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            Abstract
Cyclic electron flow around photosystem I (PSI) is a mechanism by which photosynthetic organisms balance the levels of ATP and NADPH necessary for efficient photosynthesis1,2. NAD(P)H dehydrogenase-like complex (NDH) is a key component of this pathway in most oxygenic photosynthetic organisms3,4 and is the last large photosynthetic membrane-protein complex for which the structure remains unknown. Related to the respiratory NADH dehydrogenase complex (complex I), NDH transfers electrons originating from PSI to the plastoquinone pool while pumping protons across the thylakoid membrane, thereby increasing the amount of ATP produced per NADP+ molecule reduced4,5. NDH possesses 11 of the 14 core complex I subunits, as well as several oxygenic-photosynthesis-specific (OPS) subunits that are conserved from cyanobacteria to plants3,6. However, the three core complex I subunits that are involved in accepting electrons from NAD(P)H are notably absent in NDH3,5,6, and it is therefore not clear how NDH acquires and transfers electrons to plastoquinone. It is proposed that the OPS subunits—specifically NdhS—enable NDH to accept electrons from its electron donor, ferredoxin3,4,5,7. Here we report a 3.1 Å structure of the 0.42-MDa NDH complex from the thermophilic cyanobacterium Thermosynechococcus elongatus BP-1, obtained by single-particle cryo-electron microscopy. Our maps reveal the structure and arrangement of the principal OPS subunits in the NDH complex, as well as an unexpected cofactor close to the plastoquinone-binding site in the peripheral arm. The location of the OPS subunits supports a role in electron transfer and defines two potential ferredoxin-binding sites at the apex of the peripheral arm. These results suggest that NDH could possess several electron transfer routes, which would serve to maximize plastoquinone reduction and avoid deleterious off-target chemistry of the semi-plastoquinone radical.
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                    Fig. 1: Cryo-EM density of the T. elongatus NDH.[image: ]


Fig. 2: Features of OPS subunits NdhO and NdhS and the β-hairpin of core subunit NdhI.[image: ]


Fig. 3: Arrangement of redox chain and cofactors within the peripheral arm.[image: ]


Fig. 4: Summary of proposed models for the electron-transfer mechanism of NDH.[image: ]
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                Data availability

              
              Cryo-EM maps for the dataset 1 overall, peripheral arm, with NdhS, without NdhS, with X-cofactor and without X-cofactor and dataset 2 overall have been deposited with the Electron Microscopy Data Bank under accession numbers EMD-0415, EMD-0416, EMD-0417, EMD-0418, EMD-0419, EMD-0420 and EMD-0425, respectively. Atomic coordinates for the overall complex for dataset 1, dataset 2 and composite have been deposited with the PDB under accession codes 6NBQ, 6NBX and 6NBY, respectively. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE62 partner repository with the dataset identifier PXD012206. All other data are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Purification and cryo-EM of NDH from T. elongatus.
a, Blue native PAGE gel of NDH solubilized by β-DDM and purified by Ni2+-affinity chromatography with fractions, positions of molecular-weight marker and NDH indicated. b, Size-exclusion chromatography trace of concentrated Ni2+-affinity eluates. The gold bar indicates the fraction that shows a single band corresponding to NDH on the blue native PAGE gel (right). See Supplementary Fig. 1 for source gels for a and b. c, Micrograph of frozen hydrated NDH used in this study, with exemplar particles boxed and 2D-class averages generated from dataset 1 showing clear internal features.


Extended Data Fig. 2 Cryo-EM data-processing workflow.
a, b, Schematic of pre-processing, classification and refinement procedures used to generate the maps obtained in this study (see Methods and Supplementary Methods for details) for dataset 1 (a) and dataset 2 (b). Boxed maps indicate those used in model building and solid boxes indicate those used for coordinate refinement. The masks used for focused classification of the X-cofactor are indicated in cyan. The apo- and holo X-cofactor focused maps are enlarged to emphasize the X-site (coloured purple). Resolutions are for an FSC of 0.143, as described in Methods.


Extended Data Fig. 3 Resolution assessment of cryo-EM maps and models.
a–c, Euler angle distributions (a), 3DFSC plots (b) and local resolution (RELION, unsharpened) maps (c) for the overall cryo-EM maps of dataset 1 (top) and dataset 2 (bottom). d, Sharpened maps used for coordinate refinement shown from both sides for dataset 1 (top left, yellow), dataset 2 (top right, pink), and the overlay (bottom left) and composite (bottom right, blue) maps. e, Model compared with map FSC for each dataset and composite map with their respective models calculated with PHENIX. f, Representation of the refined composite coordinate model, coloured according to B factor.


Extended Data Fig. 4 Comparison of the homologous cores of NDH and complex I.
a, Core subunits from T. elongatus (cyan) and T. thermophilus (orange, PDB: 4HEA) superimposed on NdhA/ND1 (the heel subunit) viewed from side (top) and top-down of the membrane arm (bottom). The antiporter domains are related by a rotation of approximately 10° about their central axis. The iron–sulfur clusters are similarly positioned. b, Core subunits and transverse helix aligned individually with observed differences highlighted in colour and labelled (white, conserved structure; blue, distinct to NDH; orange; distinct to complex I). c, Table of core subunit sequence homology (ID) and structural similarity (r.m.s.d.). d, e, Depiction of putative proton-translocation pathways (blue arrows) based on conserved charged residues for the distal (d) and PQ/Q-site adjacent (e) sites. f, Close-up view of the PQ/Q-site based on the location of the coordinating Tyr72 of NdhH (Tyr87 of Nqo4) reveals a difference in the of β1β2 loop of NdhH, which is displaced by approximately 9 Å relative to the complex I homologue Nqo4.


Extended Data Fig. 5 OPS subunits NdhL, NdhM, NdhN, NdhP and NdhQ.
a–d, Cartoon depictions of NdhL, NdhM, NdhN, NdhP and NdhQ, with surface representations indicating their location in the complex. a, NdhK (purple), NdhM (green) and NdhN (blue), with complementary β-strands formed between NdhK and NdhM (dashed red boxes). b, NdhL (red) connects the peripheral and membrane arms. c, NdhP (magenta) trapping a lipid (dark blue mesh) between NdhD (tan) and NdhF (light blue). d, NdhQ (orange) with density for dataset 1 (red mesh) and dataset 2 (blue mesh) for NdhQ and the NdhF transverse helix, which is of higher quality in the presence of NdhQ. All density is at σ = 3.


Extended Data Fig. 6 Electrostatics of the peripheral arm.
a–c, Left, surface model views of the peripheral arm with the NdhI β-hairpin, NdhO and NdhS coloured in cyan, purple and yellow, respectively. Right, corresponding electrostatic potential surfaces calculated at pH 8 (see Methods) with the colour key shown at the bottom. a, Peripheral arm viewed down the β-hairpin of NdhI. The electrostatic potential of this view shows two positive patches circled in white and labelled as NdhO-adjacent (O-site) and NdhS-adjacent (S-site). b, S-site viewed with the indicated rotational relationship to a with Arg69 of NdhS outlined in orange. c, O-site viewed with the indicated rotational relationship to b with the basic triplet (Lys89-Lys90-Lys91) of NdhI and Lys4-Lys5 of NdhO outlined in orange. d, Alignments of NdhO (top) and NdhS (bottom) homologues with β-strand regions indicated, numbered according to the T. elongatus sequence. Boxed regions indicate exposed regions facing the respective sites, and basic residues are coloured blue. Predicted chloroplast localization sequences are removed when applicable. The sequence of S. oleracea NdhS is not available. Residues 1–42 for T. elongatus NdhS are not conserved and are not observed in our structure, and have been removed for the purposes of alignment.


Extended Data Table 1 Summary of subunitsFull size table


Extended Data Table 2 Mass spectrometry data from the purified NDH complexFull size table


Extended Data Table 3 Cryo-EM data collection, refinement and validation statisticsFull size table
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