
Vol.:(0123456789)1 3

Photosynthesis Research (2022) 153:157–162 
https://doi.org/10.1007/s11120-022-00936-5

REVIEW ARTICLE

Concerning the enigmatic cytochrome b‑559 of oxygenic 
photosynthesis

W. A. Cramer1  · S. D. Zakharov1

Received: 10 May 2022 / Accepted: 19 June 2022 / Published online: 15 July 2022 
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract
Although there is an extensive literature on the properties and possible electron transfer pathways of cytochrome b-559, which 
is a prominent subunit of the multi-subunit photosystem II complex which functions in oxygenic photosynthesis, there is 
presently no consensus on the function of b-559 in the photosynthetic electron transport chain. The inability in earlier times 
to define a redox-linked function of this cytochrome was, to a large extent, a consequence of an absence of biochemical and 
structure information to complement an extensive array of spectrophotometric studies of the cytochrome in situ. Based on 
the location of hetero-dimeric b-559 in the photosystem II reaction center complex, derived from crystal crystallographic 
structure analysis, and the absence of a necessary redox function for the cytochrome in PSII, it is proposed that the main 
function of cytochrome b-559 is linked to its role as a structure component in the PSII reaction center complex. This func-
tion resides in the association of b-559 through its heme histidine residues in the trans-membrane domains of the PsbE and 
PsbF subunits of the PSII reaction center. These subunits, along with PsbJ, are inferred, from the analysis of structure, to 
define the intra-membrane portal in the PSII reaction center for plastoquinol  (PQH2) export which, through the PSII complex, 
provides the redox link to the cytochrome b6f complex in the electron transfer chain.

Keywords Cytochrome · Electrochemical potential · Electron transport · Photosystem · Plastoquinone · Proton 
translocation · Reaction center complex

Abbreviations
ATP  Adenosine; cyt, cytochrome
mDa  Megadalton
ms  Millisecond
OEC  Oxygen-evolving complex
PQ  Plastoquinone
p, n  Electrochemically positive and negative sides of 

the membrane
PS  Photosystem
Psb  An acronym for photosystem II

Introduction

Properties of cytochrome b-559 intra-membrane redox pro-
tein associated with details of oxygenic photosynthesis local-
ized to the photosystem II reaction center have been recently 

discussed to a significant extent (Müh and Zouni 2016; Chu 
and Chen 2016; Eerden et al. 2017; Pospisil 2011).

The goals of the present review/discussion are as follows: 
(I) to describe relevant aspects in the history of studies on 
the function of cytochrome b-559, for which the author, 
who participated in these studies, may be able to present 
additional perspective; (II) to consider inferences for struc-
ture-based function of b-559 which can be derived from 
its environment in the membrane and in the photosystem 
II (PSII) reaction center. (III) In contrast to the literature 
on structure–function of cytochrome b-559, it is proposed 
that the function of the cytochrome resides mainly in its 
contribution to the structure of the photosystem II reaction 
center complex.

Cytochrome environment and function

Although determination of a well-defined redox function of 
cytochrome b-559 has not been achieved, the position of 
the cytochrome in the multi-subunit photosystem II reaction 
center complex (‘PSII’), described in recent crystallographic 
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structure analysis of the reaction center (Tae et al. 1993), 
suggests a function for b-559 in the structure of the photo-
system II reaction center complex.

‘b‑559,’ a misnomer?

It is noted that it might be appropriate to place quotation 
marks around b-559 because, in fact, spectrophotometric 
data in the literature document that the alpha-band peak of 
the redox difference spectrum of ‘b-559’ is, in fact, slightly 
closer to 560 nm than to 559 nm, as discussed in reference 
(Tae et al. 1993) and subsequently noted elsewhere, includ-
ing reference (Müh and Zouni 2016).

Environment of cytochrome b‑559

This review is intended to complement other recent reviews/
discussions in the literature which concern the membrane/
protein structure environment and function of cytochrome 
b-559. A relatively recent review (Müh and Zouni 2016), 
which has a role in the background of the suggestion pre-
sented below (sections “Cytochrome b-559; Topography 
in the PS II Reaction Center; Consequences for Function” 
and “Cytochrome b-559; a Major Role in the Structure 
of the Photosystem II Reaction Center Complex”) on the 
function(s) of cyt b-559, included perspectives on (i) the 
protein environment of the cytochrome in the PS II reac-
tion center complex and, specifically, (ii) the position of 
b-559 heme and apoprotein relative to the proposed path-
way of inter-complex plastoquinone/ol traffic; (ii) regarding 
this traffic a description of a surface ‘portal’ framed in the 
trans-membrane sector of the photosystem II reaction center 
complex utilized for the release of plastoquinol  (PQH2) 
into the membrane as an electron and proton donor to the 
cytochrome b6f complex which bridges the photosystem I 
and II reaction center complexes.

Historical context

To explain the somewhat cryptic reference to b-559 jn the 
title of this manuscript, one can consider two phases in the 
history of studies on its function, (i) before, and (ii) after 
determination of its crystal structure, and the application of 
this knowledge to the structure of the photosystem II com-
plex in which it resides.

Considering the history of studies on the position and 
function of cytochrome b-559 in the electron transport 
chain (ETC) of oxygenic photosynthesis, in the early stud-
ies, the models were based on a ‘mitochondrial perspective’ 
(Chance 1982), i. e., an arrangement of the electron transport 

carriers in the photosynthetic chain organized similarly to 
the classical textbook description of a ‘linear’ mitochondrial 
sequence of electron transporters. In retrospect, it can be 
said that this was a consequence in the post-World War II 
years (1950–1970) of the intellectual, and admirable, domi-
nation of the field of organelle bioenergetics by the concepts 
derived from studies on the mitochondrial electron transport 
chain and its energetics (e. g., (Chance 1982; Slater 1967; 
Crofts and Berry 1998)).

Mitochondrial and chloroplast electron 
transport chains

A summary is shown below (scheme i) of the mitochondrial 
electron transport (respiratory) chain (i) extending from ‘low 
potential’ (− 0.32 V at pH 7 on the electrochemical redox 
scale) of reduced pyridine nucleotide (NADH) to molecular 
oxygen  (O2) via the hydrogen carrier, ubiquinone, UQ, and 
the cytochrome b-c heme proteins, to the terminal electron 
acceptor and the protein site, cytochrome a-a3 oxidase, of 
binding of molecular  O2, and its reduction to  H2O (standard 
redox potential + 0.81 V for the  O2/H2O redox couple at pH 
7.0).

With this biochemical perspective, a consensus ‘simple’ 
early model of the ‘non-cyclic’ ‘linear’ photosynthetic elec-
tron transport chain, initiated by the reduced quinone elec-
tron acceptor, plastoquinol, of the photosystem II reaction 
center, and including the electron transport chain connecting 
the two photosystems, I (PSI) and II (PSII), via the intra-
membrane diffusing hydrogen carrier, plastoquinone/ol, PQ/
PQH2, was, and is as follows:

It is noted that such models usually included ‘cyt b’ func-
tioning in a linear chain connecting the two photosystems 
(Cramer and Butler 1967), as described above in reaction 
(ii) above, a model to which an author (WAC) of the present 
article contributed, and which turned out to be wrong.

Improved insight on structure–function of the intra-
membrane electron transport carriers of oxygenic pho-
tosynthesis occurred as a consequence of the application 
of crystal structure determination to the intra-membrane 
multi-subunit photosynthetic redox proteins, information 
initially obtained for the bacterial photosynthetic reaction 
center (Cramer and Butler 1967). Also essential for these 
studies was the development and application of spectropho-
tometric instrumentation with the ability to measure sub-
picosecond (<  10–12  s−1) kinetics for studies on the primary 

(i)
NADH − > UQ − > cytb− > cytc− > cyta − a3− > O2

(ii)
NADH − > UQ − > cytb− > cytc− > cyta − a3− > O2
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photochemistry, for light-dependent electron transfer activ-
ity, utilizing the light-induced small (ca.10–4) absorbance 
changes of optically turbid samples.

Early studies

Initial studies on in situ properties of a b-type cytochrome 
with a redox (reduced minus oxidized) difference spectrum 
characterized by an alpha-band wavelength maximum at 
approximately 559 nm as a component of a detergent-sep-
arated fraction of the electron transport chain of oxygenic 
photosynthesis were carried out by Lundegardh (Deisen-
hofer and Michel 1989), and, subsequently, by Boardman 
and Anderson (Lundegarth 1962). In these studies, spinach 
chloroplasts were separated by incubation with the deter-
gent-like solvent, digitonin, and cytochrome difference spec-
tra were recorded at 20 °C and 77°K. Measurement at the 
lower temperature, in liquid nitrogen, was used to obtain bet-
ter defined spectra. This allowed resolution of the separate 
absorbance peaks associated with three cytochrome com-
ponents. The three cytochrome components of the electron 
transport chain, separable by differences in spectra include 
(i) cytochromes f and b6, heme-containing subunits in the 
isolatable redox difference (reduced minus oxidized) spectra. 
(ii) The presence of a third cytochrome associated with the 
electron transport chain is inferred from the redox (hydroqui-
none or ascorbate as reductant minus ferricyanide as the oxi-
dant) difference spectrum which has a reduced α-band peak 
at 559–560 nm when measured at 20 °C, and at 556–557 nm 
when measured at cryogenic temperatures (e. g., at liquid 
nitrogen temperature, ca. − 196 °C). The lower temperature 
of measurement is utilized to obtain a more narrow distribu-
tion of energy levels and, thereby, ‘sharper’ spectra with a 
more narrow band.

width and, thereby, with better defined wavelength 
maxima. Such spectra were subsequently used to define 
the spectrophotometric signature of cytochrome ‘b-559,’ 
an integral component of the photo-system II reaction 
center complex (e. g., reference (Pospisil 2011)) of plant 
chloroplast membranes, present in a molar ratio of 2.95:1 
referenced to the content of cytochrome f (McKenzie et al. 
2020).

The early reports on the function of the b-559, which 
include studies of ours (e. g., references (Böhme and 
Cramer 1971; Horton and Cramer 1975; Horton et  al. 
1976)) were carried out at a time which, in retrospect, 
can be considered an early stage in our understanding of 
the organization and structure–function of the three major 
integral membrane protein complexes, photosystems I and 
II, and the cytochrome b6f complex, which comprise the 
linear electron transport chain of oxygenic photosynthesis. 
Referring to the difficulty in determining the function of 
cytochrome b-559, the b-559 in these studies was charac-
terized as ‘enigmatic’ (Cramer et al. 1993).

Some of the early interest in cytochrome b-559 can be 
attributed to an oxidation–reduction potential (midpoint 
potential,  Em =  + 350–400 mV) in native or undamaged 
membranes, which is unusually positive for a b-type 
cytochrome, approximately 0.3 V more positive than the 
potential of the b-cytochrome in a representative mito-
chondrial electron transport chain (reaction (i) above 
(Cramer and Knaff 1991), a general reference for oxi-
dation–reduction reactions associated with biological 
energy transduction. Considering the significant effect of 
 QB site inhibitors on the state of the b-559 (Horton et al. 
1976; Kaminskaya et al. 2007), it can be inferred that the 
interaction between the  QB quinone binding site and the 
cytochrome b-559 is exerted over a separation of approxi-
mately 25 Å between the  QB site and the b-559 (Fig. 1).

Fig. 1  Structure proximity 
of cyt b-559 to the prosthetic 
groups in the quinone transfer 
channels in the photosystem 
II reaction center complex. 
The arrangement of prosthetic 
groups is based on their pres-
entation in reference (Müh and 
Zouni 2016), with distances 
between prosthetic groups in 
this version, based on informa-
tion in references (Eerden et al. 
2017) and (Kern and (40 co-
authors),  2018), presented here 
to the nearest 0.5 Å
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Relation of b‑559 Function to its  Em

The significance for function of the intra-membrane b-559 
of the redox potential  (Em =  + 0.35- 0.40 V), which is unu-
sually positive for energy-transducing b-type cytochromes, 
is not resolved in the present discussion. A central ques-
tion regarding the function of cyt b-559 is associated 
with the absence of a proposal for its function, which 
(a) would be obligatory in the set of functions required 
for the structure and function of photosystem II, and (b) 
would accommodate its position in the structure of the 
multi-subunit PSII reaction center complex described in 
(1, 3, 5). A major change in perspective, based on struc-
ture considerations, i. e., the crystal structure of PSII (4; 
discussion of details in Müh and Zouni (2016)), results 
in the description reviewed here for the location of cyt 

b-559 in the PSII reaction center complex, inferred from 
its position in the structurally defined PSII reaction center 
complex (Figs. 2A–D), and the consequences of this loca-
tion for its function.

Cytochrome b‑559; topography in the PSII reaction 
center; Consequences for function

The heme in cytochrome b-559 ligates and links its PsbE 
and PsbF subunits (molecular weights 9.16 and 4.27 kDa, 
respectively, of spinach cytochrome b-559 (Fig. 2A). As 
noted, relative to the water-splitting apparatus, the b-559 
is located on the opposite, the ‘stromal’ side, of the chlo-
roplast thylakoid membrane, as shown in a representation 
of the arrangement of the major prosthetic groups in the 
photosystem II reaction center (Fig. 1). Electron transfer 
events in which the b-559 has been observed to participate, 

Fig. 2  Peripheral position of cytochrome b-559 in the PSII dimeric 
reaction center. (A) Schematic of cross-linking by heme of the PsbE 
and PsbF subunits of the PSII complex. (B) Major trans-membrane 
helical subunits of the PSII reaction center Psb X, F, E, and J are dis-
played as ribbons. Helices of cytochrome b-559 (Psb E and F) are 
shown in orange and red, respectively, and the heme in green sticks. 

Picture of the reaction center monomer on the right side shows addi-
tional single helix proteins surrounding cytochrome b-559: PsbJ 
(grey), X (aquamarine), Y (yellow), and Z (pink). (C) View from the 
side, the intra-membrane domain where supplemental single helix 
subunits are shown. (D) Heme ligation in cytochrome b-559 through 
His23 of PsbE and His24 of PsbF



161Photosynthesis Research (2022) 153:157–162 

1 3

irrespective of a demonstration of kinetic competence and 
functional relevance, are (i) photo-oxidation at cryogenic 
temperatures (Knaff and Arnon 1969), and (ii) photo- 
reduction via the  QB plastoquinone binding/exchange site 
(Whitmarsh and Cramer 1978). Only the latter pathway is 
physiologically relevant, as the crystal structure data indicate 
that the electron transfer distances for the former render the 
former pathway (‘i’ above) too slow to be meaningful.

An intra-membrane location of the b-559 heme acces-
sible to the stromal, electrochemically negative surface of 
the membrane, was inferred from its relative accessibility 
to the highly charged (tri-valent) polar oxidant, ferricyanide 
(Horton and Cramer 1974). This ‘stromal’ or electro-neg-
ative (n-side) position of the cytochrome in the membrane 
(Figs. 1, 2B-D) has been suggested to be relevant in the 
determination of the trajectory, or pathway, of plastoqui-
nol/quinone transfer (Müh and Zouni 2016). The associated 
electron transfer pathway extends from the primary quinone 
binding and reduction site of quinol formation,  QA, through 
 QB to the surface  QH2-release (and uptake) sites in the pho-
tosystem II reaction center complex (Fig. 1). Regarding its 
intra-membrane position, the b-559 heme is positioned In 
the PSII reaction center complex near the plastoquinol exit 
portal of the PSII complex (Figs. 2B-D) which, in the func-
tional photosynthetic membrane, faces the second of the 
three integral membrane protein complexes, the cytochrome 
b6f complex, which is positioned in the membrane for elec-
tron transfer between the two reaction center complexes. 
Plastoquinol, exiting PSII, donates electrons to the b6f com-
plex and is deprotonated in the process. Proton translocation 
across the membrane involving the b6f complex occurs by 
pathways and mechanisms for which details are not pre-
sented here.

Thus, the n-side proximal position in the membrane of 
cyt b-559 is considered to be relevant. In the context of the 
trajectory and proposed trafficking portal (exit/entrance) of 
plastoquinol/quinone transfer from the primary  QA quinone 
binding site and reduction site of quinol formation, quinol 
binding sites from  QA through  QB to the surface  QH2-release 
(and ‘uptake’) sites in the photosystem II reaction center 
complex (Fig. 1).

b‑559 Topography

Although cytochrome ‘b-559’ is located in the photosystem 
II reaction center complex which also contains the Mn sub-
structure responsible for water-splitting/O2 evolution (the 
‘OEC complex’), its position in the structure relative to the 
water-splitting domain of the PSII complex, in a skeleton 
representation of the PSII structure, is diagonally opposite, 
in a corner of the large multi-subunit photosystem II com-
plex, relative to the water-splitting domain of the complex 
(Fig. 1). This figure, derived from (1) shows a map of the 

major plastoquinone binding sites in the PSII reaction center 
complex. In this rendition, the ‘b-559’ heme is shown close 
to the stromal, n-(electrochemically negative) side of the 
reaction center domain, approximately 40 Å from the Mn-
containing oxygen-evolving sub-complex in PSII, and close 
to the surface of the PSII complex which faces the cyt b6f 
complex.

A position of the ‘b-559’ heme close to the membrane 
surface facing the stromal compartment of the chloroplast 
was inferred from its relative accessibility, compared to 
cytochrome f, to the membrane-impermeable high potential 
charged oxidant, ferricyanide (Horton and Cramer 1974). 
The molecular structure of ‘b-559’ in the context of the 
structure of the photosystem II reaction center complex, 
characterized in the literature as ‘enigmatic’ (Cramer et al. 
1993), was described in the high-resolution structure of 
the multi-subunit PSII reaction center complex (Kern et al.  
2018).

Regarding electron transfer functions coupled to free 
energy storage in the photosynthetic membrane which have 
been attributed to ‘b-559,’ electron transfer from ‘b-559’ to 
the PSII reaction center P680 is now realized to be kineti-
cally insufficient and not associated with meaningful func-
tion in PSII electron transfer and energy storage because 
of the large (ca. 40 Å) electron donor–acceptor distance 
from b-559 to P680, which spans the PSII complex and the 
membrane (Fig. 1). This caveat applies specifically to the 
proposal that b-559 could function in an electron transport 
cycle operating in a pathway connected to the P680 reaction 
center (Thompson and Brudvig 1988).

Cytochrome b‑559; a major role in the structure 
of the photosystem II reaction center complex

An inference which can be derived from this discussion, is 
that after more than half a century of study, involving the 
efforts of many laboratories spanning the world, including 
that of the authorsof this article, it is concluded that a mean-
ingful electron transfer function of the cytochrome b-559 
heme protein in the context of the photosystem II reaction 
center in which it resides, has not been obtained.

One is then led to consider an alternative possibility 
for the role or function of cytochrome b-559 in the PS II 
reaction center complex (Fig. 2). A proposed perspective 
describes the structure of the plastoquinol exit portal in the 
PSII reaction center (Müh and Zouni 2016; Eerden et al. 
2017), through ligation to histidine residues (Babcock et al. 
1985), in this case His 23 and His 24, respectively, in the 
trans-membrane psbE and psbF helices (Fig. 2A).

The essential nature of both histidine residues was first 
implied by mutagenic replacement of each of these histi-
dines by a Leu residue (Pakrasi et al. 1991). Introduction of 
these missense mutations in the transformable unicellular 
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cyanobacterium, Synechocystis 6803, resulted in complete 
loss of PSII activity. The b-559 heme is thus seen to have a 
major role in determination of the structure of the plastoqui-
nol exit in the PSII reaction center, and presumably a portal 
as well for entrance of oxidized plastoquinone.

In summary, it is suggested that the cytochrome b-559 
does not have a physiologically significant electron transfer 
function in the energy-transducing electron transport chain 
of oxygenic photosynthesis. However, the cytochrome has 
a structure-based function in photosystem system II where 
it contributes, through its ligation to the trans-membrane 
subunits psbE and psbF, and nearest-neighbor interactions 
with psbX and psbJ (Figs. 2B–D) in the structure of a plas-
toquinone exit-trafficking channel.

This channel specifically allows transfer of plastoquinone, 
reduced to the -quinol in the Photosystem II reaction center 
complex to transfer electrons to the cytochrome b6f complex 
and, coupled to the electron transfer, translocation of protons 
across the thylakoid membrane.
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