
Letter
https://doi.org/10.1038/s41586-019-0921-0

Structure of the complex I-like molecule NDH 
of oxygenic photosynthesis
Thomas G. Laughlin1,2, Andrew N. Bayne3,4, Jean-François Trempe3,4, David F. Savage1 & Karen M. Davies1,2*

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, ferredoxin3–5,7. 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.

To investigate the role of the OPS subunits in electron transfer 
through NDH, we performed single-particle cryo-electron microscopy 
(cryo-EM) on the principal NDH complex of T. elongatus (NDH-1L/
NDH-11)3,6. The T. elongatus complex represents the fundamen-
tal NDH architecture, which is conserved from cyanobacteria to 
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Fig. 1 | Cryo-EM density of the T. elongatus 
NDH. a–c, Different views of the overall 
cryo-EM reconstruction of the T. elongatus 
NDH complex segmented by subunit 
(threshold 0.025), coloured as indicated by 
the key in d, and labelled by one-letter subunit 
code. Relative orientations are indicated and 
the membrane is depicted schematically. The 
map was segmented 3 Å about the model and 
filtered to a Fourier shell correlation of 0.143 
and left unsharpened (B = 0). Densities 
for NdhC, NdhF and NdhQ are from the 
second dataset map, all others are from the 
first dataset. The density is representative of 
reconstruction from the two datasets (n = 2). 
d, Colour key defining OPS and homologous 
core subunits. e, Sample fits-to-density 
(σ = 3) of the final model into the sharpened 
composite map of an example α-helix (left) 
and β-sheet (right).
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chloroplasts3,6,8–10. The NDH complex was solubilized from thylakoids 
using detergent and purified by making use of the native ‘His-loop’ that 
is distinct to the NdhF(1) subunit of T. elongatus NDH-1L/NDH-11 
(Methods, Extended Data Fig. 1). The identity of the complex was 
confirmed by mass spectrometry, through which all 11 core subu-
nits (NdhA to NdhK; including NdhF(1)), six of the seven conserved 
OPS subunits (NdhL to NdhP, NdhS) and cyanobacterial-specific 
subunit NdhQ were detected (Extended Data Tables 1, 2). Only the 
conserved OPS subunit NdhV, which is weakly associated with NDH, 
was absent11,12. Single-particle analysis of two independently purified 
samples resulted in two maps of the overall complex, at 3.1 Å and 3.5 
Å resolution (Fig. 1, Extended Data Figs. 2, 3). Both maps are highly  
consistent and show clear side-chain density for the majority of  
residues, thus enabling atomic modelling (Extended Data Fig. 3, 
Extended Data Table 3; see Methods for details). The distal region 
of the membrane arm is better resolved in the 3.5 Å map, whereas 
the remainder of the structure is better resolved in the 3.1 Å map 
(Extended Data Fig. 3c). Density was observed for all subunits except 
NdhV, which was also absent in the mass spectrometry data (Extended 
Data Tables 1, 2).

NDH adopts an L-shaped structure that is characteristic of respira-
tory NADH dehydrogenase complexes8–10 (Fig. 1). The NDH complex 
possesses a membrane arm of approximately 195 Å in length, and a 
peripheral arm that extends only about 70 Å above the membrane, in 
contrast to the extension of around 135 Å that is observed in respira-
tory enzymes8–10. The shorter peripheral arm in the NDH complex 
is consistent with the absence of the NADH dehydrogenase domain 
subunits13,14. The 11 core subunits of NDH are positioned similarly to 

their counterparts in the respiratory complex (Extended Data Fig. 4a–c, 
Supplementary Figs. 2–12). NdhB, NdhD and NdhF—homologous to 
the Mrp Na+/H+ antiporter-like subunits of complex I—are positioned 
at the distal end of the membrane arm. NdhA, NdhC, NdhE and NdhG 
form the proximal membrane-arm region, which links the antiport-
er-like subunits to the base of the peripheral arm. As is the case in 
the respiratory enzyme8,10,15, these subunits form an additional pro-
ton-channel and couple plastoquinone reduction to the ion-pumping 
activities of the complex4,8,10,15 (Extended Data Fig. 4d, e). The remain-
ing four homologous subunits—NdhH, NdhI, NdhJ and NdhK—form 
the core of the peripheral arm. The structures of these four subunits 
are similar to those of their respiratory homologues, with the notable 
exception of NdhK, which possesses N- and C-terminal extensions that 
interface with OPS subunits (Extended Data Figs. 4b, 5a).

The seven observed OPS subunits are distributed throughout the 
NDH complex (Fig. 1). NdhL, NdhP and NdhQ are located in the 
membrane arm. NdhL consists of a transmembrane helix followed 
by two short helices—rich in phenylalanine and leucine residues—
that are connected to each other by a sharp proline turn within the  
membrane and an extended C-terminal coil that reaches from NdhA to 
NdhI (Extended Data Fig. 5b). NdhP and NdhQ are single transmem-
brane helices and are adjacent to NdhD on opposite sides of the mem-
brane arm. NdhP traps a lipid molecule at the NdhD/NdhF interface 
(Extended Data Fig. 5c), and NdhQ seems to stabilize the horizontal 
helix of NdhF (Extended Data Fig. 5d). Thus, the membrane OPS sub-
units probably stabilize adjacent elements of the complex, as has been 
observed in previous studies14,16,17.

The remaining four OPS subunits (NdhM, NdhN, NdhO and NdhS) 
are located on the peripheral arm (Fig. 1). NdhM and NdhN are α/β 
proteins located on the side of the peripheral arm and form a series of 
interactions with the terminal extensions of NdhK, such as inter-subunit  
antiparallel β-sheets (Extended Data Fig. 5a). NdhS and NdhO are 
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Fig. 2 | Features of OPS subunits NdhO and NdhS and the β-hairpin 
of core subunit NdhI. a, The main image is a surface model of the boxed 
region in the inset. Transparent surfaces of NdhI (blue), NdhO (purple) 
and NdhS (yellow) are shown along with cartoon atomic models. Distances 
shown are approximate from the nearest edge of NdhO and NdhS to the 
NdhI β-hairpin. b, Superposition of NdhO and NdhS. Root mean square 
deviation (r.m.s.d.), 0.92 Å. The hash pattern denotes the surface facing 
the O- and S-site, respectively. c, Alignment of NdhI homologues from 
cyanobacterial (cyano), chloroplastic (chloro), and respiratory (resp) 
complexes, with basic residues in bold blue text and the conserved basic 
triplet as white text with blue background. The T. elongatus secondary 
structure and numbering is indicated above the alignment. Species and/
or strains shown are Synechococcus elongatus PCC 7942, Synechocystis sp. 
PCC 6803, Cyanothece sp. ATCC 51142, Nostoc (Anabaena) sp. PCC 7120, 
Gloeobacter violaceus PCC 7421, Arabidopsis thaliana, Spinacia oleracea, 
Amaranthus hybridus, Thermus thermophilus, Yarrowia lipolytica and Bos 
taurus. d, NdhI β-hairpin cartoon model with the basic triplet shown as 
sticks.
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position approximated based on coordinating Tyr72 of NdhH. c, 
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viewed from arrow in a. Residues within 8 Å of the X-cofactor centre are 
displayed as sticks.
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positioned at the apex of the peripheral arm and on opposing sides 
(related by a rotation of around 170°) of the entry-point iron–sulfur 
cluster in the core subunit NdhI (Fig. 2a). Their position and distance 
to the cluster (around 25 Å) suggest a possible role in facilitating redox 
chemistry.

Previous studies have revealed ferredoxin as the electron donor for 
the reduction of plastoquinone by NDH4,5,7,18. Ferredoxin is a [2Fe-2S] 
cluster protein with an approximate size of 10 Å × 25 Å, and is a soluble 
electron-carrier that leverages protein–protein interactions for targeted 
redox chemistry. Many proteins that interact with ferredoxin contain 
SH3-like domains19,20 (for example, PsaE of PSI), and it has been shown 
that NdhS both adopts an SH3-like fold (PDB: 3C4S, unpublished) and 
interacts with ferredoxin5,7,18. Notably, our data show that NdhO also 
adopts an SH3-like fold, which is highly similar to that of NdhS (root 
mean square deviation of 0.92 Å, Fig. 2b); this raises the question of 
where exactly ferredoxin binds.

The surface of ferredoxin is highly acidic (pI < 4) and its recruitment 
is often driven by basic patches on the binding partner21–23. An electro-
static surface calculated for the peripheral arm (Extended Data Fig. 6a) 
shows two positively charged putative binding sites that encompass 
analogous β-strand elements of either NdhS (S-site) or NdhO (O-site), 
respectively. Previous work in Arabidopsis has implicated Arg69 (using 
T. elongatus numbering) of NdhS as forming part of a ferredoxin-bind-
ing site5,18. However, the S-site is a small, narrow cleft (about 10 Å 
wide) and Arg69 is largely inaccessible from the surface (Extended 
Data Fig. 6b) Therefore, if NdhS does bind ferredoxin, it is likely that 
an alternative surface or conformation would be involved.

The NdhO-adjacent site (O-site) is substantially wider (about 30 
Å) and appears to be more suitable for ferredoxin binding (Extended 
Data Fig. 6c). A notable feature of the O-site is the β-hairpin of NdhI, 
which extends approximately 15 Å from the surface of the peripheral 
arm above the entry-point iron–sulfur cluster. This structural element 
contains a ‘basic triplet’ (Lys89-Lys90-Lys91), which is conserved 
across photosynthetic homologues but is absent in respiratory forms 
(Fig. 2c, d). Along with Lys4-Lys5 of NdhO, this basic triplet imparts 
the O-site with considerable positive charge, which is characteristic 
of a ferredoxin-binding site. It is therefore possible that NDH has two 
ferredoxin-binding sites.

Electron transfer through respiratory complex I involves a series of 
metal clusters in the peripheral arm8–10,15. Solid representation of the 

NDH maps reveals four strong densities in the peripheral arm (Fig. 3a). 
Three of these densities (two in NdhI and one in NdhK) correlate with 
the final three [4Fe-4S] clusters of the electron-transfer pathway of the 
respiratory enzyme8–10 (Extended Data Fig. 4a), which extends from 
the β-hairpin loop of NdhI to the predicted plastoquinone-coordinat-
ing Tyr72 in NdhH (Fig. 3b, Extended Data Fig. 4f). Furthermore, each 
of these three densities are coordinated by four cysteine residues, which 
are characteristic of the [4Fe-4S] clusters found in traditional redox 
pathways in these enzymes.

To our knowledge, the fourth density has never been observed in any 
homologous structure. This density—which we term the X-cofactor 
owing to its unknown composition—is at the interface of core subu-
nits NdhA, NdhH, NdhK and OPS subunit NdhM. We term this the 
‘X-site’, and it seems to be solvent-exposed (Fig. 3c, Extended Data 
Fig. 2). Although the X-cofactor is more than 25 Å from the plastoqui-
none-proximal cluster of NdhK (Fig. 3b), nearby aromatic residues 
Tyr46 of NdhH and Tyr48 of NdhK could connect the X-cofactor 
and the terminal iron–sulfur cluster by acting as an electron-transfer 
conduit, as has been observed in other redox complexes24,25. Focused 
classification on the X-site in either of the two datasets revealed that 
only about 30% of particles contained the X-cofactor; however, despite 
a labile nature, the peak is substantial (Fig. 3a, Extended Data Fig. 2; 
see Methods for processing details). The local environment around 
the X-cofactor is composed mainly of hydrophilic residues, including 
a number of positively charged groups (Fig. 2c). Despite the unchar-
acteristic local environment, the strong intensity for the X-cofactor is 
consistent with a metallocofactor, and the location of the two tyrosine 
residues suggest that it could be involved in the transfer of electrons 
to plastoquinone.

A critical aspect of the NDH redox mechanism is that ferredoxin 
shuttles only one electron; however, two donation events are required 
for the complete reduction of plastoquinone to PQH2, which proceeds 
through a semiquinone radical intermediate (PQ•H) (Fig. 4). This is in 
contrast to complex I, which accepts two electrons from a single NADH 
molecule to complete its redox mechanism15. The plastoquinone site in 
our NDH structure is similar to the homologous Q-site of complex I, 
which has been proposed to be capable of stabilizing the semiquinone 
radical intermediate9,15. Therefore, although the mechanism for the 
stabilization of the radical intermediate may be conserved, our struc-
ture reveals how features of the OPS subunits that are distinct to NDH 
might further mitigate the deleterious effects of a PQ•H radical. First, 
NdhS and NdhO may define two binding sites on NDH, enabling more 
rapid, successive donation events than a single-site mechanism and thus 
maximizing the complete reduction of plastoquinone to PQH2. Second, 
the X-cofactor may participate in redox activity and act as an electron 
buffer, abstracting an electron from a long-lived PQ•H and returning 
the electron when PQ•H is reformed by a second ferredoxin-donation 
event, thus completing the reduction to PQH2. Third, the X-cofactor 
may provide an alternative point of entry for electrons, thereby  
enabling the parallel reduction of plastoquinone from two distinct  
electron-donation pathways. The atomic model presented here  
provides a framework for future functional studies to discern amongst 
these putative mechanisms.

Online content
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Methods
Data reporting. No statistical methods were used to predetermine sample size. 
The experiments were not randomized and the investigators were not blinded to 
allocation during experiments and outcome assessment.
Purification of NDH from T. elongatus. NDH (NDH-1L/NDH-11) was purified 
from T. elongatus BP-1 by Ni2+-affinity and size-exclusion chromatography using 
the native histidine-rich loop within the most distal antiporter-like subunit NdhF1 
of the NDH-1L/NDH-11 complex26. T. elongatus membranes were prepared as pre-
viously described27 and frozen at −80 °C. All subsequent steps were performed on 
ice or at 4 °C unless otherwise specified. Before extraction, membranes were thawed 
and washed twice with buffer S (20 mM Bis-Tris, pH 6.0, 100 mM NaCl, 20% v/v 
glycerol, 1 mM PMSF, one cOmplete, EDTA-free Protease Inhibitor Cocktail per 50 
ml) by resuspension and centrifugation at 25,000g for 30 min. Washed membranes 
were then resuspended at approximately 4 mg protein per ml in buffer S, mixed 1:1 
with buffer S containing 2% (w/v) β-dodecyl-maltoside (β-DDM, Anatrace), and 
gently agitated for 30 min. Insoluble material was removed by centrifugation at 
165,000g for 45 min and the supernatant passed through a 0.45 μm filter. Filtered, 
solubilized material was bound in batch to Ni-Sepharose FF resin (GE Healthcare) 
for 1 h. The resin was then washed with buffer N (20 mM Bis-Tris, pH 6.0, 100 mM 
NaCl, 10% v/v glycerol, 0.03% β-DDM) in a gravity-flow column until no protein 
was detected by a Bradford assay28. The bound protein was subsequently eluted 
with buffer N + 100 mM imidazole. Fractions were pooled and concentrated in 
a 100-kDa-cutoff spin-concentrator (Vivaspin) to 10–12 mg ml−1. Concentrated 
sample was then injected onto a Superose 6 10/300 GL column equilibrated in 
and ran isocratically with buffer G (20 mM Bis-Tris, pH 6.0, 100 mM NaCl, 0.03% 
β-DDM). Fractions containing NDH were determined by Blue-Native PAGE29 and 
negative-stain transmission electron microscopy.
Mass spectrometry of purified NDH complex. NDH proteins (20 μg) obtained as 
described in the previous section were extracted using the methanol/chloroform 
precipitation method30. The pellet was resuspended in 10 μl of 8 M urea and the 
pH was adjusted by the addition of 5 μl triethylammonium carbonate 50 mM 
buffer at pH 8.5. Tris(2-carboxyethyl)phosphine was added to a final concentration 
of 10 mM and the mixture was incubated for 10 min at 50 °C to reduce disulfide 
bonds. Iodoacetamide was added to a final concentration of 50 mM followed by 
incubation at room temperature for 30 min in the dark. The sample was diluted to 
80 μl with 50 mM triethylammonium carbonate pH 8.5 (final concentration 1 M  
urea). The sample was split into two portions and digested overnight at room 
temperature with 0.5 μg of either trypsin or chymotrypsin (Sigma, proteomics 
grade). The peptides were then purified using C18 spin columns (Thermo) using 
the manufacturer’s protocol. The peptides were eluted in 2 × 40 μl 70% acetonitrile, 
dried in a Savant SPD1010 SpeedVac concentrator (Thermo) and resuspended in 
24 μl of 4% acetonitrile/0.1% trifluoroacetic acid.

For the in-gel digested samples, two blue native PAGE bands corresponding to 
the NDH complex were isolated and processed in parallel using a standard in-gel 
digestion procedure, as previously described31. In brief, the gel pieces were excised, 
reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide, destained and 
digested overnight with chymotrypsin at 37 °C. Chymotryptic peptides were 
extracted with acetonitrile, dried in a speed-vac and resuspended in 20 μl of 4% 
acetonitrile/0.1% trifluoroacetic acid.

Purified peptides (2.5 μg) were captured on a C18 μ-precolumn and eluted onto 
an Acclaim PepMap100 C18 column (75 μm × 15 cm) with a 1 h 5–40% gradient of 
acetonitrile in 0.1% formic acid at 300 nl min−1. The eluted peptides were analysed 
with an Impact II Q-TOF spectrometer equipped with a CaptiveSpray electrospray 
source with an acetonitrile-enriched NanoBooster gas (Bruker). Data was acquired 
using data-dependent auto-MS/MS with an m/z range of 150–2,200, a fixed cycle 
time of 3 s, a dynamic exclusion of 1 min, an m/z-dependent isolation window of 
1.5–5 m/z and collision energy in the range of 25–75 eV32.

The raw data were processed using Andromeda, integrated into MaxQuant33 
(version 1.6.1.0). Specific searches with either trypsin (before K,R) or chymotrypsin 
(before F,Y,W,L,I,M) were performed against the T. elongatus (strain BP-1) pro-
teome (2,451 proteins; ID: UP000000440; NdhP and NdhQ appended). Focused 
searches were also performed against only Ndh subunits. In both cases, common 
contaminants provided by MaxQuant were also included. Tryptic and chymot-
ryptic peptides were permitted a maximum of two missed cleavages. All searches 
were performed with cysteine carbamidomethylation as a fixed modification, as 
well as N-acetylation and methionine oxidation as variable modifications. Default 
MaxQuant instrument parameters for Bruker Q-TOF data were used, including 
a first search peptide mass tolerance of 0.07 Da, main search peptide tolerance 
of 0.006 Da, and isotope match tolerance of 0.005 Da. The false discovery rate 
threshold was set to 1%.
Cryo-electron microscopy grid preparation and image acquisition. To prepare 
cryo-EM grids for dataset 1, 3 μl of purified NDH (around 35 nM) in buffer G  
was applied to R1/2 Cu 300 grids (Quantifoil) coated with a thin layer of home-
made continuous carbon film and glow-discharged for 15 s immediately before 

use. The sample was applied to the grid and incubated for 30 s at 100% humidity 
and 22 °C, before blotting for 2–3 s with blot force 18 using Whatman no. 1 filter 
paper and plunging into liquid ethane cooled to liquid-nitrogen temperatures34 
using a FEI Vitrobot Mark IV. Dataset 2 grids were prepared in the same way, 
but at an estimated NDH concentration of around 80 nM and using R2/2 Cu 300 
grids (Quantifoil).

Dataset 1 was acquired on a FEI Titan Krios G2 transmission electron micro-
scope operated at 300 kV and equipped with a Gatan K2 Summit direct electron 
detector camera at the Bay Area Cryo-EM facility at the University of California, 
Berkeley. Movies were recorded in super-resolution counting mode at an effective 
pixel size of 0.534 Å, with a cumulative exposure of about 50 e− A−2 distributed 
uniformly over a 7-s exposure fractionated into 35 frames. Data acquisition was 
performed using SerialEM35 with one exposure per hole and focusing for each 
exposure to a target defocus range of −1.3 μm to −3.0 μm.

Dataset 2 was acquired in a similar manner but with the following modifica-
tions. The microscope was operated in EFTEM mode with a Gatan Quantum LS 
Imaging Filter set to a slit width of 25 eV. Three movies per hole were recorded 
with a super-resolution pixel size of 0.4516 Å, a cumulative exposure of about 60 
e− A−2 distributed uniformly over a 6-s exposure fractionated into 30 frames, and 
a target defocus range of −0.8 μm to −2.5 μm.
Image processing. For dataset 1, a total of 2,519 movie stacks were collected 
as described in the previous section. Preprocessing was performed during data 
collection within Focus36. Super-resolution movie stacks were drift-corrected in 
5 × 5 patches, dose-weighted, and Fourier-cropped to 1.068 Å per pixel using 
MotionCor2-v1.0.037. Contrast transfer function parameters were estimated from 
the non-dose-weighted, aligned micrographs using GCTF-v1.0638. The data was 
manually inspected and micrographs of empty carbon, excessive ice-contamina-
tion or poor power spectrum were removed, resulting in 2,192 micrographs that 
were used for further processing. All classification and reconstruction steps were 
performed using RELION-v2.1.039, unless otherwise specified. A total of 4,285 
particles were picked manually from 100 micrographs and extracted in a 3602 pixel 
box. These particles were subjected to reference-free 2D-classification to generate 
2D references for the auto-picking of all micrographs using Gautomatch-v0.56 
(https://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/). A total of 176,394 were 
extracted using a 3602 pixel box and subjected to 3D-classification (K = 5) using a 
60 Å low-pass-filtered ab initio reference generated in cryoSPARC40. Selected 3D 
classes were then subjected to reference-free 2D-classification with selected classes 
resulting in 119,592 particles. An additional round of 3D-classification (K = 3 or 
K = 5) did not yield classes with clearly distinguishable features. Particles were 
re-extracted and re-centred, and contrast transfer function parameters were refined 
locally. Unmasked refinement using all particles yielded a reconstruction at 4.1 Å. 
Local movie-refinement and particle-polishing improved the resolution to 4.0 Å, 
and inclusion of a soft mask during refinement further improved the resolution to 
3.7 Å. All further classifications and focused refinements use soft masks around the 
regions of interest without image alignment and using the consensus refinement 
as a starting point.

To further improve the overall map, 3D classification of the entire complex 
was performed (K = 3, T = 12) and the most abundant class refined using a soft 
mask and local-searches to obtain a 3.7 Å overall map from 81,670 particles with 
improved features compared to the consensus refinement. The peripheral and 
membrane arms were each subjected to refinement with signal subtraction41 of 
the opposite domain. The outputs from refinement were then further classified 
(K = 3, T = 12, E-step limit = 8 Å) and the dominant class in each case refined. 
This resulted in a noticeably improved map for the peripheral arm at 3.6 Å resolu-
tion and a slight improvement in the connectivity in areas of the membrane arm 
at an overall resolution of 3.8 Å. A map with marginally improved connectivity for 
NdhF was obtained after masked classification (K = 3, T = 12, E-step limit = 8 Å) 
and refinement of the entire membrane arm at 3.9 Å resolution. The map quality 
of regions suspected of partial-occupancy corresponding to NdhS and the X-site 
were improved by further classification (K = 3 for NdhS and K = 5 for X-cofactor, 
T = 20, E-step limit = 8 Å) and subsequent refinement of the dominant bound- 
and apo-states for the entire peripheral arm.

With regards to the processing of the X-site, the X-factor was initially observed 
in unmasked 3D-classification of the overall complex in dataset 1 at a similar inten-
sity to the [4Fe-4S] cluster. After model-building into the surrounding protein 
density, characteristic residues for iron–sulfur clusters (for example, cysteine and 
histidine) were not present at this site. To further improve the density of this region, 
focused 3D classification on the X-site was performed using a diameter mask of 
approximately 45 Å centred about the X-site and softened with a cosine-edge of 8 
voxels (around 8.5 Å), as depicted in Extended Data Fig. 2. The 3D classification 
was performed on membrane arm signal-subtracted particles without image align-
ment and using the peripheral arm map low-pass-filtered to 35 Å as the initial ref-
erence, K = 5, T = 20 and limiting the E-step limit = 8 Å. The X-cofactor class was 
selected for 3D auto-refinement using the peripheral arm map low-pass-filtered 
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to 35 Å as a reference, with a mask over the entire peripheral arm softened with a 
cosine-edge of 8 voxels (around 8.5 Å) and local angular searches.

During preparation of this manuscript, RELION-v3.0.b242 was released with 
a new CtfRefine function, which enabled estimation and correction of beam-tilt. 
CtfRefine was used for the overall, the X-cofactor-bound and the apo maps, which 
lead to final resolutions of 3.1 Å, 3.4 Å and 3.3 Å, respectively.

For dataset 2, a total of 1,385 movies were collected as described in the previ-
ous section and preprocessed through Focus as described for dataset 1, using the 
appropriate pixel size and exposure. After manual inspection, 1,364 micrographs 
were chosen for further processing. The 2D-references from dataset 1 were used 
for auto-picking using Gautomatch-v0.56 with appropriate scaling. All classifica-
tion and reconstruction steps were performed using RELION-v3.0.b2. A total of 
98,145 particles were extracted using a 4482 pixel box with a binning factor of 3.5 
(Nyquist limit (NQ) of 6.3 Å) and subjected to two rounds of reference-free 2D 
classification. Classes showing clear secondary structure features were selected, 
resulting in 90,266 particles. These particles were re-extracted using a 4242 pixel 
box with a binning factor of 1.25 (NQ of 2.3 Å). Refinement using a 35 Å low-
pass-filtered reference from dataset 1 resulted in a 4.1 Å map with density for an 
additional transmembrane helix (TMH) adjacent to NdhD and NdhF compared 
to dataset 1, which was later identified as NdhQ. All further refinement steps were 
performed using a soft mask and local searches about the consensus refinement. 
Subsequent refinement of both beam-tilt and per-particle defocus with CtfRefine 
and Bayesian polishing43 resulted in improvements of 0.5 Å and 0.2 Å, respec-
tively. Further 3D classification without image alignment (K = 3, T = 12) and 
refinement of the dominant class resulted in a 3.3 Å reconstruction from 66,760 
particles. To improve the distal region of the membrane arm, focused classification 
was performed using a soft mask around the distal region of the membrane arm 
(K = 3, T = 16, E-step limit = 8). The top class displayed clear density for NdhQ 
and was selected for subsequent refinement, resulting in a 3.5 Å reconstruction of 
the overall complex from 34,655 particles. The X-cofactor map for this dataset was 
obtained as for dataset 1, but using three classes (K = 3) for the classification step.

All reported global map resolutions correspond to the ‘gold-standard’ Fourier 
shell correlation (FSC) of 0.143 between independently refined half-maps, with 
phase-randomization to correct for masking artefacts44 and B-factors calculated as 
implemented in the post-processing function of RELION45. Local resolution maps 
were generated with RELION using default parameters. Directional FSC curves 
and map anisotropy were assessed using the 3DFSC46. For visualization, maps 
were corrected for the modulation transfer function of the detector and filtered 
to the global resolution.
Model building and refinement. In brief, the maps from the two datasets were 
aligned and resampled onto the same grid using UCSF Chimera-v1.11.247. For 
the 11 core subunits (NdhA– NdhK), homology models were generated on the 
basis of the T. thermophilus complex I crystal structure8 (PDB ID: 4HEA) using 
the I-TASSER webserver48. Secondary-structure predictions for all subunits were  
generated using Phyre249, PsiPred50 and ESPript-3.051 webservers. All manual 
adjustment and building was performed using COOT-v0.8.852,53. The homology  
models were adjusted and rebuilt into the maps. The remaining density was assigned 
to the novel OPS subunits. The initial models for the two datasets were then 
refined in PHENIX-v1.1354 using phenix.real_space_refine55 with auto-detection  
of secondary-structure assignments. The models and maps were then inspected to 
manually adjust secondary-structure assignments. This was followed by iterative 
rounds of real-space refinement in PHENIX and manual rebuilding in COOT. 
The ‘Composite’ map and model was then made from NdhC, NdhF and NdhQ 
density from dataset 2 and the remainder from dataset 1, using ‘vop maximum’ 
in Chimera after normalizing maps to a similar greyscale using ‘vop rescale’.  
The final models were assessed by MolProbity-v4.456, EMRinger webserver57 and 
map-vs-model FSC.

More specifically, initial modelling relied predominantly on the 3.7 Å over-
all complex and 3.6 Å peripheral arm maps from dataset 1 obtained using 
RELION-v2.1.0. Focused classifications and refinements were performed in 
conjunction with model building, which yielded the improved NdhS region in 
the 3.8 Å NdhS-focus map of the peripheral arm and marginally improved dis-
tal membrane arm region with the 3.9 Å membrane arm map. After placement  
and rebuilding of homology models for the core subunits, the remaining density 
was assigned to OPS subunits. The density corresponding to NdhS was initially 
identified by its all-β-strand secondary structure and a homology model of a  
crystal structure (PDB: 3C4S) of NdhS from a mesophilic cyanobacterium. NdhL 
was identified first on the basis of its predicted two TMHs. The density correspond-
ing to a single TMH between NdhD and NdhF was suspected to be either NdhP  
or NdhQ, and was ultimately identified as NdhP on the basis of the fit of landmark 
aromatic residues. NdhO was identified on the basis of its predominantly β-strand 
structure. NdhM and NdhN were identified by testing primary sequence regis-
ters after tracing the main chains for these subunits. No density was observed for  
NdhQ in dataset 1, nor for residues 517–583 of NdhF, which were left unmodelled. 

After initial model building and refinement against the 3.7 Å overall map, the 
cryo-EM data was reprocessed with estimated beam-tilt correction in the recently 
released RELION-v3.0.b2 to obtain the 3.1 Å overall map from dataset 1. The 3.7 
Å refined model was consistent with the 3.1 Å map, but with improved side-chain 
density.

Dataset 2 was collected after model-building for dataset 1 using a sample from 
a different round of purification, and was processed entirely through RELION-
v3.0.b2. Dataset 2 yielded a lower global resolution for the overall complex, but 
with an improved membrane arm (Extended Data Fig. 3c) that revealed density 
for NdhQ and NdhF residues 517–583.

In addition to the improved distal region of the membrane arm, dataset 2 shows 
differences in the N termini of NdhA and NdhC. For dataset 1, weak cylindrical 
density is present adjacent to the N terminus of NdhA. This density extends at 
a slant through the detergent belt from the lumenal to the stromal side of the 
complex. The density is consistent with an approximately 24-residue helix that is 
tentatively assigned as NdhA residues 4–27 in the dataset 1 model (PDB: 6NBQ), 
but left as UNK owing to the absence of clear side-chain density. A similar density 
is not observed in the dataset 2 map, therefore it was not included in the compos-
ite model (PDB: 6NBY) and may represent a detergent-belt artefact. Adjacent to 
this density, the NdhC N-terminal TMH (residues 20–43) also differs between 
the two datasets. The helix in dataset 2 (PDB: 6NBX) most closely resembles the 
position of its homologue Nqo7 in complex I (PDB: 4HEA), and appears almost 
upright. In dataset 1, the helix is tilted at an angle of approximately 55° towards 
the distal region of the membrane arm with respect to the pivot point of residue 
20. Connecting density from 43–65 is not observed in either map and is predicted 
to be a disordered region. It is unclear if this difference in position is related to the 
NdhA N-terminal density. The position from dataset 2 was used for the composite 
model owing to its similarity to the homologue in complex I.
Visualization and analysis. Figures of maps and models were prepared with 
Chimera and PyMOL-v1.8.258. Superposition of structure was performed in 
PyMOL using the ‘super’ command. The electrostatic surface representation was 
generated with the APBS-v2.059 plugin in PyMOL using the PARSE force field in 
PDB2PQR and pH = 8, to approximate the daytime stromal/cytosolic pH, in order 
to prepare the model for calculations. All alignments were performed using the 
Clustal Omega webserver60 with sequences obtained from Uniprot61.
Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this paper.

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 reposi-
tory with the dataset identifier PXD012206. All other data are available from the 
corresponding author upon reasonable request.
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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.
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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.



LetterRESEARCH

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.
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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.
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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.
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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.
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Extended Data Table 1 | Summary of subunits

aT. elongatus. bA. thaliana. cT. thermophilus. dY. lipolytica. eB. torus. fIdentical to A. thaliana Cg01250.
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Extended Data Table 2 | Mass spectrometry data from the purified NDH complex

Values from focused (whole proteome) search
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Extended Data Table 3 | Cryo-EM data collection, refinement and validation statistics
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