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Supplementary Methods

Molecular dynamics simulations

Two different initial models were created starting from structures/cryo-EM density obtained from the
NADH- or the ferredoxin (Fd)-reduced experimental conditions. For the NADH-reduced model, the
resolved 3.3 A cryo-EM structure (PDB ID: 9ERI) was embedded in a POPC membrane using
CHARMM-GUTI', and the system was hydrated in a TIP3P water box. Na* and CI" ions were added to
neutralise the system with a salt concentration of 250 mM, higher than the physiological value (150
mM) to increase the likelihood of Na" binding to the protein. The Fd-reduced protein model was
generated using molecular dynamics flexible fitting (MDFF)? by fitting the NADH-reduced structure
to the density of the Fd-reduced Rnf using MDFF. To this end, the coordinates of the protein were
relaxed to the cryo-EM map for 2 ns, with secondary structure restraints applied to protein residues.
The protonation states of the protein sidechains and disulphide bridges were determined using
PROPKA3 v. 3.4.0°. The FMN cofactors, located in RnfG and RnfD subunits were modelled by
covalently linking them to T185" and T156*"® via a phosphodiester bond (Supplementary Fig. 8a).
The full system comprised ca. 430,000 atoms, with the NADH-reduced model including 100,572 water
molecules, 506/482 Na'/Cl ions, and 448 POPC molecules, and the Fd-reduced model containing
115,908 water molecules, 566/553 Na'/CI ions, and 448 POPC molecules. The MD simulation box
dimensions were 170x164x180 A and 166x158x208 A for the NADH- and Fd-reduced models,
respectively. To probe the effect of cofactor redox state on protein conformation and sodium binding,
the iron-sulphur clusters, FMN, or riboflavin cofactors were modelled in different redox states (see
Supplementary Table 6). All simulations were performed using the CHARMM36 force field in
combination with in-house DFT-based parameters for the cofactors*® (see Supplementary Table 10).
All simulations were run using NAMD’ versions 2.14 or 3.0 in an NPT ensemble with Nosé-Hoover-
Langevin pressure control (p=1 atm) and Langevin thermostat (7=310 K), with the integration timestep
set to 2 fs and rigid bonds set for hydrogens using the shakeH algorithm. Long-range electrostatic
interactions were implemented using the Particle-Mesh Ewald (PME) method with the grid spacing set
to 1 A, while the switching and cutoff distances for the Lennard-Jones potential were set to 10 and 12
A, respectively. The MD trajectories were analysed using VMD® and MDAnalysis’.

Steered molecular dynamics simulation of the inward/outward transition

The initial pathway of the inward/outward transition was explored by steered molecular dynamics
simulations (SMD) using NAMD 3.07 together with the Colvars'® module to define the collective
variables (CV). To this end, a snapshot with a Na" ion bound in the intracellular buried site was selected
from MD simulation S15 (see Supplementary Table 6). The conformation of the RnfA/E subunits,
initially in the inward state, was biased towards the outward state by decreasing the Ry CV, defined as
the mean distance between group 1 (Co atoms of residues Q858" to T110*"™) and group 2 (Ca atoms
of residues C108*" to A118%"™), located on the intracellular side, while increasing the mean distance
(R2) between group 3 (Co atoms of residue TSO*™® to V1058"™) and group 4 (Ca atoms of residues
L116*"™ to E126"™) on the extracellular side (see Supplementary Fig. 18a for a representation of the
CVs). The CVs were biased by applying harmonic restraints with a force constant of 200 kcal mol™" A-
2 for Ry and Ry. During the SMD simulations, R; was linearly decreased from 17.7 A to 10.8 A, while
R was increased from 14.2 A to 21 A over 195 ns, respectively. The MD setup and force field employed
were the same as in the unbiased MD simulations (see above). The trajectories were analysed using
VMD?® and MDAnalysis’.

Free energy simulations using the string method

To optimise the reaction pathway of the inward/outward conformational transition coupled to Na" ion
transport, we employed an in-house implementation of the finite temperature string method'"*'?, adapted
into NAMD. The conformational transition was explored by a 2D reaction coordinate comprising RC;
and RC,, which describe the inward to outward conformational transition of the RnfA/E subunits and
Na" transport across it, respectively. Specifically, RC; was defined as R, - R,, where R; is the mean



distance between group 1 (Ca atoms of residues Q85*"™ to T110*"™) and group 2 (Ca atoms of residues
C108* to A118*"F), and R,, is the mean distance between group 3 (Ca atoms of residue T8O*"* to
V105*"™) and group 4 (Ca atoms of residues L116%™™ to E126*"™, see Supplementary Fig. 19a). RC»
was defined as the distance between the Na" ion and the RnfA/E centre of mass projected along the Z-
axis (Supplementary Fig. 19b). The initial pathway was generated by interpolating equidistant points
between the inward/Na-cytosolic state (RC; = -6 A and RC» = 4 A) and the outward/Na'-extracellular
states (RC1 =9 A and RC, = -4 A) (Supplementary Fig. 19d) with 15 equidistant windows created along
the pathway. In this regard, the structures were extracted by projection of the RC; dimension onto the
trajectory sampled by the SMD simulations (see above, Supplementary Fig. 19¢). The parallel windows
were restrained by harmonic potentials on both RC; and RC; with force constants ranging from 10 to
25 kcal mol™ A and sampled for 10 ns per window for each string iteration (Supplementary Fig. 19d,g).
A new string pathway was obtained by fitting the string using splines, followed by equal separation of
the new windows along the string for the next iteration. The convergence of the string optimisation was
evaluated by computing the sum of squares and maximum deviation between each string iteration
(Supplementary Fig. 19,k), and set to 0.008 A and 0.05 A, respectively. The string optimisation was
performed for both the reduced and oxidised form of the AE1-cluster. The oxidised state simulations
were started from the 5™ iteration of the string optimisation of the reduced state (see Supplementary
Fig. 19d,g). The converged string pathway were further extended by placing 30 equally spaced windows
along the optimised string, and subjected to 45 ns sampling with the force constants set to 15 kcal mol
" A2 on RC; and RC,, with 5 windows further added for the reduced state to fully sample the phase
space around the reactant minimum. The final potential of mean force was calculated using 2D-
WHAM". The trajectories were analysed using VMD?® and MDAnalysis’.

Electrostatic calculations

Sodium binding energies were estimated using a Molecular Mechanics Poisson-Boltzmann Surface
Area (PBSA/MM) model as implemented in APBS'*". In this regard, MD snapshots with sodium
bound next to the AE1 FeS centre were selected, with a cutoff of 7 A, from simulations S15-S18
(Supplementary Table 6). The protein subunits RnfA, RnfE, the AE1 FeS centre, and the bound sodium
were included in the models for estimation of the interaction energies. The solvent was modelled with
a dielectric constant of 78.4, the NaCl concentration set to 250 mM, whilst the protein interior was
modelled as a polarizable dielectric medium with an e=4. The interactions between protein residues and
sodium were described by explicit atomic point charges and Lennard-Jones interactions.

Analysis of Na* pathways and binding sites during MD simulations

A potential tunnel pathway through the RnfA/E subunits was calculated using CAVER'®. Structural
snapshots with only the protein were extracted from MD simulations S15 (inward) and S16 (outward)
(Supplementary Fig. 17a-d). In this regard, the starting point was set to search pathways between
residues C25%"™ and C108*". The probe radius, shell radius, and shell depth were set to 0.8 A, 3.4 A,
and 3.5 A, respectively. For analysing the Na* ion pathway during the last 100 ns of MD simulations
S15 (inward) and S16 (outward) AQUA-DUCT'” was used (Supplementary Fig. 17e.f). Here, the
pathway search was extended to the whole protein with aims to track any Na" ions entering within 10
A radius of the AE1 cluster. The resulting data was analysed using PyMol 2.3.0'%,

Free energy profiles for Na* transport

Free energy profiles for the redox-driven Na" pumping in Rnf were derived based on redox potentials
for Fd (-450 mV), FeS (-320 mV), FMN (-280 mV), RFB (-230 mV), and NAD" (-320 mV). The Na"
affinity for the reduced AEl centre was -130 mV (-3.1 kcal mol"), obtained from PBSA/MM
calculations, which was also used to tune the redox potential of the AE1 centre to -190 mV in the Na"
bound state to fulfil microscopic reversibility/detailed balance. The effect of the SMF on the free energy
levels were divided equally based on the relative location of the cofactors in the membrane plane,
(z/L)Avy, with the membrane thickness L (32 A) and the SMF (Ay) set to 180 mV. This ansatz yielded



shifts in the electron transfer reactions for B8 — AE1 (+0.375L, AAG=-67.5 mV); AE1 — FMN®
(+0.375L, AAG=-67.5 mV); FMN® — FMNP (-0.125L, AAG=+22.5 mV); FMN°— RBF (-0.25L,
AAG=+45 mV); and RBF— C1 (-0.375L, AAG= +67.5 mV), with the positive (+) directions defined
from the N-side — P-side. Moreover, transferring the Na™ ion from the inside to AE1 (+0.375L) and
from AEL1 to the cytoplasmic side (+0.625L) increased the free energy of the respective states by +67.5
mV and +112.5 mV ata 180 mV SMF.

The barriers for the electron transfer reactions were computed based on electron transfer
theory'® using the Moser-Dutton model®,

log k=13 - (1.2-0.8p) (#-3.6) - 3.1(AG+A)* / A (1a)
and for reactions with AG > 0%,
log k=13 - (1.2-0.8p) (#-3.6) - 3.1(-AG+A)* / X - AG/0.06 (1b)

where p is the protein packing density (here assumed 0.76%°?"), r is the edge-to-edges distance, AG is
the driving force for the electron transfer reaction, and A is the reorganisation energy (0.7 eV?°). The
electron transfer rates were converted into activation free energies (AG*) using transition state theory,

k =« (ks T/h) exp(-AG*/RT) )
with k=1, and ks T/h ~ 6.45 ps™'. The rate of sodium binding to the reduced active AE1 site was estimated

based on MD simulations to ca. 0.5 ps (AG*~0.4 eV).

Simulation of the Na* translocation kinetics

Kinetic simulations were performed by numerical integration of the master-equation,

dpi
d—i = Xjkjip; — Xjkijp; 3)
for all transitions between energy levels i and j with forward (k;) and backward (k;) rates derived from
the free energy profiles (Fig. 4b). The initial/final electron transfer steps were modeled as irreversible.
The kinetic simulations were performed using COPASI**. See Supplementary Fig. 13 for further details
on the kinetic simulations.



Supplementary Tables

Supplementary Table 1 | Ferredoxin:NAD* oxidoreductase activities of purified Rnf-variants. Activities are
the mean of three independent biological replicates, measured in triplicates (n = 3).

Variant Fdrea:NAD' [U mg™!]
Rnf complementation 7.1+1.1
RnfAAE1 -
RnfAB1 -
RnfD D249A/N123A -
RnfG T185A/Y113A -
RnfA Y105A 34+0.7
RnfE R67A 0.7+0.2
RnfE L103G 0.8+0.2

Supplementary Table 2 | Determination of the iron content for the WT Rnf complex and its variants. The
measurements are the mean of three independent biological replicates, measured in triplicates (n = 3).

Variant Mol Fe/mol Rnf
Rnf complementation 41.8+1.5
RnfAAE1 404 +1.1
RnfAB1 384+22
RnfD D249A/N123A 41.9+£20
RnfG T185A/Y113A 423+1.7
RnfA Y105A 42.1+£23
RnfE R67A 422+19
RnfE L103G 429+£23

Supplementary Table 3 | Growth rates and doubling time. Data was obtained after growth on Hz+ CO» for ~
90 h in complex medium containing 20 mM of NaCl. Values are the mean of three independent biological
replicates, measured in triplicates (n = 3).

Variant final ODeoo Growth rate pu [h!] Doubling time [h]
ApyrE 0.477 £ 0.05 0.02 28+ 17
Arnf n.g! ng! ng!
Rnf complementation 0.453 £0.02 0.03 30+£2.0
RnfAAE1 n.g.! ng.! ng.!
RnfAB1 n.g.! ng.! ng.!
RnfD D249A/N123A n.g.! ng.! ng.!
RnfG T185A/Y113A n.g.! ng.! ng.!
RnfA Q85A 0.276 = 0.02 0.015 435+2.0
RnfA Y105A 0.175+0.03 0.01 58.5+2.5
RnfA T110G n.g.! ng.! ng.!
RnfA T111G 0.411 +0.04 0.03 31.2+1.3
RnfE R67A n.g.! ng.! ng.!
RnfE L103G n.g.! ng.! ng.!
RnfE V106G n.g.! ng.! ng.!
RnfE N107A 0.150+0.05 0.007 75.2+3.1
RnfE E115A 0.390 = 0.04 0.03 344+2.2
RnfE E115Q 0.200 = 0.05 0.01 65.3+3.9
RnfE E115K n.g.! ng.! ng.!
RnfD 1274A 0.479 = 0.07 0.03 31.2+3.0
RnfD R275A 0.449 + 0.03 0.02 30.7+2.8
RnfD Y280A 0.440 = 0.02 0.03 33.1+4.0
RnfD L.241A 0.457 +£0.02 0.03 324+3.5
RnfD F245A 0.455+0.03 0.02 295+3.0

'n. g., no growth was observed




Supplementary Table 4 | Cryo-EM data collection, refinement, and validation statistics.

Rnf NADH Rnf Fd-reduced Rnf Fd-reduced Rnf apo
bound state State-1 State-2 (B8 state
(EMDB - 19915)  (consensus map) closer to (EMDB - 19920)
(PDB - 9ERI) (EMDB - 19919) membrane) (PDB - 9ERL)
(PDB - 9ERK) (EMDB - 19916)
(PDB - 9ERJ)
Data collection and
processing
Magnification 60,000 x* 165,000 x* 165,000 x° 165,000 x*
Voltage (kV) 300 300 300 300
Electron exposure (e—/A?) 50.0 50.0 50.0 50.0
Defocus range (um) 0.8-1.8 1.2-1.8 1.2-1.8 1.2-1.8
Pixel size (A) 1.09 0.75 0.75 0.84
Symmetry imposed Cl Cl Cl Cl
Initial particle images 3622306 5365845 5365845 2513935
(no.)
Final particle images 645102 604534 260238 251476
(no.)
Map resolution (A) 33 2.8 2.99 3.0
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range (A) 3.0-4.5 2.5-4.0 2.8-4.0 2.8-4.0
Refinement
Initial model used (PDB de novo, de novo, de novo, de novo,
code) AlphaFold AlphaFold AlphaFold AlphaFold
Model resolution (A) 3.4 3.0 32 32
FSC threshold 0.5 0.5 0.5 0.5
Model resolution range 3.3-3.6 2.8-3.0 2.9-3.2 3.2-3.6
(A)
Map sharpening B factor -209.8 -132.6 -110.9 -112.7
(A%
Model composition
Non-hydrogen atoms 12706 12669 12665 12665
Protein residues 1688 1688 1688 1688
Ligands FMN: 3, NADH: FMN: 3, NADH: FMN: 3, NADH: FMN: 3, NADH:
1, RBF: 1, FES: 0, RBF: 1, FES: 0, RBF: 1, FES: 0, RBF: 1, FES:
1, SF4: 10 1,SF4:10,Na: 7 1,SF4:10,Na:3 1, SF4: 10, Na: 3
B factors (A?)
Protein 47.73 31.78 38.81 12.80
Ligand 50.96 51.81 70.93 22.86
R.m.s. deviations
Bond lengths (A) 0.005 0.007 0.007 0.011
Bond angles (°) 0.778 1.159 1.097 1.231
Validation
MolProbity score 1.72 1.64 1.62 1.61
Clashscore 5.40 3.62 3.47 4.01
Poor rotamers (%) 0.58 0.52 0.45 0.67
Ramachandran plot
Favored (%) 96.44 96.00 96.24 95.50
Allowed (%) 3.02 3.28 3.22 4.08
Disallowed (%) 0.54 0.72 0.54 0.42

a: Data acquired on a Krios 1/ K3 direct electron detector camera, pixel size = 1.09 A.

b: Data acquired on a Krios G4/ Falcon 4i camera, pixel size = 0.76 A.



Supplementary Table 5 | Comparison of residues present in NqrB of the Nqr complex and in RnfD of the
Rnf complex. Residues in NqrB involved in sodium translocation and the corresponding residues in RnfD are
indicated. Conserved residues in Na*- and H" -dependent Rnfs are highlighted. Sequence alignments were done
with ClustalOmega?®.

Residue in NqrB Residue in RnfD Conserved residue in
Na*- and H' -dependent Rnfs

Na-1

A263 T177 -

V275 1189 -

V332 V235 -

Na-2

1371 1274 yes

R372 R275 yes

P376 -l

Y378 Y280 yes

F338 L241 yes

F342 F245 yes

L_: residue not present in the sequence or not conserved in Na*- and H" -dependent Rnfs



Supplementary Table 6 | List of atomistic MD simulations. The cumulative MD sampling was 16.8 ps. “ Model
generated based on initial MDFF relaxation. ® See Supplementary Fig. 9 for classification of conformation.

Simulation | PDB Substrate Reduced cofactor RnfA/E Length
conformation® | (ns)
SO 9ERI (nadh) | NAD* - outward 700
S1 9ERI (nadh) | NAD* B8 outward 500
S2 9ERI (nadh) | NAD* B8 outward 500
S3 9ERI (nadh) | NAD* AE1 outward 500
S4 9ERI (nadh) | NAD* AE1 outward 500
S5 9ERI (nadh) | NAD* B8, AE1 outward 500
S6 9ERI (nadh) | NAD* B8, AE1 outward 500
S7 9ERI (nadh) | NAD* B7, B8 outward 400
S8 9ERI (nadh) | NAD* B7, B8 outward 400
S9 9ERI (nadh) | NAD* AE1, FMNC¢ outward 300
S10 9ERI (nadh) | NAD* AEI1, FMNC¢ outward 300
S11 9ERI (nadh) | NAD* FMNG, FMNP outward 500
S12 9ERI (nadh) | NAD* FMNG, FMNP outward 500
S13 9ERJ (fd)* - B7,B8 outward 1000
S14 9ER]J (fd) - B7, B8 inward 1000
S15 9ER]J (fd) - B8, AE1 inward 1000
S16 9ERJ (fd) - BS, AEl outward 1000
S17 9ER]J (fd) - AEI1, FMNC¢ outward 1000
S18 9ER]J (fd) - AEI1, FMNC¢ inward 1000
S19 9ER]J (fd) - FMNS, FMNP inward 1000
S20 9ER]J (fd) - FMNS, FMNP inward 1000
S21 9ER]J (fd) - B8, FMN® inward 200
S22 9ER]J (fd) - B8, FMN® outward 200
S23 9ERJ (fd) - B8, FMNP inward 200
S24 9ER]J (fd) - B8, FMNP inward 200
S25 9ERJ (fd) - B8, RBF inward 200
S26 9ERJ (fd) - B8, RBF inward 200
S27 9ER]J (fd) - RBF, FMNP inward 500
S28 9ER]J (fd) - RBF, FMNP outward 500
Total 16.8 ps




Supplementary Table 7 | Non-standard protonation states in the MD simulations. The protonation states
were determined using PROPK A33 calculation based on the NADH-reduced cryo-EM structure. (g) - € protonated
(neutral) histidine, (8) - & protonated (neutral) histidine, (&/3) - positively charged doubled protonated histidine
(HisH"). Unless stated otherwise, histidine residues were modelled in 3-protonated state.

Subunit Residues

RnfA -

RnfB E127

RnfC E167, E169, H5(e/5)

RnfD E61, E188, D249, H139(&/d)
RnfE -

RnfG E87,E139

10



Supplementary Table 8 | Estimation of electron transfer rates. Redox potentials: Fd (-450 mV), FeS (-320
mV), FMN (-280 mV), RFB (-230 mV), NAD" (-320 mV) “ State is not sampled. <r> — average edge-to-edge
distances from MD simulations; the A — reorganisation energy was modelled as 0.7 eV*; p — protein packing
density was set to 0.76%°; AG* — Activation free energies based on transition state theory from ker, with standard
pre-exponential factors and k=1; electron transfer rate ket from Moser-Dutton model? (see also Ref. 2!). € shortest
distance from MD snapshots. ¢ based on FMN/NADH PCET reaction in Complex I, ca. 10,000 s™' 24,

D A State <rR)> | AG(eV) | AGi(eV) fer (5) AG (eV) AG: (eV) ter (5)
SMF SMF SMF

Fd Bl N/A® 14 -0.13 0.46 3.9x10° -0.13 0.46 3.9x10°
Bl B2 inward 9.6 0 0.34 5.3x10° 0 0.34 5.3x10°
Bl B2 outward 11.7 0 0.29 9.2x10” 0 0.29 9.2x10”
B2 B3 inward 13.0 0 0.28 5.4x10” 0 0.28 5.4x10”
B2 B3 outward 16.3 0 0.58 0.5x10° 0 0.58 0.5x10°
B3 B4 inward 11.1 0 0.40 4.1x107 0 0.40 4.1x107
B3 B4 outward 10.6 0 0.38 2.1x107 0 0.38 2.1x107
B4 BS inward 11.3 0 0.40 5.3x107 0 0.40 5.3x107
B4 B5 outward 112 0 0.40 4.7x107 0 0.40 4.7x107
BS B6 inward 10.5 0 0.37 1.8x107 0 0.37 1.8x107
B5 B6 outward 10.8 0 0.38 2.7x107 0 0.38 2.7x107
B6 B7 inward 10.9 0 0.39 3.1x107 0 0.39 3.1x107
B6 B7 outward 11.3 0 0.40 5.4x107 0 0.40 5.4x107
B7 B8 inward 11.0 0 0.39 3.6x107 0 0.39 3.6x107
B7 B8 outward 9.1 0 0.32 2.7x10° 0 0.32 2.7x10°
B8 AEl | inward 15¢ 0 0.54 8.3x10° -0.07 0.51 3.2x10°
B8 AEl | inward + Na' 15° -0.26 0.46 4.0x10° -0.13 0.49 1.5x10°
B8 AEl | outward 20.7 0 0.74 0.2 -0.07 0.72 0.08

B8 AEl | outward + Na' 20.7 -0.26 0.66 0.01 -0.13 0.70 0.04
AEl | FMNC | inward 23.1 +0.09 0.87 20.3 +0.13 0.89 39.4
AEl | FMNC | outward 15.1 +0.09 0.58 0.4x10° +0.13 0.59 0.7x10°
FMNC® | FMNP | inward 1.6 0 0.41 8.1x107 +0.03 0.42 1.2x10°
FMNC® | FMNP | outward 12.1 0 0.43 1.6x10° +0.03 0.44 2.5x10°
FMNP | RBF | inward 10.6 -0.05 0.36 1.0x107 0 0.38 2.1x107
FMNP | RBF | outward 10.9 -0.05 0.37 1.6x107 0 0.39 3.1x107
RBF | CI inward 11.3 +0.09 0.44 2.1x10° +0.1 0.44 2.5x10°
RBF | Cl outward 114 +0.09 0.44 2.4x10° 40.1 0.45 2.8x10°
Cl C2 inward 94 0 0.33 4.0x10° 0 0.33 4.0x10°
Cl 2 outward 9.6 0 0.34 5.3x10° 0 0.34 5.3x10°
Cl FMN | inward 8.5 +0.04 0.32 2.1x10° +0.04 0.32 2.1x10°
Cl FMN | outward 8.5 +0.04 0.32 2.1x10° +0.04 0.32 2.1x10°
FMN | NAD" | inward 3.5 -0.04 0.54 0.1x10° -0.04 0.54 0.1x10°
FMN | NAD' | outward 3.5 -0.04 0.54 0.1x10° -0.04 0.54 0.1x10°

11



Supplementary Table 9 | Plasmids generated during this study.

Plasmid Description Number of Introduced
oligonucleotides used' mutations
pMTLS84211 pPta ack WT Rnf, C-terminal His-tag 1+2+3+4+5+6 None
RnfCDGEAB (RnfG-His) fused to RnfG
pMTLS84211 pPta ack Rnf | Deletion of FeS cluster AE1 7+8+9+10+ A-C25A, A-
AAE1 11+12+13+14 Cl113A, E-C25A,
E-C108A
pMTLS84211 pPta ack Rnf | Deletion of FeS cluster Bl 15+16 CS50A, C53A,
AB1 C3S8A, C75A
pMTLS84211 pPta ack Rnf Exchange of Riboflavin- 17+18+19+20 D249A, N123A
D D249A/N123A binding D249 and N123 to
A249 and A123 in RnfD
pMTLS84211 pPta ack Exchange of FMN-binding 21422423424 T185A, Y113A
RnfG TI85A/Y113A T185 and Y113 to A185 and
A113 in RnfG
pMTLS84211 pPta ack Rnf | Exchange of Y105 to A in 25+26 YI105A
A YI105A RnfA
pMTLS84211 pPta ack Rnf | Exchange of T110to G in 27+28 T110G
ATII0G RnfA
pMTLS84211 pPta ack Rnf | Exchangeof T111to Gin 29+30 T111G
ATIIIG RnfA
pMTLS84211 pPta ack Rnf Exchange of Q85 to A in 31+32 Q85A
A Q85A RnfA
pMTLS84211 pPta ack Rnf Exchange of R67 to A in 33+34 R67A
E R67A RnfE
pMTLS84211 pPta ack Rnf | Exchange of L103 to G in 35+36 L103G
EL103G RnfE
pMTL84211 pPta ack Rnf | Exchange of V106 to G in 37+38 V106G
E V106G RnfE
pMTLS84211 pPta ack Rnf | Exchange of N107 to A in 39+40 N107A
E N107A RnfE
pMTLS84211 pPta ack Rnf | Exchange of E115to A in 41+42 E115A
EElISA RnfE
pMTLS84211 pPta ack Rnf | Exchange of E115to Qin 43+44 E115Q
EEL15Q RnfE
pMTLS84211 pPta ack Rnf | Exchange of E115to K in 45+46 El15K
EE115K RnfE
pMTL84211 pPta ack Rnf Exchange of 1274 to A in 47+48 1274A
D I274A RnfD
pMTLS84211 pPta ack Rnf | Exchange of R275to A in 49+50 R275A
D R275A RnfD
pMTLS84211 pPta ack Rnf | Exchange of Y280 to A in 51+52 Y280A
D Y280A RnfD
pMTLS84211 pPta ack Rnf | Exchange of L241to A in 53+54 L241A
D1241A RnfD
pMTLS84211 pPta ack Rnf | Exchange of F245 to A in 55+56 F245A
D F245A RnfD
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Supplementary Table 10 | RESP charges of iron-sulphur clusters, FMN and riboflavin cofactors. Four
different FMN redox states are shown; FMN (oxidised, total charge = -2), FMN"* (reduced, le’, total charge = -
3), FMNH® (reduced, 1H"/1e", N5 protonated, total charge = -2), and FMNH" (reduced, 1H*/2¢", N5 protonated,
total charge = -3). Five different riboflavin (RBF) redox states are shown; RBF (oxidised, total charge = 0), RBF-
/* (reduced, le>total charge = -1), RBFH® (reduced, 1H"/1e”, N5 protonated, total charge = 0), RBFH" (reduced,
1H'/2e-), RBFH: (reduced, 2H"/2¢”, N2 and N5 protonated, total charge = 0). RBFR bonded terms are from
CHARMM36 cgenff parameters, while the charges were calculated using restrained electrostatic potential (RESP)
at B3ALYP-D3 / def2-TZVP/ € = 4 level.

4Fe4S 2Fe2S
State Oxidised Reduced State Oxidised | Reduced
1Felll/3Felll | 2Fell/2Felll Felll/Felll | Fell/Felll
Atom Name Charge Atom Name Charge
IFEI 0.797136 0.900785 IFE1 0.68059 | 0.74897
IFE2 0.761617 0.888277 1FE2 0.679 0.72132
1FE3 0.761617 0.900785 1S1 -0.66354 | -0.84011
1FE4 0.797136 0.900785 1S2 -0.66342 | -0.83904
1S1 -0.701499 -0.876966 258G -0.47826 | -0.57245
1S2 -0.734161 -0.911752 2CB -0.21208 | -0.27218
1S3 -0.701499 -0.9968 2HB1 0.09 0.09
1S4 -0.734161 -0.891421 2HB2 0.09 0.09
2CB 0.091698 0.059323 3SG -0.48211 | -0.57436
2HBI1 0.008776 0.009171 3CB -0.20433 | -0.27248
2HB2 0.008776 0.009171 3HBI 0.09 0.09
258G -0.62386 -0.822357 3HB2 0.09 0.09
3CB 0.091698 0.059324 4SG -0.4788 | -0.60735
3HBI1 0.0115 0.002238 4CB -0.21071 | -0.3046
3HB2 0.0115 0.002238 4HBI1 0.09 0.09
3SG -0.62386 -0.822357 4HB2 0.09 0.09
4CB 0.100701 0.046293 5SG -0.48335 | -0.60812
4HBI1 0.002629 0.001192 5CB -0.203 -0.29959
4HB2 0.002629 0.001192 SHB1 0.09 0.09
4SG -0.715789 -0.713624 SHB2 0.09 0.09
5CB 0.100701 0.059323
SHB1 0.001252 0.008768
SHB2 0.001252 0.008768
58G -0.715789 -0.822357
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Supplementary Table 10 (continued).

FMN

State FMNO | FMNI FMN2 FMN3

(FMN) | (FMN”*) |(FMNH®) | (FMNH>)
Atom Name Charge

N1 -0.615943|-0.639088|-0.638309 |-0.626021
C2 0.832762 | 0.81398 | 0.806648 | 0.691957
02 -0.561696|-0.676036(-0.574344|-0.665953
N3 -0.6083141-0.593315|-0.561212|-0.561467
H3N 0.350301 | 0.313703 | 0.34164 |0.318953
C4 0.555019 | 0.534704 | 0.576869 | 0.567696
04 -0.5077771-0.602548|-0.561182|-0.671448
C4A 0.346809 | 0.228368 |-0.142766 |-0.189491
N5 -0.581155(-0.677167|-0.189397 |-0.539849
H5N - - 0.304307 | 0.37613
C5A 0.519353 | 0.552962 | 0.156402 | 0.25892
Co6 -0.4292321-0.498495|-0.453883 |-0.511598
Ho6A 0.214339 | 0.19076 |0.212203 | 0.187579
Cc7 0.195042 | 0.217973 | 0.221961 | 0.212641
CM -0.27782 1-0.371534|-0.290236 |-0.372657

H7M1 0.09 0.09 0.09 0.09

H7M2 0.09 0.09 0.09 0.09

H7M3 0.09 0.09 0.09 0.09
C8 0.109434 | 0.120895 | 0.117511 | 0.099859
C8M -0.261718(-0.377383|-0.280291 |-0.374304

H8M1 0.09 0.09 0.09 0.09

H8M2 0.09 0.09 0.09 0.09

H8M3 0.09 0.09 0.09 0.09
Cc9 -0.29736 |-0.347211(-0.352379|-0.449271
H9 0.185945 | 0.176699 | 0.194833 | 0.204074
C9A -0.1943941-0.286893| 0.046639 | 0.174393
N10 0.24429 | 0.356739 | 0.052737 |-0.133253
C10 0.112132 ] 0.032016 | 0.349323 | 0.44234
Ccr -0.050017{-0.189131|-0.057074 |-0.159231

HI11 0.09 0.09 0.09 0.09

Hi12 0.09 0.09 0.09 0.09
c2 0.191135|0.1911350.191135 | 0.191135
H21 0.099466 | 0.099466 | 0.099466 | 0.099466
02 -0.6522431-0.652243|-0.652243 |-0.652243
HO2' 0.412463 | 0.412463 | 0.412463 | 0.412463
c3 0.092714 | 0.092714 | 0.092714 | 0.092714
H31 0.060543 | 0.060543 | 0.060543 | 0.060543
o3 -0.660049 |-0.660049|-0.660049 |-0.660049
HO3' 0.384756 | 0.384756 | 0.384756 | 0.384756
c4 0.26425 | 0.26425 | 0.26425 | 0.26425
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H41 0.042698 | 0.042698 | 0.042698 | 0.042698
04' -0.745438|-0.745438|-0.745438 | -0.745438
HO4' 0.446446 | 0.446446 | 0.446446 | 0.446446
cs' 0.202588 | 0.202588 | 0.202588 | 0.202588
H51 -0.0781431-0.078143|-0.078143|-0.078143
H52 -0.0781431-0.078143|-0.078143|-0.078143
(08} -0.514227|-0.514227|-0.514227|-0.514227
P 1.247152 | 1.247152 | 1.247152 | 1.247152
O1pP -0.9053231-0.905323{-0.905323-0.905323
o2p -0.9053231-0.905323{-0.905323-0.905323
o3p -0.9053231-0.905323{-0.905323|-0.905323
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Supplementary Table 10 (continued)

Riboflavin

State RBFO RBF1 RBF2 RBF3 RBFR

(RBF) | (RBF’*) | (RBFH®) | (RBFH) |(RBFH>)

Atom Name Charge

N1 -0.615943(-0.639088|-0.638309|-0.626021 | -0.446
H1 0.344
C2 0.832762 | 0.81398 | 0.806648 | 0.691957 | 0.474
02 -0.561696(-0.676036|-0.574344|-0.665953 | -0.504
N3 -0.608314(-0.593315|-0.561212|-0.561467| -0.415
H3 0.350301 | 0.313703 | 0.34164 | 0.318953 | 0.332
C4 0.555019 | 0.534704 | 0.576869 | 0.567696 | 0.551
04 -0.507777(-0.602548|-0.561182|-0.671448 | -0.521
C4A 0.346809 | 0.228368 |-0.142766|-0.189491| -0.108
N5 -0.581155(-0.677167|-0.189397|-0.539849| -0.489
HS5 0.304307 | 0.37613 | 0.344
C5A 0.519353 | 0.552962 | 0.156402 | 0.25892 | 0.124
Co6 -0.429232(-0.498495|-0.453883|-0.511598| -0.235
H6 0.214339 | 0.19076 | 0.212203 | 0.187579 | 0.171
Cc7 0.195042 | 0.217973 | 0.221961 | 0.212641 | 0.051
CM -0.27782 |-0.371534|-0.290236 (-0.372657| -0.266
H71 0.09 0.09 0.09 0.09 0.09
H72 0.09 0.09 0.09 0.09 0.09
H73 0.09 0.09 0.09 0.09 0.09
C8 0.109434 | 0.120895 | 0.117511 | 0.099859 | 0.051
C8M -0.261718(-0.377383|-0.280291|-0.374304| -0.275
HS81 0.09 0.09 0.09 0.09 0.09
H82 0.09 0.09 0.09 0.09 0.09
HS83 0.09 0.09 0.09 0.09 0.09
Cc9 -0.29736 |-0.347211|-0.352379(-0.449271| -0.214
H9 0.185945 | 0.176699 | 0.194833 | 0.204074 | 0.175
C9A -0.194394(-0.286893| 0.046639 | 0.174393 | 0.095
N10 0.24429 | 0.356739 | 0.052737 |-0.133253| -0.444
C10 0.112132 | 0.032016 | 0.349323 | 0.44234 0.49
Ccr -0.050017(-0.189131{-0.057074|-0.159231| -0.005
HI' 0.09 0.09 0.09 0.09 0.09
H1" 0.09 0.09 0.09 0.09 0.09
c2' 0.14 0.14 0.14 0.14 0.14
H2' 0.09 0.09 0.09 0.09 0.09
02 -0.65 -0.65 -0.65 -0.65 -0.65
HO2' 0.42 0.42 0.42 0.42 0.42
c3 0.14 0.14 0.14 0.14 0.14
H3' 0.09 0.09 0.09 0.09 0.09
o3 -0.65 -0.65 -0.65 -0.65 -0.65
HO3' 0.42 0.42 0.42 0.42 0.42
Cc4' 0.14 0.14 0.14 0.14 0.14
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H4'

0.09 0.09 0.09 0.09 0.09

04' -0.65 -0.65 -0.65 -0.65 -0.65

HO4' 0.42 0.42 0.42 0.42 0.42
cs' 0.05 0.05 0.05 0.05 0.05

H5' 0.09 0.09 0.09 0.09 0.09

H5" 0.09 0.09 0.09 0.09 0.09
(08} -0.65 -0.65 -0.65 -0.65 -0.65

HOS' 0.42 0.42 0.42 0.42 0.42
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Supplementary Figures
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Supplementary Fig. 1 | Purification and characterisation of the Rnf complex from A. woodii. (a) 10 pg of
Rnf complex containing a His-tag purified from 4. woodii was separated in an SDS-PAGE. (b) Size exclusion
chromatography profile of the purified Rnf complex from 4. woodii on “Superdex 200 Increase™ 10/300. (c)
Measurement of Fdra-dependent NAD™ reduction catalysed by the Rnf complex from A. woodii. (d) Growth
restoration of the rnf mutant on H2 and COz after complementation with the plasmid pMTL84211 Ppta ack Rnf-
His. The 4. woodii ApyrE mutant, the ApyrE mutant containing the vector pMTL84211 without the rnf operon,
the Arnf mutant and the complemented strain Arnf'were grown in complex medium under a H2 + COz [80:20 v/v]
atmosphere with a pressure of 1.0 x 10° Pa.
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Supplementary Fig. 2 | Cryo-EM data collection and analysis of the Rnf complex with NADH bound. (a) A
representative cryo-EM motion-corrected micrograph showing Rnf particles. (b) Reference-free 2D class averages
revealing different views of the Rnf complex. (¢) Overview of the cryo-EM data-processing scheme. A 10° tilted
dataset was acquired to overcome the preferred orientation problem. (d) Angular distribution of the particles used
for the final round of NU refinement. (e) Fourier shell correlation plot of final refined map with showing the

global resolution (FSC = 0.143). (f) Local resolution as calculated by CryoSparc® mapped on the refined density
(left, middle: front and side view, right: cut-open view of central section).
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Supplementary Fig. 3 | Cryo-EM data collection and analysis of the Rnf complex reduced with pre-reduced
Fd. (a) Cartoon scheme depicting the CODH enzyme extracting electrons from CO gas and transferring these
electrons to oxidised Fd to produce reduced Fd. The Rnf is then incubated with reduced Fd to obtain a reduced
protein complex. (b) A representative cryo-EM motion-corrected micrograph (4k x 4k) showing single Rnf
complexes and reference-free 2D class averages revealing different views of the complex. (¢) Overview of the
cryo-EM data-processing scheme. Due to low number of particles on the grid, a large dataset was acquired to
explore conformational changes. 3D classification revealed two conformations associated with the RnfB mobile
domain containing the BS cluster; one closer to the membrane (state 2) and one away (state 1) (see Methods for a
detailed description of the processing pipeline).
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Supplementary Fig. 4 | Cryo-EM data collection and analysis of the apo state of the Rnf complex. (a) A
representative cryo-EM micrograph showing Rnf particles. (b) Reference-free 2D class averages revealing
different views of the Rnf. (¢) Overview of the cryo-EM data-processing scheme. (d) Angular distribution of the
particles used for the final round of NU refinement. (e) Fourier shell correlation plot of final refined map with
showing the global resolution (FSC = 0.143). (f) Local resolution as calculated by CryoSparc? mapped on the
refined density (left, middle: front and side view, right: cut-open view of central section).
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Supplementary Fig. 5 | Cryo-EM density and model quality. Representative regions of the Rnf subunits and
their surrounding electron density maps are shown, along with map threshold in RMSD. (a) Local resolution as
calculated by CryoSparc?® mapped on the refined density (2.8 A consensus map) of Rnf reduced with Fdreq taken
from Fig. S3 (front and cut-open view of central section). (b) Fourier shell correlation and angular distribution
plots of the Rnf complex structure (state 1 and state 2) reduced with pre-reduced Fd. (¢, d, e, f) Representative
regions of the Rnf subunits and their surrounding electron density maps are shown, indicating the corresponding
contour level (o) values. (¢) The helices TM1 and 4 for RnfA/E subunit were found slightly disordered with
moderate density fits, indicating their flexible nature. (d) The FMN-NADH bound state was only obtained for Rnf
complex with bound NADH, whereas for the Rnf in the Fd reduced state and the apo state contain only FMN. (f)
The position of the B8 cluster encased around the cryo-EM map is shown for the Fd-reduced (state 1 and 2) and
NADH-reduced state of the Rnf complex. (g) Average root-mean-square fluctuations (RMSF) calculated from the
MD simulations and mapped on the cryo-EM structure of the Rnf complex treated with reduced Fd.
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Supplementary Fig. 6 | Comparison of cofactor distances in the different states of the Rnf complex resolved
by cryo-EM. (a) Rnf complex reduced with ferredoxin. (b) Rnf complex reduced with NADH. (¢) Rnf complex
in its apo-state. All structures are represented as transparent surfaces with edge-fo-edge distances between the
cofactors reported in angstroms.
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RnfA

RnfA/A._woodii -MTLIFIMISAIFVNNFVLSRFLEICPFLEVSKQVETAVEMGVAVTFVMALASATITYWQYAIL -
RnfA/R._capsulatus 1 ----MQDFLLVLLSTALVNNVVLVKFLELCPFMBVSRKTDAAIBMGLATTFVITVASAACWLVEALIL-
RnfA/M._acetivorans 1 MVKMAESLFTIFLEGVFIKNFLLIQFLELCSFVEBVTKDLKSASEMSGAVVFVMAMAATVSFALYNFIL -
1jungdahlii [YVLTRFLELCIFFBVSKNLNASVEBMGMAVTSVITMSSILAWVYHFVL -
coli FVLVKFLELCPFMBVSKKLETAMBMGLATTFVMTLASICAWLIDTWIL - -IPLNLIYLRTLAFILVIA FTRMVVRKT S
cholerae IMALSFFLEMCTFLAVSKKVKTSFBLGIAVIVVLTISVPUNNLVYNLVLKPDALV- - - - EGVDLSFLNFITFIGVIAALVQILEMILDRFF,
aeruginosa {MALAFFLBMCTF IATSKKVETAIBLGIAVIVVQTITVPANNLIYTYLLKDGALAWAGLPEVDLSFLGLLSYIGVIAAIVQILEMLLDK®

meningitidis MALSFFLEMCTFLAVSKKVSTAFSLGVAVIFVLGLSVPANQLVYSL -LKDGAIV- - - - EGVDLTFLKFITFIGVIAALVQI LEMF LDKF'

-DPLSLGYLQTIAFILITAALVA TIKK!

-EPLDLKFLRILSMILVIAAIVAF IRTVMRKVT
-VPLKLEFLRTIAFIVVIAALVALVEF IVRKH!
-IPFNLTFLKTVVFVLLIASFVQLLETIIKKQA!

ICAVLELPL 121
ICAVLEAVL 125
ICIVLAVPI 121
ICAVLEVAL 121
ICATFBGVS 127
ICATMAGSL 131
CAIFIAVS 126

CAVLIVAL 120

Nqre/H._influenzae [MALSFFLEMCTFLAVSKKVSPAFBLGIAVTFVLGIAVPVNQLIYANVLKENALI - - - -EGVDLSFLNFITFIGVIAGLVQILEMVLDKFM| ICAIFBGVS 127
RnfA/A._woodii 121 INIQNEYNFIETIFNGVGAALGFTLAIVLFAGIRERLETSAVRKAL - EFPIALLTAGLMAIAFLGF SEMKLG- 192
RnfA/R._capsulatus 122 MYIQGHLSLAMSTLSEFGASVGFTLVLVIFAGMRERLAQLSVRAAF -ABTPIAFVSAGLLGLAFMGFABLVHV - 193
RnfA/M._acetivorans 126 LNVMNDYDL, i) GYTVAMLMMAAT DL JTYAFFIAT: IPLE 199
RnfA/C._1jungdahlii 122 LNADSNFNFLQSVVNAIGSGLGFAMATILMASLREKLRLADVEKPL - EGLGVAF ILAGMLALAFLGF SEMISI- 193
RsxA/E._coli 122 LNINLGHNFLQSALYBF SAAVGF SLVMVL FAATRERLAVADVRAPF -RENATAL ITAGLMSLAFMGF SELVKL - 193
Nqre/V._cholerae 128 FMVQRDYSFAESVVYBFGSGVGWMLAIVALAGIREKMKYSDVRPGL -RELGITF ITAGLMALGFMSF SEVQL - - 198
NqrE/P._aeruginosa 132 FMVERDYNLAESTVYBVGSGF SWALAIAALAGIRBKLKYSDVREGL -QBLGITFITIGLMSLGFMSFSBVQL 202
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Supplementary Fig. 7 | Structural comparison of Rnf and Nqr and sequence conservation. (a) Superposition
of the Rnf structure (PDB ID: 9ERI) with Ngr complex (PDB ID: 7XK3)?. The overall complex aligns with an
RMSD of 4.75 A, however, the membrane integral subunits, shown as closeup, are highly similar and align with
an RMSD value of 1.18 A. (b) The corresponding multiple-sequence alignment (MSA) of the membrane integral
subunit of the Rnf complex (RnfA/E/D) and the Nqr complex (NqrB/D/E). Sequence identity between Rnf and
Ngr: RnfA/NqrE = 37.0-48.4%; RofE/NqrD = 29.1-39.8%; RnfD/NqrB = 21.8-31.4%. The RnfA/E, although
being pseudo-symmetrical, show a sequence similarity of 29%. The MSA was performed with ClustalQ?.
Residues with up to 50% conservation are coloured. (¢, d, €) Comparison of conformations from resolved cryo-
EM structures of Nqr (PDB ID: 8AI1T, 8A1U, 8A1V, 8AIW, 8A1X, 8A1Y, 8ACW, 8ACY)? (c) with MD
inward/outward conformations (d), (e¢) Distance between the residues Y1058 V2R from MD simulations
grouped either into inward (green) or outward (orange) conformations.
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Supplementary Fig. 8 | MD simulations of the Rnf complex. (a) Structural overview of the Rnf system used
for MD simulations. Subunits RnfA (teal), RnfB (purple), RnfC (blue), RnfD (pink), RnfE (red), RnfG (green)
are shown in cartoon representation. The iron-sulphur clusters are represented as spheres (sulphur:yellow,
iron:orange), while the cofactors FMN and RBF are shown as sticks. Inset: The FMN and FMNP were covalently
linked to T185R"G and T156R"P, respectively. (b) The protein system embedded in a POPC membrane. Waters
and ions are omitted for clarity. (c,e) Comparison of structures from cryo-EM experiment (grey) and equilibrated
MD simulations. The MD simulations were started either from (¢) the NADH- or (e) the Fd-reduced cryo-EM
structures. /nset: close-up of B8 cluster binding region of RnfB (purple) showing the shift in position from MD
simulations as compared to initial cryo-EM structure (grey). (d, f) Secondary structure of RnfB region binding
the B8 cluster from MD simulations started from (d) the NADH- or (f) the Fd-reduced structures. Residue range
of 30 (dark purple) to 100 (yellow) is shown. (g) Electrostatic potential on the Rnf surface shows a positive
electrostatic potential region that could stabilise ferredoxin interaction. Inset: The C-terminal domain of RnfB
contains several positive Lys/Arg residues.
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Supplementary Fig. 9 | Characterisation of the inward and outward conformations. (a) Inward (left) and
outward (right) conformations of TM4 and TM1 helices from RnfA (teal) and RnfE (red). Conserved hydrophobic
residues (L22R0fA L22R0E T 103R0E [,]08%A) can adopt different conformations depending on the helix
conformation, controlling access to the AEI cluster. (b) Distance between the gating hydrophobic residues top:
L22R"E and L108R"A; and bottom: L22R" and V106R"E, (¢) Snapshots from the inward (leff) and outward (right)
conformations showing different ion pair conformations for R67%E EQ8RA and E115%E, (d) Distances between
the R67RE_EZR™A (fop) and R67R"E-E115R"E (bottom) ion pairs. (€) Sodium binding in the buried binding site
is stabilised by backbone carbonyls V106R"E and T111R*" in the inward (green) and outward (orange)
conformations. (f) Angle between the backbone carbonyls from V106" (top) and T111% (bottom), and the Z-
axis (in °) from MD simulations with a reduced AE1 cluster (S13-S16, see Supplementary Table 6). (g) The Z-
coordinate (in A) of the AE1 cluster relative to the membrane. The average Z-coordinate (in A) of the upper and
lower membrane leaflets are shown in grey.
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(a) Structural overview of the

Rnf showing the location of the cofactors after MD equilibration (S15). Inset: A snapshot from MD simulation

.

ions.
R154R") are involved in electrostatic interaction with

10 | Summary of cofactor distances from MD simulat

ig.

.

the iron-sulphur cluster. (b) Distances between K32R"™ and B8-cluster of MD simulations starting from NADH-
(top) or Fd-reduced (bottom) structures. See Supplementary Table 6 for the simulation details. (¢) Violin plots

S15 showing the flexible domain of RnfB, containing the B8 cluster, binding close to the membrane subunits of
showing all distances between the cofactors.

RnfA and RnfE. Two positively charged residues (K32R"A,

Supplementary F
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Supplementary Fig. 10 | Summary of cofactor distances from MD simulations (continued). (d) Snapshot of
RnfG from MD simulations with RnfA/E either in inward (green) or in outward (orange) conformation. Inset:
closeup view of the cofactor FMIN® showing two distinct conformations. In outward-conformation it moves closer
to the AE1-center, whereas in inward-conformation it moves closer to FMNP. (e) Edge-to-edge distance analysis
shown for AE1-FMNC (fop) and FMNC-FMNP (bottom) from all MD simulations grouped either into inward
(green hues) or outward (orange hues) conformation.
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Supplementary Fig. 11 | Global dynamics of the Rnf complex from principal component analysis (PCA) of
the MD simulations. (a) Overview of subunits used for the PC analysis. RnfA is shown on the left (in teal) and
RnfB to the right (in red). (b) Scree plot showing the fractional variance of the obtained normal modes. (c)
Projection of the MD simulations onto the principal components (PC) - modes 1 and 2. (d) The main PC modes
of MD simulations based on the Fd-reduced structure with the largest movements of helices TM1 and TM4,
showing symmetric (mode 2) or asymmetric (mode 1) motion. Rotational motion of the outer helices (TM2, TM3,
TMS5) (mode 3). (e) The main PC modes from MD simulations of the NADH-reduced structure show overall
similar dynamics as in the Fd-reduced simulations, but lower B-factors, indicating a smaller movement. See
Supplementary Movies 3 and 4 for the conformational switching and PCA.
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Supplementary Fig. 12 | Sodium binding in the membrane domain of Rnf. (a) Analysis of the Na* occupancy
from combined MD simulations of the inward (leff) and outward (righf) conformations. The average Na*
occupancies were calculated using the VolMap tool in VMD? shown as green-coloured densities. (b) Snapshots
from MD simulations showing key residues interacting with the Na*ion. Top, lefi: the cytosolic side, with Na*
ion bound between E115RE and T111RA, Top, right: buried binding site in the inward conformation, with the
Na" ion bound to the carbonyl backbone of T111% next to the AEIl cluster. Bottom, lefi: the outward
conformation, with Na* ion bound next to the carbonyl backbone of V1068 and L103%E. Bottom, right: Na*
ion next to the phosphate groups of FMN® and FMNP on the extracellular side. (¢) Subunits RnfA/E with potential
sodium ion interactions marked in purple spheres. (d) Na" occupancy during MD simulations with the residues
shown in panel ¢ (see Supplementary Table 6). The occupancies were calculated based on the fraction of frames
with a sodium ion within 3 A of a particular residue (b - for only backbone interaction). (e, f) Superposition of
Na" binding sites from cumulative MD simulations snapshots (green densities, obtained using the VMD VolMap
tool for 1 frame/ns of the MD trajectory, from simulations S17/S18) and cryo-EM structures (grey spheres). Panel
(e) shows the periplasmic side of the RnfA/E subunit, and panel (f) shows the cytoplasmic side.

30



a — Fd®d — B3 — B6 — B8 — AEL:Na* — FMN® — C1 ~ FMNC® b — Fd®d — B3 — B6 — B8 — AEL:Na* — FMN® — C1 ~ FMNC®

— Bl =— B4 — B7 — AEl — FMNC® ~ RBF Cc2 NADH — Bl ~— B4 — B7 — AEl — FMNC® ~ RBF Cc2 NADH
- B2 - B5S - B2 - B5
1.0 1.0
0.8 0.8
° o
Q Q
5 5
S 0.6 S 0.6
1S 1
5 S
= 0.4 -5 0.4
9] ]
© ©
fre fre
0.2 0.2
0.0 0.0
T T T T T T
c o 6y (Na* Na* < 1 6y (Na* Na*
5 — 6y (Na*ou - Na*i) 5 — 6y (Na* oy - Na*ip)
E=} _ E=] _
s 0 0mv ] 0 omv
& 180 mv i 180 mv
-14 T T T -1 T T T
107° 107 1073 1 107° 107 1073 1
Time (s) Time (s)
AE1:Na* + FMN® — AE1_+ Na* + FMN® AE1:Na* + FMN® =— AE1_+ Na* + FMN¢
ox ox out ox ox ox out ox
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(b) a reversible Na* release steps.
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Supplementary Fig. 14 | Purification and characterisation of Rnf variants from A. woodii. (a, b) 10 pg of
Rnf electron transfer pathway variants containing a His-tag purified from 4. woodii was separated in an SDS-
PAGE. Size exclusion chromatography profile of the purified variant Rnf complexes from 4. woodii on “Superdex
200 Increase™ 10/300”. (¢, d) 10 pg of Rnf variants with alterations in the proposed Na* binding site containing
a His-tag purified from A. woodii was separated in an SDS-PAGE. Size exclusion chromatography profile of the
purified mutant Rnf complex from A. woodii on “Superdex 200 Increase™ 10/300”. (e) Rnf strain containing
mutations of residue involved in Na* binding and translocation (in RnfA/E subunits) did not grow on Hz and CO:
at 2 mM NaCl (f, g) Rnf strain containing mutations of residue in RnfD subunits grew as wild type when grown
on 20 mM and 2 mM NaCl with Hz and COa.
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Supplementary Fig. 15 | Sodium binding to the RnfA/E dimer. (a,b,c,d) The data shows the binding affinity
of Na" ions in different redox states of the AE1 cluster (red: reduced; blue: oxidised), and in different alternate-
access conformations of the RnfA/E dimer. Only snapshots with Na” bound were considered. The clustered
snapshots were generated from MD simulations performed with the reduced AEI cluster (simulations S15-S18,
see Supplementary Table 6), whereas the effect of the AE1 oxidation was modelled by switching the AE1 charges
to the corresponding oxidised state, as no spontaneous Na* binding was observed in MD simulations with an
oxidised AE1 cluster. (e) Simulations grouped by inward (green) and outward (orange) conformations, showing
the data with reduced AE1 cluster. (f) Sodium binding free energy (from PBSA/MM) along the sodium pathway
across the RnfA/E subunits, sampled during the free energy calculations of the inward/outward transition (see
Supplementary Figs. 18-20), with different redox states of the AEI cluster (red: reduced; blue: oxidised). The
solid lines/points represent the block average along the reaction coordinate, with a bin width of 1 A (RC2, defined
as the distance between sodium and the centre of mass of RnfA/E, projected onto the Z-axis, with RCz > 0 being
the intracellular side, and RCz < 0 the extracellular side, see also Supplementary Fig. 18).
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Supplementary Fig. 16 | Overview of hydration in the membrane subunits of Rnf. (a,b,c,d) Left: Hydration
averaged over the MD ensemble, showing water molecules in the subunits RnfA, RnfE, and RnfD. The final 100
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of the upper and lower membrane leaflet, and the AE1 cluster are indicated by triangles and circles, respectively.

Rnf}
3 repl ‘
.00

34



Supplementary Fig. 16 | Overview of hydration in the membrane subunits of Rnf. (continued).
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Supplementary Fig. 17 | Ion channel analysis in RnfA/E. (a, c¢) lon translocation pathways, characterised using
tunnel analysis in CAVER'®, showing a continuous pathway from (a) the inward and (c) outward sides of RnfA/E.
(b,d) The tunnel radius of the individual pathways (in grey) and the average tunnel radius (blue) in the (b) inward
and (d) outward conformations. The analysis was performed on MD simulations S15 and S16 (see Supplementary
Table 6). (e,f) Analysis of Na* ion trajectories during MD simulations S15 (e) and S16 (f). The pathways followed

by the ion are shown as yellow and green lines, while the Na* cluster detected by AQUA-DUCT', is shown as a
red surface.
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Supplementary Fig. 18 | Steered molecular dynamics exploration of the inward/outward transition. (a)
Overview of the reaction coordinates (R: and R2) used for exploring the inward to outward transition of the RnfA/E
subunits by steered molecular dynamics (SMD) simulations. R1 was defined as the Ca mean distance between
helices g1 (residues Q85%"™ to T110R") and g> (residues C108R" to A118R"®), while R, was defined as the Ca.
mean distance between helices g3 (residues TSOR to V105R"F) and g4 (residues A116%" to S126R"). See
Supplementary Methods for details. (b) The reaction coordinate Ri (blue) and Rz (orange) during the SMD
simulations. (¢) Distance of the Na* ion to the centre of the RnfA/E subunits, projected on the Z-axis shows how
the ion moves from the intracellular side to the extracellular side during the SMD simulation. (d) Snapshots from
the SMD simulation, showing the Na* ion and coordinating residues at different timepoints.

37



RCi=Rz2-R: 1154 175
92 g‘| 335
255 150
& ¥ 175 125
= 0.95 ’@
. : - Na* E s 1007
@ rer RC: % e -
RnfE RnfA RnfE N RnfA 145
RnfA/E CoM *
-3.05
&* -3.85 =
. Re [ e
4 9, z
RCy (A)

495 4.95 10 495
String Iter.
415 -0 415 4.15
335 335 . 335
2.55 255 255
175 175 ~ 175
0
~ 095 _. 095 6 5 _ 095
= < € <
~ 015 oL = w 015
o (¥} o
& 065 & 0.65 L2 & 065
-1.45 -1.45 g 145
2.25 -2.25 -2.25
3 2 g
3.08 3.05 3.05
385
-3.85 8
465 4.65
4.65 VBN NN 'Y e
mmmmmm W o oo ow o ow oo MR T
I 83 8RS T T LG SER2EEICRTTLEIARARG I RE88REEIFTRIEERG
G W I NAS ANT G S o GUuINNmMGO ANmMT DO ® S 6w T N A S 4N oM o® o
RC, (A) RCy (A) RC; (A)
h i
495 495 -10 4.95
String ter.
415 -0 415 415
335 3354" o 335
255 255 2.55
175 175 = 175
0
095 63 — 095
— 095 = -]
=< < £ <
~ 015 ~ 018 ] n 015
o & ves H 2 065
< 065 . - -
Q -
1.5 145 3 1.45
2.25 -
225 225
3.05 -3.05 2 -3.05
i -2.05 5 4
3.85 3.85 ‘ ©
-4.65 -4.65 B
-4.65 0
R EEEEEE TR PP EEEEEEEE R R
2 RS ERSEYEDTSE G RRSERBGSIRDTERG SREE8REITRT B AL
B § 6 F S M N Fomo6 B oo R S R = B e B L R = T - - B~
RCy (A) RCy (A) RC, (A)
J k
5 0.08
—8— sum of squares —e— sum of squares
0.06 ®— maximum deviation 0.06 —8— maximum deviation |, ,
0.04 0.04
0.02 0.02 V_/\\/\__\‘\v
1 o—/\/\'_.\._—‘
0.00 0.00 (
2 4 6 ] 10 12 2 3 4 5 6 7 8 9 10 11
Iteration Iteration

Supplementary Fig. 19 | Free energy calculations of the inward-outward transition. (a, b) 2D reaction
coordinates (RC) used for the string simulations. (a) RC: is defined as the linear combination of two distances Ro-
Ri. R; is the mean distance between Ca atoms of helices gl (residues Q85R"A-T110R") and g2 (residues
C108R"F_A118R"E) while Ry is the mean distance Ca atoms of helices g3 (residues T8OR"E-V105R8"F) and g4
(residues L116RA-E126R"™A), (b) RC: is defined as the distance between the Na* ion and centre of mass (CoM)
of RnfA/E Ca atoms projected onto the Z-axis. (¢) Projection of the SMD trajectory onto the 2D reaction
coordinates RC1 and RC: (see Supplementary Fig. 18 and Supplementary Methods). Initial structures for the string
simulation windows were chosen from the SMD simulation by equidistant spacing in the RCi dimension. (d, g)
Optimisation of the string pathway with a (d) reduced or (g) oxidised AE1-cluster. The initial pathway (iteration
0) of the oxidised state was started from the fifth string iteration of the reduced state. (e, h) 2D Free energy
landscape of the (e) reduced and (g) oxidised state simulations. (f, i) Phase space sampling of the converged string
in (f) the reduced and (i) oxidised states. (j, k) Sum of squares (blue) and maximum deviation (orange) between
each string pathway iteration of (j) reduced and (k) oxidised states.
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Supplementary Fig. 20 | Characterisation of structures and sampling along the string simulations. (a)
Snapshots from the converged string simulation, showing the transport of a Na* ion from the intracellular (fop
left) to the extracellular side (bottom right) during the inward/outward transition. Inset: closeup of the Na*
coordination by the backbone of residues T111R"A V1068, and L103R"F, The reaction coordinates (RC; and
RC:) from each snapshot are given above the inset. (b, ¢) Distance of the E1158"F-R96R"F ion pair during the
string simulation for (b) the reduced and (c¢) oxidised states shows that the ion pair is open in the inward state,
while it closes in the outward state. (e, f) Angle of the T111%™ backbone carbonyl projected onto the Z-axis
during the string simulation for the (e) reduced and (f) oxidised states. The carbonyl moiety flips as the RnfA/E
subunit changes its conformation and transports the Na* ion. (d) E115R"-R96R" jon pair distance and (g)
T111R"A backbone carbonyl angle from unbiased MD simulations (see Supplementary Table 6).
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