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SUMMARY

The Na'-pumping NADH-quinone oxidoreductase (Na™-NQR) is a key respiratory enzyme in many
marine and pathogenic bacteria that couples electron transfer to Na'-pumping across the membrane.
Earlier X-ray and cryo-EM structures of Na'-NQR from Vibrio cholerae suggested that the subunits
harboring redox cofactors undergo conformational changes during catalytic turnover. However, these
proposed rearrangements have not yet been confirmed. Here, we have identified at least five distinct
conformational states of Na'-NQR using: mutants that lack specific cofactors, specific inhibitors or low-
sodium conditions. Molecular dynamics simulations based on these structural insights indicate that 2Fe-
2S reduction in NqrD/E plays a crucial role in triggering Na' translocation by driving structural
rearrangements in the NqrD/E subunits, which subsequently influence NqrC and NqrF positioning. This
study provides the first structural insights into the mechanism of Na" translocation coupled to electron

transfer in Na*-NQR.
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INTRODUCTION

The Na"-pumping NADH-quinone oxidoreductase (Na'-NQR) is the first enzyme in the respiratory
chain of numerous marine and pathogenic bacteria, including Vibrio cholerae, Neisseria gonorrhoeae,
and Haemophilus influenzae. Na'-NQR catalyzes the transfer of electrons from NADH to quinone,
coupled to the translocation of Na’, generating an electrochemical Na® gradient across the inner
membrane. This gradient powers essential energy-dependent processes such as ATP synthesis, rotation
of the flagellar motor, transport of nutrients, and operation of multi-drug transporters' . As originally
revealed by biochemical and biophysical studies, Na’-NQR is an integral membrane complex composed
of six subunits (NqrA-F) encoded by the ngr operon, with five spectroscopically visible redox cofactors
(FAD, 2Fe-2S, 2FMN:ss, and riboflavin) and a total molecular mass or approximately 200 kDa Na'-NQR
is exclusively found in prokaryotes and is structurally unrelated to the mitochondrial H'-pumping
NADH-quinone oxidoreductase (respiratory complex I), making it a promising target for highly
selective antibiotics™*.

X-ray crystallographic™® and single-particle cryo-EM analyses®’ have revealed the entire architecture
of Na'-NQR (Fig. 1a). The cytoplasmic domain of the NqrF subunit includes a Rossmann nucleotide
binding motif, where NADH binds, and contains one non-covalently bound FAD (FADNY) that is the
initial acceptor of electrons, and one 2Fe-2S cluster (2Fe-2SN4F)*°. The membrane-embedded NqrD and

NgrE subunits form an inverted repeat structure that coordinates a second 2Fe-2S (2Fe-2SN4P/F) 210712

originally assigned as a single iron atom in the initial x-ray crystallographic model” and subsequently
identified as a 2Fe-2S cluster by cryo-EM, although it still lacks any spectroscopic or kinetic signature.
The periplasmic NqrC has one covalently bound FMN (FMNY¥C) in its hydrophilic region'*'*. The
NgrB subunit is an integral membrane protein with a covalently bound FMN (FMN"¥®) and a unique
riboflavin cofactor (RBFN®) that is the final donor of electrons to the ubiquinone (UQ) substrate'>'°.
The hydrophilic NqrA subunit is attached to the membrane through a tight interaction with the
protruding part of the N-terminal region of NqrB. This cytoplasmic interfacial area has a significant

influence on the binding of UQ'™'®, These structural studies, along with earlier spectroscopic'® >,

1024 and mutagenetic investigations®*'*"'***  have established a consensus electron transfer

kinetic
pathway: NADH — FADY* — 2Fe-28NF — 2Fe28NPE — FMNNC — FMNNB —
RBFM® — UQ.

However, the distances between two of the donor-acceptor pairs in two of these electron transfer steps:
2Fe-28NF — 2Fe-2SNPE and 2Fe-28N9PE — FMNMNC, shown as red arrows in Fig. 1a are too large
(26-33 A, edge-to-edge) for physiologically relevant electron transfer’. This indicates that the subunits
containing these cofactors must undergo significant conformational rearrangements to reduce these

spatial gaps during catalytic turnover". Nevertheless, there is as yet no structural evidence to support

these proposed rearrangements. In the case of the 2Fe-2SN*" — 2Fe-2SN glectron transfer step, our
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73 previous cryo-EM study of wild-type Na'-NQR suggested that the cytosolic domain of the NqrF subunit
74 s highly flexible, but the inferred range of motion is still not large enough to account for the electron
75  transfer. In the case of 2Fe-2SNPF — FMNMN, an apparent discrepancy between X-ray and cryo-
76  EM results may actually indicate a crucial conformational change. In the X-ray crystallographic
77 structures of ¥ cholerae Na'-NQR®$, the periplasmic domain of NqrC containing FMNN* is positioned
78  near the NqrD/E subunits, whereas the cryo-EM structure places this domain near NqrB. These results
79  suggest that repositioning of the NqrC subunit during turnover could allow FMNN¥“ to shuttle electrons
80  from 2Fe-2SN4PF to FMNNB, However, there is no evidence to link this apparent rearrangement of
81  NqrC to different intermediates in the catalytic mechanism.
82 Another enigma involves in the pathway(s) for Na" translocation in the enzyme. Based on the
83  biochemical characterization of conserved acidic residues within the TMHs, Juarez et al. identified
84  critical acidic residues necessary for Na* translocation (e.g. NqrB-D397, NqrD-D133, and NqrE-E95)*.
85  Hau ef al. observed two bound Na* ions on the periplasmic side of NqrB in their cryo-EM map and
86  proposed a Na* channel within NqrB®. More recently, Kumar et al. reported a cryo-EM structure of the
87  “Rhodobacter nitrogen fixing” protein (RNF) complex, an evolutionary ancestor of Na*-NQR?¥.
88  Combined with atomic molecular dynamics (MD) simulations, they showed that the reduction of a 2Fe-
89  2S cluster coordinated by the symmetric RnfA/E subunits (homologues of NqrD/E), induces capture of
90  Na' and subsequently triggers an inward/outward transition of the subunits. This model aligns with the
91  alternating-access mechanism proposed by Bogachev and colleagues for Na'-NQR'. Despite numerous
92  attempts to elucidate the mechanism of the redox-mediated Na* translocation in Na*~-NQR, no consensus
93  has been reached. To address this, Na*™-NQR structures of different reaction states (or different reaction
94  conditions) are needed.
95 In this study, we have combined cryo-EM and atomic-level MD simulations to show how each subunit
96  undergoes conformational rearrangements that facilitate electron transfer within the enzyme and how
97  these rearrangements drive Na* translocation. Our synergistic approach demonstrates that the reduction
98  of the 2Fe-2SN"PF triggers Na' translocation across the membrane by coordinating with structural
99  rearrangements in the NqrD/E subunits, which subsequently influence positioning of NqrC and NqrF.
100  This study provides the first structural insights into the mechanism of Na' translocation coupled to

101 electron transfer in Na*-NQR.
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Abbreviations: CBB, Coomassie Brilliant Blue; Cryo-EM, cryogenic electron microscope; DDM, n-
dodecyl p-maltoside; EPR, electron paramagnetic resonance; FAD, flavin adenine dinucleotide; FMN,
flavin mononucleotide; ICso, the molar concentration needed to reduce the control enzymatic activity by
50%; MD, molecular dynamics; NADH, nicotinamide adenine dinucleotide reduced form; NAD",
nicotinamide adenine dinucleotide oxidized form; Na'-NQR, Na'-pumping NADH-ubiquinone
oxidoreductase; NTA, nitrilotriacetic acid; PAGE, polyacrylamide gel electrophoresis; RBF, riboflavin
RNF, Rhodobacter nitrogen fixing” protein; RT, room temperature; TMH, transmembrane helix; SDS,

sodium dodecyl sulfate; UQ, ubiquinone; UQHo», ubiquinol (reduced form of ubiquinone); WT, wild-
type
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111 RESULTS

112 Strategy for the preparation of cryo-EM grids

113 As described in the Introduction, structural studies on Na'-NQR to date suggest that redox driven
114 Na'-translocation likely requires structural rearrangements in three different parts of the enzyme: the
115  cytoplasmic domain of NqrF, the membrane embedded helices of NqrD/E, and the periplasmic region
116  of NqrC, in order to modulate the distances between key pairs of redox cofactors: 2Fe-2SN* to 2Fe-
117 2SNPE and 2Fe-2SNPE to FMNN*C 7. To capture snapshots of Na*-NQR from ¥ cholerae in other
118  putative conformational states, cryo-EM grids were prepared under nine different conditions that alter
119  the catalytic cycle of the enzyme (Table 1): wild-type enzyme reduced by NADH in the presence (1) or
120  absence (2) of Na" (WTred, WTrea/-Na®, respectively), (3) wild-type reduced by NADH in the presence
121 of the inhibitor korormicin A (WTratKR), (4) wild-type reduced by NADH in the presence of the
122 inhibitor aurachin D-42 (WTqtAD-42), (5) NqrB-G141A reduced by NADH in the presence of
123 korormicin A (NqrB-G141A.a+KR), NqrC-T225Y as isolated (6) or reduced (7) by NADH (NqrC-
124 T225Yx, NqrC-T225Y q, respectively), and NqrB-T236Y as isolated (8) or reduced (9) by NADH
125  (NqrB-T236Y,x, NqrB-T236Y .q, respectively).

126 The NqrC-T225Y and NqrB-T236Y mutants lack FMNNC and FMNY8, respectively, disrupting
127  electron flow within the enzyme'®. Korormicin A binds to the enzyme and allosterically inhibits the final
128  electron transfer step in which ubiquinone becomes reduced’?. The NqrB-G141A mutant exhibits
129  significant resistance to korormicin A, though the inhibitor still binds to the enzyme®. These three
130  mutations all interfere with the redox cycle of the enzyme and may thus be expected to influence the
131 distributions in its conformational states. After the 3D reconstruction of particle images of the nine
132 samples, each dataset was processed using the following analytical tools in the cryosparc soft® toolbox
133  to isolate intermediate states in molecular motion: 3D variability analysis (3DV)*’, and 3DFlex (3DF)*!
134  (Extended Data Fig. 1, Supplementary Fig. 1,2, and Supplementary Table 1).

135

136  Structure of Na'-NQR reduced by NADH

137 We determined the structure of wild-type enzyme reduced by 5 mM NADH (WT:.q) at a resolution
138 of 3.01 A (Extended Data Fig. la and Supplementary Fig. 1a). As all the spectroscopically visible
139 cofactors in Na'-NQR are reported to be fully reduced under these conditions', this structure is thought
140  to represent the fully reduced structure of the enzyme. The overall structure is very close to that of the
141 enzyme as isolated (WTox, PDB ID: 7XK3), with a single, well-resolved state observed for the NqrC
142 subunit (Extended Data Fig. 2a). In the structure of WTeq, NADH is bound in a long flat density around
143 the Rossmann nucleotide binding motif of NqrF® (Supplementary Fig. 3). Focusing on the membrane
144  domain, the TMH bundle formed by NqgrF, NqrD/E, and NqrC (TMHN"“PEF bundle) has a structure

145  consistent with an “inward-open” state. Notably, TMHs 3-4 of NqrE on the cytoplasmic side have
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146 shifted slightly toward 2Fe-2SN™® compared to the WT, structure (Extended Data Fig. 2a).

147 NgrF is a cytoplasmic subunit anchored to the membrane by a single transmembrane helix
148  (TMHIMN). It is also tightly bound to the neighboring hydrophilic NqrA subunit through electrostatic
149  interactions. The hydrophilic part of NqrF is highly flexible and comprises two distinct domains: a
150 ferredoxin-NADPH reductase (FNR)-like domain (K132-G408) containing the FAD cofactor, and a
151 ferredoxin-like domain (G33-K131) harboring the 2Fe-2SN" as its cofactor®’ (Fig. 1b).

152 In the currently obtained cryo-EM structures, including that of fully reduced state (WTreq), the NqrF
153  subunit displays high conformational flexibility, adopting multiple distinct states. Nevertheless, the
154 extent of flexibility does not extend into the membrane region as would be necessary for electron transfer.
155  The distance between 2Fe-2SNF and the 2Fe-2SNE, even at their closest proximity, is 30 A (edge
156  to edge), which is inconsistent with catalytic turnover rates. Therefore, during the catalytic cycle, NqrF

SNIPE wwhile

157  likely undergoes a pivotal motion of its ferredoxin-like domain between FAD and 2Fe-2
158  the TMHI1™*" remains firmly anchored to the membrane. However, the electron transfer in NgrF is too
159  fast (below milliseconds) to capture the snapshot in motion®'.

160

161  Resolution of three conformations of the cytoplasmic NqrF subunit

162 To capture such rapid motions of NgrF, Na"™-NQR was reduced by 5 mM NADH in the absence of
163  Na' (WT,ea/-Na®). In these conditions, the rate constant for FMNN® reduction is slowed approximately
164  eightfold'®, which may allow the identification of previously unobserved conformational states of NqrF.
165 By focusing on the position of the ferredoxin-like domain, three distinct states of NqrF —up, middle,
166  and down—were identified as separate classes (Fig. 1b,c, Extended Data Fig. 1b, and Supplementary
167  Fig. 1b). These continuous density maps were further refined using 3DF (Supplementary Fig. 2a).

168 The “up” state comprises over 8§7% of the particle population in the dataset, providing a high-
169  resolution map at 2.65 A, where the FNR-like and ferredoxin-like domains are found in similar positions
170  tothose in the enzyme as isolated (WTox). The “down” state, reconstructed from the smallest population
171 of the particles (5%), gave a final density map at 3.11 A. Remarkably, in the “down” state, the
172 ferredoxin-like domain fits into the pocket formed by the NqrD/E subunits, whereas this pocket is
173 exposed to the cytoplasm in the other two states. Consequently, the distance between 2Fe-2SN and
174  2Fe-2SNPE is reduced to 16.6 A, consistent with electron transfer between them, while the distance
175  between FADNYF and 2Fe-2SMN" is increased to 31.0 A (Fig. 1c). Although the resolution of the “middle”
176  state is relatively low (3.75 A), the density map is sufficient to position the ferredoxin-like domain in an
177  intermediate location between the “down” and “up” states (Fig. 1b,c).

178 Notably, in all three states, the structures of the membrane domains, including TMH"**, remain
179  almost identical to those in WTyeq, with the TMHY*PEF bundle in an “inward-open” state (Fig. 2 and

180  Extended Data Fig. 2b,c). This shows that the reduction of the NqrF cofactors allows the ferredoxin-like
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181  domain harboring 2Fe-2SNF to bridge transport of electrons from FADNYF to 2Fe-2SN, without
182  altering the conformation of the TMHN¥P*F bundle.

183

184  The conformational shift of the NqrC subunit between NqrB and NqrD/E

185 Korormicin A (KR) and aurachin D-42 (AD-42) are specific inhibitors of Na*-NQR that can serve as
186  tools for capturing key reaction intermediates of the enzyme® . However, wild-type enzyme with
187  korormicin A or aurachin D-42 bound (WTrea + KR, WTreqd + AD-42), treated with NADH, did not
188  show any distinct reaction intermediates (Extended Data Fig 1c,d and 2h,i and Supplementary Fig lc,d,
189  and 4), as the inhibitor completely terminates UQ reduction at the final step of the catalytic cycle,
190  mimicking WTrea. To decelerate the catalytic cycle of Na'™-NQR, we prepared a cryo-EM grid of the
191  NADH-treated NqrB-G141A mutant with korormicin A bound (NqrB-G141A,.q + KR). This alanine
192  substitution excludes the alkyl side chain of korormicin A from the binding cavity (Supplementary Fig
193  5), resulting in a decrease in the binding affinity (~160-fold increase in ICso values) although the
194 inhibitor molecule still binds to the mutated enzyme*****°. This unique combination of mutation and
195  inhibitor could potentially influence the catalytic cycle of the enzyme, and lead to the identification of
196  multiple conformational states of the enzyme.

197 The image particles were processed through iterative 3DV with a mask covering the entire Na*™-NQR
198  complex, followed by focused refinement on the NqrC density. This approach identified two distinct
199  states of Na™-NQR, one in which the hydrophilic domain of the NqrC subunit approaches the NqrD/E
200  and one in which it approaches NqrB, likely reflecting its motion during catalytic turnover (Extended
201  Data Fig. le, Supplementary Fig. le, Supplementary Video 1). These continuous density maps were
202  further refined by 3DF (Supplementary Fig. 2b) to reconstitute two conformational states: “stable” and
203  “shifted” with particle populations of 88 and 12%, respectively (Fig. 3).

204 In the “stable” state (Fig. 3b), resolved at 2.93 A, the NqrC subunit has moved closer to NqrB,
205  consistent with rapid electron transfer between FMNNC and FMN™® (7.8 A). This structure aligns with
206 that of the enzyme treated with NADH (WT\ea). In contrast, the "shifted" state, reconstructed at 2.61 A
207  with improved local alignment of particle images, exhibits a weaker density for the hydrophilic domain
208  of NqrC, suggesting increased flexibility in this region. This flexibility makes full de novo modeling
209  challenging; however, a structural model with rigid body fitting indicates that the hydrophilic domain
210  of NqrC subunit has shifted toward the NqrD/E subunits.

211 In the shifted state (Fig. 3b), while FMN™¥C remains distant from 2Fe-2SN™F (~27 A), the loop of
212 Glul69-Gly177"%C, which includes Thr173 and Leul76 that stabilize the isoalloxazine ring of this
213 FMN’, is embedded in the pocket formed by the NqrD/E subunits. The existence of these two distinct
214 conformations shows that the periplasmic domain of NqrC, which houses FMNN¥C, switches its position

215  between NqrB and NqrD/E in a way that allows it to mediate electron transfer from 2Fe-2SNPF to
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216 FMNM8 (Fig. 1a, 3). Notably, the TMH P bundle adopts the “inward-open” conformation in the
217  “stable” state but transitions to the “outward-open” conformation in the “shifted” state (Fig. 2). This
218  inward-to-outward transition of the bundle appears to be linked to the relocation of the periplasmic
219  domain of NqrC from the NqrB side to the NqrD/E side.

220

221  The rearrangement of NqrC is coordinated with the inward/outward transition of the TMH""PEF
222 bundle

223 To understand the factors that could cause NqrC to move from the NqrB side to the NqrD/E side, we
224 analyzed the structure of mutants lacking either FMNY® (NqrB-T236Y) or FMN"¥C (NqrC-T225Y). In
225  the mutant lacking FMN"*® (Extended Data Fig 3a)**°, both "as isolated" and "NADH-treated"
226  enzymes (NqrB-T236Y,x and NqrB-T236Y.a) showed “inward open” structures with the NqrC
227  subunits positioned near NqrB at resolutions of 3.83- and 3.31-A, respectively (Extended Data Fig. 1f,g
228 and 2d,e and Supplementary Fig 1f,g). These structures closely resemble WTo and WTreq
229  (Supplementary Fig. 6), suggesting that this mutant adopts a similar conformation in which NqrC has
230  shifted fully from the NqrD/E side to the NqrB side. In contrast, the mutant lacking FMNN¥“ (Extended
231  Data Fig. 3b) show identical outward-open structures with NqrC shifted toward NqrD/E, irrespective of
232 NADH treatment (NqrC-T225Y, and NqrC-T225Y,q) with resolutions of 2.66- and 2.59-A,
233  respectively (Extended Data Fig 1h,i and 2f,g, Supplementary Fig. 1h,i). In these conformations, as in
234  the "shifted" state in NqrB-G141A.q + KR, the periplasmic domain of NqrC is positioned closest to
235  the dimetric NqrD/E subunits (Fig. 3b and Extended Data Fig 3c).

236 These findings, including the structure of the korormicin A-bound NqrB-G141A mutant (NqrB-
237  Gl141A.q + KR), suggest that the rearrangement of NqrC is coupled to the inward-to-outward transition
238  of the NqrD/E subunits, which bind 2Fe-2SM™"E_ In the structure of Na*-NQR reduced by NADH in the
239  absence of Na* (WTyea/-Na"), all observed NqrF states (up, middle, and down) corresponded to the
240  inward-open state of the TMHY"PFF bundle (Fig. 2, Extended Data Fig. 2a-c), suggesting that the
241 position of 2Fe-2SN* does not influence the membrane domain structure. Considering that electron
242  transfer from 2Fe-2SNPF to FMNNC requires conformational rearrangements of both NqrC and
243 NqrD/E, it is plausible that, the redox state of 2Fe-2SN™F may drive the inward-to-outward transition
244 of the TMHN¥CPEF bundle. This transition likely triggers the relocation of the periplasmic domain of
245  NqrC, thereby facilitating the reduction of FMNNC,

246

247  Shift in local resolution map reflects redox driven conformational changes of Na'-NQR

248 During single-particle analysis, we noticed that some of the redox-induced rearrangements of Na'-
249  NQR subunits correlate with shifts in the local resolution map. A notable example of this is the

250  rearrangement of NqrF during electron transfer from FAD to 2Fe-2SN (Fig. 1b,c). In the “down” and
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251  “middle” states, where 2Fe-2SNT is positioned close enough to 2Fe-2SNE to allow facile electron
252  transfer, the ferredoxin-like domain of NqrF shows lower resolution, while the FNR-like domain
253  containing FAD remains highly resolved (Supplementary Fig. 2a). This suggests that reduction of 2Fe-
254 2SN increases the flexibility of the ferredoxin-like domain, enabling its movement towards 2Fe-
255  2SNIPE while the FNR-like domain remains stable, preventing electron backflow.

256 Interestingly, this observation is even more pronounced in the structure of the NqrB-G141A mutant
257  with bound korormicin A (NqrB-G141A . + KR), which exhibits two distinct states of the TMHNPEF
258  bundle. In the “stable” state, where the bundle adopts an “inward-open” conformation, the cytoplasmic
259  domain of NqrF appears blurred (flexible), whereas the periplasmic domain of NqrC exhibits sharp
260  density (rigid). Conversely, in the “shifted” state, where the bundle adopts an “outward-open”
261  conformation, NqrF displays sharp density (rigid), while NqrC appears blurred (flexible) (Extended
262  Data Fig. le, Supplementary Fig le, and 2b).

263 A similar pattern appears in the NqrC-T225Y mutant, which lacks FMNN¥C, This mutant adopts the
264  “outward-open” conformation of its TMHMPEF bundle, similar to the “shifted”’ state, and shows the
265  highest resolution for NqrF, indicating that it remains in a single, stable “up” conformation (Extended
266  Data Fig 1h,i, Supplementary Fig 1h,i). Together, these results suggest that the “inward-to-outward”
267  transition alternates the flexibility of NqrF and NqrC, coordinating electron transfer from 2Fe-2SN" to
268  FMNMNC via 2Fe-2SM™E The shifting resolution patterns highlight how structural flexibility and
269  stability work together to control electron flow.

270

271 A proposed mechanism for Na" translocation

272 Recently, Miiller and coworkers published a cryo-EM structure of the RNF complex from 4. woodii,
273  where the RnfA/E subunits coordinating a 2Fe-2S cluster show high homology to the NqrD/E subunits
274  of Na*-NQR?¥. Long-range molecular dynamics (MD) simulations predicted that the dimeric RnfA/E
275  subunits can adopt two distinct conformations—inward- and outward-open—depending on the redox
276  state of the 2Fe-2S cluster. This rearrangement appears to be crucial for both Na* translocation and
277  electron transfer within the enzyme. Their report supports the hypothesis that, in Na*-NQR, the redox
278  state of the 2Fe-2SN"P not only drives the inward-to-outward transition of TMHs *“PEF bundle but
279  also facilitates Na* translocation.

280 We have performed MD simulations beginning from the cryo-EM structure with an inward-open state
281  of TMHs ¥PF bundle, which provide some insight into the mechanism of Na' uptake from the
282  cytoplasm (Supplementary Table 2). Spatial density analysis of MD simulations results showed that Na*
283  ions and water can access the cytoplasmic pocket near 2Fe-2SNP in the wild-type Na*-NQR with
284  reduced 2Fe-2SNF and 2Fe-2SN™E (Fig. 4a,b). The reduction of 2Fe-2SN" is linked to formation of

285  aNa' binding site on the cytoplasmic side. In contrast, Na" ions could not fully access the cytoplasmic
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286  pocket with the oxidized 2Fe-2SN™® (Supplementary Fig 7). Pairs of hydrophobic residues, that could
287  function as gates for cation movement, are found above and below the Na* binding site: Leu26™9™"-
288  Leull5™"® and Leul07V9P-Leu23™"® (Fig. 4f). These residues control the access of Na* ions and water
289  and are conserved between NQR and RNF (Supplementary Fig 8).

290 Because the spontaneous inward-to-outward transition of the TMHN*“PEF bundle was not observed
291  within the time scale of simulations, we employed targeted MD (TMD) simulation to induce this
292  conformational transition*'. During the TMD simulation, an external force was applied to make the
293  conformation of NqrD/E move toward the outward-open state. During the TMD and subsequent
294  equilibrium simulations, the inside gate closed while the outside gate opened (Fig. 4c,f,g, and Extended
295  Data Fig. 4). The conformational transition shifted the bound Na" to the outward side of the binding site
296  relative to 2Fe-2SNF (Fig. 4d,g). With the oxidation of 2Fe-2SN™E | the bound Na* was eventually
297  released to the outer side of the membrane (Fig. 4h). Na translocation was observed in two additional
298  independent trajectories following the TMD simulation (Supplementary Fig. 9). It is noteworthy that the
299  Na' ion was partially hydrated during the translocation with two or more coordinated water molecules
300  (Fig. 4e). This may be due to the lack of acidic residues in the binding site that would strongly bind the
301  ion and dehydrate it as in some transporter proteins*”. Instead, the binding site is made up of backbone

302  atoms of Thr110N®, Cys112MN9®, Val118N, and Cys120™* (Fig. 4f~h and Extended Data Fig 5).
y
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DISCUSSION
The overall reaction mechanism of Na'-NQR
Since the first publication of a structural model of Na'-NQR, it has been clear from the spatial
arrangement of the redox cofactors that structural rearrangements would have to play a critical role in
the enzyme and that understanding these conformational changes would be essential to elucidating the
mechanism of redox-driven Na® pumping. In this study, we have identified at least five distinct
conformational states of Na'-NQR, which may reflect key reaction steps of the enzyme. Based on the
multiple conformations of Na'-NQR revealed by the current cryo-EM work and previous studies’,
together with MD simulations, we propose an overall reaction mechanism for the enzyme, which
progresses through six key steps (Fig. 5 and Supplementary Fig. 10).
Step 1 (Oxidized state): In the absence of NADH, all cofactors—except for RBF, which is present
as a stable neutral semiquinone'’—are fully oxidized. In this form, the dimeric NqrD/E subunits are
in an inward-open state. The hydrophilic domain of NqrF remains flexible and does not adopt a
distinct structure; however, the range of motion of NqrF does not bring it into proximity with the
NqrD/E subunits.
Step 2 (NADH binding): When NADH binds to the NqrF subunit, it donates two electrons. One
electron is transferred to the 2Fe-2SN", increasing the flexibility of the ferredoxin-like domain of
NqrF, allowing it to approach NqrD/E.
Step 3 (Na' uptake): The highly flexible ferredoxin-like domain of NqrF approaches the
cytoplasmic pocket formed by the dimeric NqrD/E. This rearrangement allows electron transfer
from 2Fe-2SNF to 2Fe-2SMPF, The negative charge on the reduced 2Fe-2SM™F enables
accommodation of hydrated Na" between inward and outward gates, which are made up of
conserved hydrophobic amino acids.
Step 4 (Transition to outward-open conformation and Na" release): The NqrD/E subunits, upon
reduction of 2Fe-2SN and binding of Na*, undergo a conformational switch to the outward-open
state, exposing the bound Na' to the periplasmic side. This transition increases the flexibility of
hydrophilic domain of NqrC, enabling its approach toward NqrD/E, while the flexibility of NqrF
decreases, preventing electron backflow into 2Fe-2S™™*. This Na'- and redox-dependent
repositioning of NqrC allows electron transfer from 2Fe-2SNF to FMNNTC, Simultaneously, the
bound Na* loses affinity and is released to the periplasm following reoxidation of 2Fe-2SNPE,
Step 5 (return to inward-open conformation):
This reoxidation also induces a conformational relaxation of the NqrD/E subunits, restoring them
to the inward-open state and allowing NqrC to return to the NqrB side. This movement facilitates
electron transfer from FMNN to RBFN*® via FMNY*®, Since i) the UQ reduction is a two-electron

process while ii) FMNs and RBF undergo single-electron redox reaction”, a similar series of
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338 reactions (from Steps 2 to 5) repeats to the transfer of a second electron, which is coupled with the
339 translocation of second Na'.

340 Step 6 (UQ reduction): Through two sequential redox cycles from 2Fe-2SN* to RBFN™®, UQ
341 accepts two electrons to form UQH,, which is then released from the enzyme. Thus, the enzyme
342 returns to the initial oxidized state. Although the structure of Na*-NQR with bound UQ has not yet
343 been identified, photoaffinity labeling experiments suggest that the UQ head-ring is positioned
344 within a pocket in the NqrA subunit, approximately 20 A above the membrane surface. Note that
345 Hau et al. reported a structure of UQ,-bound Na'-NQR, in which UQ, was modeled inside the
346 inhibitor binding pocket in the N-terminal region of NqrB°. However, the density map of UQ
347 molecule in the pocket is too weak to definitely model UQ; molecule. It is, therefore, premature to
348 conclude that UQs accept electrons from RBF in the inhibitor binding pocket in NqrB.

349

350  Na'-translocating pathway

351 The mechanism of redox-driven Na* translocation by Na*-NQR remains to be fully elucidated. Based
352  on the X-ray crystallographic and cryo-EM models, Fritz and colleagues proposed that cytoplasmic Na*
353  is translocated to the periplasm via a pathway within NqrB, where it is coordinated by residues such as
354  1le371, Arg372, Pro376, and Tyr378>¢. Our MD simulations also identified Na* binding to periplasmic
355  residues of NqrB, such as Thr236 and Ser239 (Fig. 4a,b, Extended Data Fig 5, Supplementary Fig. 7
356 and 11 and Supplementary Table 3). However, this Na“ was consistently observed across all enzyme
357  states identified in this study, indicating that NqrB is unlikely to be directly involved in redox-driven
358  Na' translocation across the membrane. We were unable to identify any continuous ion translocation
359  pathway spanning the transmembrane region of NqrB, but we have found a pathway of this kind at the
360 interface between the NqrD/E subunits. Consistent with the recent study on the 4. woodii RNF
361  complex®’, our findings strongly suggest that Na" translocation is mediated exclusively by the NqrD/E
362  subunits, rather than by NqrB.

363 The redox-dependent inward-to-outward transition of the TMHN"PEF bundle was not observed in our
364  MD simulations. During structural modeling of Na'-NQR in the inward- and outward-open states, we
365  noticed that the conformation of the NqrD/E subunits appeares to undergo a conformational change
366  centered on Prolines in TMH4 of NqrE—a highly conserved residue located near the 2Fe-2SN™F and
367  surrounded by hydrophobic residues (Fig. 5b, and Supplementary Fig. 8). A change in the redox state of
368  2Fe-2SM™E may be linked to subtle local rearrangement in adjacent amino acid residues by through
369 electrostatic interactions, and these rearrangements could be amplified by conserved proline, leading to
370  larger conformational shifts. A similar proline-mediated switching mechanism has been proposed in the
371 structure of voltage-gated potassium (Kv) chanel®.

372 Finally, we address how Na* is translocated against the sodium motive force (Na* gradient across the
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373  membrane). Our findings indicate that the “inward-to-outward” transition of the TMHN"PEF bundle
374  alternately regulates the flexibility of the NqrF and NqrC subunits to control electron flow. This
375  mechanism likely essential for the redox-driven Na* translocation—namely, that electron does not flow
376  forward without Na* being expelled to the periplasm. For instance, in the outward-open conformation
377  with periplasmic Na* bound, electron backflow from 2Fe-2SNF to 2Fe-2SN*F would be necessary to
378  trigger the transition to the inward-open conformation, that would allow the bound Na* to move back
379  toward the cytoplasm. Nevertheless, as NqrF is firmly stabilized in this state, such electron backflow
380  may not take place.

381

382 In summary, the present structural analyses of Na*-NQR in multiple distinct conformations, combined
383  with MD simulations, provide critical insights into the coupling mechanism between the electron
384  transfer and Na' translocation. These findings illustrate how structural rearrangements of individual
385  subunits can control Na* translocation and electron transfer, to achieve coupling between the two
386  processes. This study establishes a valuable framework for further mechanistic studies of Na"™-NQR and

387  antibiotics development targeting the enzyme.
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388 METHODS

389  Na'-NQR expression and purification

390 Expression of Vibrio cholerae Na'-NQR from a plasmid, in the parent organism, construction of site-
391  specific mutants, and cultivation of V. cholerae strains have been described previously (REF)’. Na'-
392  NQR was purified as previously described. The membrane pellets were solubilized in a buffer containing
393  50mM NaPi, 300mM NacCl, 5.0mM imidazole, and protease inhibitor cocktail (Sigma-Aldrich), 0.4%
394  (w/v) n-dodecyl- p-D-maltoside (DDM), pH 8.0, with stirring for 1 h at 4 °C. The mixture was clarified
395 by ultracentrifugation (100,000 g), and the supernatant was mixed with 20 mL of Ni-NTA resin (Qiagen)
396  that had been equilibrated with binding buffer (50mM NaPi, 300mM NacCl, 5.0mM imidazole, and
397  0.05% DDM). After gentle agitation for 1 h at 4 °C, the suspension was poured into an empty plastic
398  column. The column was washed with 4 volumes of the binding buffer, followed by 5 volumes of a
399  wash buffer (same as binding buffer but containing 10mM imidazole). The protein was eluted from the
400  column using an elution buffer (same as binding buffer but containing 100 mM imidazole). The resulting
401 Na'-NQR preparation was applied to a DEAE anion exchange column (HiPrep DEAE FF 16/10,
402  connected to an AKTA system, Cytiva) equilibrated with buffer A [50 mM Tris/HCI, 1.0 mM EDTA,
403 5% (v/v) glycerol, and 0.05% (w/v) DDM, pH 8.0]. The protein was eluted with a linear gradient of
404  buffer B (buffer A containing 2.0 M NaCl), and the fractions containing pure Na'-NQR were pooled and
405  concentrated to 15~20 mg of protein/mL. Subunit assembly was confirmed by SDS-PAGE* and enzyme
406  activity was checked by the inhibitors-sensitive NADH-UQ); oxidoreductase activity measurements at
407 282 nm(e=14.5mM 'em")?. To remove glycerol from samples, the target protein was further separated
408 by size-exclusion chromatography (Superose™ 6 increase 10/300 gel filtration column, Cytiva) with an
409  elution buffer containing 50 mM Tris-HCI, 100 mM NaCl, 1.0 mM EDTA, 0.05% DDM (pH 8.0).

410

411 Cryo-EM acquisition

412 Toreduced DDM concentrations, immediately prior to cryo-EM grid preparation, all of the purified Na'-
413  NQR samples were washed with the same elution buffer without detergent (50 mM Tris-HCI, 100 mM
414 NaCl, 1.0 mM EDTA, pH 8.0). To obtain the reduced form of Na"-NQR, Na'-NQR solution was mixed
415  with an NADH solution to final concentration of 5 mM just before application onto a grid. 2.7 uL of
416 Na'-NQR solution at the concentration of 10 mg/mL was applied onto a glow-charged Quantifoil Cu
417  R1.2/1.3. The grid was blotted by Vitrobot IV and vitrified with liquid ethane. Cryo-EM movies were
418  acquired with a Titan Krios electron microscope (Thermo Fisher, USA) equipped with K3 BioQuantum
419  camera (Gatan, United States). Data collection was automatically controlled by SerialEM software at a
420  nominal magnification of 81,000 and the pixel size is 0.88 A/pix. The total electron dose and frame rate
421 were 60 electron/A” and 0.1 s, respectively.

422
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423  Cryo-EM data processing

424 The details of image processing steps in each condition are shown in Extended Data Fig. 1. All of seven
425  datasets (WTrea, WTrea/ -Na*, WTrea + KR, WTyeq + AD-42, NqrB-G141A,cq + KR, NqrB-T236Y s,
426  NqrB-T236Y e, NqrC-T225Y,x, and NqrC-T225Y,ea) were processed by cryoSPARC v3.3.1 or v4.0.
427 6,086, 13,302, 4,881, 5,096, 13,316, 4,440, 8,212, 13,302, and 5,086 movies were used for data analyses,
428  respectively. After motion correction, CTF estimation, and manually curate exposures, the machine-
429 learning-based particle picking by Topaz software extracted 1,391,844, 2,497,690, 2,157,492, 1,072,343,
430 2,378,419, 1,026,158, 2,496,421, 3,653,368, and 1,384,33 particles from the datasets, respectively. After
431  particle selections with Heterogeneous Refinement and Ab-initio Reconstruction at the class similarity
432  of 0.6, selected better particles were used in Non-uniform Refinement with the optimizing per-particle
433  defocus option. The datasets having weak density regions were classified with 3DV or 3DC, and the
434  components having stronger density were refined by Local refinement, and/or Non-uniform Refinement.
435  Finally, all datasets provided density maps at 3.07- (WTreq,), 2.65- (up state of WTyea/ -Na*), 3.75-
436 (middle state of WT,ea/ -Na"), 3.11- (down state of WTyed/ -Na*), 2.90- (WTrea + KR), 2.74- (WTrea +
437  AD-42), 2.61- (stable state of NqrB-G141A,.q + KR), 2.93- (shifted state of NqrB-G141A, + KR),
438  3.83- (NqrB-T236Y,), 3.31- (NqQrB-T236Yreq), 2.66- (NqrC-T225Yx), and 2.59- (NqrC-T225Y req)
439 A resolution, respectively. These resolutions were estimated based on the gold standard criteria (FSC =
440  0.143). Furthermore, to capture the overall structure of flexible NqrF subunits, non-uniform refined
441 models (WTre/ -Na*, and NqrB-G141A.a + KR) were reconstructed with 3DFlex Refinement using a
442  mask covering all subunits. The Flex maps provided by 3DFlex reconstruction are referenced for model
443  building.

444

445  Model building and refinement

446  The atomic models were built based on our previous cryo-EM structures of Na'-NQR (PDB ID: 7XK3
447 - 7). The initial models were fitted into the density maps with the Chain Refine and Space Refine Zone
448  functions of COOT software®. The parts containing weak densities were adjusted with rigid body fitting
449  and morphing. The Flex map output from 3DFlex Reconstruction was used to model the heterogeneous
450  conformations with flexibility. Using the phenix_real space_refine program®, the corrected models
451  were refined with secondary structure and Ramachandran restraints. These results were manually
452  validated with COOT. The iteration of model refinement provided the correct models following the
453  geometry. The model validation was evaluated with Molplobity*’. To avoid over-fitting, the final models
454  were validated with Fourier shell correlation computed from the final density maps. The model statistics
455  are shown in Supplementary Table 1. Images of structures were generated with UCSF chimeraX
456  software*. UCSF ChimeraX was used to compute the electrostatic potential, with default parameters

457  and the Coulombic command with a range of —10 to 10 kcal/(mol-e).
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458  Molecular dynamics simulation

459 The all-atom MD simulations of the Na"™-NQR complex were performed using the cryo-EM structure
460 (PDB ID: 7XK3) and the crystal structure (PDB ID: 8ACW) as the initial structures. For modeling of
461  missing residues at the N-termini (for NqrB, NqrC, and NqrD) and C-termini (for NqrB and NqrC),
462  GalxyFill plug in CHARMM-GUI* was used. The cofactors (FAD, 2Fe-2SN 2Fe—2SNePE FMNNC)
463  FMNM*® and RBF) were retained as in the PDB structures. The Nqr structure was embedded in a 150
464  x 150 A POPC membrane and solvated with TIP3P water and 150 mM sodium and chloride ions with
465  the Membrane Builder plugin in CHARMM-GUI’**', The CHARMM36 force field** was used except
466  for the cofactors whose parameters were adapted from the works of Kaila group®”~***. The total number
467 of atoms is ~380,000.

468 The systems were energy minimized with the restraint of non—hydrogen POPC, protein, and cofactor
469  atoms for 10,000 steps. Then, they were equilibrated in three stages: (1) 100 ps equilibration at 7= 150
470 K and no pressure control with the restraint of non—hydrogen POPC, protein, and cofactor atoms, (2)
471 500 ps equilibration at 7= 310 K and 1 bar pressure with the restraint of non-hydrogen protein and
472  cofactor atoms, (3) 500 ps equilibration at 7= 310 K and 1 bar pressure with the restraint of protein—Ca
473  and non-hydrogen cofactor atoms. The restraint force constant was 1.0 kcal mol™ A for each atom. The
474  production runs were performed at 7 = 310 K and 1 bar pressure without restraints. Long-range
475  electrostatic interactions were calculated by the particle mesh Ewald method> with a direct space cut
476  off of 12 A. Langevin dynamics with 1 ps” damping coefficient was used for temperature control at T
477 =310 K, and the Nosé-Hoover Langevin piston was used for pressure control at 1 bar’*~*. The
478  integration timestep was set to 2 fs by applying the SHAKE method® to bonds involving hydrogen.
479  Targeted MD (TMD) simulations were also performed using an outward-open conformation of NqrD/E
480  (shifted state of NqrB-G141A.q + KR) as the reference. The force constant for TMD force was set to
481 500 kcal mol A% and applied to the Ca atoms of NqrD and NqrE. All MD simulations were performed
482  using NAMD 2.12 /2.14/ 3.0,

483
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484  Data availability: The cryo-EM maps have been deposited in the EMDB under accession codes, 64518
485  (WTre), 63872 (NqrC-T225Y,x), 64059 (NqrC-T225Yrea), 64060 (NqrB-T236Yox), 64061 (NqrB-
486  T236Yrea), 64063 (WTred/ -Na*, “up” state), 64064 (WTred/ -Na*, “middle” state), 64065 (WTred/ -Na®,
487  “down” state), 64062 (WTred + KR), 64069 (WTea + AD-42), 64066 (NqrB-G141A,.a + KR, “stable”
488  state), and 64068 (NqrB-G141A .q + KR, “shifted” state). The atomic models have been deposited in
489  the Protein Data Bank under accession codes, QUUU (WTred), 9USG (NqrC-T225Y,y), 9UD2 (NqrC-
490  T225Yrea), 9UD3 (NqrB-T236Y,y), 9UD4 (NqrB-T236Yrea), 9UD6 (WTrea/ -Na®, “up” state), 9UD8
491 (WTred/ -Na', “middle” state), 9UD9 (WTred/ -Na', “down” state), 9UD5 (WTrea + KR), 9UDG (WTrea
492  +AD-42),9UDA (NqrB-G141A..a + KR, “stable” state), and 9UDF (NqrB-G141A.q + KR, “shifted”
493  state). The initial model of Na'-NQR with and without bound inhibitors for model building is accessible
494  in PDB under accession number 7XK3 (oxidized form of Na'™-NQR: WT,,’), 7XK6 (oxidized form of
495  Na'-NQR with bound AD-42: WTe + AD-42), and 7XK7 (oxidized form of Na"-NQR with bound KR:
496  WT, + KR)’. The data that support the findings of this study are available from the corresponding
497  author upon reasonable request.
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541  Fig. 1: Architecture of Na'-NQR. a, Location of redox cofactors and electron transfer steps in the
542  overall architecture of Na+-NQR (WT,x: pdb: 7XK3). Left hand panel: simplified structure of Na’-NQR
543  showing the locations of redox cofactors and depicting electron transfer steps as arrows. Distances
544  consistent with electron transfer are colored in gray, whereas long distances in this structural
545  conformation, inconsistent with electron transfer (2Fe-2SNF — 2Fe-2SN4PE 2Fe-2SNePE _, FVNNC),
546  are colored in red. Middle and right-hand panels: the Na'-NQR assembly from front and side views,
547  respectively. b, The "up", "middle", and "down" conformational states: The left panel shows the FNR
548  domain containing the FAD cofactor, ferredoxin-like domain containing 2Fe-2S, and TMH1 of NqrF
549  (side view). The remaining panels show the structure of NqrF in each conformational state illustrating
550 the pivotal motion of NqrF in WTed/ - Na®. To compare WT,x and all states in WTyea/- Na®, the images
551  of NqrF in WTo are shown as a gray silhouette. ¢, Changes in distances between cofactors that
552  accompany these conformational changes. The changes in distance between 2Fe-2S and FAD in NqrF,
553  WTyed/ - Na'. For comparison of WT,y with all states in WTyea/- Na®, the relative locations of WT,y are
554  overlapped as gray silhouette. Black continuous arrows indicate feasible distances for electron transfer,
555  and red dashed arrows indicate distances that are not consistent with electron transfer.
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Fig 2: Conformations of the transmembrane helices of NqrCDEF as the catalytic cycle progresses
from four different views. Four steps in the catalytic cycle are represented by the following structures:
WTey, “down” state of WTyea/ - Na*, “shifted” state, and “stable” state of NqrB-G141A,.q + KR. Gray
images show the structure of the previous state; red arrows show the direction of movement from the
previous state to the current state. @, Cytoplasmic view. b, Periplasmic view. ¢, Sectional side views of
NqrCDEF. d, Tube models from front view. The critical amino acid residues to coordinate Na" in the
inward and outward gates in the MD simulation are shown as stick models. Supplementary Videos 2, 3,
and 4 show how the arrangement of the helices morphs during the catalytic cycle from the complete

view of the enzyme, cytoplasmic, and periplasmic views.
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“stable” state “shifted” state NqrC-T225Y

Fig. 3: The shift of NqrC: Transition of NqrC from “stable” to “shifted” conformation. a,
Comparison of two states in NqrB-G141A,.q + KR sample, complete structure from three different
views; “stable” state (gray) and “shifted” state (color). In the “stable” state (88% of particles) the
hydrophilic region of NqrC is located close to NqrB; in the “shifted” state (12% of particles) NqrC is
close to NqrD (Supplementary Fig. 1e). b, NqrC is shown alone. Left, “stable” state from NqrB-
G141A,.qa + KR; center, “shifted” state from NqrB-G141A,.q + KR; right, NqrC from NqrC-T225Y req.

For comparison, the gray silhouettes in the center and right-hand images show the “stable” state.
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588  Fig 4: Na" translocation pathway from MD simulation. a-b, The accessibilities of Na” and water are
589  shown in the structure of wild-type of Na'-NQR with reduced 2Fe-2SN and 2Fe-2SN™E_ g, The spatial
590  density of Na" is shown in red; the relative iso-density surface of 3.5 to the bulk value is shown. b, The
591  spatial density of water is shown in cyan; the relative iso-density surface of 0.3 to the bulk value is
592  shown. c-e, A first conventional MD (cMD1) using the inward-open model containing reduced 2Fe-
593 2SN and 2Fe-2SM™E based on WT,x structure is followed by the targeted MD (TMD) inducing the
594  inward-to-outward transition of TMHs bundle and the second conventional MD (cMD2) containing
595  oxidized 2Fe-2Ss and reduced FMNN, ¢, The inward gate and outward gate size are defined by the
596  distances between L26M™ and L115™F (red), and between L1007 and L23N* (blue), respectively.
597  The transitions of these gate sizes are shown during the simulation. d, The z coordinates (perpendicular
598  to the membrane surface) of the Na' being translocated and the 2Fe-2SN™F are shown together with
599 the positions of the membrane positions. e, Number of water molecules coordinated to the Na" as a
600  function of time in the simulation. f~g, Representative snapshots during Na® translocation in MD
601  simulation. The amino acid residues that coordinate Na* ion in the inward and outward gates are
602 indicated in red and blue stick models, respectively. Na” bound in the inward-open and outward-open
603  conformations are shown in fand g, respectively. The released of Na" to the periplasm is shown in A.
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612  Fig. 5: The model of conformational changes. a, The cascade of conformational changes. One electron
613  flow is shown as black arrows. Step 1: oxidized state, step 2: NADH binding, step 3: Na" uptake, Step
614 4 transition to outward-open conformation, step 5: Na" release and return to inward-open conformation,
615  Step 6: UQ reduction. Since UQ requires a two-electron reduction, step 5 or 6 need to go back step 2 or
616 3. b, The detailed model of essential TMHs for conformational changes in step 3-4.
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Table 1: The list of samples for cryo-EM analysis.
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Sample name TMHNICPEF
variant NADH | inhibitor | Na* trait
(PDB ID) conformation
WTrea (OUUU) wild-type + - + - Inward-opened
WTred/ -Na*
“up” state (9UDO6) Inward-opened
wild-type + - - -
“middle” state (9UDS) (all state)
“down” state (9UD9Y)
WTra + KR (9UDS) wild-type + KR + - Inward-opened
WTrea + AD-42 (9UDG) wild-type + AD-42 + - Inward-opened
Inward-opened
NqrB-G141Ara + KR
NqrB- KR (“stable” state)
“stable” state (9UDA) + KR +
Gl41A resistant Outward-opened
“shifted” state (9UDF)
(“shifted” state)
NqrC- FMNNa:B
NqrB-T236Y.x (9UD3) - - + Inward-opened
T225Y missing
NqrC- FMNNa:B
NqrB-T236Yr.a (9UD4) + - + Inward-opened
T225Y missing
NqrC- FMNNaC
NqrC-T225Y.« (OUSG) - - + Outward-opened
T225Y missing
NqrC- FMNNaC
NqrC-T225Yrea (9UD2) + - + Outward-opened
T225Y missing
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Extended Data Fig. 1: The scheme of single particle analysis with cryoSPARC. a: WTca, b: WTrea/-
Na', ¢: WTrea + KR, d: WTrea + AD-42, e: NqrB-G141A,q + KR, f- NqrB-T236Y,, g: NqrB-
T236Yreq, h: NqrC-T225Y oy, i: NqrC-T225Y ea. The classes surrounded by red squares were used in
the next step. In e, red and blue circles indicate the hydrophilic domain of NqrC and the ferredoxin-like
domain of NqrF, respectively. The image processing for each dataset was implemented following each

flow chart.
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h WTred + KR

open close inward-open siawc

open close inward-open state

Extended Data Fig 2: TMHs shifts. The TMHs architecture of NqrCDEF. The left and middle panels
show cytoplasmic views and periplasmic views, respectively. To help visualize the transition, the WTox
structure is superimposed in gray. The right panel shows the sliced view. a: WTreq, b: “up” state from
WT,ed/-Na®, c: “middle” state from WTrea/-Na®, d: NqrB-T236Yx, €. NqrB-T236Y ea, f* NqrC-
T225Y o, g NqrC-T225Yreq, h: WTra + KR, and i: WTra + AD are compared with WTheq,

respectively.

44


https://doi.org/10.1101/2025.06.01.656757
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.01.656757; this version posted June 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

N~

\ PP
= J Y236N® y

-
| W226NarBy _\W226Nae ) \
[= -l
236NQ?B

—c—

oxidized form ‘ / reduced form

cytoplasm

periplasm

2 TMH1Nac

682
683

684 Extended Data Fig. 3 (continued)

45


https://doi.org/10.1101/2025.06.01.656757
http://creativecommons.org/licenses/by-nc-nd/4.0/

685
686
687
688
689
690
691
692

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.01.656757; this version posted June 8, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Extended Data Fig. 3: The architecture of FMN deletions. a, Comparison of NqrB-T236Y .« (gray)
and NqrB-T236Y e (color). Red square shows the position of the point mutation. NqrB-Y236 in each
form is zoomed up with a density map in the bottom pictures. b, Comparison of NqrC-T225Y . (gray)
and NqrC-T225Yeq (color). Red square shows the position of the point mutation. NqrC-Y225 in each
form is zoomed up with a density map in the bottom pictures. ¢, Comparison of NqrC-T225Y req (gray)
and the “shifted” state of NqrB-G141A..q + KR (color). NqrC is picked up in right panel.
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Index Structure state: PDB ID Index  Structure state: PDB ID
1 WTox statel: 7XK3 15 WTrea: 9UUU
16 WTeq/-Na* (up): 9UD6
2 WTox state2: 7XK4
17 WTeq/-Na* (middie): 9UD8
3 WT,x state3: 7XK5
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4 WTox + AD-42: 7XK6
19 WTeq + KR: 9UD5
5 WTox + KR: 7XK7
20 WTeq + AD-42: 9UDG
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8 WTox + UQ2: 8A1V 22 QSISIZ-G141Ared + KR (stable):
9 WTox + UQ1: 8A1W 23 NgrB-G141Aeq + KR (shifted):
9UDF
10 WTox + DQA: 8A1X
24 NQrB-T236Yoxa: 9UD3
11 WTox + HQNO: 8A1Y
12 WTox_1: 8ACW (crystal) 25 NqrB-T236Yreq: 9UD4
13 WTox_2: BACY (crystal) 26 NqrC-T225Yox: 9U5G
14 WTox_3: 8ADO (crystal) 27 NQrC-T225Yeq: 9UD2

Extended Data Fig. 4: MD simulation trajectory compared to experimental structures. The inward
gate and outward gate size are defined by the distances between L26™" and L115M*, and between
L107M and L23N9, respectively (Fig. 4a). The left panel shows a 2D plot of the inward gate and the
outward gate distances. The right panel shows a 2D plot of the cofactors 2Fe-2SN4P'F — FMNN©

distance and the outward gate distance. The numbers are from the bottom table.

47



701
702

703

a cMD3 (7XK3, oxidized 2Fe-2SNarD/E)

1 1 1
o NqgrB NqrD NqrE
T 0.8 0.8 - i 0.8 9
—
D 06+ 0.6 0.6
<
£ 0.4+ 0.4 0.4 -
<
w© 021 0.2 0.2
=
0- 0L — — — — Ol — — — — —
© N B W N O O A O AN IR I - S
DI N A S A 9 o o N
T N S . NV NV NYT Y N N A R
& %e,‘ N oF <R o® 6@‘ ™ o v_é‘ ??Q O O ¥ °
50 50 50
—— NgrB Thr236 —— NgrD Glul19 —— NgrE Asp133
§ 40 - —— NqrB Ser221 40 —— NgrD Serl70 40 - ~—— NqrE Glu9s
Q°<
@ 730 30 1
T ©
B Z 20 20 1
O o
[/ Bt f
O 10 10 -
(&)
0 . . . 0L : : : 0
0 100 200 300 400 O 100 200 300 400
Simulation time / ns
b cMD1 (7XK3, reduced 2Fe-2SNaD/E)
1- 1 1
Ke) NgrB NqrD NqgrE
T 0.8 0.8 - L 0.8 9
L &
2 0.6 0.6 1 0.6
S
£ 0.4 0.4 0.4 -
o
ts 0.2 0.2 0.2
zZ
0! 0! 0
© O D o A B & > % O > N & P A
(ib {{'5 Q'{'b &W «'<\ fa\\ \"\ &Q Ry 5\'\ K q,\\\ & \~\'9 é?b
N S A\ & & o O P F O o7 ¥
50 50 50
—— NgqrB Thr236 —— NqrD Cys112 —— NgrE Vall18
8 401 ~—— NqrB Ser239 401 ~—— NgrD Thr110 401 ~—— NgrE Leull5
C
%cf 30 30+ 30+
T ®
w3 Z 201 20 - 20 -
O o
@~ 10+ 10 - 10 -
6 N 0 m Y B | Il

0 200 400 600 800 1000

0= T T r T T
0 200 400 600 800 1000

Simulation time / ns

Extended Data Fig. 5 (continued)
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Extended Data Fig. 5: Analysis of amino acid residues that are involved in Na* binding. a-b,
Simulation is calculated at the scale of 400 ns. Contact ratio corresponds to the ratio of Na'-binding
frame to total frame. Residues showing > 0.01 of contact ratio and the > 3 A of distance to were listed
up. The top panels show the top five residues that have high Na" binding ratios for NqrB, NqrD, and
NgqrE, respectively. The Na” binding was defined through the distance being less than 3 A . The bottom
panels show the time course of the closest distances between the residues and Na'. a, Analysis of MD
simulation with oxidized cofactors (cMD3). b, Analysis of MD simulation with reduced 2Fe-2SNP'E
cofactor (¢MD1). ¢, The locations of amino acid residues in NqrB and NqrD/E that show a high Na"
binding ratio in MD simulations. The fop panel indicates the relative positions of the two regions
containing amino acid residues with a high Na" binding ratio in TMHs. The middle panel shows the

region around the FMN binding site in NqrB. The bottom panel shows the region of TMHs P bundle.
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