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Summary

Photosynthetic organisms must respond to several external stimuli to adjust their pho-
tosynthetic performances in order to keep a high capacity of carbon assimilation and
avoid photodamage. They do so integrating processes occurring at different time scales
starting from very fast light harvesting, down to slow changes of electron flow and protein
composition of the photosynthetic apparatus. Central to these regulatory mechanisms is
the cytochrome b6f complex, which regulates intersystem electron flow via photosynthetic
control and modulates light harvesting capacity by acting as a redox sensor to trigger
an acclimation process named state transitions. In this chapter we describe how the
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cytochrome b6f complex performs to regulate these different functions in both plants and
microalgae, proposing new mechanisms of regulation, and critically discussing how these
processes are compatible with the existing literature on the structure and function of this
complex.

I. Introduction

Photosynthesis is an old invention of na-
ture, which, since its onset, has drastically
shaped life on earth (Gould et al. 2008).
O2 evolution by early oxygenic photosyn-
thetic organisms opened up the possibility
of land colonization, while imposing new
constraints on photosynthesis, mostly related
to the interactions between molecular oxygen
produced by water splitting in photosystem
(PS) II and excited states of the pigment. This
interaction triggers the generation of reactive
oxygen species (ROS), which are harmful for
the photosynthetic apparatus and biological
systems in general. ROS production becomes
particularly high when photochemical light
conversion (charge separation) is impaired by
a decrease in electron flow capacity, leading
to a reduction of the electron acceptors for
the two photosystems. Thus, the photosyn-
thetic electron transfer chain must be regu-
lated to avoid ROS production. Key regula-
tory processes are linked to the generation

Abbreviations: CBB – Calvin Benson Bassham cy-
cle; CEF – Cyclic electron flow; Cyt – b6f the
cytochrome b6f complex; Cyt – Cytochrome; Fd –
Ferredoxin; FNR – Ferredoxin-NADPC oxidoreduc-
tase; FQR – Ferredoxin quinone reductase; GAPDH
– Glyceraldehyde-3-phosphate dehydrogenase; LEF –
Linear electron flow; NDH – NAD(P)H dehydroge-
nase; NPQ – Non Photochemical Quenching; P700 –
Primary electron donor to PSI; PC – Plastocyanin; PQ
– Plastoquinone; PQH2 – Plastoquinol; PS – Photosys-
tem; ROS – Reactive oxygen species

of a proton motive force (a pH gradient,
4pH) across the thylakoid membrane. Acid-
ification of the thylakoid lumen results in
down regulation of light harvesting capacity
of PSII via the onset of Non Photochemical
Quenching (NPQ), a process which dissi-
pates excess light energy as heat. This mainly
occurs in the pigment-containing proteins of
PSII, thanks to the 4pH induced synthesis
of specific xanthophylls (e.g. zeaxathin in
plants and green algae, diatoxanthin in other
microalgae) and the activation of protein sen-
sors (PsbS in plants and LHCSR3 in eukary-
otic algae) (Li et al. 2009).

Regulation of the pH gradient across
the thylakoid membrane is central to the
regulation of photosynthesis. To understand
how the 4pH is controlled, however, we
need to consider the (literally) central role
of the cytochrome b6f complex (Cyt b6f ).
This complex is both crucial in generating
4pH but is also itself directly affected by
that gradient. Lumen acidification modulates
the rate of electron flow through the
Cyt b6f complex (termed “photosynthetic
control”, see Eberhard et al. 2008 and
Fig. 22.1).

In what is usually seen as its primary
role, in the linear electron flow (LEF) path-
way, Cyt b6f catalyzes the transfer of elec-
trons originating from PSII, and transferred
through the membrane via the plastoquinone
(PQ) pool, to a hydrophilic one-electron ac-
ceptor protein (plastocyanin (PC) or a c-type
cytochrome (Cyt c6)). The electron transfer
activity is coupled to proton translocation
across the membrane. Reduced PC or Cyt
c6 (depending on species and growth con-
ditions) is released from Cyt b6f and binds
to PSI, where it reduces the primary electron
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Fig. 22.1. Structure of the cytochrome b6f complex (Stroebel et al. 2003). Left: atomic structure of the complex
from Chlamydomonas reinhardtii. Right: Schematic representation of the complex. The low potential and high
potential paths are represented in red and blue, respectively. The chlorophyll is shown in green. Catalytic activity
of the high potential path is linked to HC release in the lumen, and consequently regulated by the establishment
of a 4pH across the membranes. The main subunits of the complex are represented: IV, subunit IV; b6 and
f, cytochrome b6 and f, respectively; ISP Rieske protein containing and Fe-S cluster (square). Closed circles,
ellipses and polygons indicate the quinone binding sites, hemes and chlorophyll, respectively. Note that only one
monomer of the cytochrome b6f dimer is shown.

donor of this complex, P700. Electrons arriv-
ing at the donor side of PSI are transferred
to its acceptor side via charge separation and
there, either continue their journey towards
the Calvin Benson Bassham cycle (CBB)
via ferredoxin (Fd), ferredoxin NADP reduc-
tase (FNR) and then NADPC, or are em-
ployed directly to provide reducing power for
other cellular metabolic processes (such as
nitrogen and sulfur metabolism, lipid, amino
acid, pigment biosynthesis) via Fd oxidation
(Eberhard et al. 2008). In addition to this
linear pathway, the electrons from PSI can
also be transferred back to Cyt b6f via cyclic
electron flow (CEF) around PSI (Shikanai
2007; Johnson 2011). This process, the sig-
nificance of which was debated for many
years, is now thought to occur in all oxygenic
photosynthetic systems. Cyt b6f is critical in

controlling the relative efficiency of linear
and cyclic flow, either indirectly (by setting
the rate of plastoquinol (PQH2) oxidation)
or directly, e.g. via the formation of a bio-
chemically stable PSI-Cyt b6f complex (CEF
supercomplex), which is seen in the green
alga Chlamydomonas reinhardtii (see Chap.
23 by Minagawa). Finally, Cyt b6f plays a
specific role, which is not seen in its res-
piratory counterparts, the cytochrome bc1
complexes. Being the site of PQH2 oxidation,
this complex senses the redox state of the
photosynthetic electron transfer chain, and
triggers the induction of state transitions, a
process regulating the relative light absorp-
tion capacity of the two photosystems via
the reversible migration of (a part of) the
light harvesting complexes between the two
photosystems (see Chap. 24 by Rochaix).

http://dx.doi.org/10.1007/978-94-017-7481-9_23
http://dx.doi.org/10.1007/978-94-017-7481-9_24
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II. HC/e� Coupling in the
Cytochrome b6f Complex and Its
Role in Photosynthetic Control

Photosynthetic electron flow is kinetically
controlled at the level of PQH2 oxidation at
the lumenal side of the Cyt b6f complex.
Regulation can occur in response to acidifi-
cation of the thylakoid lumen. This kinetic
effect, known as “photosynthetic control,”
is the consequence of the tight coupling be-
tween electron and proton transfer during
oxidation of PQH2 (West and Wiskich 1968).
During this reaction, electrons originating
from PQH2 are divided between the Rieske
Fe-S protein, the first step in the so-called
high-potential chain (Fig. 22.1) and a cyclic
route that comprises the b hemes (Q cy-
cle; reviewed in Cramer et al. 2011), and
possibly the c’ (or cn) heme located on the
stromal side of the complex (see Chap. 15 by
Zito and Alric). In isolated Cyt b6f isolated
from Chlamydomonas (Nitschke et al. 1992;
Pierre et al. 1995) the Rieske protein has an
Em of C290 mV. Cyt f, which oxidizes the
Rieske Fe-S cluster, has an Em of C330 mV,
and the two Cyt b6 hemes have Em values of
�84 and �158 mV, respectively.

Due to the less positive Em of the cy-
tochrome comprising the b-heme pathway
(as compared with Cyt f and the Rieske Fe-
S protein), this route is referred to as the
low-potential chain. According to the Q cycle
mechanism proposed by Mitchell (1975) and
modified by Crofts et al. (1983), quinones
are oxidized and reduced at two distinct sites
in the protein, the Qo and Qi (or Qp and
Qn) sites, respectively, which are located on
opposite sides of the membrane (Cramer et
al. 2011). PQH2 oxidation on the lumenal
side is associated with the reduction of both
Cyt f and heme bL (Crofts et al. 1983)
and the release of protons into the lumen.
Oxidation of the b6 hemes occurs through
a two-step reduction of a PQ molecule at
the Qi site, possibly involving the recently
discovered c’ heme (Cramer et al. 2011; and
Chap. 15 by Zito and Alric). The electron
transfer sequence is (1) the reduction of Cyt

bL by PQH2, a process that is coupled to
proton release to the lumen, (2) electron
transfer to bH, and then (3) most likely a
double electron transfer from these hemes
to a PQ molecule bound at the Qi site, a
process that is coupled to proton uptake from
the stroma. Overall, the Q cycle results in
additional proton pumping into the lumen,
and therefore increases the HC/e� ratio of
photosynthetic electron transfer.

Previous work has suggested that this
cycle is constitutively active in physiolog-
ical conditions (Sacksteder et al. 2000),
and can be bypassed only upon drastic
modifications of the redox features of
the low potential chain (Malnoe et al.
2011). On average, each electron passes
twice through the Cyt b6f complex, once
through the low- and once through the
high-potential pathways and transports 2
protons from the stroma to the lumen. The
reaction PQH2 CPCC $ PQCPCC 2HC
is expected to be sensitive to the lumenal HC
concentration and this is simply as a result
of a mass transfer effect. In particular, the
pH effect would reflect the pH modulation of
the formation of hydrogen bonds between
the PQH2 and protonatable residues in
the Qo site. One of these protonatable
residues is His126 of the Rieske protein
of C. reinhardtii. The role of His126
in the modulation of the pH effect on
the quinol oxidation rate has been first
demonstrated in the case of cytochrome bc1
complexes (reviewed in Berry et al. 2000).
Its involvement in the control of Cyt b6f
activity was confirmed by the pH profile of
this complex in Chlamydomonas, where a
pK of 6.25–6.5 has been detected (Finazzi
2002). This value is very close to the one
previously attributed to His126 (Berry et
al. 2000) of the Rieske protein in bacterial
systems. The second residue involved
in proton release in the lumen during
PQH2 oxidation is Glu78 of the PEWY
sequence, which is extensively conserved in
respiratory and photosynthetic cytochromes
(Berry et al. 2000). This residue is located in
a key position in the lumenal binding pocket

http://dx.doi.org/10.1007/978-94-017-7481-9_15
http://dx.doi.org/10.1007/978-94-017-7481-9_15
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(see e.g. Hasan et al. 2013) and its removal
significantly altered the pH dependence of
PQH2 oxidation in Chlamydomonas cells
(Zito et al. 1998).

Although plausible, a careful examina-
tion of the features of PQH2 oxidation in
the Cyt b6f complex suggests that the sim-
ple mass effect explanation invoked previ-
ously to explain the photosynthetic control
is probably a too simplistic view. Indeed the
Em differences between the initial electron
donor (PQH2 � 0 mV) and the terminal ac-
ceptor (PC) is �300 mV. This means that
a very large pH gradient would be needed
to counteract the driving force for electron
transfer under steady state coupled condi-
tions. However, it has been proposed that no
such large proton gradient can be built in
the thylakoid membranes under physiologi-
cal conditions (Kramer et al. 2004). Mea-
surements of the kinetics of P700 reduction
following a light-dark transition, an indicator
of the flux through the Cyt b6f complex,
indicate that no inhibition of PQH2 oxida-
tion normally occurs in unstressed plants
across the range of light intensities experi-
enced in nature (Harbinson and Hedley 1989;
Ott et al. 1999). This also implies that the in
vivo lumen pH is not acidic enough to inhibit
Cyt b6f activity, consistent with previous in
vivo measurements of the size of the HC
gradient in microalgae (pH gradient of about
1.5 units; Finazzi and Rappaport 1998).

Interestingly, a mutant of Arabidopsis,
pgr1, has been shown to have a mutation in
the Rieske protein that results in an altered
pH sensitivity, with a pK of 6.5–7 (Jahns
et al. 2002). This shift results in plants
that are deficient in qE (the 4pH-mediated
‘high-energy’ quenching of PSII), and the
electron flux through Cyt b6f is inhibited at
a pH that is too high to induce significant
quenching. This is in principle consistent
with the notion that the lumenal pH does not
affect the turnover of the Cyt b6f complex
in vivo, unless its pH sensitivity is modified.
On the other hand, Joliot and Johnson (2011)
demonstrated that partial uncoupling of the
thylakoid membrane, by infiltrating leaves
with nigericin, resulted in an inhibition of

NPQ, as expected if the 4pH is inhibited,
but also in a net reduction of the electron
transport chain. Overall, these observations
can be rationalized assuming that the lumen
pH is involved in regulating the activity of
the Cyt b6f complex, although possibly via
a different mechanism than a simple HC-
mediated mass effect.

As an alternative explanation for the
photosynthetic control, one can assume the
existence of a pH dependent equilibrium
between two kinetic states of the Cyt b6f
complex (characterized by a fast or a slow
electron transfer rate). Under the hypothesis
that the equilibration rate between the two
states is faster than the electron transfer
reaction, the pH dependence of Cyt b6f
activity can be mimicked in the frame of
this very simple model, where only two
kinetic states and a pK regulating their
equilibration is conceived (Rappaport and
Finazzi, unpublished data). The resolution
of the structure of the Cyt b6f and of its
respiratory counterpart (cytochrome bc1) has
provided a structural basis supporting this
model. It has been shown that diversion of
electrons into the high and low potential
branches occurs via a conformational change
at the level of the Rieske iron sulfur protein.
In the related mitochondrial bc1 cytochrome
complexes, the rotational swing of the Rieske
protein extra-membrane domain leads to a
cluster movement over 20 Å, which prevents
a double electron injection into the high
potential chain (for a review see Berry
et al. 2000). Evidence for this movement
was provided by three-dimensional Cyt bc1
structures (Xia et al. 1997; Iwata et al. 1998;
Zhang et al. 1998), electron paramagnetic
resonance spectroscopy (Brugna et al. 2000),
and mutagenesis studies (for review, see
Darrouzet et al. 2001). Several lines of
evidence support the existence of a similar
movement in the b6f complex. These are
two-dimensional crystals (Breyton 2000a),
viscosity studies (Heimann et al. 2000),
electron transfer from the Rieske ISP to Cyt
f in vitro (Soriano et al. 2002), inhibitor
binding (Schoepp et al. 1999), mutagenesis
studies (de Vitry et al. 2004), and three-



442 Giovanni Finazzi et al.

dimensional Cyt b6f structures (Kurisu et
al. 2003; Stroebel et al. 2003). Thus, one
may speculate that the fast kinetics would
be the one where the ISP and the PQH2
lie close together in the lumenal site, while
the slow one would correspond to the ISP
protein being close to the Cyt f moiety,
thereby preventing proper interaction of
PQH2 with its binding site. The pK involved
in this regulation would mainly be the one
of His126, which is involved in making H–
bonds with the quinone.

As mentioned above, the main conse-
quence of the Q cycle is the increase in
the HC/e� stoichiometry. A corollary of
this model is that, although increased, the
stoichiometry of protons pumped into the
lumen per electron is fixed, being set by the
conformational changes in the lumenal site.
This could be a limitation for photosynthesis
where the HC gradient is required not only
for photoprotection, but obviously also for
ATP synthesis. In oxygenic photosynthesis,
carbon assimilation is mainly driven by LEF,
which produces NADPH as well as ATP,
although probably in a ratio not sufficient to
support the formation of glyceraldehyde-3-
phosphate, the exported product of the CBB
cycle (see Allen 2003 for a discussion). On
the other hand, other electron fluxes, e.g. to
reduce nitrogen, have different ATP:NADPH
requirements. Thus every means available
to modulate the HC/e� ratio in a flexible
way, depending on demand, would allow
plants to better regulate carbon assimilation,
other metabolism and photoprotective
responses. This possibility was investigated
in Chlamydomonas using a genetic approach.

Mutants with an engineered Glu78 residue
in subunit IV of Cyt b6f were generated and
their responses to pH changes were tested
(Zito et al. 1998; Finazzi 2002). Spectro-
scopic analysis revealed that this residue not
only controls PQH2 oxidation, as previously
reported (Finazzi 2002), but also modulates
the number of charges that are transferred
through the Cyt b6f complex. This suggests
that a transfer of protons from the stroma
to the lumen during catalysis takes place in
the complex itself, and that this is linked

to PQH2 oxidation at the lumenal pocket;
suggesting the existence of a HC pumping
activity in the complex (Finazzi 2002). This
is in agreement with the finding of a rel-
evant isotopic effect on the initial rate of
charge transfer within the complex (Deniau
and Rappaport 2000).

To account for this observation a model
was proposed (Fig. 22.2), which reconciles
the Q cycle with experimental observations
showing that dicyclohexylcarbodiimide
(DCCD), a chemical capable of modifying
protonatable residues, induces a significant
proton slip during catalysis (Brandt and
Trumpower 1994). The model assumes
that a channel exists between the lumenal
and stromal sites for PQ redox reactions,
providing an internal shuttle for protons
(Finazzi 2002). This channel would be
operational either in the stroma to lumen
direction (proton pumping) or in the opposite
way (proton slip) depending on the pH of
the two compartments and on the redox
state of the electron flow cofactors within
Cyt b6f (i.e. the high and low potential b6
hemes). The transition from proton slip to
proton pumping, observed in the pH 5–6
region, i.e. in the range compatible with
the pK of this residue was compatible with
the observation that the number of charges
transferred through the cytochrome complex
during turnover becomes constant in mutants
where the Glu78 residue has been changed
to a neutral residue, suggesting that this
glutamic acid residue would act as a gate,
modulating the opening and closing of this
channel depending on lumenal pH. Overall
the activity of the redox-linked proton could
represent a useful mean to help maintain
pH homeostasis in the chloroplast lumen
by modulating the HC/e� stoichiometry
in vivo.

Although appealing, this hypothesis has
not yet found a solid structural support. In-
deed, no clear proton wire has been detected
between the stromal and lumenal sides in the
structure of Cyt b6f complexes, at variance
with the HC chain that is observed at the
level of Cyt f, to channel proton release into
the lumen (Cramer et al. 2011).
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Fig. 22.2. Proposed mechanism for the redox con-
trolled HC pump in the Cyt b6f complex. PQH2
binding at the lumenal sites occurs via HC interaction
with the H126 and E78 residues. This results in HC and
electron transfer to the Rieske protein (top). The Rieske
protein is then oxidized by Cyt f (thick arrow) thanks
to conformational changes of its head. In parallel, a
movement of the protonated semiquinone allows the
transfer of an electron to the bL heme. Oxidation
of neutral semiquinone is proposed to take place via
the E78 residue (1), which is connected to a proton
channel PC1 (2). E78 would modulate the activity of
a transmembrane HC channel (PC2, (2)) gated by two
protonatable residues (W and Z). Their protonation
would be regulated by electrostatic interactions with
the semiquinone (dashed line) and the b6 hemes.
.

III. A Redox Kinetic Control
of Cytochrome b6f?

As discussed above (Sect. II), the effective
rate limiting step in the electron transport
chain is generally thought to be the oxidation
of PQH2 by Cyt b6f. However, the factor
that limits overall photosynthesis will often
be downstream of this, either the supply of
CO2 for ribulose-5-phosphate reduction or
the recycling of inorganic phosphate. For ex-
ample, if a leaf is deprived of CO2, either nat-
urally, due to drought induced stomatal clo-
sure, or artificially, by lowering the external
CO2 supply, demand for both NADPH and
ATP declines. In simple terms this should
result in a reduction of the whole electron
transport chain, through a simple blockage
of electron flow. This is not, however, what
is seen. If CO2 is abruptly removed, PSII
acceptors, including the PQH2 pool, become
reduced, but Cyt f and the high potential
chain become more oxidized, the opposite
of what might be expected (Golding and
Johnson 2003; Golding et al. 2005). This
observation clearly shows that flux through
the high potential chain is regulated at the
level of the Cyt b6f complex.

As already discussed, a simple effect of
pH on the oxidation of PQH2 might explain
this observation; however various observa-
tions suggest that more is occurring. Impor-
tantly, another major pH-dependent process,
high-energy state quenching, differs both in
terms of kinetics of induction and steady
state levels from the down-regulation of elec-
tron transport. For example, a wide range of
NPQ values can be observed with no change
in the flux through Cyt b6f and, conversely,
Cyt b6f can be downregulated without a cor-
responding increase in NPQ (Ott et al. 1999).

J
Fig. 22.2. (continued) The activity of this channel
would affect the HC/e� stoichiometries of PQH2 oxi-
dation, because of oscillation between proton pumping
((3)C (4)C (5)) and proton slip (6). (7) Protonation of
the quinone at the stromal side. Dotted lines: proton
transfer reactions. Solid lines electron transfer reac-
tions (Modified from Finazzi 2002).
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This led Johnson (2003) to put forward a
model for feedback regulation by the redox
poise of the PSI acceptor pool. Initially it
was suggested that this may be via thiore-
doxin; however, later evidence pointed to
NADPH redox poise being the crucial factor
(Hald et al. 2008). Mutants in which photo-
synthesis was inhibited by antisense repres-
sion of glyceraldehyde-3-phosphate dehydro-
genase, which consumes NADPH, showed
a strong downregulation of Cyt b6f activ-
ity and an oxidation of the high potential
chain. Meanwhile, mutants repressed in FNR
had a reduced electron transport chain. Both
showed high levels of pH-dependent fluores-
cence quenching (a form of NPQ), indicating
that the difference could not be explained by
lumen pH alone.

Experiments such as these speak against a
simple role for lumen pH controlling the flux
of electrons through the Cyt b6f complex. A
notable example would be the Arabidopsis
pgr5 mutant, where the control of electron
flux through Cyt b6f fails to operate (Munek-
age et al. 2002b; Nandha et al. 2007; Joliot
and Johnson 2011). This mutant was first

identified as a result of a screen for plants de-
ficient in NPQ (Munekage et al. 2002a); how-
ever, in contrast to the pgr1 mutant (Jahns
et al. 2002), identified in the same screen,
pgr5 has a reduced electron transport chain
across all conditions, implying that the PQH2
oxidation is not being down regulated. At low
CO2 it does, however, generate NPQ, imply-
ing the formation of a large �pH (Nandha
et al. 2007). This alone is not sufficient to
cause an inhibition of PQH2 oxidation. In
another study by Joliot and Johnson (2011) it
was shown that infiltration of leaves with the
ionophore nigericin, which dissipates 4pH
without affecting the potential gradient, did
not inhibit PSII electron transport but did
prevent both NPQ formation and the down-
regulation of Cyt b6f activity. Results such
as these speak in favor of a role of pH
in regulating electron flow, but not through
a simple photosynthetic control mechanism.
Rather, the pHmay modulate the redox sensi-
tivity, shifting the Em of redox sensitive com-
ponents involved in regulation (Fig. 22.3).
Johnson (2003) showed that inhibition of
the Cyt b6f complex by dithiothreitol is pH

Fig. 22.3. Feedback control of Cyt b6f. Linear electron transport generates NADPH (black arrows). At the same
time, there is a net movement of protons into the thylakoid lumen, generating a 4pH, which is used to drive ATP
synthesis (blue arrows). Under optimal conditions, NADPH and ATP are used in the Calvin-Benson-Basham
(CBB) cycle. If the CBB cycle is inhibited, e.g. due to drought, NADPH feeds back to down-regulate the Cyt
b6f complex, while the 4pH, which is no longer being dissipated in ATP synthesis, inhibits electron flow either
by directly inhibiting PQH2 oxidation or indirectly by modulating the sensitivity to NADPH. See text for further
explanation.
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sensitive, with a shift in Em of �90 mV/pH.
Hence, changes in the pH in the thylakoid
lumen may increase the sensitivity of the Cyt
b6f complex to reducing agents, promoting
at the same time redox regulation of electron
flow, most likely exerted by NADPH.

IV. Linear Versus Cyclic Electron
Flow

Among electron transport processes alter-
native to LEF, cyclic electron flow (CEF),
which only involves PSI, has a major role
in allowing plants and algae to control their
ATP production via the regulation of the pro-
ton gradient, 4pH. CEF in flowering plants
has been the subject of a number of reviews
in recent years (e.g. Shikanai 2007; Johnson
2011) and we do not intend here to review in
detail the evidence for its occurrence. Rather
the focus will be on the regulation of this
pathway and the involvement of the Cyt b6f
complex. The functioning of CEF in plants
follows the same mechanism: electrons pro-
duced at the PSI acceptor side are oxidized
in a way that results in the reduction of
PQ, feeding electrons back into the electron
transport chain between the two photosys-
tems. That reaction may be catalyzed by
either an NAD(P)H dehydrogenase (NDH)
complex homologous to Complex I in mito-
chondrial electron transport (Rumeau et al.
2007; Shikanai 2007), or via an alternative
reaction possibly involving Cyt b6f. The rel-
ative contribution of the two paths is still
under debate. Plants deficient in the NDH
complex appear to perform well across a
wide range of conditions, though there is
evidence that they have increased sensitivity
to drought stress (Rumeau et al. 2007; Lehti-
maki et al. 2010). It seems, however, that
NDH is not essential for plant growth. On the
other hand, a recently identified mutant with
enhanced CEF activity in Arabidopsis shows
higher accumulation levels of this complex
(Livingston et al. 2010), and it was recently
proposed that this complex could mediate an
H2O2 driven activation of CEF (Strand et al.
2015).

In addition to the NDH pathway, electron
transfer can take place via a pathway often
referred to as the FQR (ferredoxin quinone
reductase) pathway (Bendall and Manasse
1995). In early studies, the FQR pathway
was proposed to involve the Cyt b6f complex
(Tagawa et al. 1963). However, later stud-
ies hypothesized a distinct enzyme for FQR
that bypasses Cyt b6f and directly interfaces
with PQ pool reduction by Fd (Bendall and
Manasse 1995). No one, however, was able
to identify or purify the FQR specific enzyme
until recently where evidence was presented
for FQR being a complex of PGR5-PGRL1
(Hertle et al. 2013).

The physical association of the Cyt b6f
complex with PSI and FNR has also been
suggested as a platform for the electron trans-
fer in the FQR pathway (Carrillo and Vallejos
1983; Arnon 1995). Mathematical modeling
of the electron transfer (Laisk 1993) and in
vivo observation of its high efficiency (Joliot
and Joliot 2002) suggest that FQR activity
might operate in a complex involving Cyt
b6f and PSI. Indeed, Cramer and his co-
workers reported that the Cyt b6f complex
co-purified with FNR and was reduced by
Fd (Zhang et al. 2001). Physical interactions
between PGRL1 and PsaD (subunit of PSI),
PetB (Cyt b6), FNR, and PGR5 were shown
by a yeast two-hybrid assay using the corre-
sponding genes from Arabidopsis (DalCorso
et al. 2008). This suggests that the formation
of a CEF competent supercomplex is likely
required to stabilize this pathway in a system
where it could otherwise be outcompeted by
linear flow.

While no such supercomplex was found in
spinach leaves (Breyton et al. 2006) and
indeed it has been argued that no such
complexes are required (Johnson 2011;
Joliot and Johnson 2011), biochemical
analysis of thylakoid membranes from
Chlamydomonas allowed Minagawa and
colleagues (Iwai et al. 2010) to isolate
such a complex from State 2-locked cells,
where CEF is the prominent electron
flow pathway. Using a sucrose density
gradient, they purified a super-supercomplex
composed of the PSI-LHCI supercomplex
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with LHCIIs, Cyt b6f, FNR, and PGRL1 in
a fraction heavier than that of the PSI-LHCI
supercomplex alone. Spectroscopic analyses
of this super-supercomplex indicated that,
upon illumination, reducing equivalents
downstream of PSI were transferred to Cyt
b6f, while the oxidized PSI was re-reduced by
reducing equivalents from Cyt b6f (Iwai et al.
2010; see Chap. 23 byMinagawa for a further
description of this CEF supercomplex).

What is the role of this supercomplex, and
why is it observed only in Chlamydomonas?
To answer these questions one has to con-
sider that a key point in our understanding
of CEF is the question of how the relative
fluxes through LEF and CEF are regulated.
It is acknowledged that photosynthetic com-
plexes are not evenly distributed in the thy-
lakoid membrane (Albertsson 2001). Func-
tional PSII is localized in the membrane
stacks. PSI is distributed between the grana
margins (�70 %) and the stromal lamellae.
Cyt b6f is evenly distributed throughout the
membrane. It has been shown that the diffu-
sion of PQ/PQH2 in the thylakoid membrane
is highly restricted, probably due to the very
high protein concentrations that characterize
this membrane (Tremmel et al. 2003). This
means that PQ localized in the granal stacks
will primarily act in mediating electron trans-
port between PSII and those Cyt b6f com-
plexes localized in the stacked regions. For
reasons of access, it is unlikely that electrons
will be transferred from Fd to Cyt b6f com-
plexes localized in the granal regions. Rather,
a separate pool of Cyt b6f, with associated
PQ will be found in the stromal membranes.
The physical distance between the different
domains and the limitations on PQ diffu-
sion mean that these different pools could
be quite separate, thus promoting indepen-
dent functioning of the photosynthetic com-
plexes present in the grana and grana margins
(LEF) and the stromal lamellae (CEF). On
the other hand, thylakoid stacking is less
defined in Chlamydomonas and algae in gen-
eral, and therefore the functional segrega-
tion of LEF and CEF based on the physical
segregation of the photosynthetic complexes
in two distinct domains hardly applies to

these algae. It is therefore possible that the
super-supercomplex, which localize the mo-
bile electron carriers (PQ, Fd, and PC) within
a physically restricted space would ensure
the compartmentation of the two pathways,
thereby preventing CEF from being outcom-
peted by LEF activity. By doing this, super-
supercomplex formation would play a similar
role to that suggested for the segregation
of PSI and PSII in the granal and stromal
lamellae in plants.

V. Role of Cytochrome b6f in State
Transitions

In oxygenic photosynthesis, the two
photosystems working in series have distinct
pigment containing antenna complexes with
distinct light absorbance properties. PS I
has an enriched absorption capacity in the
far-red region, whereas PS II lacks the far-
red absorption capacity, but has a higher
efficiency in the spectral regions where
chlorophyll b absorbs (i.e. around 475 and
650 nm). Thus, in natural environments,
where light quality and quantity fluctuate
with time (Allen 1992; Bellafiore et al.
2005) unbalanced absorption can take
place. This effect can be minimized by a
phenomenon known as state transitions.
Discovered independently by Murata and
Sugahara (1969) and Bonaventura and
Myers (1969), this process relies on a
redox-triggered phosphorylation of the PSII
antenna complexes (LHCII), which leads
to a physiological displacement of LHCII
from PSII to PSI under conditions where
absorption of the former is enhanced (i.e.
by enhanced light absorption by chlorophyll
b). This state is called State 2. Conversely,
over-excitation of PSI (e.g. by far red light)
leads to the reassociation of LHCII with PSII
(State 1; Allen 1992).

Pharmacological and genetic work has
shown that state transitions are triggered by
the PQ pool, which acts as a redox regulator
of the phosphorylation of LHCII (Wollman
2001), via the activation of an LHCII kinase.
However, reports exist claiming that LHCII

http://dx.doi.org/10.1007/978-94-017-7481-9_23


22 Regulation of Electron Flow Through Cytochrome b6f 447

kinase(s) is/are not only activated by the
reduced PQ pool, but also deactivated by the
reduced thioredoxin pool that is downstream
of PS I in the stroma of the chloroplasts in
pumpkin (Rintamaki et al. 2000) and pea
(Hou et al. 2002), and in C. reinhardtii
(Vink et al. 2004). Why is the PQ pool
responsible for such a redox signaling role?
Being functionally located between PSII and
PSI this redox active molecule can “sense”
the relative light harvesting capacity of the
two photosystems, being largely reduced
when PSII activity overcomes that of PSI,
and becoming oxidized when PSI prevails.

The nature of the kinase responsible for
LHCII phosphorylation has been first iden-
tified in Chlamydomonas thanks to a genetic
screening: it is a Ser/Thr kinase (Stt7) present
in the chloroplast thylakoid membranes (De-
pege et al. 2003). Later, it was shown that
an ortholog exist in plants (STN7; Bellafiore
et al. 2005). The reversible phosphorylation
of LHCII observed with thylakoids during
state transitions implies that a phosphatase
(TAP38/PPH1) is also active, being respon-
sible for the dephosphorylationn of LHCII
(Pribil et al. 2010; Shapiguzov et al. 2010).

Signal transduction from PQH2 to the
Stt7/STN7 kinase is performed by the Cyt b6f
complex, as shown by several independent
pieces of evidence. Wollman and Lemaire
(1988) found that C. reinhardtii mutants
lacking Cyt b6f were unable to undergo a
State 2 transition, indicating an essential
role of this complex in the kinase activation.
Later, spectroscopic (Vener et al. 1997) and
genetic approaches (Zito et al. 1999) revealed
that the committed step in kinase activation is
the binding of PQH2 to the lumenal quinone-
binding pocket (Qo site) of Cyt b6f. While
a consensus exists on the nature of the
partners involved in the signaling from light
to the kinase, the mechanism leading to the
activation of Stt7/STN7 by reduced PQ is
still under debate.

Based on a pharmacological analysis
of kinase activation (Finazzi et al. 2001)
a model has been built for this activation
(Finazzi 2005), which involves several steps
(Fig. 22.4). The signal from PQH2 would be

transduced by an “active” Cyt b6f complex,
capable of switching between a docking
conformation, which activates the kinase,
and a releasing one, where the active kinase
becomes capable of interacting with LHCII.
Docking would involve conformational
changes at the level of the Rieske protein
and results in the phosphorylation of the Cyt
b6f -associated subunit PetO (Hamel et al.
2000; Finazzi et al. 2001; Wollman 2001).
This step would precede phosphorylaytion
of LHCII, which likely requires the
release of the Stt7 kinase by a subsequent
conformational change. This is suggested
by the observation that while the PQ analog
tridecylstigmatellin blocks Cyt b6f catalysis
and LHCII phosphorylation by preventing
the movement of the Rieske protein head
(Zhang et al. 1998; Breyton 2000b; Finazzi
et al. 2001), this chemical does not affect the
phosphorylation of PetO (Wollman 2001).

How are the conformational changes oc-
curring in the lumenal region of the com-
plex transduced to the stromal site where
the active moiety of the kinase is located?
Analysis of the Stt7 kinase has suggested
that this protein contains a putative trans-
membrane helix. This helix might, there-
fore, be directly involved in sensing PQH2
binding to the Qo site, as already suggested
(Vener et al. 1997). However, the existence
of a direct signaling within the cytochrome
complex is also possible, and supported by
phenotypic analysis of Cyt b6f mutants of
Chlamydomonas. In particular, a mutant was
generated (Zito et al. 2002) to fuse a small
Cyt b6f subunit (PetL) with subunit IV to
“transform” the b6f complex, which contains
seven helices in its core subunits (Cyt b6
and subunit IV), into a bc1-type complex
(which contains eight helices in its unique
core complex subunit, Cyt b). At variance
with expectations, this mutation did not lead
to an altered electron flow, or PQH2 binding
to the lumenal Qo site of the modified b6f
complex, but led to a complete abolition of
state transitions.

Based on these results, it was proposed
that docking of the kinase, which follows
the structural changes induced by the PQH2-
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Fig. 22.4. Hypothetical mechanism of Stt7 activation by the cytochrome b6f complex. The model conceives that
upon binding of the PQH2 molecule (red dot) to the lumenal Qo site of Cyt b6f, conformational changes in
the lumenal part of the Rieske protein (blue) would take place (transition form “a” to “b”). This would allow
docking of the kinase (spheres and sticks) on the “lipid exposed” part of the complex, in close vicinity to the
chlorophyll ring (c), leading to kinase activation (represented as boxes and sticks) and phosphorylation of the
Cyt b6f associated subunit PetO (black loops). Release of the active kinase after dissociation of the quinone
from its binding pocket (d) would trigger LHCII trimer-kinase interactions, as required for antenna complex
phosphorylation. The site of PQH2 and kinase docking on Cyt b6f, as well as the site of inhibition by stigmatellin
are shown.

Cyt b6f interaction, might take place on the
cytochrome portion located in the proximity
of the C terminus of subunit IV (where the
PetL subunit was fused). This being the case,
the mutant phenotype could be explained
assuming that because of the presence of an
additional helix close to its docking site, the
formation of the kinase-Cyt b6f complex was
prevented, even if the cytochrome complex
was in its “active” state. Interestingly, the 3D
structure of Cyt b6f from Chlamydomonas,
(Stroebel et al. 2003), has revealed the pres-
ence of a chlorophyll molecule, which is ex-
posed to the lipid phase through its tetrapyr-
role ring, being sandwiched between helices
F and G of subunit IV (see also Chap. 9

by Cramer and Hasan). Its phytol chain goes
deeply into the complex structure ending up
in the lumenal, PQH2 binding pocket. Thus
it is conceivable that the chlorophyll could
“sense” the binding of PQH2 to the Cyt b6f
complex via the phytol chain and transduce
this information to the kinase docking site,
via the chlorophyll ring (Finazzi 2005).

The possible involvement of the chloro-
phyll ring in kinase activation was later con-
firmed by the analysis of mutants affecting
the environment of the chlorophyll ring in
the complex, again in Chlamydomonas (de
Lavalette et al. 2008). This study showed that
in one mutant strain where the chlorine ring
was likely displaced from its original site

http://dx.doi.org/10.1007/978-94-017-7481-9_9
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because of steric hindrance, state transitions
were largely compromised, although PQH2
binding to the Qo site was not significantly
affected. Based on these results, a scenario
can be proposed to account for the mecha-
nism of Stt7 activation by the Cyt b6f com-
plex (Fig. 22.4). However, further work will
be needed to further confirm this model at the
experimental level.

VI. Conclusions

The role of the cytochrome b6f complex in
electron flow is a topic that has been investi-
gated for many years combining functional
and genetic approaches in both plants and
microalgae. The resolution of the structure
of this complex has led to major advances in
this field, bridging the functional mechanism
to the precise structural changes within the
complex. Biochemical analyses have since
then been instrumental in defining a fur-
ther level of regulation, which involves a
different interaction of the cytochrome with
other photosynthetic complexes, as exem-
plified by the isolation of the PSI-Cyt b6f
supercomplex from Chlamydomonas. How-
ever, despite these major achievements, big
questions are still open concerning both the
intimate electron transfer mechanisms (the
proton electron stoichiometry during cataly-
sis, the obligatory occurrence of the Q cycle
during turnover, proton versus redox regula-
tion of the activity, and the possible existence
of a signal transduction pathway within the
complex allowing the activation of the kinase
responsible for state transitions by reduced
plastoquinone molecules). Major multidisci-
plinary efforts will be needed in the future
to cast light on these fundamental aspects of
bioenergetics.
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