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            Abstract
The cytochrome b6 f (cytb6 f ) complex has a central role in oxygenic photosynthesis, linking electron transfer between photosystems I and II and converting solar energy into a transmembrane proton gradient for ATP synthesis1,2,3. Electron transfer within cytb6 f occurs via the quinol (Q) cycle, which catalyses the oxidation of plastoquinol (PQH2) and the reduction of both plastocyanin (PC) and plastoquinone (PQ) at two separate sites via electron bifurcation2. In higher plants, cytb6 f also acts as a redox-sensing hub, pivotal to the regulation of light harvesting and cyclic electron transfer that protect against metabolic and environmental stresses3. Here we present a 3.6 Å resolution cryo-electron microscopy (cryo-EM) structure of the dimeric cytb6 f complex from spinach, which reveals the structural basis for operation of the Q cycle and its redox-sensing function. The complex contains up to three natively bound PQ molecules. The first, PQ1, is located in one cytb6 f monomer near the PQ oxidation site (Qp) adjacent to haem bp and chlorophyll a. Two conformations of the chlorophyll a phytyl tail were resolved, one that prevents access to the Qp site and another that permits it, supporting a gating function for the chlorophyll a involved in redox sensing. PQ2 straddles the intermonomer cavity, partially obstructing the PQ reduction site (Qn) on the PQ1 side and committing the electron transfer network to turnover at the occupied Qn site in the neighbouring monomer. A conformational switch involving the haem cn propionate promotes two-electron, two-proton reduction at the Qn site and avoids formation of the reactive intermediate semiquinone. The location of a tentatively assigned third PQ molecule is consistent with a transition between the Qp and Qn sites in opposite monomers during the Q cycle. The spinach cytb6 f structure therefore provides new insights into how the complex fulfils its catalytic and regulatory roles in photosynthesis.
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                    Fig. 1: Cryo-EM structure of the cytb6 f complex from spinach.[image: ]


Fig. 2: The global arrangement of prosthetic groups, lipids and plastoquinone molecules in the spinach cytb6 f complex.[image: ]


Fig. 3: Conformational alterations in the chlorophyll phytyl chain at the PQH2-oxidizing Qp site.[image: ]


Fig. 4: The intermonomer cavity of the spinach cytb6 f complex.[image: ]
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              All relevant data are available from the authors and/or are included with the manuscript or in the Supplementary Information. Atomic coordinates and the cryo-EM density map have been deposited in the Protein Data Bank under accession number 6RQF and the Electron Microscopy Data Bank (EMDB) under accession number EMD-4981.
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Extended data figures and tables

Extended Data Fig. 1 Purification of cytb6 f from spinach.
a, Absorption spectrum of ascorbate-reduced purified b6 f complex. The peak at 421 nm corresponds to the Soret band of bound pigments (chlorophyll a and haems). The peaks at 554 and 668 nm correspond to c-type haems of cytf and chlorophyll a, respectively. The inset panel shows redox difference spectra of ascorbate-reduced minus ferricyanide-oxidized b6 f (dashed line) and dithionite-reduced minus ascorbate-reduced (dotted line) cytb6 f. Redox difference spectra show haem f absorption peaks at 523 and 554 nm as well as absorption peaks at 534 and 563 nm corresponding to the b-type haems of cytb6. The calculated ratio of cytb6 b-type haems to the c-type haem of cytf was ~2 using extinction coefficients of 25 mM cm−1 ( f ) and 21 mM cm−1 (b6)34. The spectra exhibit the absorption properties characteristic of intact cytb6 f. Spectra were recorded at room temperature. b, SDS–PAGE analysis of purified cytb6 f indicates that the sample is highly pure, with the four large subunits of the complex (cytf, cytb6, the Rieske ISP and subunit IV) running at ~31 kDa, ~24 kDa, ~20 kDa and ~17 kDa, respectively and the four small subunits (PetG, PetL, PetM and PetN) running at around 4 kDa (not shown). c, d, Negative-stain and BN-PAGE analysis of purified cytb6 f demonstrates the sample is dimeric and highly homogenous, with a single band corresponding to dimeric cytb6 f shown in lane 1. Lane 2 shows a sample that has been deliberately monomerized following incubation with 1% Triton X-100 for 1 h. For gel source data see Supplementary Fig. 1. e, The catalytic rate of plastocyanin reduction by the purified dimeric cytb6 f complex as determined by stopped-flow absorbance spectroscopy. A rate of 200 e− s−1 was determined by taking the initial linear region from the enzyme-catalysed reaction (solid line) and subtracting the background rate measured in the absence of enzyme (long-dashed line). Plastocyanin reduction was not observed in the absence of decylplastoquinol (short-dashed line). Reactions were initiated upon addition of decylplastoquinol to the solution containing plastocyanin and b6 f while monitoring the loss of absorbance at 597 nm. Final concentrations were 50 µM plastocyanin, 185 nm b6 f and 250 µM decylplastoquinol. All experiments were performed in triplicate and controls were performed in the absence of b6 f or decylplastoquinol.

                          Source data
                        


Extended Data Fig. 2 Cryo-EM micrographs of the spinach cytb6 f complex and calculation of the cryo-EM map global and local resolution.
a, Cytb6 f particles covered by a thin layer of vitreous ice on a supported carbon film. b, Examples of dimeric cytb6 f particles are circled in green. We recorded 6,035 cryo-EM movies, from which 422,660 particles were picked manually for reference-free 2D classification. The final density map was calculated from 108,560 particles. c, Gold-standard refinement was used for estimation of the final map resolution (solid black line). The global resolution of 3.58 Å was calculated using a FSC cut-off at 0.143. A model-to-map FSC curve (solid grey line) was also calculated. d, e, A C1 density map of the cytb6 f complex both with (d) and without (e) the detergent shell. The map is coloured according to local resolution estimated by RELION and viewed from within the plane of the membrane. The colour key on the right shows the local structural resolution in angstroms (Å).

                          Source data
                        


Extended Data Fig. 3 Cryo-EM densities and structural models of polypeptides in the cytb6 f complex.
Polypeptides are coloured as in Fig. 1. The contour levels of the density maps were adjusted to 0.0144.

                          Source data
                        


Extended Data Fig. 4 Cryo-EM densities and structural models of prosthetic groups, lipids and plastoquinone molecules in the cytb6 f complex.
c-type haems ( f, cn; dark blue), b-type haems (bp, bn; red), 9-cis β-carotene (orange), chlorophyll a (major conformation, dark green; minor conformation, light green), 2Fe-2S (burnt orange and yellow), plastoquinones (yellow), monogalactosyl diacylglycerol (light pink), phosphatidylcholine (light cyan), sulfoquinovosyl diacylglycerol (light green) and phosphatidylglycerol (light purple). The contour levels of the density maps were adjusted to 0.0068.


Extended Data Fig. 5 Alternative interpretation of the region assigned as PQ2.
a, b, The density map showing two possible alternative conformations for PQ2, the major conformation (a) and the alternative conformation (b). Cofactors are coloured as in Extended Data Fig. 4 with b-type haems (bp and bn) coloured red, c-type haems (cn) coloured dark blue, chlorophyll a (major conformation) coloured dark green, plastoquinones coloured yellow and the cytb6 subunit coloured light green. The contour level of the density map was adjusted to 0.0089.


Extended Data Fig. 6 Alternative interpretations of the density map in the region assigned as PQ3.
a, b, The density map modelled with a plastoquinone molecule (a) and a phosphatidylcholine molecule (b). Top, the protein-free density map; bottom, the map including cytb6 (green). The 2.9 Å distance indicates a close contact between the PQ3 head group and the conserved Lys208. Cofactors are coloured as in Extended Data Fig. 4 with b-type haems (bp and bn) coloured red, chlorophyll a (major conformation) in dark green, plastoquinones in yellow, phosphatidylcholine in light cyan, sulfoquinovosyl diacylglycerol in mint green and the cytb6 subunit in light green. The contour level of the density map was adjusted to 0.0127.


Extended Data Fig. 7 Multiple sequence alignment of cytb6 f subunits cytf and cytb6.
a, b, Sequences of cytf (a) and cytb6 (b) from cyanobacterial (M. laminosus and Nostoc sp. PCC7120), algal (C. reinhardtii) and plant (S. oleracea) subunits were aligned in Clustal Omega v.1.2.4. Conserved identities are indicated by asterisks, and similarities by double or single dots. Polar residues are coloured in green, positively charged residues are pink, hydrophobic residues are red and negatively charged residues are blue. The sequences omit signal peptides.


Extended Data Fig. 8 Multiple sequence alignment of the Rieske ISP, subunit IV, PetG, PetL, PetM and PetN.
a–f, Sequences of Rieske ISP (a), subunit IV (b), PetG (c), PetL (d), PetM (e) and PetN (f) from cyanobacterial (M. laminosus and Nostoc sp. PCC7120), algal (C. reinhardtii) and plant (S. oleracea) subunits were aligned in Clustal Omega v.1.2.4. Conserved identities are indicated by asterisks, and similarities by double or single dots. Polar residues are coloured in green, positively charged residues are pink, hydrophobic residues are red and negatively charged residues are blue. The sequences omit signal peptides.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table


Extended Data Table 2 Comparison of cofactor distances in b6f and bc1 dimers from different speciesFull size table





Supplementary information
Supplementary Figure 1
.Raw gel images of SDS-PAGE and Native-PAGE gels shown in Extended Data Fig. 1 b and c. a, SDS-PAGE (NuPAGE 12% Bis-Tris Gel; Invitrogen) analysis of the purified cyt b6f dimer. Lane 1, 10 µl Precision Plus Protein 10-250 kDa Unstained Standard (BioRad); lane 2, 1 µl of purified b6f dimer (~17 µM); lane 3, 2 µl of purified b6f dimer (~17 µM); lane 4, 3 µl of purified b6f dimer (~17 µM). The positions of cyt b6f subunits are marked. Empty lanes are indicated by a (-). Image cropped to include only lanes 1 and 2 as indicated by the black dashed box. b, Native-PAGE (Native-PAGE 3-12% Bis-Tris Gel; Invitrogen) analysis of the purified cyt b6f. Lane 1, 2 µl dimeric cyt b6f (~17 µM); lane 2, 1 µl of dimeric cyt b6f (~17µM) incubated with 1% triton for 1 hour to monomerise sample. The positions of cyt b6f monomer and dimer are marked. Image cropped to include only lanes 2 and 3 as indicated by the black dashed box.
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