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Highlights

e Cytbef couples electron transfer between PSI and PSII to the generation of proton
motive force via the Q-cycle.

e Key features of Cytbef mitigate the formation of damaging reactive oxygen species
and avoid short-circuits of the Q-cycle.

e Cytbef catalyses the rate-limiting step in linear electron transfer and is
downregulated by ApH to protect PSI from damage.

e Cytbsf may act as the elusive antimycin-A sensitive ferredoxin-quinone reductase
involved in cyclic electron transfer.

e Cytbef is a redox-sensing hub responsible for triggering photosynthetic acclimation

via the STN7/ STT7 kinase.

Keywords: cytochrome bsf; photosynthesis; Q-cycle; linear electron transfer; cyclic electron

transfer; redox regulation; transmembrane signalling.
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Abstract

Cytochrome b¢f (cytbef) lies at the heart of the light-dependent reactions of oxygenic
photosynthesis, where it serves as a link between photosystem II (PSII) and photosystem I
(PSI) through the oxidation and reduction of the electron carriers plastoquinol (PQH>) and
plastocyanin (Pc). A mechanism of electron bifurcation, known as the Q-cycle, couples
electron transfer to the generation of a transmembrane proton gradient for ATP synthesis.
Cytbsf catalyses the rate-limiting step in linear electron transfer (LET), is pivotal for cyclic
electron transfer (CET) and plays a key role as a redox-sensing hub involved in the regulation
of light-harvesting, electron transfer and photosynthetic gene expression. Together, these
characteristics make cytbef a judicious target for genetic manipulation to enhance
photosynthetic yield, a strategy which already shows promise. In this review we will outline
the structure and function of cytbef with a particular focus on new insights provided by the

recent high-resolution map of the complex from Spinach.
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1. Introduction

The year 2020 marks 45 years since Peter Mitchell proposed the Q-cycle mechanism that
underpins our understanding of the cytochrome bc1 (cytber) and cytochrome bef (cytbef)
complexes [1]. These two Rieske/cytochrome b type complexes are part of a larger
superfamily that is widely distributed in eukaryotic and prokaryotic photosynthetic and
respiratory electron transport chains [2]. In oxygenic phototrophs such as plants, algae and
cyanobacteria, cytbsf not only provides an essential electronic connection between the light-
powered chlorophyll-protein complexes, photosystem I and I (PSI and PSII), but also acts as
the major coupling site in photosynthesis, transferring four of the six protons moved to the
thylakoid lumen per NADP" molecule reduced by the linear electron transfer (LET) chain [3—
8](Fig. 1). Its simultaneous roles in oxidising plastoquinol (PQH2) and reducing
plastoquinone (PQ) via the Q-cycle has led to the suggestion that cytbefis also the elusive
ferredoxin (Fd)-PQ reductase (FQR) involved in the major pathway of cyclic electron
transfer (CET1) [9-12](Fig. 1). Thus, cytbef is uniquely suited to sensing the redox state of
the electron transfer chain and the chloroplast stroma/cytoplasm, interacting with various
regulatory elements that transduce these signals to optimise photosynthesis in fluctuating
environmental and metabolic conditions [4,13,14]. In recent years, there have been a number
of studies that significantly enhance our understanding of this extraordinary complex,
shedding light on the internal mechanics of the Q-cycle and providing new clues as to how it
fulfils its various roles in photosynthetic regulation [15-22]. Combining this latest
information with the recently reported high-resolution structure of the higher plant cytbsf’
[23], we review the current state of knowledge regarding this crucial complex and highlight

those areas where our understanding has evolved.

2. Structural overview of the cytbsf complex

To date, high-resolution structures of cytbsf are available from four different species; the
higher plant Spinacia oleracea (Spinach) [23], the green alga Chlamydomonas reinhardtii
(Chlamydomonas) [24], and the filamentous cyanobacteria Nostoc sp. PCC 7120 (Nostoc)
[18,22,25] and Mastigocladus (M.) laminosus [18,26-30]. These structures show that cytbef
is a ~220 kDa functional dimer with each monomeric unit made up of four major subunits:
cytochrome f'(cytf) (PetA), cytochrome bs (cytbs) (PetB), the Rieske iron-sulphur protein
(ISP) (PetC) and subunit IV (subIV) (PetD) as well as four minor subunits (PetG, L, M, N)
(Table 1). Cytbef displays a strong similarity to the respiratory cytbci complex found in
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mitochondria and anoxygenic photosynthetic bacteria [31-33], with significant conservation
of the core redox components, which are encased within a central four-helix bundle (Fig. 2).
In cytbef, this core helical bundle is provided by the cytbs subunit (helices A-D) which also
binds two b-type haems (haems b, and bp) and a ¢’ (high-spin)-type haem (haem c¢,) (Fig
2A,D,G). Surrounding the core of the cytbef complex are several additional transmembrane
helices (TMHs), including three from subIV (E-G), four from each of the four small subunits
(Pet G, L, M, N) and two single TMHs which anchor the p-side extrinsic subunits (cytf and
the ISP) (Fig 2G). On the p-side of the complex, both cytf and the ISP protrude into the
thylakoid lumen with the long 3-sheet rich domain of cytf'encompassing the smaller globular
domain of the ISP (Fig. 2A). Within these lumenal-facing domains, cytf binds a c-type haem
(but called haem f, from ‘frons’ meaning leaf in Latin), while the ISP binds a 2Fe-2S cluster.
In cytbci, both the core helical bundle (A-D) and the three TMHs (E-G) are provided by the
cytochrome b subunit, which coordinates haems b, and by, though the additional haem cx is
absent (Fig 2D-I). As in cytbef, cytbc: binds a 2Fe-2S cluster within its ISP subunit and a c-
type haem within its peripheral subunit cytochrome c1 (cytci) (Fig 2D-F). It is interesting to
note from an evolutionary perspective that cytf and cytc) are not related but are rather an
example of convergent evolution [2]. Unlike cytbci, cytbsf also contains two additional
pigment molecules per monomer, one chlorophyll a (Chl @) and one 9-cis -carotene (Fig
2D). These pigments are found associated with subIV but their exact functions remain
unclear. PetO [34] and PetP [35] are also present in the Chlamydomonas and cyanobacterial
cytbef complexes, respectively, though to date, they have not been identified in any of the
high-resolution structures so far published.

In both cytbef and cytbci, the overall structure is stabilised through domain swapping
of the p-side extrinsic domain of the ISP, forming an interlinked dimeric complex [24,26].
This structure is further stabilised by interactions formed between residues of cytbs and
sublV as well as several protein-lipid interactions involving lipids of the membrane bilayer
[22]. While the identity of these lipids varies between species due to their differing
membrane compositions, nine native lipid molecules are resolved in the spinach complex
(two monogalactosyldiacylglycerol (MGDG), four phosphatidylglycerol (PG), three
sulfoquinovosyldiacylglycerol (SG)) in addition to three phosphatidylcholine (PCH)
molecules added during purification [23]. In addition to the essential role of these lipids in
stabilising the dimeric structure, it has also been speculated that several of these lipid binding

sites may have crucial roles in the functions of the cytbef complex [22,30]. Between the two
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monomeric units of the complex lies a large protein-free cavity providing a space to sequester
an internal pool of PQ/PQH [22—-24,26]. On the inside walls of this cavity lie two substrate
binding sites, one near the p-side of the complex (Q,) which serves as the site of PQH>

oxidation, and one near the n-side (Qn) which is the site of PQ reduction [23,24,26].

3. The modified Q-cycle and electron transfer mechanics

The Q-cycle, first proposed by Peter Mitchell in 1975 [1] and later modified by Tony Crofts
[36,37] suggests that quinol oxidation in cytbc; and cytbsf complexes follows a mechanism of
electron bifurcation. The overall process can be split into two half-reactions as depicted in in
Fig 3A-B. In cytbef, the first half-cycle involves transfer of the two electrons derived from
PQH: oxidation at the Q, site into the high-potential (2Fe-2S and haem f) and low-potential
(haems by, bn and cn) chains (Fig 3A). In the high-potential chain, the electron is transferred
from the PQ"/PQH: couple (+480 mV) to the nearby 2Fe-2S cluster of the ISP (+310 mV)
(Fig 3C). This in turn facilitates transfer of the electron to haem f'(+355 mV) to the single-
electron acceptor protein Pc (+370 mV) bound on the p-side of the complex and onward to
P700, the PSI primary donor (+480 mV)(Fig 3C). In the low-potential chain, the second
electron derived from the PQ/ PQ™ couple (-280 mV) reduces nearby haem b, (-150 mV) and
then haem b, (-85 mV) (Fig 3C). This transfer of electrons across the bilayer between the two
b-haems is electrogenic, contributing to the electric field component (Ay) of the pmf and is
responsible for the b-phase of the electrochromic carotenoid band shift (ECS) signal [38,39].
Following the reduction of haem b, the electron is then transferred to the nearby haem cx
(+100 mV), which forms part of the Q, PQ binding site. The two protons liberated by the
oxidation of PQH> at the Q, site are transferred to the thylakoid lumen (p-side), contributing
to the ApH component of the pmf. In the second half-cycle (Fig 3B), another PQH> molecule
is oxidised at the Qjp site, prompting the transfer of a further two protons to the lumen and the
reduction of a second Pc molecule via the high potential chain, while the second electron

enters the low potential chain, resulting in the production of a haem ¢,/ b,™¢

pair. Following
formation of this highly reducing redox-coupled pair, haem ¢, facilitates the quasi-concerted
two electron-two proton reduction of PQ to PQH> at the Q, site in a so-called ‘double-
barrelled shotgun’ mechanism (Fig 3B-C) [3,4,40,41].

According to the basic Q-cycle mechanism given above, the first electron from the
PQH: molecule is transferred to the 2Fe-2S cluster and then on to a haem f'(cytf). While this

transfer is observed to occur on a timescale of 2-5 ms [42], it is evident from existing
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structures of cytbef that the two cofactors are separated by too large a distance (~26 A) to
allow such rapid ET according to the Moser-Dutton ‘ruler’ [23,24,26,43]. In the cytbc)
complex, this apparent juxtaposition between the observed and theoretical ET rates is readily
explained by a large-scale conformational change in the extrinsic domain of the ISP [33](Fig
4) (Supplementary Video 1). This conformational change, observed in the high-resolution
structures of the chicken (Gallus gallus) cytbci complex (PDB IDs: 3BCC; 1BCC), brings
the 2Fe-2S cluster from a Q, proximal position (~27 A away from haem c1) to a position ~16
A from the c-type haem acceptor (Q, distal) (Table 2). In this manner, the cytbc complex is
able to bridge the large distance between the Q, site and the c-type haem acceptor of the cytci
subunit enabling electron transfer down the high-potential chain to the soluble cytc/c>
electron acceptor. While it is hypothesised that a similar mechanism must exist in cytbef
[3,14], so far, no direct structural evidence exists to support this. Moreover, mutations in the
proline-rich hinge region between the lumenal and TM domains of the ISP have been shown
to have little effect on cytbef activity despite analogous changes in cytbci proving detrimental
to catalytic turnover [44,45]. Despite the lack of a high-resolution structure of the putative Q,
distal conformation for cytbef, a range of experimental data support the existence of such a
conformational transition [46—49]. It therefore remains likely that a conformational change
occurs on the p-side of the complex to mitigate the distance between the 2Fe-2S cluster and
haem fbut that such a change may be 1) limited by crystal contacts in many of the cytbef
structures containing quinone analogue inhibitors, ii) occurring in a different manner, such as
through movement of the peripheral c-type haem containing cytf subunit rather than through
the ISP[50]. Further work is required to distinguish between these possibilities.

4, Architecture and dynamics of the Q; site

In both cytbef and cytbci, the Q, site is located at the end of a long, narrow hydrophobic
portal located on the inner wall of the intermonomer cavity near the p-side of the complex
[23,24,26,29,31-33]. While the architecture of this portal is mostly conserved in both
complexes (Fig 5A-F), the portal is significantly narrowed in cytbef by the presence of a Chl
a molecule (Fig 5B, G). In the spinach structure, the chlorin head group of the Chl a is
observed between the F and G helices of sublV while the long phytyl tail of the molecule
protrudes into the Qp portal [23](Fig 5D, G). It is interesting to note that two conformations
of the phytyl tail are also resolved in this study: the first appears to permit access to the Q,

site (‘open’ conformation) while the second appears to restrict access (‘closed’ conformation)
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(Fig 5H). Movement of the phytyl tail between these two conformations, together with some
slight movement of surrounding residues, appears to contribute to further narrowing of the Q,
portal as depicted in Fig SH (Supplementary Video 2). While native quinol binding has not
been structurally resolved within the Q, site of either cytbci or cytbsf to date, substrate
binding in both complexes has been probed using quinol analogue inhibitors such as
stigmatellin (STG, cytbci), myxothiazol (MY X, cytbci) and tridecylstigmatellin (TDS,
cytbef) [18] (Fig SE,F).

In cytbci, the Qp site forms a bifurcated volume with one lobe forking towards the
2Fe-2S cluster while the other extends towards haem b, (Fig 6A-C). It is apparent from
quinone analogue studies that these two lobes are preferred by different classes of analogue
inhibitor, with the 2Fe-2S and haem b, proximal lobes preferred by inhibitors that mimic
ubiquinone (UQ) (e.g. stigmatellin and 5-r-undecyl-6-hydroxy-4,7-dioxobenzothiaole) and
semiubiquinone (UQH) (e.g. myxothiazole and 3-methoxyacrylatestilbene (MOAS)-type
inhibitors) species respectively [51,52]. Since occupation of either lobe is a mutually
exclusive event, these observations indicate that the quinone species may undergo movement
within the Qp site during catalysis [51]. It is thought that binding initially occurs within the
2Fe-2S proximal lobe where the first oxidation and deprotonation event is facilitated by the
2Fe-2S cluster together with one of its coordinating Histidine residues (His161, G. gallus
numbering) (Fig 6A). Subsequent movement of the UQH species within the bifurcated
volume facilitates a second deprotonation event via the highly conserved Glu272 residue
(PEWY motif) at the base of the second lobe (Fig 6B); this in turn allows an electron to be
transferred from UQ™ to haem bp. The subsequent attraction between protonated Glu272 and
reduced haem b, induces a conformational change in the side chain of Glu272 away from the
Qy site allowing proton exit to the aqueous p-side (this alternate conformation of Glu272 is
observed in the MY X inhibited cytbc; structure, Fig 6C). As in cytbci, the Q, site in cytbsf
appears to be forked, with the His128 residue coordinating the 2Fe-2S ISP cluster at the end
of one branch and a Glu78 residue and haem b, at the end of the other (Fig 6D). Similarly,
deprotonation of PQH: is likely carried out by the analogous residues in cytbsf, His128 and
Glu78 (spinach numbering) [4,18,53](Fig 6D).

The first deprotonation of PQHo> to form the species PQH™ and its subsequent
oxidation by the 2Fe-2S cluster to form PQH represent the rate-limiting steps in cytbsf’
turnover [4,50]. These forward endergonic reactions (with small forward rate constants) (Fig

3C) are made possible by their close coupling with the second exergonic
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deprotonation/oxidation steps (with large forward rate constants) involving Glu78 and haem
by that generate PQ (Fig 3C). The redox potential of the PQ/PQ™ couple is ~-280mV,
sufficient to reduce haem b, (-150 mV) of the low potential chain [4,5]. In cytbci the
conformational change in Glu272 causes the rotation of the side chain away from the
substrate in the Q) site and may facilitate its release (Fig 6C) [54,55]. Although such a
movement of the PEWY Glu78 has not been observed in cytbsf, it is postulated that a similar
mechanism would occur [18,50]. Temporary absence of the Q,, site during the reaction cycle
in cytbsf and cytbci complexes was suggested to be mitigated by a ‘stand-by’ site for quinol
binding that would facilitate its rapid provision upon return of the ISP and GIlu78 to their
original positions [6]. Indeed, in the recent spinach cytbef structure, a well-defined PQH>
molecule was resolved in a position adjacent to the Chl a tail approaching the entrance to the
Qp portal [23](Fig 5G). Interestingly, mutation of Glu78 in Chlamydomonas to Lys or Leu
significantly slowed but did not abolish PQH> oxidation, while mutation to Gln or Asn
increased the electrogenicity of the complex [53]. This is consistent with the fact that Glu78
sits at the mouth of a hydrophilic tunnel that has been proposed as being an exit route for the
second proton from the Qj site (Fig 6E) [18,53,56]. This proposal is further supported by
evidence from the spinach cytbef structure, whereby the highly conserved Glu78 is observed
in a haem b, proximal position facing away from the Q, site and towards a channel lined by a
number of conserved hydrophilic residues including Arg87 (cytbs), Ser91 (cytbs), Glu3
(PetG), Glu58 (sublV), Lys145 (cytf), Glu242 (cytf), Glu5 (PetM) and Glu34 (cytf) [23].
Although the spinach structure is limited by resolution, it is expected that this p-side exposed
channel would be highly hydrated as detailed in the original proposal for the Nostoc cytbef
[18] (Fig 6E).

5. Architecture and dynamics of the Q, site

A major difference between the cytbef and cytbc1 complexes is the structure of Q, site (Fig
7A-D). Although the position of haem b, is highly conserved between cytbci and cytbsf [7],
the space between haem b, and the intermonomer cavity in cytbef is further occupied by a
penta-coordinated ¢ -type (high-spin) haem (cn) covalently bound by a single thioether
linkage to Cys35 of cythbs [22-24,26-28,40,57,58] (Fig 7B, D). It is located approximately 4
A away from haem b, with a water molecule/hydroxide ion intervening between the two
macrocycle rings and acting as a putative axial ligand to cn. In this position, haem ¢, occupies

a location approximately equivalent to the UQ binding site (Qn) in cytbci, with its open axial
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position facing outwards towards the quinone exchange cavity (Fig 7E-H). Despite the
conservation of function elsewhere between cytbci and cytbef, the presence of the additional
haem ¢, and apparent obstruction of the putative Qn site suggests that the quinone reduction
mechanism in cytbef differs significantly from that of cytbc: [7,40,57,59]. While in cytbci,
UQ reduction is facilitated by a two-step electron transfer from haem b, resulting in a UQe-
intermediate [60], no such intermediate has been detected in cytbef. Additionally, while in
cytbc these n-side reduction reactions are specifically inhibited by antimycin A [61,62], this
effect is absent in cytbef [63].

Given these observations, an alternative reduction mechanism likely exists in cytbef
which incorporates haem ¢, [7,40,57,59]. In this mechanism, the second electron derived
from PQH:> oxidation may be transferred along the low potential chain through haem b, (-150
mV) to haem b, (-85 mV), and then onto haem ¢, (+100 mV) (Fig 3C). However, this
situation is further complicated by several additional factors: i) the redox equilibrium
between haems by, and c, is sensitive to the Ay [64], with a larger field favouring the bn™%/c,°*
pair; ii) the redox titration of the haem ¢, in the Chlamydomonas complex shows a marked
pH dependence (-60 mV/pH unit) varying from +175 mV at pH 6 to -50 mV at pH 9 [40,59];
and iii) the midpoint potential of haem ¢y, is further shifted to -150 mV at pH 7 in the
presence of the Q, site inhibitor and semiquinone analogue 2-n-nonyl-4-hydroxyquinoline N-
oxide (NQNO) [40]. This last point is explained by the observation that NQNO (and indeed
TDS) acts as an axial ligand to haem ¢, [28] (Fig 7E, F). A similar downshift in midpoint
potential is also observed in a Phe40Tyr (sublV) mutant in Chlamydomonas, suggesting that
the additional hydroxyl group of Tyr provides an axial ligand to the haem ¢, [59]. While
these findings demonstrate that the local environment strongly influences the redox properties
of haem ¢, and suggest that it facilitates the binding of PQ [40], EPR evidence indicates that
haem ¢, remains penta-coordinated [57]. This apparent discrepancy is clarified by the most
recent structure of cytbef from spinach [23], where a native PQ molecule is observed bound
to the Q, site (Fig 7H). Unlike NQNO (Fig 7E), the native PQ molecule does not act as an
axial ligand, instead forming a close association with one of the haem ¢, propionates (Fig
7G). Moreover, while the semiubiquinone intermediate at the Qn site in cytbc: is stabilised by
multiple interactions from surrounding residues (His202, Asp229, K228 and Ser206; G.
gallus cytbci numbering) and water molecules [33,65,66](Fig 7H), the substrate in spinach
cytbef is apparently only stabilised by a single interaction with the haem ¢, propionate (Fig
7G).
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Interestingly, while PQ is observed bound to the Q, site on one side of the dimeric
spinach structure, the other site remains empty [23]. Comparison of the unoccupied (Fig 8A)
and occupied (Fig 8B) halves of the dimer reveal several conformational changes in both the
haem ¢, propionate group and nearby residues (Arg207 and Asp20; cytbs) which may
underlie PQ binding and reduction at the Q, site (Supplementary Video 3). While in the
unoccupied Qn-site, a H-bonding network appears to be formed between the haem ¢,
propionate, Arg207 and Asp20 (Fig 8A), this network is disturbed in the opposing monomer
by the binding of PQ (Fig 8B). In particular, the binding of PQ appears be accommodated by
a rotation of the haem cn propionate away from Arg207 and towards the 1,4-benzoquinone
head group of the incoming PQ molecule (Fig 8B). These observations, together with the
evidence that reduction of haem ¢, is coupled to its protonation [40,57], suggest a plausible
scenario for PQ binding involving the reduction of haem ¢, by haem b, and protonation of the
haem ¢, propionate by nearby Arg207. Rotation of the haem ¢, propionate group upon its
protonation would break the interaction with Arg207 allowing it to act as an H-bond donor to
the carbonyl oxygen on the 1,4-benzoquinone ring of PQ [23](Fig 8B). This mode of binding
would stabilise the quinone, rather than the semiquinone as in cytbci, leaving the redox
potential of the PQ/PQ™ couple at ~-280 mV (as in solution). In this scenario, the first
endergonic reduction of PQ by haem ¢, would only become likely when a second electron
was also available in the low potential chain to allow the subsequent exergonic reduction of
the PQ"/PQH: couple (+480 mV). In this manner, the presence of haem ¢, may ensure that
the PQ™ species has a very low equilibrium population and that electron transfer can only
proceed via a quasi-concerted ‘double-barrelled shotgun’ mechanism when the b,™%/c,™¢

is present [40,41,59].

pair

The reduction of PQ would subsequently allow its protonation with the first proton
provided via the haem ¢, propionate upon its oxidation. Protonation events at the Q, site are
promoted by Ay, which causes the stromal side of the membrane to become more negatively
charged thus attracting protons [9,67], while high ApH, which increases the stromal pH acts
antagonistically [9,39]. Provision of a second proton to the Q, site from the stroma may
involve the highly conserved Glu29 and Asp35 residues (the E/D pathway) of cytbsf [18] (Fig
8C-D). As the side-chain oxygen of Asp35 is too far away from the 1,4-benzoquinone ring
oxygen for hydrogen-bond formation (~8.9 A) in the spinach structure, it is possible that an
ordered water molecule acts as a bridge to link the E/D pathway to the bound PQ molecule
(Fig 8E-F). The existence of such a proton channel at the Q, site was predicted by the

10
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inhibitory action of triorganitins on haem b./b, oxidation and the electrogenic reaction [68].
In the spinach structure, there are some regions of unassigned density between Asp35 and the
PQ molecule which are consistent with bridging water molecules, however a higher

resolution structure would be required to confirm this hypothesis.

Another salient feature of the Q, site revealed in the spinach cytbef structure, is the
bowed conformation adopted by the bound PQ molecule with the isoprenoid tail straddling
the intermonomer cavity and thereby partially obstructing the Qn site on the neighbouring
monomer (Fig 9A-C) [23]. It is interesting to note that this orientation of the PQ molecule
may prevent simultaneous binding of PQ at both Q, sites within the dimer (Fig. 9B). In this
instance, any electron entering the low potential chain on the monomer bearing an empty Qx
site could be transferred rapidly to the neighbouring monomer via the 15.3 A electron-
tunnelling distance between the b, haems (Fig 9C) [69]. Such tunnelling would be rendered
more likely if the reduced, protonated form of haem ¢, were to be stabilised by PQ as
suggested above, since the enhanced potential difference between the two low potential
chains would provide a driving force for electron tunnelling (Fig 9D). This suggestion could
explain the observation that the haem ¢, midpoint potential shows heterogeneity that is
abolished upon addition of NQNO[40,57]. Since NQNO has a shorter tail than the native PQ,
its binding may not prevent binding of a second NQNO at the neighbouring Q, site. If cytbsf
can operate according to this ‘electronic bus-bar’ principal [69], this mechanism could
provide a means to avoid competition between the two Q, sites for electrons, favouring a
more rapid turnover of the low potential chain and thus increasing the efficiency of the Q-

cycle.

In addition to providing insights into the mechanics at the Qy site, the spinach cytbef
structure also reveals interesting insights into the movements of PQ/PQH> within the
intermonomer cavity. While it has previously been suggested that substrate could exchange
between the Q, and Q, sites within the intermonomer cavity [11,70], until now there has been
no direct structural evidence to support such a suggestion. In the recent spinach cytbsf’
structure, an additional PQ molecule is observed traversing between the Q, and Q, sites in
opposing monomeric units providing direct evidence for ‘diagonal’ PQ/PQH; exchange
within the intermonomer cavity, between opposing halves of the complex. An ‘internal’ cycle
for quinone/quinols within the cytbef dimer effectively uncouples turnover at the Qpand Qn

sites from the larger external PQ pool. Thus, rapid internal exchange of PQ/PQH> between
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these sites could facilitate more rapid turnover of the Q-cycle, particularly when the external

pool is largely reduced.

6. Avoiding short-circuits of the Q-cycle and mitigating superoxide production

In both cytbc:1 and cytbef, the reactive oxygen species (ROS) superoxide (O2") can form as a
by-product of the Q-cycle due to the transient production of a semiquinone species with
sufficient reducing power (-280 mV, PQ"/PQH>) to reduce the O2/O2" couple (-160 mV)
[71,72]. This is particularly problematic for oxygenic phototrophs given that the O
concentration is an order of magnitude higher in chloroplasts (where Oz is a by-product of
water oxidation) than in mitochondria (where O is consumed during respiratory electron
transfer). Indeed, the rate of superoxide production by cytbef'is nearly 100 times higher than
in cytbci [73]. Another hazard to both cytbef and cytbci complexes is the potential for short-
circuiting of electrons between the low and high potential chains of the complex, which
would undermine pmf generation through bypass of the Q-cycle [8,72]. How such short-
circuits are avoided and how the production of ROS is largely mitigated has been the subject
of intense debate in both cythsf and cytbc: fields for many years with a variety of models
proposed [4-6,8,72].

Given the reversible nature of the PQH; oxidation reaction at the Q, site, it was
suggested that binding of substrate and subsequent oxidation reactions may be subject to
redox-gating [72]. In this model, PQH: will only bind when the redox environment is
favourable (i.e. 2Fe-2S%*/b,°*) and both H-bond acceptors (His128, Glu78) are available.
Conversely, in the reverse reaction, PQ may only bind when the redox environment favours
this interaction (i.e. 2Fe-2S™Y/h,"%) and the two catalytically essential residues (His128,
Glu78) are available as H-bond donors. In this model, short-circuits may be avoided since the
two intermediate redox states which may lead to short-circuit reactions (2Fe-25™%5b,°* and
2Fe-2S8%/b,%) are unable to readily bind incoming substrates [35,6,72]. The thermodynamic
instability of these states may also explain the failure to crystallise the cytbci or cytbef
structures with native substrate bound at the Q, site. Despite the apparent elegance of this
mechanism, recent evidence provided by a mutagenesis study using Chlamydomonas cytbef,
aimed at disrupting the Q-cycle, argue against such a strict redox-gating mechanism [19]. In
this study, mutants lacking both haems b, and ¢, (His202Gln, cyt bs) were able to grow
photosynthetically despite an apparently ‘broken Q-cycle’. Surprisingly, PQH> oxidation at

the Q, site and, therefore, cytbef turnover remained possible owing to a ‘ping-pong’ electron

12



366
367
368
369
370
371
372
373
374
375

376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394

395
396
397
398

recycling mechanism, albeit with a reduction in the H'/e” coupling ratio from 2 to 1. In this
scheme, the first turnover of PQH; at the Q, site results in reduction of the 2Fe-2S cluster and
haem b,. This is followed by binding of a second PQH> molecule at the Qj site, irrespective
of the presence of the reduced haem b,. The subsequent oxidation of this second PQH>
molecule at the Q, site by the 2Fe-2S cluster is followed by the re-reduction of the PQ™
intermediate by haem b, resulting in the regeneration of PQHo>. Crucially, although the
endergonic first step in PQH; oxidation at the Q, site transfer via the high potential chain was
still driven by these exergonic ‘ping-pong’ reactions, the subsequent reduction of haem f by
the 2Fe-2S cluster was much slower in the mutant than the WT, suggesting the reverse

reaction of PQ™ reduction by haem b, is kinetically limited [19].

For many years, detection of the semiquinone at the Qj site proved elusive, a fact
consistent with the suggestion that cytbsf and cytbc: actively destabilise this intermediate, i.e.
working contrary to the Pauling principle [8,74]. While destabilisation of the semiquinone
would reduce the probability of superoxide production by lowering its steady state
population, recent electron paramagnetic resonance spectroscopy (EPR) evidence suggests
that these complexes may instead stabilise semiquinone species [15]. The detection of the
PQ" radical at the Q, site in cythef by EPR suggests that PQ™ at the Q, site may be stabilised
through formation of a spin-coupled state with the reduced 2Fe-2S ISP cluster [15]; this is
consistent with an earlier suggestion by Berry and Huang [75]. Stabilisation would increase
the midpoint potential of the PQ/PQ™ couple such that reduction of the O./O>" couple
becomes unfavourable. Crucially, the spin-coupled state was observed in the presence of
haem b,/b, reduction, suggesting it acts as safety feature of the complex when the low
potential chain turnover is slowed (e.g. by reduced availability of PQ at the Q, site) [15]. The
existence of the spin-coupled state thereby provides an elegant mechanism that ensures the
ISP remains in the Qp distal position until the second electron derived from Q, is committed
to the low potential chain, simultaneously mitigating ROS formation and avoiding Q-cycle
bypass. Once the electron is transferred from PQ™ to haem b, the loss of the spin-coupled
state allows the ISP to move to the cytf proximal position; this in turn is suggested to change

the conformation of the Q, site enabling the release of PQ.

Further means to avoid ROS production and prevent Q-cycle bypass may be provided
by the enigmatic Chl @ molecule positioned at the entrance to the Q, site in cytbef [76,77]
(Fig 5G-H). While it was initially thought that this Chl a may actively produce singlet
oxygen through triplet energy transfer, it is observed that the excited state lifetime of this Chl
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a molecule is extremely short (~200 ps) compared to other Chl binding proteins (e.g. ~2-4 ns
in LHCII) making the triplet energy transfer to O2 in the cytbsf complex very unlikely [78—
80]. Since PB-carotene is also observed at a 1:1 ratio with Chl a in cytbef, it was initially
suggested that this molecule is responsible for the observed quenching [79,80]however, the
B-carotene molecule appears to be too far away (19 A edge-to-edge) from the Chl a to allow
efficient quenching via the Dexter electron transfer, though quenching via energy transfer
may be possible [24,26]. The macrocycle ring of the Chl a is located between the F and G
helices of sublV, a position occupied by an additional helix in cytbci; this, combined with the
fact that the dimeric structure of cytbsf is destabilised upon loss of the Chl a molecule,
suggest it plays the role of a structural bridge [81]. The Gly136Phe and Vall04Phe mutations
in the Chl a binding site of the Chlamydomonas complex stabilised the dimer, but still
resulted in a dramatic slowdown in haem f reduction, suggesting the Chl a plays a crucial role
in the activity of the complex [81]. The protrusion of the phytyl tail of Chl a towards the
mouth of the Q, binding pocket led to the suggestion that it may gate the Q, site [82] (Fig
5G-H) (See Supplementary Video 2). While the rate of PQH, passage to the Q, site does not
appear to be significantly hindered in comparison to cytbci, it has been demonstrated using
molecular dynamics that the Chl @ molecule may play a role in retaining substrate within the
Qp site [29]. Given these observations, it is possible that the function of Chl a is to prevent
semiquinone species from escaping the Q, site and disproportionating to form PQ and PQHo.
It may therefore work in harmony with the spin-coupling mechanism, outlined above, to
prevent Q-cycle bypass. Further roles for Chl a in the detection and signalling of redox state

are also considered in Section 10.

7. Interactions between Pc and cytbef.

As mentioned in Section 3, the electron acceptor for the high potential chain electron is the
soluble protein Pc, though in certain cyanobacteria cytochrome cs is present in addition to or
in place of Pc [83]. The redox active cofactor in Pc is a copper atom, which cycles between
+1/+2 oxidation states [84] as it shuttles between haem f and the P700 special-pair Chls of
PSI [85]. Such small, water-soluble electron-carrier proteins play a ubiquitous role in both
respiratory and photosynthetic electron transfer chains by carrying electrons between integral
membrane complexes [86]. To achieve efficient electron shuttling, the interactions between
soluble redox proteins and their membrane integral partners must satisfy conflicting

requirements they must be: 1) highly specific to facilitate efficient electron transfer and ii)
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sufficiently weak to allow rapid separation following electron transfer in order to sustain high
turnover rates. To accomplish this feat, the forces that bring the membrane complex and its
soluble partner together must be subsequently reversed following electron transfer to ensure
their rapid dissociation. Exactly how these transient electron transfer complexes are
reversibly formed within these parameters remains poorly understood [87]. Most current
models suggest that soluble redox proteins and their membrane integral partners associate in
a stepwise manner, with the first step involving an initial encounter complex steered by long-
range electrostatic interactions [87]. The encounter complex is generally thought to be the
prelude to the formation of the productive or active electron transfer complex in which short-
range hydrophobic interactions between aromatic and non-polar residues surrounding the
redox cofactor binding sites are important. The effect of the encounter complex is to bring the
electron transfer partners together in an orientated state that minimises the degree of
rotational and translational movement of the partners required to find the optimum
conformation for productive ET [86,87].

The factors that influence both interactions and electron transfer between Pc and
cytbef have been explored through a variety of studies. In particular, a number of structural
and mutational studies indicate the importance of complementary electrostatic interactions
between an acidic patch of residues on Pc and a basic patch of residues on cytf, as well as
hydrophobic patches surrounding the cofactors of each protein (Fig 10A) [88—94].
Interestingly, the positive patches on Pc and negative patches on cytfin the cyanobacterium
Nostoc indicate reversed electrostatic complementarity [95,96]. The importance of the
encounter complex for electron transfer rates is readily demonstrated by their dependence on
the ionic strength of the aqueous medium [88,97,98]. At high ionic strength the electron
transfer rate declines since the attractive electrostatic interactions are screened. Nuclear
magnetic resonance (NMR) studies of biological electron transfer complexes show that the
encounter complexes are characterised by very small chemical shift perturbations spread out
over relatively large areas of the proteins[93,98]. The interactions that establish ET
complexes are therefore highly dynamic, lacking a single well-defined organisation, with any
electrostatic interactions and salt-bridges mediated by intervening water molecules [87,99].

Recently, new insights into the interaction between Pc and cytbef have been provided
by single-molecule force spectroscopy (SMFS) employing an atomic force microscope
(AFM) (Fig 10B) [20,21]. In these experiments, an AFM probe functionalised with Pc
molecules attached via a flexible 10 nm linker is raster scanned across a thylakoid membrane

or silicon surface bearing cytbsf. As the AFM probe bound Pc comes into contact with the
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surface it can bind to cytbef via translational and rotational movements. The surface dwell-
time for the close encounter of the probe and sample at the bottom of the ramp cycle can be
lowered to just 50 ps, allowing access to the bound state of the electron transfer complex,
which has a lifetime in the range of ~70-400 ps range [85]. The SMFS experiments allow the
measurement of the interaction frequency, a relative measurement of the formation of the Pc-
cytbef complex that is indicative of the association rate of the complex and the unbinding
force required to disrupt the cytbef-Pc interaction. Using this approach, it was observed that
the interaction frequency was significantly reduced as the ionic strength increased, supporting
a prominent role for electrostatic interactions in forming the encounter complex [20]. While
this indicates a prominent role for electrostatic interactions in the formation of the encounter
complex in vitro, the role of electrostatic interactions in vivo may be less important since the
physiologically relevant range of ionic concentrations in the thylakoid lumen is significantly
higher (~ 100-350 mM) [100,101]. This conclusion is further corroborated by evidence from
site-directed mutagenesis studies in which residues comprising the putative Pc binding site in
Chlamydomonas (Arg209 and Lys187, 58, 65, and 66), were mutated to Glu. While in vitro
mutagenesis studies of these residues had a profound effect on cytf oxidation, the impact of
these mutations in vivo was fairly limited [102,103]. Interestingly, although increased ionic
strength in the SMFS experiments had a significant effect on the binding frequency, the
unbinding force remained unchanged, suggesting that the Pc-cytbsf complex is largely
mediated by via hydrophobic interactions around the redox cofactors [20].

Further insights gleaned from the SMFS technique include the redox dependency of
the Pc-cytbsf interaction. While prior bulk-phase methods showed no clear redox dependency
for these interactions [92], SMFS experiments indicate an element of redox selectivity in the
formation of the cytbef-Pc complex, both for thylakoid bound cytbsf and silicon-associated
cytbef [20,21]. In accordance with these observations, high interaction frequencies are
observed for both the cythef™d-Pc and cythef*™-Pc™ pairs; this is consistent with the small
thermodynamic driving force (~15-40 mV) and reversibility of the reaction [86].
Additionally, while the interaction frequency between complementary redox partners is
notably high, the interaction frequency for the matching redox pairs (cytbefd-Pc™ and
cytbef**-Pc®) was substantially less (~80-90%) [20,21]. These results indicate that formation
of the docking interface is redox-gated (as was also observed in MD simulations of the
analogous cytbci-cytc: interaction [104]) and that, while formation of the electron transfer
complex is likely mediated by complementary electrostatic forces, these interactions are

significantly aided by the relative charges of the cytf'and Pc cofactors. Interestingly, while

16



501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

the frequency of interaction shows a clear redox-dependency in SMFS experiments, the
relative unbinding forces required to disrupt the cytbgf-Pc complex remain unaffected by the
redox states of participants. This observation suggests that once the redox-gated docking
interface is established and the cytbef-Pc complex is formed (likely through short-range
hydrophobic contacts), the same level of force is required to disrupt the cytbef-Pc complex
regardless of redox states of the two interacting partners. Continued turnover of the cytbsf’
complex will regenerate haem /¢ and produce a strongly disfavoured cytbe/™3-Pc™ pair.
Therefore, once the two proteins have dissociated, the arrival of another electron on haem f
will significantly lower the probability of cytbef rebinding the just-reduced Pc molecule.
Nature likely uses this phenomenon to avoid ‘product inhibition’, (i.e. unproductive
encounters between Pc and cytbsf molecules in the same redox state), ensuring the efficiency

and directionality of the electron transport process [20].

8. The rate-limiting step in linear electron transfer

A key regulatory feature common to both respiratory and photosynthetic electron transfer
chains is the feedback control of electron transfer by the ApH (known as ‘photosynthetic
control’ in photoautotrophs) [105—107]. The classical view of photosynthetic control is that
under permissive low light conditions (Fig. 11A), where LET and (therefore) ApH are low,
the lumenal pH remains above pH 6.2 [108]. This is crucial since the pKa of the His-ligated
ISP 2Fe-28 cluster of cytbef varies from ~ pH 8.0 (when reduced) to ~ pH 6.2 (when
oxidised)[4]. Therefore, only when the 2Fe-2S cluster is reduced can the ISP His128 ligand
(spinach numbering) be protonated, a feature that enables it to act as a H-bond acceptor to the
hydroxyl group on the 1,4 benzoquinone ring of PQH:z (Fig 11B) (see Section 4). Under
excess light conditions the rate of LET exceeds their consumption in the downstream
metabolism leading to an accumulation of excess electrons at the acceptor-side of PSI (Fig
11C). Over-reduction of PSI promotes the reduction of oxygen to superoxide, which in turn
can cause photo-oxidative damage, leading to PSI photoinhibition [109,110]. Since PSI does
not possess a rapid repair cycle (unlike PSII), photoinhibition of PSI can have a significant
impact on an organism's growth and fitness [111-113]. In phototrophic organisms, these
detrimental effects are largely mitigated through photosynthetic control, which serves to limit
the build-up of excess electrons on the PSI acceptor-side by controlling the rate of electron
donation to the primary PSI electron donor P700". Photosynthetic control is activated in

excess light by the build-up of the ApH due to increased CET [114] and/ or the decreased
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proton conductivity of the ATP synthase [115]. Increased ApH lowers the lumenal pH below
pH 6.2, allowing protonation of His128 (Fig 11D). This slows the rate of PQH> oxidation at
the Qp site and therefore moderates electron transfer towards P700 (Fig 11E). This
mechanism of photosynthetic control is further corroborated by mutagenesis studies in
Arabidopsis in which the process is manipulated by shifting the pKa of the 2Fe-2S cluster
upwards by one pH unit by mutation of Pro143 (ISP) to Leu (Fig 11F). The increase in pKa
meant that photosynthetic control is induced in this mutant even under low light conditions,
leading to a decrease in the maximal rate of LET [116,117]. A further effect of declining
lumenal pH in high light is on the redox potential of the PQH2/PQ couple, which increases by
59 mV/ pH unit. This reduces the thermodynamic driving force for the high potential chain
reactions, which would again act to slow electron transfer [43]. However, should ApH remain
below ~2 units the large driving force of the PQHb> to Pc electron transfer (~380 mV) makes a
simple mass-action effect on cytbsf by lumenal pH unlikely [118]. Finazzi et al., [13] instead
propose two alternatives to explain the effect of ApH on photosynthetic control: 1) the
protonation of the His128 residue could exert a kinetic effect on cytbef by regulating the rate
of switching between the distal and proximal positions of the ISP [13] and ii) cytbef is
regulated by the redox state of the stromal NADPH pool in a pH-dependent fashion
[119,120]. Interestingly, Arabidopsis plants lacking the stroma-located extrinsic membrane
protein proton gradient regulation protein 5 (PGRS), were found to lack photosynthetic
control [111]. This observation could be due to the important role of PGRS in generating
ApH via CET [114], alternatively it may have a direct effect on Q-cycle function [110] or
possibly a combination of both [17] (see Section 9).

Irrespective of the precise control mechanism, the central role of cytbef in LET
regulation is underlined by a flux control co-efficient in high light of 0.8 [121]. Indeed,
overexpression of the ISP in Arabidopsis or the C4 plant Setaria viridis increases LET in
high light [122,123], while its antisense inhibition reduces LET [124—127]. An additional
limitation on cytbef turnover in high light might be the availability of PQ at the Qs site, just as
PQH; availability at Q, may limit electron flow under low light (see below). This putative
mechanism has been termed the reduction-induced suppression of electron flow (RISE) and
there is some evidence for this operating in certain cyanobacteria [128,129]. The extent to
which RISE is mitigated by the rapid exchange of PQ/PQH: between the Q, and Q, site

[70](see Section 5) remains to be determined.
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While in high light the activity of cytbsf is limited by ApH, under low light it can
instead be limited by the diffusion of PQ/PQH: from PSII through the protein-crowded
membrane (e.g. 70-80% protein in spinach thylakoids) to the Q, site [121,130,131]. In
cyanobacteria, plants and algae, this diffusion limitation is somewhat mitigated by the co-
localisation of PSII and cytbsf complexes within nanodomains [21,132—-135], which limits the
average distance between the two complexes and lowers the mean diffusion time. Despite
these measures, the effect of restricted diffusion is further exacerbated under low light where
the ratio of PQ to PQH> is higher and thus competition between the two species for access to
the Q, binding pocket is increased (see Section 4). With this in mind, it is interesting to note
that in higher plants the distance between the stromal pool of cytbsf and PSII in the grana is
significantly decreased under low light due to a reduction in grana diameter [132,136]. These
changes in membrane architecture effectively shorten the diffusion distance between the two
complexes, increasing the relative concentration of cytbef readily accessible to the LET
pathway [132,137]. The associated decrease in grana diameter involved in this process is
regulated by the phosphorylation of LHCII; which is mediated under low light by a cytbef-
associated LHCII kinase (STN7) (see Section 10) [132,136,137]. A further demonstration of
the importance of PQ/PQH> diffusion on the rate of cytbef activity was provided in recent
genetic study by Cramer and co-workers, whereby, the entrance to the Q, portal was further
narrowed by mutation of residues in the F-helix of subIV (Pro105Ala and Pro112Ala in
Synechococcus sp. PCC 7002 cytbsf) [138]. These mutations were observed to slow the rate
of cytf reduction, resulting in an overall decreased growth rate relative to the WT. Given
these observations, it is possible that a rational redesign to widen the Q, portal might have the
opposite effect, serving to accelerate the rate of cytbef activity and subsequently enhance

growth, though this remains to be explored [50].

9. Does cytbef fulfil the role of the elusive ferredoxin-quinone reductase (FQR) involved
in cyclic electron transfer?
While LET requires cooperation between the four major photosynthetic membrane protein
complexes (PSII, cytbsf, PSI, ATP synthase) to produce NADPH and ATP, CET returns
electrons from Fd to the PQ/PQH: pool, forming a loop around cytbef and PSI [139,140](Fig
1). In this manner, pmf can be generated without net formation of reductant, allowing the
relative production of ATP and NADPH to be fine-tuned to meet the varying metabolic
demands of the cell [141,142]. Through generation of ApH, CET also plays a key role in the
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control of light harvesting and photoprotection, enabling plants, algae and cyanobacteria to
adapt to environmental stress [139,140]. Two pathways of CET, involving two distinct
ferredoxin-quinone reductase (FQR) activities, occur in plants and cyanobacteria [143]. The
CET?2 pathway (Fig 1) is provided by the protonmotive NDH-1 complex, which is related to
complex I in mitochondria [114,144—-148]. In Chlamydomonas, NDH-1 is absent and instead
a non-protonmotive NDH-2 complex that utilises NADPH as an electron donor is found
[149]. In spinach and Arabidopsis, the major cyclic pathway is, unlike NDH-1, sensitive to
the inhibitor antimycin A (AA) [143,150]. AA is a known inhibitor of UQ reduction at the
cytbcr Qn site [61,62], implicating the cytbsf complex as the FQR for the CET1 pathway (Fig
1)[150]. This was further corroborated by kinetic evidence from Hind and co-workers,
showing haem b,/b, oxidation and the associated electrogenic reaction are affected by the
inhibition or enhancement of CET [9,151]. The idea that electrons could be donated directly
from Fd to cytbef is consistent with the original Q-cycle mechanism, suggested by Mitchell
[1], where the first electron for PQ reduction at the Q, site is obtained from haem b, and the
second may be provided by an n-side electron donor. Indeed, Hind et a/ suggested the
involvement of a co-factor “V’ in cytbef that would accept electrons from Fd and equilibrate
with the h-haems [9]. This idea was consistent with the characterisation of a high-spin ¢’-type
haem (termed ‘G’), by Lavergne and Joliot, that was thought to be located on a soluble
protein associated with the stromal side of cytbef in the green alga Chlorella [64,152]. Co-
purification of cytbef with ferredoxin-NADP" reductase (FNR) [12,153], which was
previously shown to be essential for AA-sensitive CET [154,155], suggested the two
complexes might cooperate to form the CET1 FQR [10,12,156]. The discovery of haem ¢, on
the stromal side of cytbsf'in 2003 provided a straightforward route for this transfer and it was
shown that haem c, was the previously identified ‘G’ haem [40,41]. However, the finding
that the Q, site in cytbef is insensitive to inhibition with AA, led to an alternative suggestion
that another protein may perform the role of the elusive AA-sensitive FQR [63].

The later discovery of the involvement of the PGRS and PGRLI (or Ssr2016 and
S111217, respectively, in cyanobacteria) proteins in CET therefore led to the suggestion that
they may form a separate FQR enzyme [157—-159]. Indeed, PGRS was shown to be the AA-
sensitive component [159,160]. This view was corroborated by the demonstration that PGRS
and PGRL1 could together facilitate the AA-sensitive reduction of 2,6-dimethoxy-1,4-
benzoquinone (DMBQ) in the presence of Fd, FNR and NADPH without requirement for
cytbef [159]. However, the rate of DMBQ reduction by the PGR5-PGRL1-FNR-Fd-NADPH

mixture was very slow, with a half-time in the range of seconds [159], which is incompatible
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with the high rates of CET observed in vivo (~ 60 and 120 ¢ s™! in Chlamydomonas and
Arabidopsis respectively)[161-163]. Moreover, several studies in Arabidopsis and
Chlamydomonas suggest that PGRS and PGRLI1 perform an indirect, regulatory role in CET
[164,165]. Therefore one possibility is that PGRL1 and PGRS5 might regulate the association
of a supercomplex containing cytbsf, PSI and FNR [10,154,158] and indeed such a complex
was isolated from Chlamydomonas [166—168]. A supercomplex of this type was suggested to
promote CET by sequestering PQ and Pc and thereby compartmentalising these components
to avoid competition with LET [166]. However, in higher plants, where thylakoid stacking is
stricter and more extensive than in Chlamydomonas, separation of cytbef in granal and
stromal lamellae pools may achieve the same compartmentalisation of LET and CET without
the need for a supercomplex [132,169]. The regulatory overlap between STN7/STT7-
dependent phosphorylation and CET is further discussed in Section 10 below.

Recently, Q-cycle operation has been shown to be defective in the pgr mutant in
Chlamydomonas under CET-stimulating anoxic conditions [17]. Specifically, while an
increased b-haem oxidation rate is observed under anoxic compared to oxic conditions in the
wild-type, this increase is absent in the pgr5 mutant. Since PGRS is known to affect the
tethering of FNR to the thylakoid in Chlamydomonas [170], the authors proposed that FNR
binding to cytbsf mediates CET1 via a Fd-assisted Q-cycle [17]. Building on these ideas a
hypothetical Fd-assisted Q-cycle scheme is proposed in Figure 12. In the Fd-assisted Q-cycle,
Fd-FNR bound to cytbsf would reduce the stromal accessible haem ¢, and allow binding of
PQ at the Q, site (Fig 12A). The subsequent oxidation of PQH> at the Q, site leads electron
bifurcation between the high (Fig 12B) and low (Fig 12C) potential chains with haem f'and b,
being reduced. The presence of the haem b / c,™¢ pair would then allow the quasi-
concerted double reduction of PQ at the Qn site to PQH> (Fig 12D). Thus, the Fd-assisted Q-
cycle allows PQH> formation at the Q. with a single turnover of the Q, site. A possible redox
scheme for this Fd-assisted Q-cycle is shown in Fig 12E. In this scenario the redox potential
of haem c,, is shifted to a lower potential by an allosteric effect of Fd-FNR binding. Such a
downshift in haem ¢, potential would decrease the equilibrium constant for its reduction by
haem by, thus allowing electrons derived from Fd-FNR to compete. Such a downshift in
haem cn potential would decrease the equilibrium constant for its reduction by haem bn, thus
allowing electrons derived from Fd-FNR to compete. However, we suggest that the slow
reduction of the b-haems by Fd-FNR observed in vitro, is ameliorated in vivo through precise

tethering of FNR-Fd to cytbsf by PGRS5 [171, 172, 173].
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10. The role of cytbef in transmembrane signalling and mediating gene expression

The cytbef complex occupies the position of the ‘halfway house’ in photosynthetic electron
transfer and thus holds a unique vantage to sense the redox state of both the PQ and the Pc
pools (and perhaps that of the NADPH and Fd pools, seesee Section 9). These signals contain
unique information on the relative rates of electron transport through PSI and PSII, the
ATP/NADPH balance and, therefore, the prevailing environmental and metabolic conditions
faced by the organism. Among the various mechanisms that enable an organism to adapt to
changing conditions is the regulation of photosynthetic gene expression (e.g. changing the
relative stoichiometries of PSI and PSII). Control of this fundamental mechanism relies on
sensor kinases to sense redox-derived signals and trigger post-translational and
transcriptional control events [174—176]. In higher plants and green algae, the 68 kDa
serine/threonine LHCII kinase (STN7 in plants; STT7 in Chlamydomonas) is associated with
cytbef [177-179]. STN7 phosphorylates the stromal-facing N-terminus of the light-harvesting
complex II (LHCII) trimer subunits Lhcbl and Lheb2 [174,175,180], in addition to a range of
other proteins involved in chloroplast protein translation and transcriptional control [181].
Phosphorylation of LHCII weakens the lateral and stacking interactions between the stromal
faces of these complexes that underpin stacking of the thylakoid membrane into grana
[132,136,182,183]. The increased repulsion between LHCII trimers reduces grana stacking
and diameter while promoting dissociation from PSII and interaction with PSI (state
transitions) [184]. State transitions are a key short-term regulatory response to rebalance the
input of excitation energy between PSI and PSII [185,186] thereby controlling the relative
efficiency of LET and CET, and ensuring redox homeostasis in the electron transfer chain
and ATP/NADPH balance in the stroma [187,188]. Indeed, in Chlamydomonas STT7 also
phosphorylates subl'V and the CET effector protein PetO, which is absent in higher plants
[189,190]. One possibility is that STT7-dependent phosphorylation may enhance CET in
Chlamydomonas by reorganising the Q, site to facilitate access of stromal electrons to haem
cn. While maximal CET activity does not strictly depend on STN7/ STT7-dependent
phosphorylation when studied in the absence of LET [161,167,191], it may be important
under conditions of competition between CET and LET, when the former is limited by PSI
excitation e.g. under low light [192]. In contrast, under high light CET appears to be in
competition with LET for oxidised PQ and here the reversal of STN7-dependent
phosphorylation via the action of the TAP38/PPH1 phosphatase was essential for full CET
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activity [132,192]. In addition to this short-term role, STN7/STT?7 is also involved in the
long-term dynamic acclimation response that adjusts the stoichiometry of the various
components of the photosynthetic electron transfer chain in response to changing
environmental and metabolic conditions [191]. Indeed, it has been observed that plants
lacking STN7 are unable to acclimate to changing light conditions, while those lacking state
transitions alone due to a separate defect in LHCII binding to PSI remain unaffected [193].
While these crucial roles of STN7/STT7 have been elucidated, the exact mechanism of its
activation (and inactivation) remain unclear.

Given the activation of STN7/STT7 is known to rely upon the oxidation of PQH> by
cythef, it is believed that this protein kinase forms a close association with the cytbef complex
near to the Q, site on the lumenal side of the membrane [177,178]. While the structure of the
stromal kinase domain of STT7 from the alga Micromonas is available [194], the critical
transmembrane and a small N-terminal domain strctures have yet to be solved. It has been
proposed that the N-terminal domain of STN7/STT7 interacts with cytbef via the ISP and
sublV (helices F and G) [16,81,195-197](Fig 13). These putative interactions between cytbsf
and STN7/STT7 are proposed to be catalytically essential, as observed by a study in which
this putative binding interface is disrupted through the expression of a chimeric subIV with
an extra TM helix; such chimera mutants were unable to undergo state transitions despite no
apparent change in the activity of cytbef [198].

Exactly how the interactions between STN7/STT7 and cytbef may occur, and the precise
mechanism of signal transmission from the Q, site of cytbsf to the n-side by STN7/STT7, are
currently unclear. STN7 possesses two catalytically essential cysteine residues (Cys68 and
73) located near the N-terminus. While these two residues reside outside of the kinase
domain and are located on the opposite side of the membrane to the substrate LHCII,
mutation of either of these residues abolishes kinase activity and inhibits state transitions
[196]. It is possible that, while these two residues may have no direct role in catalysis, they
may be involved in the activation of the kinase through the formation of disulphide bridges,
with the possible involvement of Q,-generated superoxide [199]. Another possibility for
STN7/STT7 activation involves the phytyl tail of the Chl @ in cytbef. Here it is proposed that
the isoprenoid tail may ‘sense’ the occupancy of the Qp site and this signal may be transduced
to STN7/STT7 via the interaction between the Chl @ macrocyclic ring and the F and G
helices of subIV where the kinase is proposed to bind [81,82,198].

Recently, a mutagenesis study in Chlamydomonas described an additional crucial

interaction between the kinase domain of STT7 and the stromal loop linking helices F and G
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of the cytbsf sublV [16]. Here it was observed that a number of residues in the stromal loop
(Asnl22, Tyr124 and Argl25) between the F and G helices are crucial for state transitions,
with STT7 kinase activity being completely abolished when these residues are mutated. The
importance of the fg-loop of cytbsf in the potential interaction with STT7 is further
corroborated by evidence from yeast two-hybrid assays, in which it was found that cytbef
interacts with a region of STT7 corresponding to residues 244-379 and that this interaction
was dependent on Argl25 of sublV of cytbef [16](Fig 13). It is interesting to note that these
cytbef residues are highly conserved, with the exception of Tyr124 which is substituted by
Phe in several species including spinach, M. laminosus and Nostoc. While the primary
interaction and activation of STT7 appear to depend on its interaction with the stromal fg-
loop of cytbsf, the release of STT7 from this putative docking site may depend on signals
associated with substrate occupancy and subsequent oxidation at the Q, site. Argl25 may
facilitate the switch between STT7 bound and unbound states in response to PQH> binding to
Qp, which could be conveyed through conformational changes in the F and G TMHs. Such
conformational changes could break interactions between Argl25 and STT7 and allow it to
form a close association with the C-terminus of cytbs via Leu215, thereby releasing STT7

[16] (Fig 13).

Just as the mechanism of STN7/STT7 activation remains unclear, its mechanism of
inactivation also remains enigmatic. It is assumed that STN7/STT7 spontaneously reverts to
an inactive form and must be periodically triggered to reactivate by cytbef [197]. Yet, in high
light, despite more frequent turnover of PQH2 at the Qp site, STN7 is inhibited by the
concurrent build-up of ApH [200] and/ or reduced thioredoxin [201]. It has been observed
that the CET1 inhibitor AA prevents the inhibition of STN7 [202] and more recently that
plants lacking PGRS can also maintain kinase activity in high light [203]. These results
suggest that STN7 inhibition may also be linked to the conformation and occupancy of the Qx
site of cytbef. In line, with this hypothesis we observed that Argl25 of subIV adopts two
different conformations in the PQ occupied and unoccupied halves of the spinach cytb6f
dimer [23]. In the PQ occupied half Argl25 forms a close interaction with Leu215 at the C-
terminus of cytbs, while in the unoccupied half it is rotated ~20° away towards the aqueous

phase of the stroma (Fig. 13).

11. Conclusion.
The last decade has seen great leaps in our understanding of how cytbef fulfils its role as the

orchestrator of photosynthetic electron transfer, coordinating both short and long-term
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acclimation to a changing light environment. Yet equally, many questions remain; in
particular- does cytbef show a large-scale movement of the ISP during catalysis as in cytbc;?
How is FNR associated with cytbsf ? What role do PGRS and PGRL1 play in facilitating
CET1? What is the precise role of the chlorophyll molecule at the Q, site? How is STN7/
STT7 bound to cytbef and how is it activated/ inactivated? Providing answers will require a
coordinated effort blending molecular genetics and high-resolution structural biology with
advanced spectroscopic methods. Hopefully the next few years will see cytbef yield its
remaining secrets and in doing so enrich our understanding of oxygenic photosynthesis still

further.
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1400  Supplementary Data
1401
1402  Table 1 | The subunit composition of the cytochrome &sfcomplex.
Molecular Weight (kDa),
Subunit | Gene | S. oleracea | C. reinhardtii M. laminosus Nostoc Associated Cofactor(s)
Cytf petA | 31.32 31.25 32.30 31.15 c-type haem (f)
(P16013) | (P23577) (P83793) (Q935W9)
Cyt bs petB | 24.17 24.17 24.23 24.27 b-type haems (bp and b,)
(PO0165) | (Q00471) (P83791) (POA384)
ISP petC 18.94 18.40 19.40 19.20 [2Fe-2S] cluster
(P0O8980) | (P49728) (P83794) (Q935X0)
SublV petD | 17.45 17.44 17.67 17.54 Chla, B-carotene
(P0O0166) | (P23230) (P83792) (Q935X1)
PetL petL 3.45 4.88 3.50 3.25 -
(Q9M3L0) | (P50369) (P83795) (Q8YVQY2)
PetM petM | 3.77 4.04 3.84 3.55 -
(P80883) | (Q42496) (P83796) (POA3Y1)
PetG petG | 4.17 3.98 4.02 4.00 -
(P69461) | (Q08362) (P83797) (P58246)
PetN petN | 3.17 3.73 3.28 3.23 -
(P61045) | (POC1D4) (P83798) (P61048)
1403 2 Based on sequence minus signal peptides, Uniprot IDs are shown in brackets below each value.
1404
Cofactor Ligation , Covalent bonds Em value (mV).
c¢type haems
haem f Y1/H25 (cyt f) C21/C24 (cyt f) +355
haem ¢, H>0p C35 (cyt be) +100/-150
b-type haems
haem by H86/H187 (cyt be) - -150
haem b, H100/H202 (cyt bs) - -85
[2Fe-25] C107/H109/C125/H128 (ISP) | - +310
B-carotene - - -
Chlorophyll & - - -
1405  ,Residues numbered according to the S. oleracea structure (PDB ID: 6RQF) [23].
1406  ,Not resolved in the S. oleracea structure but indicated by other previous structures.
1407 < Midpoint potentials shown are for cofactors in the S. oleracea cytochrome bgf complex measured at pH 7
1408  [204,205]
1409
1410
1411
1412
1413
1414
1415
1416
1417
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Table 2 |A comparison of edge-to-edge cofactor distances (A) in each half of the ssfdimer from
different species (6RQF[23], 1Q90(24], 2E74[26], 40GQ[29]) and the bc, dimer from different
species with the Rieske ISP in its distal (1BCC[33]) and proximal (3BCC[33], 2BCC[33],

PDB ID 6RQF 1Q90 2E74 40GQ
Source S. oleracea C. reinhardtii M. laminosus Nostoc sp. PCC 7120
Resolution (A) 3.58 3.10 3.00 2.5 0
Inhibitors * TDS (Qp)
Distances:

bn- cn(A) 4.7,4.7 4.7,4.7 4.7,4.7 4.6,4.6

bn- by (A) 12.1,12.0 12.2,12.2 12.2,12.2 12.1,12.1

bo- by (A) 15.3 15.1 15.2 15.3

by - [2Fe-29] (A) 25.6, 25.5 22.9,22.9 255,255 25.3,25.3

[2Fe-25] —f(A) 25.9,26.1 27.8,27.8 26.2,26.2 26.2,26.2
PDB ID 1BCC (distal) 3BCC (proximal) 2BCC (proximal) 1SQP (proximal)
Source G. gallus G. gallus G. gallus B. taurus
Resolution (A) 3.16 3.70 3.50 2.70
Inhibitors * STG (Qp), AMY (Qn) STG (Qp) MYX (Qp)
Distances:

bn- by (A) 12.4,12.4 12.3,12.3 12.2,12.2 12.1,12.1

bo- by (A) 14.2 14.5 13.8 13.6

by - [2Fe-29] (A) 28.1,28.2 23.0,23.1 22.2,22.3 25.1,24.9

[2Fe-25] - c1 (A) 16.2,16.4 27.1,27.3 27.3,27.4 27.0, 26.8

1SQP[52]) positions.

* Inhibitors are indicated by the abbreviations TDS (tridecylstigmatellin), STG (stigmatellin),
AMY (antimycin) and MYX (myxothiazol).
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Fig. 1 | The photosynthetic electron and proton transfer chain. A schematic
representation of the photosynthetic electron transfer chain showing components of the linear
electron transfer (LET) pathway (solid black line) including photosystem II (PSII, green),
cytochrome bsf (cytbef, pink), plastocyanin (Pc, cyan), photosystem I (PSI, red), ferredoxin
(Fd, dark yellow), the ferredoxin-NADP" reductase complex (FNR, purple) and ATP
synthase (yellow). Additionally, the two proposed routes of cyclic electron transfer (CET) are
also shown (dashed black lines): The CET1 pathway is mediated by PGRL1 and PGRS5 (not
shown) and involves the Fd-FNR complex, cytbsf, Pc, PSI and ATP synthase; the CET2
pathway comprises the NADH dehydrogenase-like complex 1 (NDH-1, sky blue), cytbef, Pc,
PSI and ATP synthase. The position of the lipid bilayer that separates the stromal (n-) and
lumenal (p-) sides of the membrane is indicated by a grey stripe. Black dotted arrows indicate
proton transfers in the LET and CET pathways. 4.7 H" are required per ATP synthesised by
the ATP synthase.
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Fig. 2 | The similarities and differences between the cytochrome b¢f and bci complexes.
a-c, the polypeptide composition of: a, the cytbsf complex (S. oleracea, 6RQF[23]) coloured
with cytbe (green), cytf (magenta), the ISP (yellow), sublV (cyan), PetG (grey), PetM (pink),
PetN (pale orange) and PetL (pale purple); b, the bacterial cytbci complex (Rhodobacter
sphaeroides, 2QJP[32]) coloured with the ISP (yellow), cyth (green) and cytci (magenta); c,
the mitochondrial cytbci complex (M. musculus, 3CX5[206]) coloured with the ISP (yellow),
cytb (green), cytci (magenta) and additional peripheral subunits (grey). d-f, the global
arrangements of prosthetic groups within complexes shown in panels a-c with c-type haems
(f, cn and ci; dark blue), b-type haems (b, and by, red), Chl a (dark green), B-carotene (B-car -
orange) and the 2Fe-2S cluster (S coloured yellow and Fe coloured red-orange). g-i, the
arrangement of TM helices within complexes shown in panels a-c viewed perpendicular to
the membrane plane from the p-side of the membrane (extrinsic domains, loops and
additional non-conserved subunits in the bc1 complexes are not shown for clarity).
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Fig. 3 | The proton motive Q-cycle of cytochrome b¢f. A schematic representation of the Q-
cycle model for electron and proton transfer through the cytbef complex (S. oleracea,
6RQF[23]) based on the original cycle proposed by Mitchell [1] with modifications proposed
by Crofts [21,22]. a-b, The cycle in cytbefis split into two half-cycles with a, showing each
reaction step of the first half-cycle overlaid on the structure and summarised below in a red
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box and b, showing each reaction step of the second half-cycle overlaid on the structure and
summarised below in a blue box. The complete reaction is outlined below in the purple box.
The position of the lipid bilayer that separates the stromal (n-) and lumenal (p-) sides of the
membrane is indicated by a grey stripe. The Q, and Q, sites are denoted by a white box
overlaid on the structure with a solid outline indicating the site is occupied by substrate while
a black dashed outline indicates the site is empty. Black dotted arrows indicate proton
transfers while solid black arrows indicate electron transfers. Subunits and prosthetic groups
are coloured as in Fig 2A. ¢, Redox potential diagram of the cofactors involved in the Q-
cycle. Midpoint potentials shown are those defined for the higher plants [204,205].
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Fig. 4 | Large scale conformational changes occurring within the extrinsic domain of the
ISP underlie catalysis in the cytochrome bc; complex. a-b, two conformations of the ISP
are observed in the G. gallus cytochrome bc1, the Qp proximal position (a, 3BCC[33]) and the
Qp distal position (b, 1BCC) with an arrow indicating the scale of movement undergone by
the 2Fe-2S cofactor. A video of the conformational change undergone by the Rieske subunit
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depicted in panel b is provided in the supplementary material online. ¢-d, a close-up view of
a-b showing the relative distances between cofactors in the Qp proximal position (¢, 3BCC)
and the Q) distal position (d, IBCC[33]). Distances are indicated by a black dashed line with
the distance indicated below in (A). Prosthetic groups are shown in stick representation
beneath a semi-transparent protein surface, additionally a ribbon representation of the Rieske
protein is shown. An outline of the Q, site is also indicated by a grey dotted line. Subunits
and prosthetic groups are coloured as in Fig 2A.
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Fig. 5 | The Q, sites of cythci and cytbef. a-b, a surface view of the Q, site in the cytbc;
complex from G. gallus (a, 3BCC[33]) and the cytbsf complex from Mastigocladus
laminosus (b, 4H13[18]). In both complexes, the Q,, site is defined by TM helices ‘C’ and ‘G’
(shown as ribbons); additionally, in both complexes the site is occupied by quinone analogue
inhibitors (stigmatellin in cytbcr and tridecylstigmatellin in cytbsf). c-d, the arrangement of
TM helices (shown as cylinders) within complexes shown in panels a-b viewed perpendicular
to the membrane plane from the n-side of the membrane (extrinsic domains, loops and
additional non-conserved subunits in the bc; complexes are not shown for clarity). e-f, A
protein-free view of panels a and b showing the position of each quinone analogue in relation
to catalytically essential residues and cofactors (shown as sticks). g, the PQ molecule
resolved adjacent to the Qp site in the spinach cytbsf (6RQF[23]) in the context of its
surrounding protein environment. The entrance to the Q, site is outlined by a dark green
dotted area shaded in light green. h, the two conformations of the Chl « tail, resolved in the
spinach cytbsf structure (6RQF[23]), control access to and from the Q, site; an arrow is
shown to indicate the direction of movement. A video of the conformational change
undergone by the Chl phytyl tail depicted in panel h is provided in the supplementary
material online. Subunits and prosthetic groups are coloured as in Fig 2, plastoquinone is
coloured in yellow and is labelled ‘PQ1°, quinone analogue inhibitors are shown in purple
and are labelled ‘STG’ and ‘TDS’ respectively.
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Fig. 6 | Proton movements during quinol oxidation at the Q, site in cythc: and cytbef. a-
¢, The binding of UQH: in the Q, site of G. gallus cytbci probed using quinone analogue
inhibitors stigmatellin (a, 3BCC; b, 2BCC[33]) and bovine cytbci with myxothiazol (e,
1SQP). d, Binding of PQH> within the Q, site of M. laminosus cytbsf probed using
tridecylstigmatellin (4H13[18]). e, The putative exit pathway for the second proton from the
Qp site of spinach cytbsf (6RQF[23]). An outline of the Q, site is indicated by semi-
transparent green shading while the putative proton channel is highlighted with semi-
transparent blue shading. Putative proton exit pathways are indicated by black dotted lines
and arrows. H-bond distances are indicated in (A). Prosthetic groups, key catalytic residues
and quinone analogue inhibitors are shown in stick representation with proteins shown as
ribbons. Subunits, inhibitors and prosthetic groups are coloured as in Fig 2.
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Fig. 7 | The Q, sites of cytbci and cytbef. a-b, a ribbon representation of the unoccupied Qx
site in the G. gallus cytbci complex (a, 2BCC[33]) and the Nostoc PCC 7120 cytbsf complex
(b, 40GQ[22]). In both complexes, the position of haem b, between TM helices ‘B’, ‘C’ and
‘D’ is conserved, however in the cytbsf (b) the additional ¢’-type haem (cn) is present, this is
connected to haem b, via an intervening water molecule and obstructs access to haem bn. c-
d, the arrangement of TM helices (shown as cylinders) within complexes shown in panels a-
b viewed perpendicular to the membrane plane from the n-side of the membrane (extrinsic
domains, loops and additional non-conserved subunits in the cytbci complex are not shown
for clarity). e-h, ribbon representation of the occupied Q, site in: e, the cytbsf complex
occupied by NQNO (e, 4HOL[18]); f, the cytbsf complex occupied by TDS (f, 4H13[18]); g, the
cytbef complex occupied by PQ (g, 6RQF[23]); and h, the cytbci complex occupied with UQ
(h, INTZ[66]). Prosthetic groups, key interacting residues and quinone analogue inhibitors
are shown in stick representation with protein shown as ribbons. Distances between
residues are shown by black dashed lines with distances indicated in (A). Subunits, inhibitors
and prosthetic groups are coloured as in Fig 2. Key water molecules are shown as white
spheres.
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Fig. 8 | Conformational changes in the Q, site of the cytbsf complex may promote
catalysis. a-b, a ribbon representation of the unoccupied (a) and occupied (b) Q, sites in
opposing halves of the spinach cytbsf complex (6RQF[23]) showing conformational changes
in the surrounding protein environment which may promote catalysis and allow proton
uptake to the Q, site via the putative D/R pathway. A video of the conformational changes
depicted in panels a and b is provided in the supplementary material online. c-d, a ribbon
representation of the unoccupied (¢, 4H44[30]) and occupied (d, 4H13[18]) Qn sites in
Nostoc and M. laminosus showing putative components and conformational changes of the
E/D pathway. e-f, a ribbon representation of the unoccupied (e) and occupied (f) Qn sites in
opposing halves of the spinach cytbsf complex (6RQF[23]). Distances that are too far to
facilitate proton transfer without the aid of intermediate water molecules are indicated by red
dotted lines with the distances indicated below in (A). Prosthetic groups, key catalytic
residues, substrate and quinone analogue inhibitors are shown in stick representation with
protein shown as ribbons. Key water molecules are shown as white spheres. Putative proton
entry pathways are indicated by black dotted lines and arrows with H-bond distances
indicated below in (A). Subunits, inhibitors and prosthetic groups are coloured as in Fig 2.
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Fig. 9 | An electronic bus-bar lies within the core of the cythsf complex allowing
electrons to move both within and between monomers via a bridge formed between the
two haem b, molecules. a, A stromal side view of spinach cytbsf (6RQF[23]) showing the
intermonomer cavity. Peripheral helices of cytbhs and sublV are shown in cartoon
representation for clarity. b, A zoomed-in view of the intermonomer cavity showing a PQ
molecule (PQ2) traversing the two monomeric halves of the dimer between the two opposing
haem ¢, molecules. ¢, Edge-to-edge distances between the components of the low-potential
electron transfer pathway in the dimeric cytbsf. Distances are indicated by the black dashed
lines with distances shown in A. d, the redox-active components of the low potential pathway
of cytbef shown on a scale of redox potential. The diagram shows the electronic connection
between the two haem b, molecules, which is facilitated by the short distance between the
molecules (as shown in panel ¢). The midpoint potentials of the two ¢, haems are proposed to
be different, with the protonated c, that binds PQ having a more positive potential than that of
the ¢, at the empty Q, site [40,59]. Prosthetic groups and PQ molecules are shown in stick
representation with protein in surface representation unless otherwise specified. Subunits,
prosthetic groups and PQ molecules are coloured as in Fig 2.
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Fig. 10 | Interactions between cytbef and Pc. a, A surface view of cytf (6RQF[23]) and Pc
(1AG6[207]) showing the putative binding interface between the two complexes. Acidic
residues are highlighted in red while basic and hydrophobic residues are highlighted in blue
and orange respectively. Haem fis coloured deep blue as in Fig 2 while the Cu?" centre of Pc
and its coordinating residues are coloured green. b, A schematic showing the principle behind
single-molecule force spectroscopy in characterising the interaction between cytbef and Pc.
Cytbsf (magenta) is depicted immobilised to a silicone oxide surface (shown in grey) while
Pc (cyan) is attached to the AFM probe via a flexible 10 nm-long SM(PEG)24 linker (red
lines). The three panels shown depict the various stages of the experiment. In the first panel,
one of the Pc proteins attached to the AFM probe binds to an immobilised cytbef; in the
second panel the flexible linker is extended to its full 10 nm length as the AFM probe is
withdrawn from the surface during the upward part of the tapping motion; in the third panel
the force applied has exceeded the protein interaction force and has ruptured the Pc-cytbsf
interaction.
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Fig. 11| Role of cythef in photosynthetic control. In low light, LET rate is slow and proton
deposition into the lumen remains low. The pKa of the His ligands of the 2Fe-2S ISP cluster
1s ~6.2 when oxidised and 8.0 when reduced, therefore, under these conditions where the
lumenal pH remains above 6.2 the His ligands are unprotonated and therefore able to
deprotonate PQH> (whose position inferred by binding of the inhibitor TDS) at the Q,, site
facilitating cytbef turnover. ¢, In high light conditions, increased electron transfer through PSI
exceeds the capacity of stromal/cytoplasmic electron acceptors resulting in acceptor-side
limitation of PSI and photoinhibition due to damage associated with superoxide production.
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d, In WT cells under high light, photoinhibition is mitigated by photosynthetic control. Here,
the enhanced proton deposition into the lumen caused by an increased rate of LET results in a
lowering of the lumenal pH to below 6.2. Lowered lumenal pH results in the protonation of
the His ligands of the 2Fe-2S ISP cluster irrespective of whether it is oxidised or reduced.
This disrupts PQH:> oxidation at the Q, site by inhibiting proton abstraction from PQHo>. e, In
WT cells, the result of photosynthetic control is the slowing of PQH oxidation at the Q, site.
This resultant oxidation of the high-potential chain (cytf, Pc, P700) slows the rate of electron
transfer to PSL. f, In the Arabidopsis P141L (ISP) mutant, the pKa of the His ligands of the
2Fe-2S ISP cluster is upshifted by 1 pH unit. This results in increased protonation of His and
consequentially increased photosynthetic control (even under low light).
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Fig. 12| Fd-assisted Q-cycle involved in cyclic electron transfer pathway 1 (CET1). The
alternative Fd-assisted Q-cycle in cytbsf (6RQF[23]) is proposed to involve the following
steps; a, haem c;, is reduced via a bound FNR-Fd complex (1GAQ[208]) [208], reduction of
haem c, is coupled to its protonation [40]. b, Subsequent PQH> oxidation at the Q, site results
in reduction of cyt £, with two protons released into the lumen. ¢, The PQ™ radical then
reduces haem b, which in turn passes the electron to haem b, d, Quasi-concerted two
electron-two proton transfer from the b,"*%-c,™! pair to PQ results in production of PQH, at
the Q, site. Each reaction step is summarised below in a green box. The complete reaction is
outlined below in purple. The position of the lipid bilayer that separates the stromal (n-) and
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lumenal (p-) sides of the membrane is indicated by a grey stripe. The Qp and Q, sites are
denoted by a white box overlaid on the structure with a solid outline indicating the site is
occupied by substrate while a black dashed outline indicates the site is empty. Black dotted
arrows indicate proton transfers while solid black arrows indicate electron transfers. e, Redox
potential diagram of the cofactors involved in the Fd assisted Q-cycle. The midpoint potential
of haem ¢, is proposed to be downshifted due to interaction of cythef with FNR. Midpoint
potentials shown are those defined for the higher plants [204,205]

R STT7/STNT

#;V

Fig. 13| Putative interactions between STT7/STN7 and cythef. A schematic showing the
proposed binding interface between STT7/STN7 and cytbsf (6RQF[23]) involving the F and
G helices (and the intervening fg-loop) of sublV as well as the ISP. A simplified drawing of
STT7/STN7 is shown displaying the C-terminal kinase domain, TM helix (green cylinder)
and short N-terminus containing two catalytically essential cysteine residues (Cys28 and
Cys73). The two cysteine residues are shown forming a disulphide bridge which may be
involved in kinase activation [196,199]. The zoomed-in panel shows stromal regions of
sublV and cytbs shown in ribbon representation. This panel highlights a structural link
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between Arg125 (sublV) and the Q, site of cytbsf via Leu215 at the C-terminus of cytbs and
the Arg207 residue adjacent to haem cn. Two conformations of Argl25 are observed in
opposing halves of the dimeric spinach cytbsf structure [23]. At the PQ bound Q, site the
Argl25 is rotated towards Leu215 and in the empty Qn site the Arg125 is rotated towards the
stroma. These two conformations may play a role in STN7/STT7 activity and release.
Subunits and prosthetic groups are coloured as in Fig 2A.
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Supplementary Video 1 | Electron transfer via domain movement in the cytbc; complex
from Gallus gallus. Two conformations of the Rieske ISP are observed in the G. gallus
cytbci, the Qp proximal position and the Q, distal position (1BCC, 3BCC[33]). Movement of
the extrinsic portion of the ISP between these two positions facilitates electron transfer during
ubiquinol oxidation. Prosthetic groups are shown in stick representation beneath a transparent
protein surface while the ISP subunit is shown in the ribbon representation. Subunits and
prosthetic groups within the complex are coloured as in Fig 2[33].
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1698  Supplementary Video 2 | Conformational changes in the chlorophyll phytyl tail control
1699  access to and from the plastoquinol oxidation (Q)) site in cythgf. The two conformations
1700  of'the chlorophyll tail resolved in the cytbsf structure from spinach (6RQF[23]) control access
1701  of substrate to and from the Q, pocket. Subunits are coloured as in Fig 2 [23].
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1724  Supplementary Video 3 | Conformational changes at the Q, site of the cythsf complex may
1725  underlie catalysis. Structural superimposition of the two halves of the spinach cytbef

1726  complex (PQ occupied Q, site and unoccupied Q, site) reveals conformational changes in the
1727  haem c, propionates and nearby residues (R207, D20) which may underlie catalysis [23].
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