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Molecular basis of plastoquinone reduction 
in plant cytochrome b6 f
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Sebastian Glatt    1,5  & Artur Osyczka    2 

A multi-subunit enzyme, cytochrome b6 f  (cytb6 f ), provides the crucial link 
between photosystems I and II in the photosynthetic membranes of higher 
plants, transferring electrons between plastoquinone (PQ) and plastocyanin. 
The atomic structure of cytb6 f  is known, but its detailed catalytic mechanism 
remains elusive. Here we present cryogenic electron microscopy structures 
of spinach cytb6 f at 1.9 Å and 2.2 Å resolution, revealing an unexpected 
orientation of the substrate PQ in the haem ligand niche that forms the PQ 
reduction site (Qn). PQ, unlike Qn inhibitors, is not in direct contact with 
the haem. Instead, a water molecule is coordinated by one of the carbonyl 
groups of PQ and can act as the immediate proton donor for PQ. In addition, 
we identify water channels that connect Qn with the aqueous exterior of the 
enzyme, suggesting that the binding of PQ in Qn displaces water through 
these channels. The structures confirm large movements of the head domain 
of the iron–sulfur protein (ISP-HD) towards and away from the plastoquinol 
oxidation site (Qp) and define the unique position of ISP-HD when a Qp 
inhibitor (  2 ,  5-  d i  br  o m  o-  3 -  me  t h  yl  - 6  -i  s o  pr op ylbenzoquinone) i  s bound. This 
work identifies key conformational states of cytb6 f, highlights fundamental 
differences between substrates and inhibitors and proposes a quinone–water 
exchange mechanism.

Photosynthesis powers the metabolism of photoautotrophic organisms 
by converting solar energy into biologically useful forms of energy. 
In higher plants, photosynthesis is accomplished in the thylakoid 
membranes of chloroplasts by electron transport chains composed 
of two large membrane protein complexes—photosystems I and  
II—that are functionally linked by cytochrome b6 f  (cytb6 f )1–3. By cata-
lyzing the transfer of electrons from lipid-soluble plastoquinone (PQ) 
to water-soluble plastocyanin (PC), cytb6 f  transfers electrons from 
photosystem II to photosystem I. This results in proton transfer across 

the membrane and contributes to the proton-motive force required for 
the production of adenosine triphosphate4. Cytb6 f  is also involved in 
regulatory processes that secure photosynthetic efficiency5–8. Cytb6 f 
is, thus, a crucial enzyme for photosynthesis. Yet, some of the most 
fundamental aspects of its mechanism remain unclear.

Cytb6 f  operates according to a modified ‘Q-cycle’ that was origi-
nally developed for cytochrome bc1 (cytbc1)

4,9. Cytbc1 is related to cytb6 f 
and performs a similar function in the respiratory or photosynthetic 
electron transport chains. By analogy to cytbc1, the cycle in cytb6 f  is 
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Various structures of cytbc1 and cytb6 f  show that the positions  
of cofactors are consistent with a functional Q-cycle in both 
complexes12–22. Nevertheless, intriguing differences between cytbc1 
and cytb6 f  also indicate functional differences. For instance, the cytb6 f 
complex contains additional cofactors—chlorophyll a, 9-cis β-carotene 
and haem cn—whose functions are unclear. Haem cn is highly unusual. 
It is a high-spin haem with a water molecule as the only axial ligand 
to the haem iron. It is covalently attached to a single cysteine residue 
and positioned in proximity to haem bn (refs. 15,16,20). Moreover, it 
occupies the position where ubiquinone binding occurs in cytbc1. Haem 
cn thus appears to be an extension of the low-potential chain (Fig. 1a), 
but the mechanistic consequences of this arrangement remain highly 
speculative. Inhibitors of Qn have been shown to bind as axial ligands to 
haem cn, and it has been postulated that the substrate binds in a similar 
way17,18,23. However, the reported positions of PQ in the region of Qn are 
inconsistent with the overall model and, thus, have been considered 
precatalytic states22,24.

based on the joint operation of two catalytic sites, Qp and Qn. These sites 
are located on opposite sides of the membrane and are responsible for 
plastoquinol (PQH2) oxidation (at the Qp site, on the luminal side of the 
membrane) and PQ reduction (at the Qn site, on the stromal side)10. 
These sites are connected functionally by redox cofactors organized 
in two chains: a ‘low-potential’ chain comprising b-type haems bp and 
bn and c-type haem cn (also referred to as haem ci), and a ‘high-potential’ 
chain comprising an iron–sulfur cluster [2Fe2S] and a c-type haem f11. 
The Qp acts as a branch point for both chains, where it is linked to Qn in 
the low-potential chain and to PC in the high-potential chain (Fig. 1a). 
The oxidation of PQH2 at Qp separates the routes for two electrons 
deriving from this reaction. One electron is transferred to PC via the 
[2Fe2S] and haem f, and the other is transferred via haem bp and the pair 
of haems bn/cn to ultimately reduce quinone at Qn. As a consequence of 
the bifurcation reaction, the low-potential chain delivers one electron 
to Qn at a time. Thus, the oxidation of two PQH2 at Qp leads to reduction 
of one PQ at Qn, which results in a net oxidation of PQH2 (refs. 3,6).
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Fig. 1 | An overview of the structure of cytb6 f, cofactor architecture and 
sample preparation. a, Arrangement of redox cofactor chains in cytb6 f and 
a schematic representation of PQH2 oxidation and PQ reduction at Qp and Qn, 
respectively. Green-filled boxes represent two monomers of cytb6 f. PC stands 
for plastocyanin. b, Two procedures for cryo-EM grid preparation, which yielded 
1.9 Å and 2.2 Å cryo-EM maps for DPQ-incubated cytb6 f  and cytb6 f during 

enzymatic turnover, respectively. c, Cryo-EM maps at 1.9 Å resolution of DPQ-
incubated cytb6 f  with colour-coded subunits (left) and coloured according to 
the calculated local resolution (in Å; right). d, Close-up view of selected 1.9 Å map 
regions with remarkable resolution of amino acid side chains and cofactors. The 
colours of the frames correspond to regions marked by squares in c.
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Currently available structures of cytb6 f  show a large distance 
between Qp and haem f, similar to the large distance between Qp and 
haem c1 (equivalent of haem f) observed in cytbc1. This implies that 
large-scale movement of the domain harbouring the iron–sulfur cluster 
(ISP-HD) between positions close to Qp and haem f/c1 must occur during 
the catalytic cycle25. Indeed, such movement is well documented for 
cytbc1, not only by numerous spectroscopic and kinetic analyses26–29 
but also by structural data showing ISP-HD in various positions30. In 
the case of cytb6 f , spectroscopic data suggest a similar movement 
of ISP-HD31–33; however, distinct positions of ISP-HD have not yet been 
structurally characterized.

To simultaneously address these open questions, we determined 
high-resolution, single-particle cryogenic electron microscopy 
(cryo-EM) structures of spinach cytb6 f  in various states (Fig. 1b). We 
show that decylplastoquinone (DPQ), an analogue of the natural PQ 
substrate, adopts an unprecedented position and orientation in the 
Qn site during catalysis. The observed coordination is fundamentally 
different from the known position of Qn site-specific inhibitors17,18,23. 
Our structures also reveal coordinated water channels that connect 
the exterior of the complex directly with Qn. Furthermore, we show that 
ISP-HD adopts distinct positions, which illustrate its dynamic move-
ment between cyt b6 and cyt f. These findings provide fundamental 
molecular insights into the interactions at the catalytic sites of cytb6 f 
that inspire new concepts for explaining substrate exchange in cytb6 f 
and cytbc1 complexes.

Results
Cryo-EM structures of cytb6 f  with DPQ and during turnover
Purified and detergent-solubilized cytb6 f  was equilibrated with an 
excess of DPQ or exposed to substrates, reduced DPQ (DPQH2) and 
oxidized PC and vitrified during catalytic turnover. These samples 
were used for single-particle cryo-EM analyses and resulted in two 
high-resolution reconstructions. In detail, we determined the structure 
of cytb6 f  supplemented with DPQ at an overall resolution of 1.9 Å and 
the enzyme during catalysis at an overall resolution of 2.2 Å (Fig. 1b, 
Table 1 and Extended Data Fig. 1). Both structures show cytb6 f  as a 
homodimeric complex with a subunit composition and spatial arrange-
ment of cofactors consistent with previous reports15,21,22 (Fig. 1c and 
Extended Data Fig. 1). The recently identified subunit thylakoid soluble 
phosphoprotein 9 (TSP9)21 is present in both structures, indicating 
that it is stably associated throughout the catalytic cycle. The quality 
of the cryo-EM maps obtained allowed us to unambiguously identify 
amino acid side chains, ligands and cofactors (Fig. 1d). Furthermore, 
we observed density peaks in various regions of cytb6 f  that likely cor-
respond to coordinated water molecules, which we would expect to 
observe at 1.9 Å and 2.2 Å resolution. We assigned, validated and manu-
ally curated the positions of 329 water molecules in the 1.9 Å structure 
and 214 in the 2.2 Å structure.

DPQ does not contact the haem iron when bound at Qn

The 2.2 Å resolution structure of cytb6 f  vitrified during cataly-
sis revealed the position and orientation of a quinone bound in Qn 
(Fig. 2a,b). Note that we use the term ‘quinone’ to indicate a quinone 
group, not its redox state, which cannot be inferred from the cryo-EM 
maps. In detail, the quinone head is inclined at an angle of 37° relative 
to the plane of haem cn, with the C4-side of the quinone ring positioned 
close to the haem plane (Fig. 2b,c). A water molecule (wat1) is coor-
dinated between the carbonyl oxygen at the C4-side (O4) of quinone 
and the conserved Asp35 residue of subunit IV (D35sIV; Fig. 2b). D35sIV 
and wat1 are located inside a hydrophobic pocket formed by F40sIV, 
L36sIV, A31sIV and Val26 of the cytochrome b6 subunit (V26b6) near haem 
cn (Extended Data Fig. 2a). On the opposite side of the quinone group, 
the propionate of haem cn and R207b6 enclose the carbonyl oxygen (O1) 
of DPQ (Fig. 2b and Extended Data Fig. 2b). O1 is close enough to R207b6 
and the proximal propionate to hydrogen bond with them. The distal 

propionate points towards a hydrophilic tunnel comprising K24b6, N25sIV 
and the backbone carbonyls of R207b6, K208b6 and Q209b6 (Extended 
Data Fig. 2b). The position of wat1 is remarkable because it suggests 
that this water molecule might be directly engaged in PQ reduction.

Table 1 | Cryo-EM data collection, refinement and validation 
statistics

Cytb6f + DPQ Cytb6f + DPQ + 
 DPQH2 + PC

Cytb6f +  
DBMIB

PDB  
ID 9ES7

PDB  
ID 9ES8

PDB  
ID 9ES9

EMD 19938 EMD 19939 EMD 19940

Data collection and processing

  Magnification of exposure 
image

×105,000 ×105,000 ×105,000

 Operating voltage (kV) 300 300 300

 Electron exposure (e− Å−2) 40.70 40.70 41.34

 Defocus range (µm) −2.1 to −0.9 −2.1 to −0.9 −2.1 to −0.9

 Pixel size (Å) 0.86 0.86 0.86

 Symmetry imposed C2 C2 C2

 Final particle images 1,320,078 482,950 389,849

 Map resolution (Å) 1.94 2.24 2.33

 FSC threshold 0.143 0.143 0.143

 Map resolution range (Å) 1.9 to >10 1.9 to >10 1.9 to >10

Refinement

 Initial model used (PDB ID) 7ZYV 7ZYV 7ZYV

 Model resolution (Å) 2.1 2.1 2.1

 FSC threshold 0.143 0.143 0.143

 Model resolution range (Å) NA NA NA

 Map sharpening B factor (Å2) 58.3 71.3 72.5

Model composition

 Non-hydrogen atoms 16,413 16,326 16,450

 Protein residues 1,950 1,948 1,974

 Ligands 22 24 24

 Water molecules 329 214 206

B factors (Å2)

 Protein 56.97 76.03 80.93

 Ligands 55.97 80.25 85.03

 Water molecules 57.21 71.37 78.49

RMS deviations

 Bond lengths (Å) 0.003 0.003 0.004

 Bond angles (°) 0.514 0.482 0.983

Validation

 MolProbity score 0.94 0.99 1.31

 Clashscore 1.81 1.72 3.25

 Poor rotamers (%) 0.37 0.37 0.61

Ramachandran

 Favoured (%) 98.43 97.69 96.79

 Allowed (%) 1.57 2.31 3.21

 Disallowed (%) 0 0 0

 CC volume 0.90 0.88 0.87

FSC, Fourier Shell Correlation; NA, not applicable; RMS, root mean squared; Clashscore, 
number of steric clashes per 1000 atoms in a model; CC, correlation coefficient.
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The orientation of the quinone ring in Qn clearly differs from those 
of three Qn inhibitors described previously: 2-nonyl-4-hydroxyquinoline 
N-oxide (NQNO), tridecyl-stigmatellin and stigmatellin A. In currently 
known structures of cytb6 f , these inhibitors coordinate the iron atom 
of haem cn directly17,18,23 (Fig. 2d and Extended Data Fig. 3). By analogy to 
these inhibitors, PQ was thought to bind to the haem cn in the same way. 

Our structure, however, clearly shows that although the quinone ring 
is in proximity to the haem, there are no direct contacts between the 
quinone and the haem iron (Fig. 2c). In fact, the phenyl group of F40sIV 
covers a large part of the haem plane, severely restricting access for the 
potential axial ligand15,34. We conclude that the inhibitors must push the 
F40sIV ring away upon binding to occupy the Qn niche and replace wat1.

C4

E
h  ≈ +180 m

V
E

h  ≈ –20 m
V

No addition
Quinone added
NQNO added

g value
10 678 51420 16 12

a

c

d

b

e

DPQ

NQNO

D35 

D35 

F40

C1

2.5 Å 2.8 Å 

3.6 Å 

3.5 Å 

3.4 Å 

wat1

wat1 wat1

R207

R207

DPQ

F40 

R207

D20

Proximal

Distal

 

D35

Haem bn  

Haem cn

PDB ID: 4H0LHaem bn

Haem cn

 

DPQ

Haem cn 

 

Fig. 2 | Qn of cytb6 f  occupied with DPQ molecule or inhibitor, NQNO.  
a, Quinone molecule (DPQ in all figures refers to a DPQ molecule, not its 
redox state) remodelled in the Qn site in the 2.2 Å cryo-EM map (PDB ID: 
9ES8). b, Hydrogen-bond interactions between quinone, wat1, haem cn and 
selected residues. Cyt b6 (green), subIV (light teal) and haem bn (red) are in the 
background. c, Close-up side view of Qn with quinone and haem cn built into 
the cryo-EM map shown with isomesh representation. d, Close-up view of Qn 
occupied by the NQNO inhibitor bound to haem cn. The model and electron 

density map (that is, x-ray crystallographic 2Fo–Fc map) were taken from PDB 
ID: 4H0L entry17. e, Low-field regions of the EPR spectra of cytb6 f  poised at 
Eh of +180 mV or −20 mV, with (black) and without (red) addition of quinone. 
Black arrows indicate the regions with the largest observed changes, related to 
an increase in the rhombicity of the haem cn signal in the sample with quinone 
added. For comparison, the blue spectrum shows the relatively larger effect on 
the rhombicity of the haem cn signal imposed by interaction with NQNO  
bound at Qn.
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The proximity of the quinone ring to haem cn was further substanti-
ated by the sensitivity of the electron paramagnetic resonance (EPR) 
spectrum of this haem to the redox state of quinone (Fig. 2e), observed 
as changes in transitions at different g values (the g factor, abbreviated 
as g, characterizes magnetic moment and angular momentum of molec-
ular system with unpaired electrons). At a high external redox potential 
(Eh = +180 mV), the spectrum showed a g = 12 transition that originates 
from the spin–spin exchange between the oxidized haems cn and bn  
(ref. 35) and the g = 6 signal, which can be ascribed to a fraction of nearly 
axial high-spin haem cn that is not spin-coupled to haem bn (ref. 36).  
This spectrum was insensitive to the presence of externally added 
DPQ (at this Eh, quinone remains oxidized). At a lower Eh (−20 mV), the 
signal at g = 12 disappeared37, but the remaining transitions around 
g = 6 were clearly sensitive to the presence of DPQH2 in the sample (at 
this Eh, the added DPQ becomes fully reduced). Changes in the shape of 
the lines around g = 6 suggest a slight increase in the rhombicity of the 
zero-field splitting36. Typically, an increase in rhombicity is recognized 
by splitting of the g = 6 line into two lines. In our case, the rhombicity 
is not large, and the split is small and results in overlapping transitions 
(arrows in Fig. 2e). Such spectral change is possibly a consequence 
of lowering the symmetry of the ligand field around the iron ion of 
haem cn, resulting from the presence of the quinone molecule nearby.  
However, we cannot conclude on the specific redox state of that mol-
ecule (that is, whether it is DPQH2 or the semiquinone form) involved 
in these interactions.

NQNO, which binds as a ligand to the iron of haem cn, induced 
different changes in the shape of the EPR spectrum (Fig. 2e, blue). Con-
sistent with earlier observations36, even at high Eh, a dramatic increase 
in the rhombicity of the signal was accompanied by loss of the signal 
at g = 12. Thus, the EPR spectra not only confirm the proximity of the 
quinone or inhibitor to haem cn but also corroborate their different 
binding modes.

Proton channels and water molecules link Qn to the exterior
The 4 Å distance between haem cn and the quinone ring in the haem 
ligand niche confirms their readiness for the catalytically relevant 
electron transfer. Furthermore, hydrogen bonding indicates that the 
quinone is also ready to accept protons at O1 and O4, which are required 
for the completion of catalytic reduction of PQ (Figs. 2b and 3a). Wat1 is 
positioned to act as the primary proton donor for O4. Wat1 might accept 
a proton directly from D35sIV, which is surrounded by several polar 
residues (R26PetN, E29sIV, K272f (transmembrane helix of the cytochrome 
f subunit)), and several aligned water molecules extending towards 
the aqueous phase (Fig. 3a–d, red dots). On the other side of the ring, 
R207b6 is the most likely primary proton donor for O1; however, direct 
protonation by the proximal propionate of haem also appears possible. 
R207b6 might accept protons from D20b6, which is in direct contact with 
the protein exterior. Thus, these two residues might form an anhydrous 
proton channel towards O1, as proposed earlier17. R207b6 might also 
accept a proton from the proximal propionate of haem (Fig. 2b).

In addition to the proton channels, our structures reveal channels 
filled with water molecules that line up, linking the Qn niche with the 
aqueous phase outside the membrane (Fig. 3). In one channel, water 
molecules (Fig. 3, blue dots) are located in the crevice between subunit 
IV and cytb6. They interact with the backbone atoms of A31sIV, W32sIV, 
T22b6, K24b6 and I21b6 (Fig. 3b,c,e). Two water molecules are positioned 
within hydrogen-bonding distance to the side chain of R207b6 (Fig. 3c). 
In another channel, the water molecules (Fig. 3, magenta dots) interact 
with the backbone atoms of G23sIV, Q209b6, R207b6 and the side chains of 
N25sIV and K24b6, reaching the distal propionate of haem cn (Fig. 3b,c,f). 
We note that the density map of the region of the Qn cavity in the 1.9 Å 
structure was not completely empty and may have been partially occu-
pied by DPQ or endogenous quinone molecules. Nevertheless, two 
water molecules that are hydrogen-bonded by R207b6 can be clearly 
identified. When quinone occupies the catalytically relevant position 

(as seen in the 2.2 Å structure), these water molecules would clash with 
the quinone ring and, thus, must be displaced during the full accom-
modation of quinone in the site.

We propose a mechanism in which the water channels allow water 
molecules to flow into and out of the Qn cavity during catalysis (Fig. 3g). 
Quantum mechanical calculations indicate that in the absence of sub-
strate (Fig. 3g, state 1), the Qn cavity can be occupied by at least eight 
water molecules (including wat1), which shield the charged residues—
D20b6, K24b6, R207b6, D35sIV and R26PetN (Extended Data Fig. 4)—thereby 
weakening the interactions between them. This substantially reduces 
the binding energy of PQ, which, upon entering Qn, pushes the water 
molecules out of the cavity through the channels in a piston-like man-
ner (Fig. 3g, state 2). The only remaining water molecule is wat1, which 
allows the quinone ring to adopt an orientation that allows electron and 
proton transfer to O1 and O4 (Fig. 3g, state 3). When reduction of PQ 
is complete, PQH2 leaves Qn and exposes charged residues, attracting 
water molecules into Qn through the channels (Fig. 3g, state 4). The Qn 
site, filled with water (state 1), is then free to accommodate the next PQ 
molecule. In this mechanism, synchronized movements of water and 
PQ/PQH2 facilitate exchange of the substrate/product and thus enable 
high efficiency of catalytic turnover.

It has been observed that the redox midpoint potential of haem cn 
shows a strong dependence of −60 mV per pH unit38, which implicates 
a coupled protonation event. This is not typical for haems in a protein 
environment. The enhanced exposure of haem cn to water molecules, 
which can fill the quinone-binding cavity through the water channels, 
might contribute to the increased pH sensitivity of the redox potential 
of this haem. In addition, the biphasic titrations of this haem in the pres-
ence of NQNO implicate that the occupancy of the Qn site is sensitive 
to the redox state of the enzyme38. The differences in the density maps 
of this region in our two samples (1.9 Å and 2.2 Å structure) are in line 
with these observations. Given that the redox state of haem cn has also 
been shown to be sensitive to the membrane potential39, the influence 
of membrane potential on occupancy of the Qn site is to be considered. 
Haem cn could play a role of the redox sensor to accommodate the cata-
lytic reactions at the Qn site to the dynamically changing redox state 
of the cells, but such scenarios require further experimental testing.

The proton transfer paths towards O1 and O4 of DPQ described 
here confirm earlier predictions from analyses of the cytb6 f  struc-
tures with inhibitors bound at Qn (ref. 17). Moreover, our work adds 
structural details essential for mechanistic considerations. First, wat1 
is the primary proton donor for PQ, and it bridges between D35sIV and 
O1 to facilitate proton transfer. Second, the identified water channels 
and water-mediated networks of hydrogen bonds implicate a water–PQ 
exchange mechanism at Qn.

The position of DPQ in our structure differs from the positions 
described earlier for PQ in cytb6 f  of plants22 and cyanobacteria24. 
In those structures, the angles between the PQ ring and the haem cn 
plane differed from the angles in our structure. Moreover, the PQ ring 
pointed away from the haem ligand niche, closer to the side of the 
haem plane and closer to the inter-monomer cavity (Extended Data 
Fig. 5). Furthermore, in those orientations, PQ was unable to interact 
with protonable groups in a way that would allow both O1 and O4 to 
form hydrogen bonds at the same time. As our structure indicates, to 
achieve such an orientation, the PQ ring must enter the haem cn ligand 
niche as deeply as the space allows. Incidentally, the PQ ring, in such a 
position, is relatively close to the protein surface and the cytb6 f -bound 
part of the TSP9 protein for potential interactions with redox partners 
that are postulated to deliver electrons to Qn from the protein exterior 
as part of the cyclic electron flow in photosynthesis. The positions of 
PQ in Qn reported previously might still be relevant to the states during 
the arrival or departure of PQ to or from the catalytic site.

Interestingly, the TSP9 fragment bound to cytb6 f  appears to 
cover the salt bridge formed between the carboxylate group of the 
C-terminus of cyt b6 and R125sIV. This hinders the accessibility of R125sIV 
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for interaction with a specific kinase involved in state transitions, as 
part of the regulatory function of cytb6 f  (refs. 7,40). Furthermore, 
the carboxyl group of E50TSP9 forms another salt bridge with R125sIV, 
which additionally stabilizes this conformation (Extended Data Fig. 6). 
How R125sIV becomes exposed to interact with the kinase remains to 
be elucidated.

ISP-HD adopts several positions between Qp and haem f
On the other side of the membrane from Qn, the other catalytic 
site in cytb6 f, Qp, oxidizes PQH2 to PQ. For this region, focused 

three-dimensional (3D) classifications of our cryo-EM datasets iden-
tified four distinct classes, representing the most populated states of 
cytb6 f  present in the samples (Fig. 4a). These classes correspond to 
states in which ISP-HD occupies either the b-position (ISP-HD close to 
cyt b6 and the Qp site), the f-position (ISP-HD close to cyt f, with [2Fe2S] 
located close to haem f) or an intermediate position. An additional 
class corresponding to ISP-HD in an intermediate position with PC 
bound near cyt f was observed. Binding occurs in the same region as 
previously described21. The presence of these different states in the 
same dataset confirms the dynamic behaviour of ISP-HD and provides 
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direct structural evidence for its movement, which is postulated to be 
necessary for catalysis. The b-position seems to reflect the state where 
electron transfer between 2Fe2S and PQ at the Qp site takes place, and 
the f-position the state where electron transfer between the [2Fe2S] 
and haem f takes place (Fig. 4 and Extended Data Fig. 7).

In spectroscopic studies, the cytb6 f  inhibitor 2,5-dibromo-3-m
ethyl-6-isopropylbenzoquinone (DBMIB) was found to affect the 
position of ISP-HD32,41,42; therefore, we used it as a probe to further 
investigate ISP-HD movement. We determined the structure of 
DBMIB-inhibited cytb6 f  at 2.2 Å resolution. In the presence of the 
inhibitor, only one state of ISP-HD was seen in the dataset. Remark-
ably, in this structure, ISP-HD was even closer to Qp (Fig. 4b,c). The 
DBMIB molecule was clearly visible in our reconstruction. A hydrogen 
bond formed between the carbonyl group of the inhibitor and the Nε 
atom of H128ISP, which coordinates the 2Fe2S cluster. Y136b6 adopts 
two conformations (Extended Data Fig. 8a,b), one of which stabilizes 
DBMIB by forming a second hydrogen bond. In contrast to a previous 
report43, these data clearly reveal the position of DBMIB in the active site 
of cytb6 f . Consistent with the inhibitory effect of this compound, its 

influence on the EPR spectrum of the [2Fe2S] cluster and observations 
based on EPR analysis, DBMIB traps ISP-HD at Qp in the b-position32,41,44. 
Whether the extremely close position of ISP-HD in complex with DBMIB 
is a catalytically relevant position remains to be elucidated.

In the DBMIB-bound structure, unlike in other available structures, 
the first seven amino acids at the N-terminus, preceding the α-helical 
transmembrane anchor of ISP-HD, become structured (Extended Data 
Fig. 8c,d). The N-terminus bends towards the protein surface and 
interacts hydrophobically with cyt f. This change in position of this 
region might be relevant to cytb6 f  -mediated redox sensing and signal 
transduction42,45,46.

In all observed states, the ‘neck’ region that connects ISP-HD to 
its membrane anchor remains highly unstructured (Extended Data 
Fig. 9a–c). Only in the cryo-EM map with DBMIB, where the ISP-HD occu-
pies the closest b-position, is the neck region slightly better resolved 
(Extended Data Fig. 9c). Therefore, the dynamic conformation of the 
neck region in cytb6 f  is clearly different from that of cytbc1, which 
undergoes a sharp transition from a stretched coil-like thread to a 
proper α-helix when ISP-HD occupies the b-position or the c1-position47 
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(Extended Data Fig. 9d,e). The lack of an α-helix in the state where 
ISP-HD is in the f-position (corresponding to the c1-position of cytbc1) 
implies that the motion of ISP-HD in cytbc1 and cytb6 f  involves different 
transitions between conformations.

The position and orientation of the substrate (PQH2) in Qp for the 
catalytic reaction remain unresolved. In the internal cavities around 
Qp, both 1.9 Å and 2.2 Å structures show densities remarkably similar 
to those described in the previous high-resolution structure of cytb6 f, 
which were interpreted as a possible channel for unidirectional PQ traf-
fic through the site21 (Extended Data Fig. 10). Nevertheless, some short-
ened density fragments might suggest that a partial replacement of 
natural PQ with the shorter PQ analogue DPQ has taken place. Ligands 
in the channel remain highly mobile, which makes unambiguous inter-
pretation of their orientation as challenging as in previous analyses.

Conclusion
We present structural and spectroscopic data that point towards fun-
damentally different binding modes for substrates and inhibitors at 
the quinone reduction site of cytb6 f. Furthermore, we propose a qui-
none–water exchange mechanism that provides the molecular basis 
for effective catalytic turnover. Our data reveal overall similarities 
and minor differences in the motion of ISP-HD in cytb6 f  compared 
with cytbc1. The structures also clarify the mechanism of cytb6 f  inhi-
bition by DBMIB at the Qp site. Our findings contribute to a complete 
molecular description of the dynamic mechanisms of quinone oxida-
tion and reduction reactions in cytb6 f. This work helps us understand 
the phenomena responsible for photosynthesis and respiration, which 
enable life on our planet.

Methods
Materials
Buffers, salts and DPQ were purchased from Sigma-Aldrich. Undecyl 
α-d-maltoside (UDM) was from Glycon. The propyl-sepharose resin was 
prepared by activating Sepharose-CNBr powder (Cytiva) and reacting it 
with propylamine (Sigma-Aldrich) according to the supplier’s manual. 
NQNO (CAS 316-66-5) was purchased from Santa Cruz Biotechnology, 
and DBMIB (CAS 29096-93-3) was purchased from Sigma-Aldrich.

Purification of PC and cytb6 f
PC was purified according to the protocol described in ref. 21. To isolate 
and purify cytb6 f  from spinach leaves, we used an optimized version of 
our previously published protocol (protocol 2 from ref. 21). The leaves 
were processed in a slow juicer with the addition of a cold buffer solu-
tion containing 50 mM Tris–HCl pH 8, 200 mM NaCl and 5 mM MgCl2 
(buffer 1). The resulting suspension was filtered through a sieve and a 
bag filter before being subjected to centrifugation at 8,000g for 20 min 
at 4 °C. The pellet containing chloroplasts was then resuspended in 
buffer 1 and diluted to a chlorophyll concentration of approximately 
2.0 mg ml−1. The chlorophyll content was estimated using the protocol 
described in ref. 48. The chloroplast suspension was cooled to 4 °C 
and sonicated with a 500 W ultrasonic processor (VCX 500) equipped 
with a 13 mm tip. The ultrasonic pulse sequence parameters were set as 
follows: 50% power, a pulse length of 30 s, a pulse interval of 60 s and 
a total pulse time of 8 min. Following sonication, the suspension was 
ultracentrifuged at 148,000g for 20 min at 4 °C. The pellet, consisting 
of thylakoid membranes, was resuspended in buffer 2 (50 mM Tris–HCl, 
pH 8.0, 50 mM NaCl), homogenized using a glass homogenizer and 
diluted to a chlorophyll concentration of 3.0 mg ml−1. Solubilization of 
the thylakoid membranes was achieved by mixing an equal volume of 
thylakoid suspension and buffer 2 with the addition of 12 mg ml−1 UDM 
(final UDM-to-chlorophyll ratio was 4:1). The solution was stirred for 
15 min and ultracentrifuged twice at 148,000g for 20 min at 4 °C. To 
avoid excessively high UDM concentrations in subsequent steps, the 
supernatant was precipitated with PEG using the following procedure. 
A solution consisting of 60% (w/w) PEG 4000 in buffer 2 was gradually 

added to the solubilized thylakoid solution until it became cloudy, 
resulting in a final PEG concentration of approximately 30%. The result-
ing suspension was then centrifuged for 10 min at 6,000g at 4 °C, and 
the supernatant was carefully separated from the pellet. The pellet was 
collected and solubilized in buffer 2 supplemented with 1 mM UDM 
(buffer 3). Then, solid ammonium sulfate was added to the solution to 
achieve 37% ammonium sulfate saturation. The solution was stirred for 
15 min, centrifuged at 24,000g for 25 min at 4 °C and filtered through a 
0.22 μm syringe filter before loading onto a propyl-sepharose column 
pre-equilibrated with buffer 3 at 37% ammonium sulfate saturation 
(buffer 4). The column was washed with 5 column volumes of buffer 4, 
and the greenish-brown band containing cytb6 f  was eluted with buffer 3 
at 20% ammonium sulfate saturation. The eluent was then brought back 
to 37% ammonium sulfate, centrifuged at 24,000g for 20 min at 4 °C and 
filtered through a 0.22 μm syringe filter. The sample was subsequently 
loaded onto a second propyl-sepharose column pre-equilibrated with 
buffer 4. The column was washed with 1 column volume of buffer 4 and 
5 column volumes of buffer 3 at 30% ammonium sulfate saturation. 
The brownish band containing cytb6 f  was eluted with buffer 3 at 25% 
ammonium sulfate saturation. The collected cytb6 f  was then pooled, 
desalted and concentrated using an Amicon Ultra 50 kDa filter. The 
concentration of cytb6 f  was assessed by measuring ascorbate-reduced 
minus ferricyanide-oxidized optical spectra at 554 nm, relative to the 
isosbestic point at 543 nm, using the differential extinction coefficient 
of haem f of cyt f ε554–543 ≈ 25 mM−1 cm−1. The sample was loaded onto a 
10–22% continuous sucrose gradient made by a freeze–thaw method in 
buffer 3 and ultracentrifuged at 141,000g for 16 h at 4 °C.

Enzymatic activity measurement
The enzymatic activity of cytb6 f  was measured spectrophotometri-
cally (SHIMADZU UV-2450) by monitoring the reduction of PC at 597 nm 
using a procedure similar to that described in ref. 21. Briefly, the experi-
ment was carried out in 50 mM HEPES (pH 7), 50 mM NaCl and 1 mM 
UDM, with 5 μM oxidized PC present. After initializing the measure-
ment, DPQH2:DPQ (1:1 mixture) was added to the reaction mixture 
to a final concentration of 10 μM each. Then, cytb6 f  was added (final 
concentration of 2 nM) to the mixture to start the enzymatic reaction. 
The activity of cytb6 f  was determined from the initial slope of the PC 
reduction curve, using a PC extinction coefficient ε597 = 4.5 mM−1 cm−1. 
The activity rate for pure cytb6 f  was estimated to be 110 s−1. Cytb6 f 
inhibited by DBMIB (cytb6 f  with a 10-fold excess of DBMIB incubated 
for 30 min before measurement) was not active.

Preparation of cryo-EM samples
Before the preparation of the cryo-EM samples, purified proteins were 
transferred to HEPES buffer (50 mM HEPES, 50 mM NaCl, 1 mM UDM, 
pH 7). For the preparation of DPQ supplemented and catalytic samples, 
purified cytb6 f  was concentrated to about 170 μM (calculated as the 
concentration of cyt f). Then, 53 μl cytb6 f  stock solution was mixed 
with 95 μl buffer and 1.5 μl stock DPQ solution (60 mM in DMSO). After 
about 5 min incubation with DPQ, 3 μl of the sample was applied to the 
grid and vitrified. For the catalytic sample, 29 μl of oxidized PC (2.1 mM) 
solution was added to the previously prepared mixture. After a short 
incubation with PC (about 1 min), 3 μl stock DPQH2 solution (24 mM in 
EtOH/DMSO) was added. Immediately after DPQH2 addition, 3 μl of the 
sample was applied to the grid and vitrified. The total time between the 
addition of DPQH2 and sample vitrification was 15 s, measured using 
a digital stopwatch. It was verified spectroscopically that at the time 
of vitrification the PC was not fully reduced in the reaction mixture. 
Full reduction of PC in that mixture was observed several seconds 
after vitrification. The sample with DBMIB was prepared separately 
by mixing 12 μl of cytb6 f  (153 μM, based on cyt f concentration) with 
17 μl of buffer and 1 μl of 50 mM DBMIB. After 5 min incubation, 3 μl 
of the mixture was applied to the grid and vitrified. In all cases, the 
blotting and vitrification procedures were the same. Shortly before 
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use, transmission electron microscopy grids (Quantifoil R2/1, Cu 200 
mesh) were glow-discharged (60 s, 8 mA). Vitrification was performed 
on the Vitrobot Mark IV (Thermo Fisher Scientific), and the following 
parameters were used: 100% humidity, 277 K, 2 s blot time, 0 s wait time, 
blot force −1, 0 s drain time and a total blot of 1. After plunge-freezing in 
liquid ethane, the grids were stored in liquid nitrogen until use.

Data acquisition and processing
Cryo-EM data for all samples were collected at the National Cryo-EM 
Centre SOLARIS in Kraków, Poland. Datasets contained 7,784, 4,613 and 
3,027 videos (40 frames each) for samples of cytb6 f  with DPQ, during 
catalysis and with DBMIB added. Datasets were collected on a Titan Krios 
G3i microscope (Thermo Fisher Scientific) at an accelerating voltage 
of 300 kV, a magnification of ×105,000 and a pixel size of 0.86 Å per 
pixel (Extended Data Fig. 1a) using EPU 2.10.0.1941REL software. A K3 
direct electron detector was used for data collection in a BioQuantum 
Imaging Filter (Gatan) set-up with a 20 eV slit width. The detector was 
operated in counting mode. Imaged areas were exposed to 40.7 e− Å−2 
(sample with DPQ and frozen during catalysis) or 41.34 e− Å−2 (sample 
with DBMIB) total dose (corresponding to a dose rate of ~16.62 e− per 
pixel per second and 15.94 e− per pixel per second measured in vacuum, 
respectively). The defocus range applied was −2.1 μm to −0.9 μm with 
0.3 μm steps. All datasets were processed (Extended Data Fig. 1b) using 
cryoSPARC v4.4.049–53. Micrographs were motion-corrected using Patch 
Motion Correction, and the contrast transfer function (CTF) was deter-
mined using Patch CTF. In preprocessing, particles from a small portion 
of micrographs (50–1,000 exposures, depending on dataset quality) 
were extracted using the Blob picker. The obtained sets of particles were 
two-dimensionally classified and used for the generation of templates 
and particle classes for the Template picker and TOPAZ54, respectively. 
Different approaches for further processing were used depending on 
the particular dataset quality. In the case of cytb6 f  with DPQ (Extended 
Data Fig. 1b, left), the particles obtained from Template picker and 
TOPAZ were 2D classified and then sorted in ab initio reconstruction. 
The obtained two pools of particles (1,214,119 and 1,179,618 particles) 
were merged, and then duplicated particles were removed. The result-
ing set was cleaned using heterogeneous refinement. Particles from the 
final set (1,320,164) were extracted into a box of 512 pixels and used for 
final ab initio reconstruction followed by a non-uniform refinement. 
The obtained 2.04 Å map was used as an input for reference-based 
motion correction. The motion-corrected particles (1,320,078) were 
used for non-uniform refinement with iterative CTF refinement to 
reconstruct a final structure with 1.94 Å resolution (Extended Data 
Fig. 1c–f, left). For the catalytic sample of cytb6 f  with DPQ, PC and 
DPQH2 (Extended Data Fig. 1b, middle), particles extracted with Tem-
plate picker were two-dimensionally classified twice and then sorted 
in ab initio reconstruction and heterogeneous refinement. In the case 
of particles extracted with TOPAZ, two-dimensional classification was 
omitted, and they were sorted into five classes in ab initio reconstruction 
and heterogenous refinement. The best particle sets from the Template 
picker and TOPAZ picking (251,242 and 490,927 particles, respectively) 
were pooled together and further sorted in ab initio reconstruction fol-
lowed by heterogeneous refinement. After the removal of duplicated 
particles, two extractions were performed. Particles extracted into a 
box of 512 pixels were used for final ab initio reconstruction followed 
by non-uniform refinement with iterative CTF refinement. Then, the 
obtained 2.40 Å map was used as input for reference-based motion 
correction. The motion-corrected particles (482,950) were used for 
non-uniform refinement with iterative CTF refinement to reconstruct 
a final structure with 2.24 Å resolution (Extended Data Fig. 1c–f, mid-
dle). The particles extracted into a box of 384 pixels were used for 3D 
classification. For this purpose, after ab initio reconstruction followed 
by non-uniform refinement (without iterative CTF refinement, 3.02 Å 
map resolution), the dataset was symmetry expanded. The particles 
were then subjected to focused 3D classification with a generous mask 

encompassing the lumen side of cytochrome f, ISP and bound PC. The 3D 
classification was initially performed with 2, 4 and 6 classes. However, 
we found that the effective number of 3D classes is 4. After the removal 
of duplicate particles, maps were generated by reconstruction only 
to preserve the prior alignment of particles. In the case of the dataset 
for cytb6 f  with DBMIB (Extended Data Fig. 1b, right), particles were 
first extracted by Template picker, 2D classified and sorted in ab initio 
reconstruction and heterogenous refinement. The 201,233 particles 
representing the best class were pooled together with particles picked 
by two separate TOPAZ models. Then, the particles were subjected to 
ab initio reconstruction and heterogenous refinement, yielding two 
good classes of particles, which were then processed further. After the 
removal of duplicates, the final extraction into a box of 384 pixels was 
performed, and particles were subjected to two rounds of sorting in 
ab initio reconstruction and heterogenous refinement. The final set 
of 391,430 particles was used as input in non-uniform refinement with 
iterative CTF refinement to reconstruct a 2.38 Å map. Then, the particles 
were local motion-corrected and used in a final non-uniform refinement 
with iterative CTF refinement to obtain a final map with 2.33 Å resolution 
(Extended Data Fig. 1c–f, right). Atomic models were built based on 7ZYV 
structure from Protein Data Bank (PDB) using ChimeraX55 and Coot56, 
refined using PHENIX57 and validated with MolProbity58.

EPR spectroscopy
The EPR spectra for all cytb6 f  samples were measured at 10 K using a 
Bruker Elexsys E580 spectrometer operating at X band, equipped with 
a SuperHQ resonator and an ESR900 cryostat (Oxford Instruments). 
The temperature was set using a Lakeshore 336 temperature controller 
unit (Lake Shore Cryotronics). The cryogenic temperature was achieved 
using a Stinger cryocooler (Cold Edge Technologies). The parameters of 
the measurements were set as follows: microwave frequency, 9.39 GHz; 
microwave power, 6.35 mW; modulation amplitude, 15 G; modulation 
frequency, 100 kHz; sweep time, 671 s; sweep width, 4,500 G. Samples 
of 50 μM cytb6 f  with and without DPQ added (10× excess) as well as 
with NQNO added (5× excess) were poised at different ambient redox 
potential values by adding small aliquots of sodium dithionite solution 
to an anaerobic, argon-flushed solution. Several redox mediators were 
used to stabilize the ambient redox potential as described in ref. 59.

QM calculations
The cluster model used in the quantum mechanical calculations was 
constructed based on the cryo-EM structure of the Qn site not occu-
pied by quinone. The model contains haem cn coordinated by a water 
molecule, 14 protein residues (D20b6, K24b6, Y25b6 (only backbone 
fragment), V26b6, I206b6, R207b6, G210b6, I211b6, N25sIV, A31sIV, D35sIV, 
L36sIV, F40sIV and R26PetN) and 7 or 8 water molecules occupying the Qn 
site, which were added to fit the density. The geometry optimization 
was performed using the DFT/B3LYP-D3 method60,61 combined with 
the def2-SVP basis set62 to determine the position and number of water 
molecules occupying the active site Qn. The quantum mechanical 
calculations were performed in Gaussian 16 (ref. 63). During optimi-
zation, haem cn with a water ligand and all 14 protein residues were 
constrained according to the cryo-EM structure, and only the water 
molecules occupying the Qn site were optimized. Initially, based on 
the cryo-EM density, seven water molecules were inserted into the Qn 
site. However, geometry optimization indicated that to maintain the 
continuity of the water cluster structure, another molecule should be 
added to the model. Finally, the structure with eight water molecules 
occupying the Qn site was optimized. The results showed that for oxi-
dized and reduced haem cn (containing high-spin iron) cofactors, the 
water molecules took similar positions.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.
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Data availability
The micrographs and cryo-EM densities have been deposited in the 
Electron Microscopy Public Image Archive (EMPIAR) and the Electron 
Microscopy Data Bank (EMDB) with the following accession codes: 
EMPIAR-12144, EMPIAR-12158 and EMPIAR-12149, and EMD-19938, 
EMD-19939 and EMD-19940, respectively. The protein models have 
been deposited in the PDB and are accessible using the following PDB 
IDs: 9ES7, 9ES8 and 9ES9. All other data generated in this study are 
available from corresponding authors on reasonable request.
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Extended Data Fig. 1 | Cryo-EM data processing workflow. Cryo-EM datasets 
processing for cytb6 f  with DPQ (1.9 Å map; EMD-19938), cytb6 f  frozen under 
turnover conditions (2.2 Å map; EMD-19939) and cytb6 f  with DBMIB (2.3 Å map; 
EMD-19940); left, middle and right, respectively. a, representative cryo-EM fields; 

b, cryoSPARC processing pipelines; c, Fourier shell correlation curves, dark red 
lines in the plots indicate FSC = 0.143; d, local-filtered maps colored by resolution 
range; e, particle angular distribution heatmaps calculated in cryoSPARC;  
f, selected 2D class averages for the particles contributing to the respective maps.
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Extended Data Fig. 2 | Additional views on quinone in Qn site of cytb6 f . Additional close-up views on quinone in Qn of cytb6 f  taken from 2.2 Å structure, PDB ID: 
9ES8. a, ring of hydrophobic sidechains around wat1 and D35sIV; b, the hydrophilic environment around one of the haem cn propionates groups (‘distal propionate’).
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Extended Data Fig. 3 | Inhibitors in Qn site of cytb6 f . Close-up views on Qn of Mastigocladus laminosus cytb6 f  with different inhibitors. a, 2-nonyl-4-
hydroxyquinoline N-oxide (NQNO), PDB ID: 2E7523; b, NQNO, PDB ID: 4H0L17; c, tridecyl-stigmatellin (TDS), PDB ID: 2E7623; d, TDS, PDB ID: 4H1317; e, stigmatellin-A,  
PDB ID: 4PV118.
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Extended Data Fig. 4 | Water molecules in Qn site predicted from QM simulation. Geometry of QM model with optimized positions of eight water molecules at Qn.
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Extended Data Fig. 5 | Comparison of quinone positions in the region of Qn site across different structures. a, PQ molecule reported for Spinacia oleracea (PDB ID: 
6RQF). b, PQ molecule reported for Synechocystis sp. PCC 6803 (PDB ID: 7R0W). c, DPQ in orientation modelled in our map (PDB ID: 9ES8).
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Extended Data Fig. 6 | Close-up view on the interaction between TSP9 and cytb6 f . Color code: TSP9 - cyan; cyt b -, green; subunit IV – light teal; PetG - grey. E50TSP9 
forms a salt bridge with R125sIV which also forms a bridge with L215b6. The formation / braking of the latter bridge has been shown to have important regulatory 
consequences, as described in7,40.
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Extended Data Fig. 7 | The movement of iron-sulphur protein head domain. 
Distances between 2Fe2S cluster and haem f and haem bp for different positions 
of ISP-HD. a, for the subgroup with ISP-HD at b-position; b, for the subgroup with 
ISP-HD at intermediate position; c, for the subgroup with ISP-HD at f-position; 

d, for the subgroup with ISP-HD at intermediate position with PC bound (note 
that position of ISP-HD is as in subgroup shown in b and the only difference is the 
presence of PC).
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Extended Data Fig. 8 | Structural features in cytb6 f  with DBMIB bound. 
Alternative conformations of Y136b6 in cytb6 f  structure with DBMIB (PDB ID: 
9ES9). The Y136b6 side-chain is placed away from or close to the DBMIB molecule 

(a and b, respectively). Close-up view on the membranous n-side region around 
the N-terminus of the ISP subunit in 1.9 Å structure (PDB ID: 9ES7) (c) and the 
structure with DBMIB (PDB ID: 9ES9) (d).
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Extended Data Fig. 9 | Comparison of ISP neck region structure between 
cytb6 f  and cytbc1. a, and b, cryo-EM maps obtained from 3D classification of 
cytb6 f  particles frozen during catalysis (ISP head domain was in f- or b-position, 
respectively). The low intensity of the map of the ISP neck (sequence: GGAGTG) 
indicates high flexibility of the peptide backbone in this region. c, When DBMIB 

is bound to cytb6 f  (PDB ID: 9ES9), the ISP locks in b-position and the ISP neck 
becomes more rigid and this region is better resolved. The ISP neck in cytbc1 
behaves differently: when ISP is in c-position the ISP neck forms α-helix14 (d), 
when ISP is in the b-position, the helix is stretched13 (e).
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Extended Data Fig. 10 | Quinone channel in cytochrome b6 f . Cryo-EM map densities in the PQ channel area at the Qp side in two maps reported in this paper (top) 
compared to our previous report (bottom).
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