lines in an isotropic solvent is typically much

smaller than in a liquid crystal and hence the

intensity is much weaker. Often, in an isotropic

solvent the observed splitting is determined by

the linewidth, while in a nematic liquid crystal it

is due to the dipolar coupling as shown in

Fig. 18.8. The sign of the dipolar-coupling con-

stant in a radical pair is negative, and hence the

sign of the pattern E/A or A/E, can be used to

determine the population distribution. An E/A

pattern (Fig. 18.8a, c) implies that the T0 level

of the radical pair is preferentially populated. An

A/E pattern (Fig. 18.8b, d) implies excess

Magnetic Field (mT)
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Fig. 18.8 Calculated spectra of a strongly coupled radi-

cal pair. a, b: isotropic solution c, d liquid crystalline

solution with S ¼ 0.6 for the dipolar coupling axis. a, c
singlet precursor or triplet precursor with excess

population in T0. b, d: triplet precursor with excess popu-

lation in Tþ/T�. Parameters: g1 ¼ 2.0023, g2 ¼ 2.0030,

J ¼ �2.0 mT, D ¼ �1.5 mT, Δω ¼ 0.5 mT
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population in Tþ and T�, which is only possible

from triplet electron transfer.

18.3.3 Sequential Radical Pairs

In D-A triads, a series of radical pairs can be

produced by any of the following reactions,

depending on where the chromophore is located

in the electron transfer chain:

D!hvD∗ ! DþA�
1 ! DþA�

2

A!hνA∗ ! Dþ
1 A

� ! Dþ
2 A

�

I!hνI∗ ! IþA� ! DþA�

I!hνI∗ ! DþI� ! DþA�

Here, I refers to a chromophore in the middle of

the triad. In all cases, two sequential radical pairs

are produced and if the lifetime of the first radical

pair is long enough to allow singlet-triplet

mixing to occur, the spin polarized TREPR spec-

trum of the second radical pair is affected. The

mechanism of singlet-triplet mixing is illustrated

in Fig. 18.9. Initially, the spin system is in a pure

singlet state, in which the two spin vectors are

antiparallel to one another. However, because the

two spins in the radical pair are in different

environments their precession frequencies differ.

Thus, spin 2 will precess with a frequency (ω1–

ω2) in a frame of reference rotating with the

precession frequency of spin 1. As a result of

the different precession frequencies, the spin sys-

tem oscillates between the S and T0 states.

The effect of singlet-triplet mixing on the spin

polarization in sequential electron transfer has

been described theoretically in detail

(Kandrashkin et al. 1998, 2002; Norris et al.

1990; Hore 1996; Wang et al. 1992; Tang et al.

1996) and involves calculating the evolution of

the density matrix. This is a rather involved pro-

cess since the time at which the electron hops

from one acceptor to the next is a statistical

process and the integral over the ensemble must

be taken. However, the polarization is usually

observed at times that are long compared to the

electron transfer lifetime and the decay of coher-

ence effects. Under these conditions,

Kandrashkin et al. (1998, 2002, 2007) were able

derive analytical expressions for the spin polari-

zation, which are extremely useful for
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Fig. 18.9 Schematic representation of singlet-triplet mixing
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understanding the observed polarization patterns.

If the electron transfer is initiated from a singlet

state, the singlet triplet mixing in each radical

pair in the series generates additional polariza-

tion in the subsequent radical pairs. The polari-

zation of a given radical pair can be broken down

into three contributions: (i) singlet polarization,

i.e. the polarization that would be seen without

any singlet triplet mixing, (ii) a contribution that

arises from the singlet-triplet mixing due

differences in the g-values of the two radicals

(iii) polarization associated with inhomogenous

broadening in cases in which only one of the two

unpaired electrons is transferred. These three

contributions are illustrated in Fig. 18.10, spectra

a, b and c, respectively. The relative intensities of

these three contributions can be written as

functions of the electron transfer rates and mag-

netic parameters of the radical pairs. The singlet

contribution (spectrum a) is proportional to:

Is / 2 J2 � deff , 2
� �

Δω
ð18:6Þ

where the subscript 2 refers to the secondary

radical pair. The additional polarization arising

from singlet-triplet mixing due to the difference

in the g-values of the radicals in the precursor

(spectrum b) is given by:

Iz / βB0

h

2J1 þ d1,eff
� �

gD � gAð Þ1
k21

ð18:7Þ

where k1 is the decay rate of the precursor, which

is usually dominated by the forward electron

transfer rate. The contribution from the

inhomogeous line broadening (spectrum c) is:

Ih / J1 þ deff , 1
� �

Δω
k21

ð18:8Þ

The spectra on the right of Fig. 18.10 show

how the polarization pattern of the secondary

radical pair changes as the lifetime and magnetic

parameters of the precursor change. The

observed changes are primarily a result of

changes in the contribution described by

Eq. 18.8. In Fig. 18.10d, the lifetime of the pre-

cursor has been varied. In accordance with

Eq. 18.8, the net polarization of the two radicals

increases as the lifetime is increased from 1 ns

(Fig. 18.10d, black spectrum) to 3 ns

348 348.5 349 349.5 350
Magnetic Field (mT)

348 348.5 349 349.5 350
Magnetic Field (mT)

E

A

A

E

A

E

a

b

c

d

e

f

Fig. 18.10 The effect of ST-mixing on the TREPR spec-

tra of the secondary radical pair in sequential electron

transfer. a: singlet contribution b: additional polarization

due the g-factor difference in the precursor radical pair; c:
additional polarization resulting from inhomogenous

hyperfine broadening in the precursor; d: Influence of

the precursor lifetime, black τ ¼ 1 ns, black τ ¼ 2 ns,

blue τ ¼ 3 ns; e: Influence of the spin-spin coupling in the
precursor, black J ¼ �1.0 mT, red J ¼ �0.5 mT, blue
J ¼ 0.5 mT; f: Influence of the g-factor difference in the

precursor, black gdonor– gacceptor ¼ �0.0027, red gdonor–
gacceptor ¼ 0.0, blue gdonor– gacceptor ¼ 0.0027
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(Fig. 18.10d, blue spectrum). In Fig. 18.10e, the

spin-spin coupling in the precursor has been

varied. The sign of the net polarization depends

on the sign of the coupling in the precursor and in

the observed radical pair. In the spectra in

Fig. 18.10 the dipolar coupling has been set to

zero and the value of J in the secondary pair is

positive. When the value of J in precursor is also

positive (Fig. 18.10e, blue spectrum) the radical

with resonances at lower field shows net emis-

sion and the higher field antiphase doublet shows

net absorption. When the sign of J in the precur-

sor is negative (Fig. 18.10e, red and black spec-

tra) the pattern is reversed and the low field

antiphase doublet shows net absorption. The

effect of the difference in the g-values of the

radicals in the precursor is shown in

Fig. 18.10f. If the two radicals in the precursor

have the same g-factor then no net polarization is

observed in the secondary radical pair

(Fig. 18.10f, red spectrum). When the sign of

the g-factor difference is the same in the precur-

sor and secondary radical pair, and J is negative

in the precursor and positive in the secondary

radical pair (Fig. 18.10f, black spectrum), the

low field doublet has net absorption and the

high field doublet has net emission. When the

sign of the g-factor difference is opposite the

sign of the net polarization in each doublet is

reversed (Fig. 18.10f, blue spectrum). Thus,

with sufficient information about the g-factors

of the radicals and the sign of the coupling it is

possible to deduce, the approximate lifetime of

the precursor from such spectra.

18.3.4 Triplet States

In both natural and artificial photosynthetic

systems, molecular triplet states can also be

formed, either by intersystem crossing from the

excited singlet state of a chromophore or by

charge recombination. Because both of these

processes are spin selective, the resulting triplet

state is spin polarized. However, the selectivity

of the two processes is different and hence the

TREPR spectra differ (Budil and Thurnauer

1991; Thurnauer 1979). This can be a very useful

tool in characterizing the photo-physics of D-A

complexes, especially when used in combination

with transient optical methods.

Figure 18.11 illustrates the two different

pathways by which a molecular triplet state can

be formed and how they result in different popu-

lation distributions in the spin sublevels. Charge

recombination is shown in Fig. 18.11a and inter-

system crossing in Fig. 18.11b. In both cases,

singlet-triplet interconversion must occur but

the mechanism is different. As discussed above,

when the charge-separated stateDþA� is formed,

mixing between S and T0 occurs as the spins

precess and as a result recombination to the trip-

let state can occur. Because the singlet-triplet

mixing in the radical pair is only between S and

0S

1S

1T

h
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1S
DA+ -

1T T0
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T
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Fig. 18.11 Different possible pathways by which a molecular triplet state can be formed. (a): Radical pair recombi-

nation. (b): Intersystem crossing
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T0, only the T0 sublevel of the triplet state is

populated.

In the case of intersystem crossing, the pres-

ence of spin-orbit coupling results in mixing of

the singlet and triplet states. Because this inter-

action is governed by molecular symmetry, while

the wave functions of the spin states are deter-

mined largely by the Zeeman interaction with the

external field, the intersystem crossing rates to

the three triplet sublevels differ and depend on

the orientation of the molecule in the field. The

probability of intersystem crossing to a given

sublevels can be written as a linear combination

of probabilities associated with each of the three

principal axes in the molecule (Forbes et al.

2013; Levanon 1987):

pi¼þ, 0,� ¼ cixj j2px þ ciy
		 		2py þ cizj j2pz ð18:9Þ

The probabilities px, py and pz depend on the

strength of the spin-orbit coupling in the molec-

ular x, y and z directions. The coefficients cix, ciy,

and ciz depend on the orientation of the molecule

and can be obtained by writing the triplet

wavefunctions in terms of the zero-field

wavefunctions:

ψ i¼þ, 0,� ¼ cixψx þ ciyψ y þ cizψ z ð18:10Þ
Because, the absolute amplitude of the spin

polarization is usually not known only the ratios

of the probabilities can be determined. Moreover,

since their sum equals one, there are only two

independent probabilities. This description also

does not take net polarization of the spin system

into account.

An more elegant way to describe the popula-

tion distribution is to use the traceless diagonal

part of the density matrix Δρ, which represents

the differences in the populations of the spin

levels and can be expanded in terms of the matrix

representations of the spin operators

(Kandrashkin et al. 2006a). It may also be written

as the sum of a multiplet polarization contribu-

tion ΔρM with equal amounts of absorption and

emission and a net polarization contribution ΔρN
with either pure emission or absorption. The

mutliplet polarization is invariant to inversion

and thus can be described by the even powers

of the spin operators (Salikhov et al. 1984). In the

case of radical pair recombination the multiplet

polarization can be written:

ΔρRP
M / S2z �

1

3
~S2 ð18:11Þ

For intersystem crossing the multiplet polari-

zation represents the differences in the intersys-

tem crossing rates that arise from the traceless

anisotropy of the spin-orbit coupling, and two

contributions are needed (Kandrashkin et al.

2006a, b):

ΔρaxialM / 1� 3cos 2θð Þ S2z �
1

3
~S2


 �

Δρnon�axial
M / sin 2θ cos 2ϕ S2z �

1

3
~S2


 �

ð18:12Þ
where θ and ϕ describe the orientation of the

molecule in the magnetic field. The important

difference between the two cases is that the

polarization generated by radical pair recombi-

nation does not depend on the orientation of the

molecule while the polarization generated during

intersystem crossing does. Any measured polari-

zation pattern can be reproduced as a linear com-

bination of these contributions:

Δρ / κaxialM ΔρaxialM

þ κnon�axial
M Δρnon�axial

M þ κNΔρN ð18:13Þ

The parametersκaxialM ,κnon�axial
M can be related to

the probabilities px, py and pz such that κaxialM

¼ 1.0, κnon�axial
M ¼ 0.0 corresponds to px:py:

pz ¼ 0:0:1; κaxialM ¼ �1.0, κnon�axial
M ¼ 1.0

corresponds to px:py:pz ¼ 0:1:0 and κaxialM

¼ �1.0, κnon�axial
M ¼ �1.0 corresponds to px:py:

pz ¼ 0:0:1.

Figure 18.12 shows examples of these

contributions to the polarization pattern for a

free-base porphyrin. The spectra a and b corre-

spond to ΔρaxialM and Δρnon�axial
M , respectively and

are the contributions to the multiplet polarization

from intersystem crossing. Spectrum c is the

pattern generated by radical pair recombination

and spectrum d is the net polarization. Spectrum
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e, dashed line, is a weighted sum of spectra a, b

and d that reproduces the experimental spectrum

(solid line).

18.4 Time Dependent Effects

The time traces in a TREPR experiment also

contain a significant amount of information.

However, extracting this information is more

complicated than the analysis of the spin polari-

zation patterns.

18.4.1 Electron Transfer

TREPR data can be used to determine electron

transfer rates but the range of accessible lifetimes

is limited. The theoretical lower limit of the time

resolution is determined by Fourier broadening

and for an experiment performed at 9 GHz

(X-band) this limit is on the order of 1–10 ns.

In practice, the bandwidth of the resonator and

the detection results in a response time that is

several tens of nanoseconds or more, depending

on the instrument. The sensitivity of such

instruments is usually not high enough to detect,

the equilibrium Boltzmann polarization and

hence the range of available lifetimes is also

limited by T1 relaxation. Nonetheless, in favor-

able cases, lifetimes in the range of ~50 ns to

several tens of microseconds are accessible. Usu-

ally, the decay of the TREPR signal of a radical

pair is determined by a combination of charge

recombination and spin relaxation and it is diffi-

cult to distinguish the two effects using the EPR

data alone. Hence, in general it is necessary to

use both optical and EPR methods to obtain a

clear picture of the kinetics. The main advantage

of TREPR methods for measuring kinetics is that

in contrast to optical methods, only paramagnetic

species are observed and there are no

overlapping signals from diamagnetic excited

states or the ground state. In addition, triplet

states and radical pairs are easily distinguished

and the spin selectivity of the electron transfer

can be studied. An example of this is illustrated

in Fig. 18.13. Electron transfer with predomi-

nantly singlet character generates a weakly cou-

pled radical pair with the population distribution

shown on the left. This distribution results in the

polarization pattern shown under the energy level

diagram. Charge recombination from states with

singlet character is faster than from those with

300 350 400
Magnetic Field (mT)

300 350 400
Magnetic Field (mT)

|D|-3|E|

|D|+3|E|

A

E
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A
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b

c

d

e

A

E

E

A

Fig. 18.12 Spin polarization patterns for molecular trip-

let states. a: multiplet contribution ΔρaxialM (Eq. 18.8); b:

multiplet contributionΔρnon�axial
M (Eq. 18.8); c: radical pair

recombination contribution ΔρRP
M (Eq. 18.7); d: net polar-

ization contribution proportional to –Sz; e simulation of

the polarization pattern of a free-base porphyrin with

κaxial : κnon � axial : κnet ¼ � 1.0 : 0.47 : 0. solid line:
experimental spectrum, dashed line: simulation. For all

of the spectra D ¼ 38.4 mT, E ¼ 7.8 mT and g ¼ 2.0023
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pure triplet character. Thus states Ψ2 and Ψ3 are

depopulated relative toΨ1 andΨ4. As a result the

polarization pattern becomes weaker and inverts.

A time trace corresponding to the field position

marked with an arrow under the spectrum on the

left is shown on the right of Fig. 18.13. The initial

population distribution results in a strong emis-

sive signal at this field position. As the singlet

recombination occurs the signal rapidly inverts

and then decays slowly as the states with triplet

character are depopulated. From such time

traces, the singlet and triplet backreaction rates

can be determined. In most cases, spin relaxation

between the pure triplet states (Ψ1 and Ψ4) and

the mixed singlet/triplet states (Ψ2 and Ψ3) is

expected to be the rate-limiting step in triplet

recombination.

18.4.2 Quantum Beats

If a radical pair is generated on a time scale such

that no significant singlet-triplet mixing occurs,

its initial state is a pure singlet as shown in

Fig. 18.9 and singlet-triplet mixing occurs due

to the subsequent precession of the spins. This

motion of the spin system modulates the intensity

of the EPR transitions. The intensity of the

transitions shown in Fig. 18.5 are determined

by the product of the transition probability and

the population difference. Because ψ1 and ψ4 are

pure triplet sates, the transition probability is

proportional to the triplet character of the mixed

states ψ2 and ψ3 Thus, as the spin system

oscillates between a pure singlet and pure triplet

state the intensity of the EPR transitions oscil-

late. Such oscillations are referred to as quantum

beats (Bittl and Kothe 1991; Salikhov et al. 1990)

and they can be observed at short times following

the laser flash. At longer time, they decay as the

relative phase of the oscillations in different parts

of the sample becomes random. Typically, phase

relaxation times are on the order of 100 ns or less,

which makes the quantum beats difficult to

observe. Because they depend on the rate of

singlet-triplet mixing they can be analyzed to

obtain the magnetic parameters of the spin sys-

tem. However, this information can also be

obtained from the analysis of the spin polariza-

tion pattern, which is much easier to measure.

18.4.3 Out of Phase Echo Modulation

Early observation of the electron spin echo

signals from photosynthetic samples showed
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Fig. 18.13 Example of spin selective charge recombination of a radical pair and its effect on the associated TREPR

signals
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that the echo was phase shifted by 90� compared

to the echo from a stable radical (Thurnauer et al.

1979, 1982; Thurnaur and Norris 1980;

Thurnauer and Clark 1984). The origin of the

phase shift was later shown to be a result of the

correlation between the electron spins and that

the amplitude of the echo is modulated by the

spin-spin interactions (Salikhov et al. 1992; Tang

et al. 1994). This provides an elegant way of

measuring the spin-spin coupling and it has

been widely used to characterize the natural pho-

tosynthetic systems (Bittl and Zech 2001;

Angerhofer and Bittl 1996; Savitsky et al. 2007,

2013; Bittl and Kothe 1991; Borovykh et al.

2002; Bittl and Zech 1997; Zech et al. 1996).

For many artificial complexes the out-of-phase

echo is not observed or the modulation decays

too rapidly to determine the spin-spin coupling.

The absence of an out-of-phase echo indicates a

lack the correlation between the spins, which can

occur as a result of dephasing of singlet-triplet

mixing in the primary radical pair or when triplet

electron transfer is the dominant mechanism. As

a result there are far fewer reports of the use of

out-of-phase echo modulation experiments on

D-A complexes.

18.5 Recent Results

18.5.1 Early Results on Donor-
Acceptor Complexes

The early results of TREPR experiments on

donor-acceptor complexes for artificial photo-

synthesis are summarized in a number of review

articles (Levanon and M€obius 1997; Savitsky

and Moebius 2006; Gust et al. 2001;

Wasielewski 1992, 2006; Verhoeven 2006). In

these initial studies, the goal was primarily to

mimic various aspects of the natural

photosystems. Some of the first systems to be

investigated were the porphyrin-quinone dyads

and triads studied by M€obius and Kurreck

(Lendzian et al. 1991; Hasharoni et al. 1993;

Batchelor et al. 1995; Kay et al. 1995; Elger

et al. 1998; Fuhs et al. 2000; Wiehe et al. 2001)

that were designed to mimic the chlorophyll

donor and quinone acceptors of photosynthetic

reaction centers. While most of these complexes

displayed light induced electron transfer from the

porphyrin to the quinone, the TREPR spectra

were very different from those of the natural

systems because of differences in the strength

of the spin-spin coupling, relaxation dynamics

and electron transfer pathway. The widest array

of D-A systems has been studied by Wasielewski

and co-workers (Wiederrecht et al. 1999a, 1997,

1999b; Wasielewski 1992, 2006; Wasielewski

et al. 1988, 1990, 1991, 1993, 1995; Hasharoni

et al. 1995, 1996; Laukenmann et al. 1995; van

der Est et al. 1996; Levanon et al. 1998; Heinen

et al. 2002; Shaakov et al. 2003; Dance et al.

2006, 2008a, b; Jakob et al. 2006; Tauber et al.

2006; Ahrens et al. 2007; Mi et al. 2009;

Carmieli et al. 2009; Giacobbe et al. 2009;

Scott et al. 2009; Miura et al. 2010; Wilson

et al. 2010; Miura and Wasielewski 2011; Ls

et al. 2012; Colvin et al. 2012, 2013). Using the

charge transfer bands of compounds such as

4-aminonaphthalene-1,8-dicarboximide and

3,5-dimethyl-4-(9-anthracenyl) julolidine to ini-

tiate electron transfer, efficient, long-lived

charge separation could be achieved by attaching

secondary donors such as aniline, tetrathia-

fulvalene (TTF) and tetramethylbenzo-

bisdioxole (BDX) and secondary acceptors such

naphthalenediimide (NDI) and pyromellitic

diimide (PI). An important feature of these

dyads and triads is that long-lived radical pair

formation occurs in both liquid and frozen solu-

tion, which greatly facilitates TREPR

measurements. The low reorganization energy

of fullerene (C60) as an electron acceptor also

promotes long-lived charge separation as first

shown by Gust and Moore (Liddell et al. 1994;

Carbonera et al. 1998). Using these systems it has

been possible to reproduce all of the characteris-

tic TREPR signatures seen in photosynthetic

reaction centers and obtain important informa-

tion about the electron transfer. In the following

sections we highlight a number of recent

examples and summarize the TREPR studies on

organic bulk heterojunction solar cells.
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18.5.2 Sequential Electron Transfer
in Triads

As discussed in Sect 18.3.3, in a sequential elec-

tron transfer reaction the spin dynamics that

occurs during the lifetime of the primary radical

pair affects the polarization pattern of the

subsequent radical pairs. We have investigated

this phenomenon in a series of triads based on

aluminum(III) porphyrin (AlPor) in which an

acceptor (NDI or C60) and secondary donor

(TTF) are attached on opposite faces of the por-

phyrin as shown in Fig. 18.14 (van der Est and

Poddutoori 2013; Poddutoori et al. 2013, 2015).

Excitation of the AlPor leads to transfer of the

excited electron in the LUMO of the porphyrin to

the LUMO of the acceptor as well as hole trans-

fer from the HOMO of the porphyrin to the

HOMO of the donor. This reaction creates the

radical pair TTF•þNDI•– or TTF•þC60
•–

depending on which acceptor is used.

The transient EPR spectra of the triads are

shown in Fig. 18.15. In both cases, the spectrum

consists of two antiphase doublets with an E/A/

E/A polarization pattern. The low field doublet is

due to TTF•þ, while the high-field doublet arises

from the reduced acceptor, either NDI•– or C60
•–.

The antiphase doublets are not symmetric and in

each doublet one of the two peaks is considerably

stronger than the other. With NDI as the acceptor

(Fig. 18.15, left) the low-field doublet due to

TTF•þ shows net emissive polarization and the

NDI•– doublet at higher field has net absorption.

With C60 as the acceptor, the situation is reversed

(Fig. 18.15, right). The E/A/E/A pattern is con-

sistent with singlet electron transfer and negative

spin-spin coupling. However, pure singlet elec-

tron transfer leads to symmetric antiphase

doublets as shown in Fig. 18.10. The net polari-

zation of each doublet is due to singlet-triplet

mixing during the lifetime of the precursors.

The simulations of the spectra (red curves) take

this mixing into account (van der Est and

Poddutoori 2013; Poddutoori et al. 2013, 2015).

The different sign of the net polarization in the

two cases can be easily understood as the result

of a change in the sign of the g-factor difference

in the precursor state. As shown in Eq. 18.7,

the sign of the additional polarization generated

by singlet-triplet mixing depends on the sign of

gD–gA in the precursor state. For the radical pair

AlPor•þNDI•– the g-factor difference is negative,
while for TTF•þAlPor•– and AlPor•þC60

•– it is

positive. Thus, the data are consistent with the

following electron transfer sequences in the two

triads:

Fig. 18.14 Structure of

axial aluminum(III)

porphyrin-based D-A triads
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AlPor ! AlPor∗ ! AlPor�þNDI��

! TTF�þNDI��

and

AlPor ! AlPor∗ ! TTF�þAlPor��

! TTF�þC��
60

In the latter case, the EPR data are also con-

sistent with electron transfer to C60 being the

initial step, however, fluorescence quenching

data suggest that electron donation by TTF

occurs first. In principle, the lifetime of the pre-

cursor state can be estimated from the net polari-

zation of the antiphase doublets, however, this

requires that the strength of the spin-spin cou-

pling in the precursor is known. For the spectra

shown in Fig. 18.15, a lifetime of about 1 ns is

obtained if the spin-spin coupling is assumed to

be ~2 mT but this combination of values for the

lifetime and coupling is not unique.

18.5.3 Quantum Beats

As discussed in Sect. 18.4.2, the strong correla-

tion between the electrons when a radical pair is

generated from a pure singlet state produces

coherence effects in the TREPR signals. These

quantum beat oscillations are not easy to observe

because of the rapid de-phasing of the spins. This

is particularly true when the measurements must

be performed at room temperature. In most D-A

complexes charge separation that is long lived

enough to be observed by TREPR requires stabi-

lization of the radical pair states by solvent reor-

ganization. As a result, the radical pairs cannot

be observed at low temperature and hence there

are very few reports of quantum beat

measurements. However, there are some

complexes in which this phenomenon can be

studied (Laukenmann et al. 1995; Krzyaniak

et al. 2015). The first observation of quantum

beat oscillations in a D-A complex was reported

by Kothe, Norris, Wasielewski and co-workers

(Laukenmann et al. 1995). More recently, a new

optical method of indirect observation of the

singlet-triplet coherence has reported by

Wasielewski and co-workers (Kobr et al. 2012;

Krzyaniak et al. 2015). They designed a complex

in which two electron-transfer steps can be

driven by two short laser pulses at different

wavelengths. The first pulse generates the pri-

mary radical pair, which is then irradiated to
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Fig. 18.15 Room temperature transient EPR spectra of two axial triads from the series shown in Fig. 18.14
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drive the secondary electron transfer and create

the secondary radical pair. In a first study it was

shown that the secondary radical pair is spin-

correlated and generated initially in a singlet

state (Kobr et al. 2012). In a very recent report

it was then shown that by varying the delay

between the two laser flashes changes in the

TREPR spectrum of the secondary radical pair

are observed that are consistent with coherent

singlet-triplet mixing in the primary radical pair.

18.5.4 Echo Modulations

The values of the spin-spin couplings are crucial

for understanding the relationship between molec-

ular structure and the efficiency of electron trans-

fer. This is because the exchange coupling can be

directly related to the electronic coupling between

the donor and acceptor and the dipolar coupling

provides information about the distance between

the separated electrons. However, as discussed in

Sect. 18.3.1, if the coupling is smaller than the

inhomogeneous linewidth it cannot be obtained

unambiguously from the TREPR spectrum. How-

ever, the out-of-phase echo experiment described

in Sect. 18.2.2 provides an elegant and accurate

way of the determining the couplings. Again,

however, this experiment is difficult to perform

at room temperature because of short T2 relaxa-

tion. Carmieli et al. (2009) recently reported out-

of-phase echo modulation results on the

complexes shown in Fig. 18.16, which can be

measured at low temperature. In complexes

1 and 2 excitation of the charge transfer band

between 6ANI and PI and subsequent donation

by BDX or TTF results in a long-lived radical

pair. In complex 3, the charge transfer band

between DMJ and An is excited and the charge

separation is stabilized by electron transfer to NI.

The out-of-phase echo modulation curves for

the three complexes and their Fourier transforms

are shown in Fig. 18.17. It is immediately appar-

ent that the modulation frequency for complex

3 is much lower than for complexes 1 and 2 and

that this results in a narrower Fourier transform

spectrum. This lower frequency is the result of a

significantly larger distance between the spins in

complex 3. Closer inspection of the curves for

complexes 1 and 2 shows that there are subtle

differences between them despite the fact that the

complexes are virtually identical. In 2 the per-

pendicular component of the coupling is smaller

than in 1 but the parallel component is larger and

the sign of the νk and ν0k signal components are

opposite in 1 and 2. These differences are a result

of a difference in the sign of J in the two

complexes. This is a surprising result, given

Fig. 18.16 Structures of

donor acceptor complexes

for out-of-phase echo

modulation experiments

(Reprinted with permission

from (Carmieli et al. 2009).

Copyright (2009)

American Chemical

Society)
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that the two complexes differ only in the nature

of the donor. Although the origin of the differ-

ence remains unclear, the results provide a good

demonstration of the use of the out-of-phase echo

modulation to accurately determine the dipolar

and exchange contributions to the coupling.

18.5.5 Polymer-Fullerene Blends

TREPR methods have also been applied to the

study of charge separation in organic bulk

heterojunction solar cells. These systems consist

of blends of a conductive polymer, usually a

substituted polythiophene, and an electron accep-

tor usually a substituted fullerene.

Light excitation of the polymer leads to

charge separation at the polymer/fullerene junc-

tion with good yield and a long lifetime and if the

heterojunction is sandwiched between two

electrodes of a closed circuit a photocurrent is

generated (Sariciftci et al. 1992). For such

systems, the factors that allow the Coulomb

attraction between the separated charges to be

overcome is not well understood and this has

motivated a number of TREPR studies (Da Ros

et al. 1999; Pasimeni et al. 2001a, b; Behrends

et al. 2012; Kobori et al. 2013; Miura et al. 2013;

Kraffert et al. 2014; Lukina et al. 2015; Niklas

et al. 2015). The structures of some of the

fullerenes and polythiophenes that have been

used in these studies are shown in Fig. 18.18.

Pasimeni and co-workers (Da Ros et al. 1999;

Pasimeni et al. 2001a, b) reported the first

TREPR spectra on a blend of N-mTEGFP and

ST6 (Figs. 18.18 and 18.19). The E/A/E/A polar-

ization is indicative of a spin correlated radical

pair. The authors were able to simulate the spec-

trum (Fig. 18.19 dotted curve) assuming a

singlet-born radical pair with a dipolar coupling

constant of D ¼ �121 � 4 μT, which

corresponds to a distance of 28.4 � 0.3 Å
between the radicals. Because a distribution of

geometries for the radical pair is expected, a

random distribution of orientations of the dipolar

coupling vector relative to the g-tensors was

taken and the principal axes of the g-tensors of

the two radicals were assumed to be collinear. No

out-of-phase echo was detectable for these

samples (Pasimeni et al. 2001b). Behrends et al.

(2012; Kraffert et al. 2014) obtained a virtually

identical spectrum from a blend of PCBM and

P3HT (Fig. 18.18) and showed that it could be

simulated using purely isotropic spin-spin cou-

pling and argued that it is not possible to obtain a

unique value for the coupling. As discussed in

Sect. 18.3.1, the geometry and spin-spin coupling

can only be determined if the absolute intensity

Fig. 18.17 Out-of-phase echo modulation curves of the

light-induced radical pairs in the donor-acceptor

complexes shown in Fig. 18.16 (Reprinted with

permission from (Carmieli et al. 2009). Copyright

(2009) American Chemical Society)
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of the spectrum is known and this is generally not

the case for TREPR data. They also showed that

the polarization decays to a purely absorptive

pattern at late times that was the same as that

observed by steady-state EPR, suggesting that it

was due to separated polarons.

Kobori and co-workers (Kobori et al. 2013;

Miura et al. 2013) studied the same P3HT-

PCBM blend and obtained similar time-dependent

spectra. In contrast to Behrends et al. (2012;

Kraffert et al. 2014) they argued that the absorp-

tive spectrum observed at late time was broader

than the steady-state spectrum and therefore

assigned it to the coupled radical pair after relaxa-

tion of the initial spin polarization. They were able

to reproduce the experimental spectra as a function

of time using the stochastic Liouville equation to

take the relaxation into account. To calculate the

spectra, they assumed a single average geometry

for the P3HT•þPCBM•– radical pair and estimated

the dipolar coupling from the width of the spec-

trum. The exchange coupling and geometry were

obtained by fitting to the experimental data. When

the side chains on the polythiophene were varied

and the polymer blend was annealed, different

values for the exchange and dipolar couplings

and geometries were obtained (Miura et al.

2013). From these data, the distance dependence

Fig. 18.18 Structures of several polythiophenes and fullerene derivates used in organic bulk heterojunction solar cells

Fig. 18.19 Transient EPR spectrum of a sexithiophene –

fulleropyrrolidine blend. Solid line: experimental spec-

trum, Dashed line: simulation (Reprinted from

(Pasimeni et al. 2001b), with permission from Elsevier)
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of the exchange coupling was calculated and a

value of β ¼ 0.2 Å�1 for the attenuation factor of

the electronic coupling was estimated.

Niklas et al. (2015) compared the TREPR

spectra of the blends of PCBM with the three

polythiophenes P3HT, PTB7 and PCDTBT

shown in Fig. 18.18. These blends show similar

TREPR spectra but differing degrees of net

polarization of the two radicals occur. For the

PTB7-containing blend a spin-polarized spec-

trum of the triplet state of PTB7 is observed in

addition to the radical pair. The polarization pat-

tern of the triplet state showed that it is due to

radical pair recombination (see Sect. 18.3.4). The

intensity of the triplet state increased substan-

tially in experiments performed at 130 GHz as a

result of the faster singlet-triplet mixing at higher

magnetic field. Together the polarization patterns

of the radical pairs and the appearance of the

triplet state spectrum clearly indicate that a series

of sequential radical pairs is formed and that the

observed pair is the secondary pair.

In the analysis by Kobori et al. (2013) an

average geometry was assumed but the width of

the distribution was not evaluated, although the

relaxation times they obtained suggest a rela-

tively broad distribution. Out-of-phase echo

studies provide a more accurate measure of the

spin-spin coupling and the width of the distribu-

tion. Lukina et al. (2015) recently reported such

experiments and found that although a light-

induced out-of-phase echo from P3HTþPCBM�

radical pair is observed it is not modulated. They

rationalized the absence of modulation as a result

of delocalization of the hole on the

polythiophene chain resulting in a distribution

of spin-spin couplings, which leads to damping

of the echo modulation. The echo decay curve

could be simulated with a simple model in which

the hole on the polythiophene is distributed over

a distance spanning about 4 nm.

18.6 Concluding Remarks

As can be seen from the examples presented here

TREPR experiments provide important

information both for the characterization and

design of artificial photosynthetic D-A

complexes. As for any spectroscopic technique,

there are limitations. The most important of these

for TREPR is the comparitively slow inherent

response time which is on the order of 10 ns.

However as discussed above, the spin dynamics

occuring on a shorter time scale can have an

influence on the observed data and it is possible

to deduce properties of the states that cannot be

observed directly. The organic bulk

heterojunction studies illustrate how the com-

plexity of the data analysis increases with the

complexity of the systems. However, they also

show that by combining data from various

experiments it is possible to gain useful insights

even in disordered amorphous systems.
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Summary

Natural photosynthesis has been studied

recently with the aim of learning fundamental

principles and transferring the technology to

artificial devices such as dye-sensitized solar

cells (DSSCs). In DSSCs, as the leaves of

trees, a dye converts sunlight into electricity.

Among the several photovoltaic devices such

as thin films-based solar cells and single-

crystalline Si-based solar cells, DSSC which

exhibits efficiency exceed of 13%, is consid-

ered to represent low-cost alternatives to con-

ventional inorganic solar cells.

This chapter systematically presents

important roles of transition metal complexes

based on 1,10-phenanthroline ligand in

DSSC. 1,10-phenanthroline can be used as

both sensitizer and electrolyte in DSSC

which the most efficiency is obtained from

cobalt phenanthroline complexes as redox

shuttle. It covers not only the most frequently

reported and in depth investigated complexes,

but also describes some conventional

complexes that have led to promising results

so far. Moreover, this chapter will survey an

introduction about exclusive position of tran-

sition metal complex electrolyte as a good

candidate to replace with I�/I3
� conventional

couple redox, to present the interest of readers

in this field. Therefore, the main idea is to

inspire readers to explore new avenues in the

design of new transition metal complex

sensitizers and electrolytes to improve the

efficiency of DSSC, in particular when com-

patible sensitizer and electrolyte are selected.
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2007), we are compelled to seek alternative

sources to supply our growing energy demands.

Several clean energy technologies will play an

important role in this challenge, including wind,

geothermal, biomass, hydroelectric, and nuclear.

However, none of these technologies have the

scalable capacity to meet the whole of our global

energy demands. Moreover, burning fossil fuels

raises carbon dioxide level in the atmosphere.

Owing to growing energy demands, exhaustion

of oil resources, and global warming issues, there

is a need for clean and renewable energy

technologies. Photovoltaic technology

employing solar energy is regarded as the most

efficient technology among all the sustainable

energy technologies such as tidal power, solar

thermal, hydropower, and biomass. Only the

sun, with its virtually limitless supply of fusion

energy, can meet our energy needs. Most people

around the world live in areas with insolation

levels of 150–300 watts per square meter or

3.5–7.0 kWh m�2 per day. The world is consum-

ing about 14 terawatts (TW) of energy and will

rise to about 40 TW by 2050. Today, in just one

hour, the sun provides enough power to supply

our energy needs for an entire year (Lewis and

Nocera 2006). The Earth receives 174,000 TW of

incoming solar radiation at the upper atmo

sphere. Approximately 30% is reflected back to

space while the rest is absorbed by clouds,

oceans and land masses. The spectrum of solar

light at the Earth’s surface is mostly spread

across the visible and near-infrared ranges with

a small part in the near-ultraviolet. Accessing

and utilizing this vast quantity of energy

represents a grand challenge in scientific research

and engineering (Lewis et al. 2005).

Multi-junction solar cells harvest sunlight by

dividing the solar spectrum into portions that are

absorbed by a material with a band gap tuned to a

specific wavelength range. Combining materials

with optimal band gaps is critical for high

efficiency.

As shown in Fig. 19.1, the Energy

Department’s National Renewable Energy Labo-

ratory has announced the demonstration of a

45.7% conversion efficiency for a three-junction

solar cell at 234 suns concentration. This

achievement represents one of the highest photo-

voltaic research cell efficiencies achieved across

all types of solar cells. Current silicon

technologies have thus far experienced limited

deployment, primarily due to materials’ costs

associated with processing of the high quality

crystalline silicon used in these devices. Devel-

oping cost-effective methods of efficiently cap-

turing solar energy is urgently required.

Among various types of photovoltaics (PV),

dye-sensitized solar cells (DSSCs) are an effi-

cient type of devices that have attracted the atten-

tion of many researchers because of low

fabrication cost, high efficiency, ability to work

at low light and mechanical robustness (Hagfeldt

et al. 2010; Bomben et al. 2012).

The main components of a DSSC are a cath-

ode, sensitizer dye, photoanode and an electro-

lyte solution containing a redox couple. The

photoanode is a porous nanocrystalline semicon-

ductor such as TiO2, ZnO layer coated with a

monolayer of chemisorbed sensitizers, supported

on a conductive glass substrate (SnO2:F)

(Clifford et al. 2011; Argazzi et al. 2004;

Nazeeruddin et al. 2004; Colombo et al. 2014).

In DSSCs, as the leaves of trees, a dye

converts sunlight into electricity. Dye sensitizer

has the same role of chlorophyll in photosynthe-

sis. Chlorophyll is an extremely important bio-

molecule, critical in photosynthesis, which

allows plants to absorb energy from the light

(Fig. 19.2b). The basic structure of a chlorophyll

molecule is a porphyrin ring, which is coordi-

nated with a central atom. The porphyrin

molecules arrange layer by layer together in

chloroplast as shown in Fig. 19.2c. As shown in

Fig. 19.2d, the porphyrin like structure can

modifies by several atoms and group substitution.

The π-extended electron in porphyrin lets to har-

vest the sun light. In artificial photosynthesis, a

sensitizer in DSSC designs according to chloro-

phyll pattern to enhance the molar absorbance

(Shahroosvand et al. 2015b).

Figure 19.2a illustrates the primary reaction

processes in DSSCs, the balance of which is

important to achieve high performance (Katoh

et al. 2004; Shahroosvand et al. 2014). First, the

dye catches photons of incoming light (sunlight
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and ambient artificial light) and uses their energy

to excite electrons, behaving like chlorophyll in

photosynthesis (Photoexcitation; step 1). The

dye injects this excited electron into the TiO2

(Electron injection; step 2) and the electron is

conducted away by nanocrystalline titanium

dioxide. The electrons can be transported in the

semiconductor film as the conducting electrons.

Consequently, the counter electrode

(CE) collects the electron from the external cir-

cuit, and catalyzes the reduction of tri-iodide

electrolyte ions (CE catalysis; step 3). A chemi-

cal electrolyte in the cell then closes the circuit so

that the electrons are returned back to the dye

(Regeneration; step 4). Undesirably, the injected

electrons recombine with the oxidized sensitizer

dyes (Recombination; step 5). This recombina-

tion process competes with the regeneration of

the oxidized sensitizer dyes by the redox

mediator molecules. Finally, the conducting

electrons can react with the redox mediator

molecules in the solution during transport, before

reaching the back contact electrode (Leak reac-

tion; step 6). The rate and efficiency of these

processes depend strongly on the nature of the

sensitizer dye and semiconductor film. Under-

standing the relationship between the molecule

structure of the sensitizing dye and photovoltaic

performance is one of the most important tasks

for developing a high performance solar cell

(Hara et al. 2002; Shahroosvand et al. 2015a).

As seen in Fig. 19.3, this field is growing fast

and there is an exponential growth in

publications dealing with the role of complexes

in DSSCs. This chapter concentrates on the

employment of different metal complexes based

on 1,10-phenanthroline for engineering of new

DSSCs.

Fig. 19.1 Trends in solar cell efficiencies by technology

and year (Courtesy of NREL). Multijunction cells includ-

ing: three-junction (concentrator): 44%, three-junction

(non-concentrator): 37.7%, two-junction (concentrator):

32.6%. Single-junction GaAs including: Single crystal:

26.4%, concentrator: 29.1%, thin film crystal: 28.8%.

Crystalline Si cell including: single crystal: 27.6%,

multicrystalline: 20.4%, thick Si film: 25.0%, silicon

heterostructures: 23.0%, thin-film crystal: 20.1%. Thin-

film technologies including: Cu(In,Ga)Se2: 20.3%, CdTe:

18.3%, amorphous Si:H (stabilized): 13.4%. Dye-

sensitized solar cells (11.4%), organic cells: 11.1%,

organic tandem cells: 10.0%, inorganic cells: 11.1, quan-

tum dot cells: 7.0%
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In following, two important components in a

DSSC including dye sensitizer and redox electro-

lyte will be detailed.

19.1.2 Dyes in DSSCs

DSSCs have attracted increasing interest in recent

years due to the economical and ecological device

fabrication and practically high power conversion

efficiency (Li and Diau 2013; Hagfeldt et al.

2010). It is well-known that dyes play an impor-

tant role in DSSCs, in which they catch photons

and inject electrons into the conduction band of

the TiO2 semiconductor, followed by regeneration

of the sensitizer by a reversible redox mediator in

the electrolyte. It has been realized that the light

harvesting efficiency is the key process in the

DSSC device. Hence, many efforts have been

devoted to increase the absorptivity and stability

of the dyes (Robertson 2006). Developing new

dye molecules is one approach to extend the

light response to cover a broad solar spectrum.

Ru polypyridine dyes reveal significant perfor-

mance owing to their strong absorption in the

visible region and long-lived charge-separated

excited states (Ardo and Meyer 2009). Two

well-known Ru-based dyes are coded N3 ([Ru

(H2dcbpy)2(NCS)2]; dcbpy ¼4,40-dicarboxylato-
2,20-bipyridine) (Nazeeruddin et al. 1993), N719

Fig. 19.2 (a) comparative schematic of the work princi-

pal between artificial photosynthesis (DSSC), and (b)
natural photosynthesis. Part (a): photoexcitation; step

1, electron injection; step 2, CE catalysis; step 3, regener-

ation; step 4, recombination; step 5, leak reaction; step

6. FTO: fluorine tin oxide. Part (b): the occurred reactions
in a natural photosynthesis. Part (c): chloroplast as light
reactor. Part (d): the molecular structure of porphyrin

which works in a chlorophyll (right) and in a DSSC (left)
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([Ru(Hdcbpy)2(NCS)2](Bu4N)2) (Nazeeruddin

et al. 1999), yielding up to 10% (Fig. 19.4).

Most of modifications in the design of a sen-

sitizer dye for DSSC contain the suitable choice

of an ancillary ligand through the tuning the

ground and excited-state properties for attaining

better light harvesting. In this regard, several

approaches have been successfully endeavored

to improve the light harvesting abilities of ancil-

lary ligands, which include extending

π-conjugation through incorporation of aromatic

rings, introducing electron donating/accepting

groups in the ancillary ligand, and the use of

aliphatic long chains, etc. (Aranyos et al. 2003;

Wang et al. 2004, 2005; Chen et al. 2006; Kuang

et al. 2006; Gao et al. 2008, 2009; Matar et al.

2008; Shahroosvand et al. 2016).

19.1.3 Electrolytes in DSSCs

The electrolyte is one of the most crucial

components in DSSCs (Gonçalves et al.

2008; Shahroosvand et al. 2015); it is responsible

for the inner charge carrier transport between

electrodes and continuously regenerates the dye

and itself during DSSC operation. The electrolyte

has great influence on the light-to-electric

Fig. 19.3 Number of

publications annually

dealing with DSSCs

showing the near

exponential growth in

interest in recent years

(Data collected from Web

of Science August

10, 2015)

Fig. 19.4 Chemical structure of Ru(II) sensitizers N3 and N719
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conversion efficiency and long-term stability of

the devices. All of the three parameters, the

open-circuit photovoltage (Voc), the short-circuit

photocurrent density (Jsc), and the fill factor

(FF) in DSSCs are significantly affected by the

electrolyte in DSSCs and by the interaction of the

electrolyte with the electrode interfaces (Grätzel

2009). The Voc is the difference between the

Fermi level of TiO2 (EF,n) and the redox couple

potential of the electrolyte (EF,redox),

i.e. Voc ¼ (EF,n - EF,redox)/e, where e is the ele-

mentary charge, and EF,n is associated with the

titania conduction band edge Ec and free electron

density n in the semiconductor film. While the

light-harvesting ability of the dye molecules is a

determinant factor on the final Jsc. Additionally,

the device quality is reflected by FF, which is

affected by the cell’s internal resistance. The

internal resistance is composed of resistance of

electrolytes, electrodes, and different interfaces

such as FTO/TiO2, TiO2/electrolyte, TiO2/dye,

dye/electrolyte, and electrolyte/counter electrode.

Several features are essential for the

electrolytes used in DSSCs (Wu et al. 2008;

Ardo and Meyer 2009; Nogueira et al. 2004):

(1) The electrolytes must be capable to transport

the charge carriers between photoanode and

counter electrode. After the dye injects electrons

into the conduction band of TiO2, the oxidized

dye must be quickly reduced to its ground state.

(2) The electrolytes must guarantee fast diffusion

of charge carriers and produce good interfacial

contact with the mesoporous semiconductor

layer and the counter electrode. (3) The

electrolytes must have long-term stabilities,

including thermal, chemical, electrochemical,

optical, and interfacial stability, and they also

must not cause desorption and degradation of

the sensitized dye. (4) The electrolytes should

not display a significant absorption in the range

of visible light.

The I�/I3
� redox couple is the most com-

monly used redox pair. However, it suffers from

severe limitations including inherent corrosive

nature, distinct absorption features in the visible

region, and a prominent charge recombination

arising from I3
� ion pair formation at the elec-

trode surface (Tian et al. 2011). Overcoming

these constraints could lead to further

improvements in DSSC performance and ease

of fabrication.

Before 2010, studies on the electrolyte pre-

dominantly focused on the traditional I�/I3
�

electrolyte. The progress of new redox mediators

falls far behind that of the sensitizing dyes and

other materials for the DSSC components. In

2001, for the first time, Nusbaumer et al. used

[Co(dbbip)2]
2þ (dbbip ¼ 2,6-bis(1-

0-butylbenzimidazol-20-yl)pyridine), as redox

shuttle in DSSCs, for explaining the effects of

cobalt electrolyte on recombination process

(Nusbaumer et al. 2001). With this new

one-electron redox shuttle, DSSCs sensitized by

the dye Z316 have achieved η value of 2.2%

under AM1.5 irradiation (100 mW cm�2). The

results showed that in the absence of CoII/CoIII

redox couple, the absorption signal is decreasing

as a result of increasing of dynamic recombina-

tion process between oxidized dye and conduc-

tion band of semiconductor (Nusbaumer et al.

2001). The advantages of this kind of

one-electron outersphere transition metal com-

plex are that, electrolytes are nonvolatile, non-

corrosive, light-colored, and tunable potential

(0.3–0.9 V) through modification of the ligands.

It is very noteworthy that in 2011, Yella et al.

improved the efficiency of DSSC to 12.3% by

using a [Co(bpy)3]
2þ/3þ-based redox electrolyte

(bpy ¼ bipyridine) in conjunction with a donor-

π-bridge-acceptor zinc porphyrin (YD2-o-C8) as
a sensitizer (Yella et al. 2011). However, by

modifying the YD2-o-C8 porphyrin core with

the bulky bis(20,40-bis(hexyloxy)-[1,1-
0-biphenyl]-4-yl)amine donor (SM371) and with

incorporation of the proquinoidal

benzothiadiazole (BTD) unit into SM371

afforded the dye SM315 (Mathew et al. 2014).

Figure 19.5 illustrates the J–V curve for the two

devices measured under AM 1.5G illumination

(1000 W m�2 at 298 K). Fabrication of DSSCs

utilizing the [Co(bpy)3]
2þ/3þ redox couple and

SM315 presented a high Voc of 0.91 V, Jsc of
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18.1 mA cm�2, FF of 0.78, and efficiency of

13%. At present, Co-based mediators are the

most efficient redox couples for DSSCs. By tun-

ing the redox potentials of the Co complex

systems and the energy level of the dyes, it is

possible to get a DSSC with a higher conversion

efficiency in the near future.

Apart from cobalt-based redox shuttles, other

transition metal complexes and clusters, such as

NiIII/NiIV, CuI/CuII, and ferrocene/ferrocenium

(Fc/Fcþ), have also been investigated as redox

couples (Bai et al. 2011a; Gregg et al. 2001;

Hamann et al. 2008; Feldt et al. 2010; Daeneke

et al. 2011). In this book chapter, we will inves-

tigate transition metal complexes based on 1,10-

phenanthroline as electrolytes in DSSCs.

19.2 1,10-Phenanthroline-Based
Electrolytes in DSSCs

The first application of 1,10-phenanthroline com-

plex as metal complex electrolyte was reported

by Wang et al. who employed different organic

sensitizers based on tris(1,10-phenanthroline)

cobalt(II/III) ([Co(phen)3]
2þ/3þ) redox shuttle in

combination with relatively thin TiO2 films of

about 6–7 μm, due to the limited electron diffu-

sion length found for the cobalt complexes. They

attained theη value of 7.1%, 7.7%, 8.0% and

8.4% with C230 (Liu et al. 2011), C233 (Liu

et al. 2011), T3 (Zhang et al. 2011) and C245

(Xu et al. 2011) dyes, respectively. Even higher

efficiencies were achieved using the C218 dye

(Zhou et al. 2011) (9.3%) (Xu et al. 2011) as well

as the C229 dye (9.4%), showing a significant

redshift at the absorption edge (Bai et al. 2011b).

The molecular structures of these organic

photosensitizers are shown in Fig. 19.6.

Compared to the uniped photosensitizers

(C213, C218 and C230), the corresponding

biped C231–C233 dyes display hyperchromic

light absorptions in the visible region upon

anchoring on titania nanocrystals. Unfortunately,

with respect to the uniped dyes, the utilization of

the biped congeners has given rise to noticeable

reductions of Voc, due to a combined effect of a

dye correlated negative shift of titania conduc-

tion band edge and a kinetic acceleration of the

charge recombination at the titania/electrolyte

interface. It is also found that cyclopenta-

dithiophene dyes (C244–C246) generally reveal

highly efficient dye regeneration, despite the

noticeably different ground-state redox

potentials of dye molecules. Additionally,

impedance study of these cells presents that

using dihexyloxy-substituted triphenylamine in

a cyclopentadithiophene dye desirably reduces

down titania/electrolyte interface charge recom-

bination kinetics, contributing to a high Voc.

Fig. 19.5 Photocurrent density-voltage characteristic

curves (a) and incident photon to current efficiency

(IPCE) as a function of wavelength (b) of various

DSSC devices based on SM371 and SM315 (Reprinted

with permission fromMathew et al. 2014. Copyright 2014

Nature Publishing Group)
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Fig. 19.6 Chemical structure of some organic dyes used in DSSCs along with electrolyte cobalt based on

phenanthroline

Fig. 19.7 Energy diagrams of dye-coated titania films in

contact with cobalt electrolyte. The upper limit of the

shaded area represents the EF,n position of a DSSC at

the open circuit and simulated AM1.5G conditions.

DOS: density of state (Reprinted with permission from

Xu et al. 2011. Copyright 2011 Royal Society of

Chemistry)
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Figure 19.7 shows the energetic diagram of a

dye-coated titania film sinking in cobalt electro-

lyte. It can be obviously realized that the titania

conduction band edge Ec level decreases step-

wise going C244 to C246, which probably

provides a thermodynamic explanation for the

gradually decelerated titania/electrolyte interface

charge recombination kinetics. On the other

hand, it is noteworthy that the Ec can be regarded

as the highest energy level that the electron

Fermi level may reach, with the result that the

energy loss Ec-EF,n decreases from C244 to

C246, which agrees well with the increasing

free electron density n values.

However, the optimization of DSSCs

sensitized with M14 (Fig. 19.8) in combination

with a [Co(phen)3]
2þ/3þ redox electrolyte yields

a DSSC with a η value of 7.2% under AM 1.5

irradiation (100 mW cm�2) (Zong et al. 2012b).

The hexapropyltruxene unit retards the rate of

interfacial back electron transfer from the con-

duction band of TiO2 film to the oxidized elec-

trolyte. This process enables ability of high

photovoltages approaching to 0.9 V. The

Fig. 19.8 Chemical structure of a series of organic dyes used in DSSCs along with electrolyte cobalt based on

phenanthroline
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measurement of photocurrent transients

displayed that the mass transport limitation of

the cobalt redox shuttle has been largely removed

by using thin TiO2 films. Also, the better effi-

ciency was obtained through the truxene–based

organic dye M16–sensitized device and [Co

(phen)3]
2þ/3þ which displays an efficiency of

7.6% at standard conditions (Zong et al. 2012a).

Additionally, the studies of recombination

kinetics of cobalt(III) complexes at titania/dye

interface with D-π-A organic dyes, M36 and

M37, showed that for M36 sensitized DSSCs, a

Marcus inverted region can be reached for the

charge recombination kinetics behavior of cobalt

(III) species (Fig. 19.9a, b) (Gao et al. 2015).

Marcus theory applies to describe the rate of

electron transfer from conduction band to

oxidized redox species or oxidized dyes.

Benefiting from a Marcus inverted region behav-

ior, the M36 dye displayed a good compatibility

with the [Co(phen)3]
2þ/3þ redox couples. In this

region, contrary to all intuition, a further increase

in the exergonicity causes a decrease in the reac-

tion rate. Electrochemical impedance spectros-

copy (EIS) and intensity modulated

photovoltage spectroscopy (IMVS)

measurements discovered that the charge recom-

bination kinetics behavior of Co(III) species

depends not only on the driving force for recom-

bination, but also the retarding charge recombi-

nation ability of the dye layer. A digital

photograph of the devices is shown in

Fig. 19.9c, where the dye-grafted mesoporous

titania films (3-mm-thick) immersed in the

Co-phen electrolyte for DSSC fabrication.

Dithieno[3,2-b:20,30-d]pyrrole (DTP)-based

triphenylamine sensitizers (XS54–XS57)

(Fig. 19.10) with different hexyloxyphenyl

(HOP) substituents were synthesized and applied

in DSSCs along with [Co(phen)3]
2þ/3þ redox

shuttle (Wang et al. 2013). XS54 featuring the

4-HOP (hexyloxyphenyl)-DTP spacer, yields a η
value of 8.14% in combination with the cobalt

electrolyte. Also, electron lifetime studies

indicated that charge recombination rates are

suggested to be determined by the direction of

alkyl chains rather than the number of the alkyl

chains. Figure 19.11 indicates the photocurrent

density–voltage (J–V) curves and incident pho-

ton to current efficiency (IPCE) of the devices

employing a [Co(phen)3]
2þ/3þ redox shuttle

under AM 1.5 irradiation (100 mW cm�2). The

IPCE is the number of collected electrons under

short circuit conditions per number of incident

photons at a given excitation wavelength. The Jsc
improvement of XS54, mainly benefiting from

its broad and high IPCE action area (Fig. 19.11),

can be attributed to its stronger molar extinction

coefficient (ε) and higher amounts of the dyes

absorbed. Unmistakably, the extraordinarily

improved Jsc of XS54 significantly contributes

to its η values.

Additionally, the photovoltaic performances

of [Co(phen)3]
2þ/3þ redox couple were superior

to those of I�/I3
� redox couple for TiO2 film

DSSCs sensitized by XS51–XS52, representing

Fig. 19.9 Pictorial illustration for dye layer on titania via

(a) M36-300, (b) M36-30 (the devices prepared from

300 to 30 μM dye solution, i.e. M36-300 and M36-30)

and (c) a digital photograph of dye-grafted titania films in

contact with the Co-phen electrolyte (Reprinted with per-

mission from Gao et al. 2015. Copyright 2015 Elsevier)
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that rational design of sterically bulky organic

dyes is needed for further progress of high-

efficiency iodine-free devices (Zhang et al.

2015). The indoline dye XS52 showed a

red-shifted absorption and higher ε than the

triarylamine dye. Due to the strong electron-

donating capability of indoline unit, XS52

obtained high Jsc.

Fig. 19.10 Chemical structure of a series of organic dyes used in DSSCs along with electrolyte cobalt based on

phenanthroline

Fig. 19.11 J–V characteristics of DSSCs employing the

cobalt electrolyte (a), IPCEs action spectra for DSSCs

employing the cobalt electrolyte (b) (Reprinted with

permission from Wang et al. 2013. Copyright 2013

Royal Society of Chemistry)
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DSSCs constructed via a novel metal-free

alkoxysilyl carbazole as a sensitizing dye and a

Co2þ/3þ-complex redox electrolyte showed a η
value of over 12% with Voc higher than 1 V by

applying a hierarchical multi-capping treatment

to the photoanode (Kakiage et al. 2014). This dye

was used with two Co-based mediators, [Co

(Cl-phen)3]
2þ/3þ and [Co(bpy)3]

2þ/3þ. The

higher Voc value was obtained via the former

one, which has a redox potential of 0.72 V

vs. NHE in the ADEKA-1-sensitized cell. The

J–V curve and IPCE spectrum of the cell are

shown in Fig. 19.12.

A mixture of [Co(phen)3]
2þ/3þ and [Co

(EtPy)2]
2þ/3þ complexes, where EtPy is a

terpyridine ligand bearing

3,4-ethylenedioxythiophene (EDOT) substituent,

was utilized as redox mediator in D35

(Fig. 19.13)-sensitized solar cells (Koussi-Daoud

et al. 2015). [Co(EtPy)2]
2þ complex acts as

co-mediator in the presence of [Co(phen)3]
2þ.

The low solubility of this complex prevents its

Fig. 19.12 Chemical structure of dyes ADEKA-1 and

ADEKA-2 used in DSSCs along with electrolyte cobalt

based on phenanthroline (a). Typical J–V properties of

the ADEKA-1-sensitized solar cell and the IPCE

spectrum of the cell (b) (Reprinted with permission

from Kakiage et al. 2014). Copyright 2014 Royal Society

of Chemistry)
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individual applying. The addition of [Co(EtPy)2]
2þ to [Co(phen)3]

2þ provided an electron cascade

which leads to the enhanced cell efficiency. A

synergy between the EDOT-functionalized cobalt

complex and the PEDOT counter-electrode is

responsible for this effect which favors electron

transfer and reduces recombination.

For the first time, in 2005, series of blue cop-

per model complexes ([Cu(SP)(mmt)]�/0, [Cu

(dmp)2]
þ/2þ and [Cu(phen)2]

þ/2þ) (Table 19.1)

were examined for their effectiveness as redox

shuttles in DSSCs by Hattori et al. (2005). They

afforded a maximum IPCE of 40%, which is

thought to stem from a slow regeneration of the

N19 ruthenium photosensitizer owing to the

large reorganization energies of copper(I/II)

complexes (Ardo andMeyer 2009). The resulting

electron self-exchange rate constant decreases in

the order of: [Cu(dmp)2]
þ/2þ > [Cu(SP)(mmt)]

�/0 > [Cu(phen)2]
þ/2þ. It is in agreement with

the order of the smaller structural change

between the copper(II) and copper(I) complexes

due to the distorted tetragonal geometry. Under

the weak solar light irradiation of 20 mW cm�2

intensity, the maximum η value was obtained as

2.2% for DSSC using [Cu(dmp)2]
þ/2þ. Whereas,

a higher Voc of the cell was attained as compared

to that of the conventional I�/I3
� couple (Hattori

et al. 2005). The [Cu(dmp)2]
þ/2þ redox shuttle

was employed in combination with a bilayer

titania thin-film stained with a high-absorption-

coefficient organic dye C218 which generates an

impressive power conversion efficiency of 7.0%

(Bai et al. 2011a). A broad ~ 87% IPCE plateau

in the spectral coverage from 460 to 580 nm was

observed for a typical cell with the iodine control

electrolyte (Fig. 19.14). However, the copper

redox shuttle displayed very low electron transfer

rates on several noble metals, carbon black and

conducting oxides, resulting in the poor fill

factor.

19.3 Concluding Remarks

Research on dye-sensitized solar cells (DSSC) is

progressing at a rapid race. Understanding the

structure of various DSSC sensitizers, electrolyte

and the search for new molecular structure are

critical factors for the development of improved

DSSCs. Polypyridyl complexes have gained

increasing interest due to their more favorable

light harvesting abilities, long-term thermal and

chemical stability, compared to other conven-

tional sensitizers and electrolytes for feasible

large-scale commercialization of DSSCs. Cur-

rently, laboratory cells reach 13% top efficiency

by using the combination of a π-extended por-

phyrin dye, a 1,10-phenanthroline cobalt redox

electrolyte, a TiO2 electrode with 20 nm particle

size and an additional scattering layer. However,

the conventional I�/I3
� is highly corrosive, vola-

tile and photoreactive, interacting with common

metallic components and materials. Alternative

to liquid electrolytes free of the I�/I3
� redox

couple have been a long term goal in this field,

and the ultimate solutions would be all solid state

cells, given the inevitable problems of any liquid

electrolyte, such as leakage, heavy weight and

complex chemistry. Therefore, the sensitizers

have to have very high molar extinction coeffi-

cient and in this respect optimization of ligands is

essential.

Fig. 19.13 Chemical structure of dye D35
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Table 19.1 Photovoltaic parameters for DSSCs based on Co-phenanthroline mediators in combination with different

dyes

Electrolyte Sensitizer Voc

(V)
Jsc
(mA cm�2)

FF IPCE
(%)

η
(%)

References

[Co(phen)3]
2þ/3þ C213 0.94 9.51 0.73 – 6.5 Liu et al.

(2011)C230 0.90 10.72 0.73 – 7.1

C218 0.86 13.26 0.75 – 8.6

C231 0.77 10.07 0.74 – 5.8

C232 0.79 10.68 0.75 – 6.3

C233 0.81 12.24 0.77 – 7.7

[Co(phen)3]
2þ/3þ T1 0.82 7.99 0.76 – 5.0 Zhang et al.

(2011)I�/I3
� 0.8 7.78 0.75 – 4.6

[Co(phen)3]
2þ/3þ T2 0.84 12.98 0.74 – 8.0

I�/I3
� 0.75 12.86 0.71 – 6.9

[Co(phen)3]
2þ/3þ C218 0.95 13.30 0.74 – 9.3 Xu et al.

(2011)C244 0.95 10.54 0.77 – 7.7

C245 0.93 12.05 0.75 – 8.4

C246 0.87 11.41 0.77 – 7.6

[Co(phen)3]
2þ/3þ C228 0.83 7.60 0.74 – 4.7 Bai et al.

(2011b)I�/I3
� 0.76 7.78 0.74 – 4.4

[Co(phen)3]
2þ/3þ C229 0.85 15.31 0.73 – 9.4

I�/I3
� 0.68 15.20 0.65 – 6.7

[Co(phen)3]
2þ/3þ M14 0.83 12.0 0.72 85 7.2 Zong et al.

(2012b)I�/I3
� 0.78 11.2 0.69 – 6.0

[Co(phen)3]
2þ/3þ M18 0.87 9.0 0.71 – 5.5

I�/I3
� 0.77 9.3 0.68 – 4.9

[Co(phen)3]
2þ/3þ M19 0.87 11.2 0.71 – 6.9

I�/I3
� 0.74 11.4 0.68 – 5.7

[Co(phen)3]
2þ/3þ M16 0.90 11.9 0.71 – 7.6 Zong et al.

(2012a)I�/I3
� 0.68 12.2 0.68 – 5.6

[Co(phen)3]
2þ/3þ M15 0.87 9.6 0.70 – 5.8

I�/I3
� 0.76 11.8 0.68 – 6.1

[Co(phen)3]
2þ/3þ M36 0.93 15.01 0.69 – 9.58 Gao et al.

(2015)M37 0.68 11.03 0.83 – 6.19

[Co(phen)3]
2þ/3þ XS54 0.85 13.5 0.71 – 8.14 Wang et al.

(2013)XS55 0.95 11.2 0.70 – 7.45

XS56 0.94 11.6 0.69 – 7.48

XS57 0.91 12.1 0.70 – 7.68

(continued)
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Concluding Remarks and Future
Perspectives: Looking Back and
Moving Forward

20

Gary F. Moore

Summary

This concluding chapter offers a perspective

on photosynthesis research that is both histor-

ical and forward-looking. It imagines a future

where a significant fraction of our energy

demands are supplied by technologies

inspired by photosynthesis. However, many

scientific, engineering and policy challenges

must be addressed for this realization.
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20.1 Looking Back and Moving
Forward

While a complete understanding of the photo-

synthetic process is unavailable, recent

advancements provide molecular (Blankenship

2014) as well as global (Archer and Barber

2004) scale details that inspire researchers to

not only mimic aspects of this biological pro-

cess in artificial constructs, but also build

systems that, by some metrics, rival those of

their biological counterpart (Bard and Fox

1995; Gray 2009; Moore and Brudvig 2011;

Tran et al. 2012; Swierk and Mallouk 2013;

Walter et al. 2010; Lubitz et al. 2008). Such

efforts have been further accelerated by the

elucidation of atomic level structure and func-

tion of key components of the photosynthetic

apparatus, including Photosystem I (PSI) and

Photosystem II (PSII) (Ferreira et al. 2004;

Loll et al. 2005; Yano et al. 2006; Guskov

et al. 2009; Umena et al. 2011). These chloro-

phyll-based photosystems absorb visible light

to initiate a series of electron/hole transfer

events that form a wireless current providing

the potential needed to oxidize water and

power the formation of the biological thermo-

dynamic equivalent of hydrogen, nicotinamide

adenine dinucleotide phosphate (NADPH).

Concomitant with the generation of electron

motive force (emf) across the two

photosystems, protons are pumped across a

biological membrane. Thus, a fraction of

absorbed photonic energy is stored as redox

potential in NADPH, and a fraction as proton

motive force (pmf) that is used to power the

production of adenosine triphosphate (ATP).
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Together these energy carriers are used to

build biological materials from carbon dioxide

(CO2). The products of photosynthetic CO2

reduction constitute the chemical basis for

most life as well as the fossil fuels (ancient

biomass) that power our modern societies and

economies (Fig. 20.1).

In contrast to the well-oxygenated conditions

that prevail on our planet today, early Earth was

characterized by the absence of oxygen in the

atmosphere and oceans. Atmospheric oxygen

concentrations first rose to appreciable levels

during the Great Oxidation Event, approximately

2.5–2.3 billion years ago. The evolution of oxy-

genic photosynthetic organisms is widely

accepted as the cause of this rise, although

constraining the timing of this evolutionary

event has proved difficult (Farquhar et al.

2011). Nonetheless, eons of photosynthetic activ-

ity have removed vast quantities of CO2 from the

atmosphere and deposited a significant fraction

of carbon in the form of reduced fossil fuels. At

present, the human species is rapidly undoing

this chemistry and there is general agreement

that an anthropogenic increase of CO2 from the

burning of fossil fuels is contributing to global

climate change (IPCC 2014). Increasing human

population and an associated rate of convenient

fossil fuels usage further compound these issues,

raising serious environmental and political

concerns regarding energy security (Hoffert

et al. 1998; Lewis and Nocera 2006). Thus, it is

crucial that we devise immediate and longer-

term strategies to reduce our dependence on fos-

sil fuels.

Since natural photosynthesis is a solar energy

storage process, it is not surprising that its

products are widely used for producing

non-fossil derived fuels (e.g. bioethanol or

biodiesel). There are attempts to use grasses

such as Miscanthus, which can grow on land

that is unsuitable for agricultural farming, to

provide biomass for biofuel production (Zhu

et al. 2010). There are also efforts to establish

algal farms in areas without crops or where tradi-

tional crops cannot be grown (Zhu et al. 2010).

However, there are limitations to these

approaches and it is questionable to what extent

such technologies could supplement reliance on

fossil fuels. For example, less than 1% of the

solar energy absorbed by plants is ultimately

stored in the form of chemical bonds

(Blankenship et al. 2011; Hammarstr€om et al.

2011). This does not mean parallel solutions

should not be pursued; however, in its current

form and without the advent of synthetic biology,

Fig. 20.1 Make Like a
Leaf! Advances in our

understanding of the

structure and function of

photosynthetic systems

inspire the design of future

technologies (Photo credit:

Brandi Eide)
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natural photosynthesis is incapable of satiating

the technological energy demands of our modern

societies. This is notable in the iconic Keeling

Curve graph that shows CO2 concentration

measured over the Mauna Loa Observatory in

Hawaii since 1958. While the annual rise and

fall of atmospheric CO2 levels due to seasonal

variation in photosynthetic activity are discern-

ible, this is clearly swamped by the overall net

rise in CO2 due to human activities (i.e. the com-

bustion of fossil fuels as unambiguously

identified by the unique carbon-14 content of

fossil derived carbon).

Transitioning to a sustainable energy future

will require alternative energy sources and

technologies that replace the burning of fossil

fuels. Thus scientists have set to redesign pho-

tosynthesis for human technological

applications using top-down as well as bottom-

up strategies. Artificial photosynthesis, using

concepts taken from natural photosynthesis to

produce fuels using human engineered systems,

has received increasing attention and has been

described as a great scientific and moral chal-

lenge of our time (Faunce et al. 2013a, b).

Among several possibilities, the photoelectro-

chemical splitting of water to molecular hydro-

gen and oxygen has been identified as an

attractive approach to storing solar energy

(Turner 2004). The storage of solar energy as

hydrogen, derived from photoelectrochemical

water splitting or by electrolysis of water

using electricity from other renewable sources,

is a relatively clean process and solar driven

electrolysis is an existing technology that has

great potential for improvement in terms of cost

and energy efficiency. Likewise, the continuing

decline in the price of conventional

photovoltaics as well as the development of

new generations of photovoltaic technologies

will accelerate widespread use. There are, how-

ever, concerns related to the storage, transport,

and incorporation of hydrogen fuel into an

existing liquid-fuels infrastructure and further

improvement in durability, overall efficiency

and cost is required for wide-scale deployment.

In this context, the development of earth-abun-

dant catalysts capable of replacing the noble

metals currently used in many commercial

electrolyzers and fuel cells will be beneficial.

An alternative approach is to store solar

energy in the chemical bonds of carbon

containing molecules derived from the reduction

of CO2 (Turner 2004; Olah et al. 2009; Morris

et al. 2009; Kumar et al. 2012; Ronge et al.

2015). This is in some respects more similar to

natural photosynthesis where CO2 absorbed from

the atmosphere is converted into reduced forms

of carbon that can be used as fuels or chemical

feedstock for other applications. However, this

approach has proven technologically more chal-

lenging especially given the relatively low level

of atmospheric CO2 (> 400 ppm and rising) as

well as lack of effective catalysts and CO2 con-

centrator technologies. In developing such new

materials and technologies we should follow a

cautious approach, developing systems that do

not spread toxic or highly corrosive materials

that are just as or even more polluting than the

burning of fossil fuels. In this regard, we can

learn a great deal from natural photosynthesis,

in particular, the biological strategy of using

environmentally safe materials, which are easily

accessible and abundant (Najafpour and

Govindjee 2011; Scholes et al. 2011).

Electrochemical techniques have been used to

examine how enzymes can provide models for

renewable energy systems (Armstrong and Hirst

2011). A promising feature of enzymes, and

molecular catalysts in general, is their ability to

provide discrete three-dimensional environments

and coordination spheres for binding a substrate,

lowering transition-state energies along a reac-

tion coordinate and releasing a product (Albery

and Knowles 1976). Thus, in accordance with the

Sabatier principle, a well-designed molecular

catalyst can have an exceptionally high activity

and, even more importantly, selectivity for

catalyzing a desired chemical transformation.

These are highly favorable features for

catalyzing complex multi-electron and multi-

proton reactions such as those associated with

solar fuels production. Indeed, bio-inspired

hydrogen production catalysts that capture

many of the key structural and functional

elements of enzymes, while avoiding undesirable
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features such as size and fragility, have been

prepared (Armstrong and Hirst 2011; Helm

et al. 2011). Yet, the vast majority of molecular

fuel-production catalysts are initially designed

and optimized for operation in solution with the

use of external chemical agents or an electrode

providing the driving force (Artero and

Fontecave 2005; Han et al. 2012; Losse et al.

2010; Mulfort et al. 2013) and it is often uncer-

tain how or if a selected complex may function

when immobilized at a surface or imbedded in a

solar-energy conversion device. Despite these

challenges, there has been considerable progress

toward the construction and study of systems and

subsystems that utilize molecular components

attached to mesoporous and nanoparticulate

materials (O’Regan and Graetzel 1991; Young-

blood et al. 2009; Brimblecombe et al. 2010; Li

et al. 2010a, b; Lakadamyali and Reisner 2011;

Gardner et al. 2012; Huang et al. 2012; Moore

et al. 2011; Zhao et al. 2012; Agiral et al. 2013;

Parkinson and Weaver 1984; Badura et al. 2006;

Jones et al. 2007; Hambourger et al. 2008;

Reisner et al. 2009; Brown et al. 2010; Utschig

et al. 2011; Chaudhary et al. 2012; Roy et al.

2012; Berggren et al. 2013; Flory et al. 2014;

Wilker et al. 2014), conducting substrates

(Andreiadis et al. 2013; Blakemore et al. 2013;

Hambourger and Moore 2009; Yao et al. 2012)

as well as direct interfaces to light-absorbing

semiconducting substrates (McKone et al. 2014;

Barton et al. 2008; Kumar et al. 2010; Hou et al.

2011; Moore and Sharp 2013; Krawicz et al.

2013; Cedeno et al. 2014; Krawicz et al. 2014;

Seo et al. 2015; Downes and Marinescu 2015).

An additional challenge in the development of

catalysts is the difficulty of identifying the active

species participating in the catalytic cycle, and

perceptions on heterogeneous versus homoge-

neous materials have blurred with advances in

nanomaterials, clusters, metal nanoparticles, and

bioinspired hybrid systems (Crabtree 2012;

Artero and Fontecave 2013). Interestingly, the

active defects in many metal-oxide

electrocatalysts have structures reminiscent of

the metal-oxo clusters of enzyme reaction

centers and the process of building mimics of

the catalytic Mn-core of the natural photosyn-

thetic system has been further encouraged with

the publication of the cubane-like configuration

of the oxygen evolving complex at 1.9 Å resolu-

tion (Umena et al. 2011; Young et al. 2012;

Kanady et al. 2011). The development of new

X-ray spectroscopic techniques for viewing

catalyzed reactions at the atomic-scale with

increasing time resolution and chemical sensitiv-

ity will likely offer additional insights crucial to

the design of next-generation catalysts (Neutze

et al. 2000; Kirian et al. 2010; Chapman et al.

2006; Chapman et al. 2011; Milathianaki et al.

2013; Redecke et al. 2013).

It is imperative that research efforts are not

limited to catalyst only or light-absorber only

approaches. The coupling of one-photon and

one-electron photochemical charge separation

events with multi-electron and multi-proton

catalysis (i.e. 4-electron water oxidation,

2-electron hydrogen production and multi-

electron CO2 reduction) imposes formidable

chemical challenges (Dempsey et al. 2010;

Stubbe et al. 2003; Mayer 2004; Huynh and

Meyer 2007; Weinberg et al. 2012; Cyrille et al.

2010). Likewise, mechanisms to store multiple

redox equivalents for subsequent electrochemical

reactions remain largely unexplored, although

biology offers a model of how this can be accom-

plished. In PSII, a tyrosine residue (TyrZ)

functions as a molecular interface and redox

mediator between the photo-oxidized primary

electron donor (P680•+) and the Mn-containing

oxygen evolving complex. The oxidation of TyrZ

by P680•+ occurs with transfer of the phenolic

proton to a nearby basic residue (His190). Con-

trol over the protonation state of the mediator

plays a key role in charge transfer, poising the

potential of the tyrosyl/tyrosine redox couple

between that of P680•+ and the Mn cluster of the

OEC while coupling the stepwise electron trans-

fer process with proton activity to effectively

remove oxidizing equivalents from the catalytic

core. Proton-coupled electron transfer (PCET) is

a fundamental aspect of biological energy trans-

duction and will likely be of equal importance to

the success of artificial photosynthesis. Further,
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protons formed during water oxidation in natural

or artificial systems need to be efficiently

removed from the active site, and subsequently

transported to a reducing site, where they can be

converted/stored as chemical fuel, or used to

generate a pmf across a membrane. Such control

over proton transport is especially critical to

membrane-based architectures.

Artificial photosynthesis promises a future

where solar energy can be utilized not only

when it is available, but also stored in chemical

bonds as fuels, unleashing a spatial and temporal

distribution of renewable energy. To realize this

on a global scale, research efforts must be

directed to solving current scientific, engineering

and social challenges in the field. At present,

many components proposed for use in artificial

photosynthesis are based on rare and/or toxic

compounds that are expensive. Clearly this is

unsatisfactory and efforts should be directed

toward using environmentally benign materials

composed of earth-abundant elements. Materials

required for efficient light harvesting, charge

separation, water splitting, hydrogen production

or CO2 reduction must be available on a suffi-

cient scale without long-term harmful impacts on

the environment and human health.

As the research efforts of artificial photosyn-

thesis have evolved from the study of isolated

components to the construction of subsystems

and devices, there has been an increasing focus

on stability. Thus, it is worth asking what the

warranty is on a biological leaf? In the lower

limit, the D1 complex which houses the manga-

nese-based water oxidation catalyst lasts for

~30 min before it must be repaired. The ability

of biological systems to repair, reproduce and

evolve extends this warranty to ~three billion

years and counting. From this perspective, we

still have much to learn from biology.
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