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ABSTRACT: Electron bifurcation is a fundamental energy coupling
mechanism widespread in microorganisms that thrive under anoxic
conditions. These organisms employ hydrogen to reduce CO2, but the
molecular mechanisms have remained enigmatic. The key enzyme
responsible for powering these thermodynamically challenging reactions
is the electron-bifurcating [FeFe]-hydrogenase HydABC that reduces
low-potential ferredoxins (Fd) by oxidizing hydrogen gas (H2). By
combining single-particle cryo-electron microscopy (cryoEM) under
catalytic turnover conditions with site-directed mutagenesis experi-
ments, functional studies, infrared spectroscopy, and molecular
simulations, we show that HydABC from the acetogenic bacteria Acetobacterium woodii and Thermoanaerobacter kivui employ a
single flavin mononucleotide (FMN) cofactor to establish electron transfer pathways to the NAD(P)+ and Fd reduction sites by a
mechanism that is fundamentally different from classical flavin-based electron bifurcation enzymes. By modulation of the NAD(P)+
binding affinity via reduction of a nearby iron−sulfur cluster, HydABC switches between the exergonic NAD(P)+ reduction and
endergonic Fd reduction modes. Our combined findings suggest that the conformational dynamics establish a redox-driven kinetic
gate that prevents the backflow of the electrons from the Fd reduction branch toward the FMN site, providing a basis for
understanding general mechanistic principles of electron-bifurcating hydrogenases.

■ INTRODUCTION
Hydrogen cycling in anoxic ecosystems is essential for the
complete breakdown of organic matter.1 Hydrogen gas (H2) is
produced by fermentative bacteria from carbohydrates such as
glucose, which is oxidized to acetate and CO2.

2 During
glycolysis, nicotinamide adenine dinucleotide (NAD+) is
reduced, but the formation of H2 (E0′ = −420 mV) from
NADH (E0′ = −320 mV) is thermodynamically restricted.
Energy has to be invested to raise the potential of the electrons
from NADH to the potential of molecular hydrogen. However,
how this is mechanistically achieved has remained elusive for
nearly a century until the discovery of the electron-bifurcating
hydrogenase.3−6 This soluble hydrogenase simultaneously uses
reduced ferredoxin (Fd) (E0′ ≈ −450 mV) and NADH in
proton (H+) reduction and H2 evolution and drives the
endergonic electron transfer from NADH to H+ by the
exergonic electron transfer from reduced Fd to H+.3−5,7

Acetogenic bacteria, such as Acetobacterium woodii5 and
Thermoanaerobacter kivui,7 have an electron-bifurcating
[FeFe]-hydrogenase, HydABC, which produces H2 during
fermentation. However, the enzyme in acetogens generally
operates in reverse and is also key for autotrophic growth on
H2 and CO2, producing acetate by the Wood−Ljungdahl
pathway.8,9 The low-potential electron donor Fd is required for

CO2 reduction to carbon monoxide (CO), the precursor of the
carbonyl group of acetate, and also for powering the
ferredoxin/NAD+ oxidoreductase (Rnf) and ferredoxin/H+

oxidoreductase (Ech)−key respiratory enzymes in aceto-
gens9−12 that are essential for chemolithoautotrophic growth
on H2 and CO2.

13 Thus, electron bifurcation is essential for the
operation of the Wood−Ljungdahl pathway, often postulated
to be one of the first metabolic pathways as it combines CO2
fixation with the synthesis of ATP.9,13,14

These flavin-based electron bifurcation (FBEB) enzymes
present a new unifying concept for energy coupling in
anaerobic microbes.9,14−16 To date, four classes of phylogeneti-
cally unrelated electron-bifurcating enzyme complexes are
known:17,18 the electron transfer flavoprotein (EtfAB)
containing acyl-CoA dehydrogenases (e.g., butyryl-CoA
dehydrogenase from Clostridium kluyveri16 or caffeoyl-CoA
reductase from A. woodii19); the NADH-dependent Fd/
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NADP+ transhydrogenase (Nfn from Thermotoga maritima20

or Stn from Sporomusa ovata21); the methanogenic hydro-
genase/heterodisulfide reductase complex MvhADG−
HdrABC;22 and the [FeFe]-hydrogenases from T. maritima3

or A. woodii.5 In electron-bifurcating enzymes, two electrons
originating from one donor such as NADH are split with one
electron traveling energetically “downhill” to acceptors such as
crotonyl-CoA23 or heterodisulfides,22,24 whereas the other
electron is energetically pushed “uphill” to reduce Fd.17

Structures of the first three groups have recently started to
emerge−all contain a bifurcating flavin adenine dinucleotide
whose fully reduced form is stabilized by a positively charged
residue (Arg or Lys) near the isoalloxazine ring. The role and
function of this bifurcating flavin in the electron-splitting
process are now fairly well understood.22,23,25−29 In contrast,
the electron-bifurcating hydrogenase HydABC3−5,7,30 does not
have the classical bifurcating flavin, and thus, a different
electron bifurcation mechanism has to apply.30 Despite recent
advances,5−7,30 these enzymes remain poorly understood and
their mechanistic principles have remained a major challenge.

To elucidate the molecular and functional basis of these
electron-bifurcating hydrogenases, we study here HydABC
from the acetogenic bacteria A. woodii5 and T. kivui7 which is a
prototypical member of this unique enzyme class. HydABC
from A. woodii (HydABCAw) employs NAD+ as the nucleotide
electron acceptor,5 whereas the enzyme from T. kivui
(HydABCTk) operates on NADP+.7 These differences reflect
the natural electron carriers used in acetogens catalyzing the
Wood−Ljungdahl pathway.7 To address the mechanistic
principles underlying the electron bifurcation process in this
unique class of bifurcating enzymes, we combine biochemical
assays with mutagenesis experiments, single-particle cryo-
electron microscopy (cryoEM), infrared spectroscopy, and
molecular simulations.

■ RESULTS
Structural and Functional Characterization of Hy-

dABC in Acetogens. The HydABCAw complex was purified
from A. woodii cell paste by chromatography as described
before,5 whereas, for HydABCTk, we took advantage of a recent
plasmid-based production system introduced in T. kivui that
allowed us to produce, purify, and engineer this isoform7

(Figure S1a,b). Analytical size-exclusion chromatography
(SEC) revealed that the complexes have a molecular mass of
306 kDa (HydABCAw) and 348 kDa (HydABCTk), which is
consistent with HydABC being a homodimer of heterotrimers,
(HydABC)2 (Figure S1c). The purified HydABC complexes
catalyze electron bifurcation from H2 to Fd and NAD(P)+ with
an activity of 4.1 ± 0.7 U mg−1 (for HydABCAw) and 20.5 ±
2.8 U mg−1 (for HydABCTk), respectively (Figure S1e,f).
Importantly, the H2/Fd oxidoreductase activity was only
detected upon the addition of pyridine nucleotides, demon-
strating that Fd reduction is strictly dependent on NAD(P)+
(Figure S1e,f) and verifying that the complexes show electron-
bifurcating activity. Analysis of noncovalently bound cofactors
using thin-layer chromatography (TLC) further revealed a
FMN moiety as a part of the complexes (Figure S1d),
consistent with previous results.5 The metal cofactor content
was analyzed by colorimetric methods31 as well as inductively
coupled plasma−mass spectrometry (ICP−MS), in which we
detected iron (32 mol Fe and 39 mol Fe) and sulfur (30 mol S
and 34 mol S) for HydABCAw

5 and HydABCTk,
7 as well as

stoichiometric amounts of zinc (1.1 mol Zn and 1.0 mol Zn) as
part of the complexes (Figures S3c and S5b).

To reveal the structural basis of the electron bifurcation
process, we subjected the purified HydABCAw and HydABCTk
complexes to single-particle cryoEM and collected data for (i)
the oxidized and reduced states of HydABCAw (Figures S2 and

Figure 1. Molecular architecture of HydABC. (a) Three-dimensional segmented cryoEM density of the reduced HydABCTk complex colored
according to subunits. (b) Cartoon model of HydABCTk. HydA (blue/purple) contains the H-cluster along with four [4Fe−4S] and one [2Fe−2S]
clusters; HydB (orange/yellow) contains FMN and NAD(P)+ cofactors, including three [4Fe−4S] and two [2Fe−2S] clusters; HydC (red/
salmon) harbors a single binuclear [2Fe−2S] cluster.
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S4) and (ii) for the oxidized and reduced state of HydABCTk
(Figure S5). The reduced states were obtained by preparing
the cryoEM grids in a strictly anaerobic chamber with a gas
composition of 95% N2 and 5% H2, that is, under catalytic
turnover conditions, whereas the oxidized forms of the
structures were obtained by preparing the cryoEM grids
under aerobic conditions. The thermophilic complex from T.
kivui showed higher stability, which allowed us to resolve the
structure at a higher resolution (Figures 1, S5, and Movie S1),
whereas the HydABCAw complex could be captured in
symmetric and asymmetric states (Figures S2−S4), reflecting
the overall dynamics of the protein complex. Importantly, both
the oxidized and reduced data sets showed the same overall
molecular organization (Figures 1a,b, S3a,b, and S4g,h).

Already at the level of 2D class averages, it is apparent that
HydABCAw and HydABCTk consist of a homodimer of
heterotrimers (Figures S2 and S5), consistent with the SEC
analysis (Figure S1c). The highest reconstructed map of
HydABCTk showed a resolution of 3.12 Å, with C2 symmetry
imposed, and containing all the cofactors (Figures 2, S5a, and
Table S1). Moreover, while well-resolved at the symmetric
core, external regions were less resolved, most likely due to

their high mobility (Figure S5a), as also suggested by our MD
simulations (see below). The HydABCAw structures deter-
mined under aerobic conditions were resolved at 3.8 and 4.5 Å
resolutions in conformations that provide insight into the
alternative electron pathways (Figures S2, S3, and Table S1).
Under anaerobic conditions, the HydABCAw structure could be
refined to a resolution of 3.4 Å harboring all the cofactors
(Figure S4). We also determined the structure of HydABCTk
under aerobic conditions with a C2 symmetry imposed with a
resolution of 3.49 Å (Figure S5c), which exhibited greater
stability than the HydABCAw structure under aerobic
conditions.

Based on the overall electron density (Figures S2−S5 and
Table S1), we built fully intact structural models of the dimeric
HydABCTk (Figure 1) and HydABCAw (Figure S3a,b,e)
complexes. The resolved structures reveal that HydABC
comprises two arms that lead from the active site [FeFe]-
cofactor (the H-cluster) in HydA (HydA′), responsible for H2
oxidation, to the nucleotide binding sites in HydB/C (HydB′/
C′) (Figures 2a and S3e). These active sites are connected by
five iron−sulfur clusters (Figures 2a and S3e) with edge-to-
edge distances in the range of 6−12 Å, which can support rapid
electron transfer between the H-cluster and the FMN/
NAD(P)+ binding site32 (Figure 2b, see below). Interestingly,
we observe density for a FMN molecule in our cryoEM
structures of HydABCTk and HydABCAw resolved under
aerobic conditions (Figures S3c and S5e) with no NAD(P)+
bound, whereas, under reducing conditions, the structures
show full occupancy of NAD(P)+ on top of the FMN site
(Figures 4a and S4j). This suggests that a single flavin is
responsible for the dual function of electron bifurcation and
NAD(P)+ reduction, in contrast to other FBEB systems.

The electron density of the subunits HydA allowed us to
identify four [4Fe−4S] clusters A1−A3 and A5, as well as a
single [2Fe−2S] cluster A4 (Figures 2a, 3a, and S3e). A2−A4
serve as electron transfer clusters in the “F-domain” of HydA,
whereas A1 of the “H-domain” is part of the active site
(Figures 2a, 3b, S3e, and S4i). The [4Fe−4S] cluster A1 is
coordinated by four cysteine residues, of which Cys354Tk
(Cys356Aw) additionally binds to the bimetallic iron core,
ligated to two cyanide (CN−) and three carbon monoxide
(CO) ligands, as well as an aminodithiolate ligand (adt)
(Figures 3b and S4i). The A1 cluster together with the di-iron
core forms the active site “H-cluster”, responsible for the
oxidation of H2 gas. Interestingly, in HydABCAw, one of the
cysteine ligands of the A1 cluster (Cys299Tk in HydABCTk;
Figure 3b) is replaced by a serine residue (Ser301Aw; Figure
S4i).

To probe the functional and spectroscopic features of the H-
cluster, we next used in situ attenuated total reflection−Fourier
transform infrared (ATR−FTIR) spectroscopy.33 The ligands
of the H-cluster give rise to a characteristic infrared absorbance
between 2150 and 1750 cm−1, which can be used as
fingerprints of the redox state of [FeFe]-hydrogenases.34 The
“H2−N2” difference spectrum shows the conversion of the
oxidized Hox state (negative bands) into the one-electron
reduced Hred species (positive bands) upon exchanging the gas
atmosphere from N2 to 10% H2 (Figure 3c), with frequencies
in good agreement with canonical [FeFe]-hydrogenases (Table
S2). While the reduced H-clusters show a μCO ligand under
cryogenic conditions (Figures 3b and S4i), our room-
temperature FTIR data hints at three terminal CO ligands in
Hred (Figure S6). This difference is explained by the

Figure 2. Cofactor organization of HydABC. (a) Overview of cofactor
organization and the edge-to-edge distances in a ̊ngströms of
HydABCTk. An electron path is indicated from the H-cluster in
HydA to FMN in HydB. The reduction of NADP+ takes place at
FMN, and Fd is reduced at the C-terminus (C-ter) of HydB. (b)
Modeled electron transfer kinetics from the H-cluster along the
NAD(P)+ (top) and Fd (bottom) edges predict electron transfer rates
along the two branches/conformations in the millisecond timescale.
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temperature-dependent equilibrium between Hred and its
tautomer, HredH+.35 We note that the residual electron density
in the apical position of the distal iron ion (Fed) may hint at a
water molecule36 or another terminal ligand37 in the structure
of HydABCAw (Figure S4i). To further link the difference
spectra in Figure 3c to the oxidation of H2, we repeated the
experiment with “heavy hydrogen” (2H2), D2. We observe a
strong increase of a band at 2500 cm−1 (Figure 3d), which can
be assigned to “semi-heavy water” (HDO) accumulating in the
sample film when D2 is oxidized and deuterium ions (D+)
combine with OH− to form HDO.33 In the presence of 1%
CO, the H-cluster converts into a CO-inhibited Hox−CO
state,37 whereas, at low pH, we observe the accumulation of
the protonated oxidized HoxH state,38−40 which further
converts into the hydride state (Hhyd)

41−43 upon reaction
with H2 (Figure S6). HydABCAw showed similar infrared
signatures and catalytic activities as HydABCTk (Figure S6 and
Table S2). Interestingly, the serine ligand of A1 in HydABCAw
has no apparent influence on the vibrational signature of the
H-cluster (Figure S4i). Our spectroscopic analysis thus shows
that the HydABCTk and HydABCAw are active complexes that
carry a typical H-cluster and function as a bidirectional [FeFe]-
hydrogenase (Figures 3b and S4i). Importantly, the reduction
of HydABC under 1% H2 is sufficient to ensure that the
complex is reduced to the Hred state (Figure 3e), supporting
that our cryoEM samples prepared under 5% H2 reflect a
reduced state of the complex.

HydABC Protomer Is the Minimal Functional Unit.
Our resolved cryoEM structures of HydABCTk and HydABCAw
show that the H-clusters in the respective protomers, HydA
and HydA′, are connected via bridging [4Fe−4S] clusters A5
and A5′ (Figures 3f and S3c) (cf. also refs 6, 44 , 45). Although
the short distance between these clusters could support
electron transfer between the protomers (Figures 3f and
S3e), their rare histidyl ligands will shift their redox potentials
relative to the [2Fe−2S] center (A4) along the main chain.46

Our kinetic simulations (Figures 2b and S7) indeed suggest
that such redox shifts result in a higher electron flux along the
main chain and block electron transfer across the dimer
interface.

To experimentally probe the electron transfer activity across
the interface, we deleted the A5 cluster by substituting the
metal coordinating cysteine with glycines in HydABCTk
(Figure S8). The resulting ΔA5−HydABCTk indeed migrated
as a monomer in analytical SEC (Figures 3g and S8b), but the
mutated complex showed undisturbed electron-bifurcating
activity (Figure 3g and Table S3), validating that a single
HydABCTk protomer can catalyze the complete electron
bifurcation reaction. This further supports that the same
FMN cofactor is responsible for the reduction of both the
NAD(P)+ and Fd.
Molecular Organization of the HydBC Subcomplex.

The structural core elements of HydB (residues 130−350
HydBAw; 160−380 HydBTk) and HydC are homologous to
subunits Nqo1 and Nqo2 of the respiratory complex I47

Figure 3. Biophysical and mutational analysis of HydATk. (a) Dimerization architecture of HydAA′. (b) Close-up of the H-cluster along with the
A1 [4Fe−4S] cluster superimposed with the EM density. Based on the spectroscopic signatures, the H-cluster resides in the one-electron reduced
HredH+ state with a μCO ligand and open coordination site at the distal iron ion, Fed. The CN− ligands were assigned according to potential
hydrogen bonding partners. ADT refers to aminodithiolate. (c) “H2−N2” ATR-FTIR difference spectrum highlighting the accumulation of the
reduced state Hred (positive bands) over Hox (negative bands) upon H2 oxidation. (d) When the same experiment is performed with D2, the fast
accumulation of HDO at 2500 cm−1 shows D2 oxidation and the release of deuterium cations into the solvent. (e) Plotting the population of Hox
(black line) and Hred (red line) over time as a function of H2 concentration (0−100%) highlights the reversibility of the redox conversion. (f)
Close-up of the dimer interface showing the A5 and A5′ Fe/S cluster superimposed with the cryoEM density (in surface). (g) Analytical SEC of
WT−HydABCTk (MW = 348,000) and HydABCTk−ΔA5 (MW = 159,000). Electron bifurcation activity assay of WT−HydABCTk and
HydABCTk−ΔA5. For all data, the error bars show the standard deviation.
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(Figures S9, S10, and S18; see below), respectively. HydC
consists of two domains, an N-terminal (N-ter) domain
comprising a four-helical bundle domain, located in the vicinity
of the HydB/HydA interface, and a C-terminal thioredoxin-
like domain that carries the [2Fe−2S] cluster C1 (Figures 2a,
4c and S3).

The HydB core comprises a modified Rossmann fold with
four (instead of six) β-sheets that noncovalently bind the FMN
cofactor in a solvent-accessible cavity with a glycine-rich loop
(Figures 4a,b, S4j, and S5e). Adjacent to the core domain and
next to the HydA interface, we find another four-helical bundle
domain that binds the [4Fe−4S] cluster B1 at around 6 Å
distance from the FMN (Figures 2a and S3e). This cluster
resembles the N3 [4Fe−4S] center of complex I that acts as an
immediate electron acceptor from FMN in the latter (Figure
S18).48

HydB also comprises a flexible N-terminal domain on the
opposite side of the core region, with a thioredoxin-like [2Fe−
2S] cluster B2, resembling the N1a cluster of complex I that
has been suggested to enable electron bifurcation (Figures 2a,
4b,c, and S18).48−50 The thioredoxin-like domains containing
the B2 and C1 clusters are structurally highly similar and can

be superimposed with an overall rmsd of ∼1 Å (Figure S18).
The C-terminus of HydB consists of a bacterial Fd-like domain
with two [4Fe−4S] clusters, B3 and B4 (Figures 2a, 4c, and
S3e), which shows structural similarity to the electron
transferring flavoprotein, EtfAB.27,51 This domain is connected
to the four-helix bundle of the core region by an extended loop
(residues 530−542 HydBAw; 561−573 HydBTk, Figure S9).
The conserved Cys and His residues (Figure S10) located at
this interface region further bind a Zn2+ ion as identified by
ICP−MS, and as indicated by a strong density observed at this
region (Figures S3c and S5b).
Conformational Changes in HydC Are Linked to the

Oxidation State of the Protein. In the HydABCTk structure
prepared under reducing conditions (5% H2), the HydC
thioredoxin-like domain containing C1 forms a tightly bound,
closed conformation (HydC-in) with the core domain of
HydB (Figure 5d). However, we observe no direct electron
transfer route from the B2/C1 clusters to B3/B4, located in
the C-terminal domain of HydB that could form the Fd
binding site (Figure 2a). In contrast, in the oxidized
HydABCAw structure, the density for the C-terminal HydC
domain is not as strongly defined as compared to HydABCTk,
indicating possible conformational changes. We therefore
subclassified the data set and were able to isolate a class
showing the C-terminal thioredoxin-like domain of HydC in an
outward position (HydC-out) with the C1 cluster significantly
closer to the B3/B4 clusters (ca. 15−18 Å as compared >25 Å
in HydC-in; Figures 5d and S3d). Despite the somewhat lower
resolution (4.5−4.3 Å), the secondary structures are visible
and the domain can be accurately modeled. This observation is
further corroborated by the fact that a similar conformation
was also observed in the variance analysis of a related
bifurcating [NiFe]-hydrogenase,6 although a structural model
of this state is missing. The HydC-out conformation leads to a
rotation of HydC toward the B3 and B4 clusters, and an
extended C1−FMN distance of >20 Å (Figures 5d and S11),
whereas in the HydC-in state, the respective C1−FMN
distance is around 13−17 Å (Figures 2a, 4b,c, S3e, and
S11). Our kinetic simulations further support that the HydC-
out conformation enables electron transfer to the B3 and B4
clusters (Figures 2b and S7b). It is thus tempting to speculate
that the conformational changes of the HydC C-terminus
could play a key step in the electron bifurcation mechanism of
HydABC (Figures 5e and 6).
Reduction of an Iron−Sulfur Cluster as a Gating

Element in Electron Bifurcation. In order to understand
how HydBC switches between the NAD(P)+ and Fd reduction
modes, we performed molecular dynamics (MD) simulations
in different putative states along the electron bifurcation cycle,
using our cryoEM structures as a starting point [Figures 5, S11
and S12; see the Supporting Information (Extended
Methods)]. The overall global dynamics of the HydABC
dimer (modeled in the asymmetric NAD+/apo state as well as
the symmetric NAD(P)+/NAD(P)+ state) capture the local
resolution inferred from the cryoEM maps (Figures S2, S4, S5,
and S12) and support that our simulations sample the overall
global motions of the enzyme (see also Movies S2, S3 and S4).
Both HydABC isoforms are dynamically highly flexible,
particularly around the C-terminal region of HydB, which
forms several transient ion pairs with HydC. Based on edge-to-
edge distances between the cofactors, extracted from the MD
simulations of HydABCTk and HydABCAw, our kinetic
simulations suggest that the electrons could be transferred

Figure 4. NADP+ binding properties and mutational analysis of the
HydBC core. (a) Close-up of the nucleotide binding site in
HydABCTk, showing the cryoEM density around the NADP+ and
FMN cofactors. The nucleotides are stabilized by a Gly-rich loop (in
orange) and interactions with Phe205 and Arg340. (b,c) Edge-to-edge
distances from FMN to B2 and C1, as well as from C1 to B3 Fe/S
centers in HydABCTk. (d) Electron bifurcation activity assay of
different variants of HydABCTk. For all data, the error bars show the
standard deviation. (e) Binding constant determined by MST of
NADP+ to HydABCTk−WT and HydABCTk−ΔB2. The variants had
similar H2: methylviologen-reducing activities as the wild-type enzyme
(see Table S3). Experiments performed under reduced and oxidized
states with n = 3 independent experiments.
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Figure 5. Molecular simulations of HydABC and HydC conformations. (a,b) Dynamics of HydABCAw in different redox/conformational states. (a)
Overall structure of the HydABC2/Fd complex, highlighting the NAD+/FMN site (1), the HydB/HydC interface (2), and the Fd binding site (3).
(b) Distances between redox cofactors observed during MD simulations of HydABCAw: (1) reduction of B2 increases the affinity of NAD+ (dark
blue), whereas NAD+ dissociates in the oxidized state (cyan). (2) C1−B3 distance in closed (red) and open (pink) conformations; (3) Fd binds at
the top of the HydB C-terminal domain by electrostatic interactions, enabling rapid electron transfer between B4 and the Fd. (c) C1−B3 distance
(open in pink/orange, closed in red) in simulations from HydABCTk. The HydC-out state of HydABCTk (pink), generated based on the
HydABCAw [see the Supporting Information (Extended Methods)], remains in the open conformation for ca. 150 ns, after which it gradually
switches to the closed state during the MD simulation. See Figure S11 for further MD simulations of HydABCTk, and Figure S17 for
conformational changes linked to the ligand binding. (d) The asymmetric structure of HydABCAw shows HydBC and HydB′C′ protomers in two
different conformations: in the closed (HydC-in) state (left); the C1−B3 distance is too long for efficient electron transfer, whereas in the open
(HydC-out) state (right), the HydC subunit moves toward the HydB C-ter domain bringing C1 and B3 closer, which would facilitate electron
transfer toward the Fd branch. (e) Schematic representation of the closed (HydC-in) and open (HydC-out) states.
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from the H-cluster to FMN on millisecond timescales (Figures
2b and S7) and further from the FMN to the nearby B2 and
C1 iron−sulfur clusters, located at around 15 Å edge-to-edge
distances from the former in the closed state (HydC-in)
protomer (Figures 2b and S7). Our model of the closed
conformation of HydABCTk also supports similar dynamics
and distances between the HydB/C iron−sulfur clusters as the
HydABCAw system (Figures 5, S11, and S12). However, in
stark contrast to the closed conformation, the open states
(HydC-out) of both HydABCTk and HydABCAw samples
FMN−C1/B2 distances >20 Å that are likely to block efficient
electron transfer (Figure S11), and further support the
conformational changes observed in the cryoEM maps.

In the nucleotide binding site, the modeled NAD(P)+
moiety forms a stacking interaction with FMN that places
the aromatic rings at around 4 Å from each other (Figures 4a,
5a,b, and S4j). Using quantum mechanical (QM) density
functional theory (DFT) calculations performed based on the
MD simulations [see the Supporting Information (Extended
Methods)], we find that the hydride transfer between the
nucleotides (FMNH−/NAD+ → FMN/NADH) has a modest
energy barrier, which could support catalysis on physiologically
relevant timescales (Figure S13a). Although we could not
detect changes in the spectroscopic signatures of the flavin, our
QM calculations, as well as simulations of the electron transfer
kinetics, suggest that transient redox changes of the flavin
could be involved during turnover.

Our MD simulations indicate that the reduction of the
nearby B2 and C1 centers favors NAD+ binding, whereas, in
the oxidized state, we observed partial dissociation of the
ligand from the binding site (Figures 5b and S11). These
observations suggest that the nucleotide binding could occur
after the reduction of the B2/C1 clusters (see below).
Interestingly, we observe that the HydB loop (residues 197−
206) samples different conformations in the apo and NAD+/
NADH bound states (Figure S17), further supporting
conformational changes that could link to the electron
bifurcation process.

To probe how the redox state modulates the nucleotide
binding experimentally, we next tested the nucleotide binding
affinity of the purified WT−HydABCTk and ΔB2−HydABCTk
complexes prepared in different oxidation states. The truncated
variant comprised all subunits, migrated similarly to the WT-
dimer in SEC (Figure S8b), and had similar methyl viologen-
reducing activities as the WT, but the activity of the ΔB2-
variant in electron bifurcation is an order of magnitude lower
as compared to the WT, which could result from the reduced
NAD(P)+ binding affinity (Figure 4d and Table S3). To
determine the affinity of the complex for the nucleotide, we
used microscale thermophoresis (MST), performed under
strictly anaerobic conditions. The WT−HydABCTk complex
prepared under reducing conditions shows around 15 times
higher affinity for NAD(P)+ as compared to the oxidized
complex (Kd = 4.6 and 69.6 μM, respectively; Figures 4e and

Figure 6. Proposed catalytic cycle of HydABC. (a) Putative electron bifurcation mechanism of HydABC (only the HydBC subunits are shown for
simplicity). Oxidation of hydrogen gas by the H-cluster in the HydA subunit leads to the reduction of FMN and subsequent electron transfer to B2
and C1. Reduction of B2 increases the binding affinity of NAD(P)+. Reduction of C1 triggers conformational changes in HydC that open toward
the HydB C-ter domain. Another H2 oxidation step leads to electron transfer to the nucleotide binding site, and the formation of NAD(P)H.
Reduction and dissociation of the nucleotide decrease the C1−B3 distance, which allows for electron transfer to the HydB C-terminal (C-ter)
domain. NAD(P)H dissociates and HydC transitions into a closed state that prevents electron backflow to the FMN site. Fd binding allows for
electron transfer from the HydB C-ter domain, leading to oxidized HydABC, and reinitiation of a new catalytic cycle. (b) Derived free energy
diagram of the putative catalytic cycle. See the Supporting Information (Extended Methods) for the derivation of the free energy profile.
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S14). In stark contrast, the affinity of NAD(P)+ to ΔB2−
HydABCTk is independent of the oxidation state and
comparable to that of the oxidized WT−HydABCTk (Kd
between 65 and 71 μM; Figures 4e and S14). These findings
validate that the reduction of the B2 cluster indeed modulates
the binding affinity of the NAD(P)+, as predicted by our MD
simulations. We can thus conclude that during the first step of
the reaction cycle, two electrons can flow via the FMN cofactor
to the B2/C1 clusters, whereas the reduction of the clusters
themselves leads to a strong increase in nucleotide affinity. The
FMN could then transfer the next two electrons as a hydride to
the bound nucleotide, as suggested by our QM calculations
(Figure S13a).

Our MD simulations further suggest that the reduction of
the C1 cluster is involved in triggering the conformational
change of HydC that moves toward the outward state (HydC-
out) (Figure 5b,c). These conformational changes lead to a
significantly shorter C1−B3 distance (Figure 5b,c) and could,
in turn, allow for electron transfer toward the Fd branch. A
similar HydC-out conformation is also captured in the MD
simulations of HydABCTk, based on an asymmetric MD model
of this isoform [Figure 5b,c, see the Supporting Information
(Extended Methods)]. In the HydC-out state, the B2 and C1
clusters are within electron transfer distance from each other
(see, e.g., simulations S5−S6 in Figure S11), which could
support stepwise electron transfer toward B3, while the HydC-
out conformation prevents the backflow of the electrons to the
FMN (Figures 6 and S11). However, we note that the C1
cluster could also swing twice toward B2 to further support
efficient electron transfer toward B3 along the low-potential
branch. In the open conformation, the “outward” shifted C1
[2Fe−2S] cluster (see above) allows for the further reduction
of the B3 and B4, trapping the electrons within this module,
which may serve as a transient binding site for Fd (see below).
Experimentally, we indeed observe low electron bifurcation
activity in a HydABC complex with deleted C-terminus of the
HydB, validating key functional aspects of the proposed
electron transfer model along the Fd branch (Figure 4d and
Table S3).

To probe the molecular principles underlying the Fd
reduction process, we performed also MD simulations of the
HydABC dimer with a bacterial Fd placed in the vicinity of
HydB/C (see Materials and Methods, Table S5, and Figure
5a,b). These simulations suggest that Fd could dock to the C-
terminal domain of HydB by electrostatic interactions between
a Lys-rich loop (Lys570−572Aw) and the anionic surface of the
Fd (Figures 5a and S13b), similar to what has been suggested
for the photosynthetic complex I52−54 (Figure S13c) and other
[FeFe]-hydrogenases.55 The neighboring HydA′B′C′ arm
stabilizes Fd by contacts with both the C-terminal domains
of HydB and HydB′, indicating possible allosteric crosstalk.
The explored conformations allow for electron transfer from
B4 to the Fd at millisecond timescales (Figures 2b and S7),
which completes the enzymatic cycle by reoxidation of all
redox clusters and sets the enzyme for a new reaction cycle
(Figure 6).
Putative Electron Bifurcation Mechanism in HydABC.

Based on the combined findings, we derived a putative electron
bifurcation model (Figure 6) to explain key features of the
electron transfer along the high- and low-potential branches in
HydABC. The cycle is initiated by the oxidation of H2 (state
I), which leads to the stepwise electron transfer from the H-
cluster to B2 and C1 (state IIb), both of which are within

electron transfer distance from the FMN in the HydC-in state
(Figures 5 and 6).

The FMN in HydABC does not have an immediate residue
that stabilizes the fully reduced flavin form, in contrast to other
FBEB enzymes, which often have an Arg or Lys in the vicinity
of the isoalloxazine ring of the flavin20,22,23,25,27,29 (Figure
S15), whereas we note that Asp232 could be involved in
stabilizing the flavo-semiquinone form (Asp201_Aw/
Asp232_Tk in Figure S17). The FMN in HydABC could
thus function as a mediator in the electron transfer process,
cycling through a transient one-electron reduced flavo-
semiquinone state, as also suggested before.44 Based on our
estimates of the redox potentials, the two-electron reduced
B2(red)/C1(red) state (IIb) is at a free energy level of ca.
−0.2 eV (Figure 6b; see Supporting Information Extended
Methods). Our MD simulations and MST experiments further
suggest that the reductions of the nearby B2/C1 clusters
significantly increase the affinity for NAD(P)+, placing the
nicotinamide bound form at a free energy level of ca. −0.5 eV,
based on our experimentally determined Kd (Figures 4e, 6b,
state IIIa; see Supporting Information Extended Methods).
The bound cationic NAD(P)+ now increases the redox
potential of the flavin, which in turn could lead to the
complete two-electron reduction to the FMNH− form, upon
electron transfer from the H-cluster in a second H2 oxidation
step. Similar to complex I,48 the FMNH− state further triggers
a proton-coupled electron transfer to yield NAD(P)H, which
we assign at −0.7 eV (state IIIb). The initial oxidation of two
H2 to form NAD(P)H and the reduced B2/C1 clusters thus
provides the initial thermodynamic driving force for powering
the uphill reduction of Fd (I → IIIb) in the endergonic
electron transfer branch from B2/C1 to the Fd (IIIb → V)
(Figure 6b; state IIIa; see Supporting Information Extended
Methods). Interestingly, the highly stable, reduced NAD(P)H/
B2(red)/C1(red) state (IIIb), as observed in the structure of
HydABCAw/HydABCTk under reducing conditions, is both
thermodynamically (ΔG > +0.7 eV) and kinetically (due to the
long B2/C1−B3 distance) blocked from transferring the
electrons onward to the Fd module, next to B3/B4 (Figure
6b; blocked red dashed line). However, we suggest that the
dissociation of the reduced NAD(P)H triggers a conforma-
tional change from the closed to the open HydC conformation,
as observed in the cryoEM structures of HydABCAw under
oxidizing conditions and in our MD simulations (Figure S11),
and allowing for the efficient electron transfer from C1 to B3
(Figure 5c). This conformational change could be triggered,
for example, via the Asp201Aw/Asp232Tk loop, which changes
orientation upon NAD(P)+ binding and reduction (Figure
S17) and is located next to the HydC subunit interface.

We estimate that this flipped open state IV is at around ΔG
= −0.4 eV, which would support the stepwise reduction of Fd
(state V at ΔG = 0 eV, Figure 6b). We note that the rapid
relaxation of HydABC to its closed “ground” state, when the
electron still resides within the B3/B4 module, favors the uphill
Fd reduction and prevents electron back transfer to the flavin
module. In this regard, our MD simulations suggest that the
conformational switching back to closed conformation is
favored by oxidation of the B2/C1 (Figures 6a and S11).
Reoxidation of the clusters initiates a new reaction cycle upon
further electron transfer from H2. The derived free energy
diagram (Figure 6b) also suggests that the overall reaction
cycle at pH = 7 is thermodynamically highly restrained and
that little energy can be lost in the form of dissipation.
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The structure of a related electron-bifurcating [NiFe]-
hydrogenase6 supports general features of the described
exergonic electron transfer branch, leading from the H-cluster
to the NAD+ reduction site but based on a variant of the
general FBEB mechanism without the support of experimental
data. Additionally, the C-terminal domain of HydB could not
be resolved and is here suggested to modulate the electron
transfer along the endergonic Fd branch, based on the
combined structural, computational, and functional studies.
Recently, Furlan and co-workers44 also proposed that
conformational changes in HydB could support bifurcation
in the HydABC complex.

Our data suggest that HydABC employs kinetic gating
principles achieved by conformational changes in the HydBC
domain to transfer electrons along the high- and low-potential
branches. In this regard, the proposed mechanism is
fundamentally different from classical flavin-based electron-
bifurcating enzymes, where high and low-potential electron
acceptors are adjacent to the flavin. The difference lies in the
affinity modulation of the binding nucleotides and in kinetic
gating rather than in the formation of a stabilized flavo-
semiquinone state. We suggest that the conformational
changes at HydBC are thermodynamically driven by the
reduction and dissociation of the nicotinamide.
Role of Protein Dynamics as a Gating Element in

Electron Bifurcation. Based on our combined findings, we
note that there are both fundamental similarities as well as
differences between HydABC and other electron-bifurcating
enzymes. As discussed above, several electron-bifurcating
complexes employ a flavin, with crossed potentials to
thermodynamically transfer electrons along spatially separated
high- and low-potential pathways.56 However, the importance
of redox-driven conformational changes as an alternative to
kinetically gate the electron transfer along the distinct
pathways was also recognized early on. In this regard, complex
III (cytochrome bc1) in bacterial and mitochondrial respiratory
chains achieves electron bifurcation via the mobile Rieske
domain. Similar to the suggested [2Fe-2S] cluster motion in
HydC, the [2Fe-2S] cluster of the Rieske domain in complex
III employs a kinetically controlled bifurcation mechanism to
achieve electron shuttling between the low-potential b-heme
and the high-potential c-heme in the Q-cycle.17,57,58 In this
regard, the domain motion is also gated by the redox state of
the Fe/S cluster and/or the redox state/character of the ligand.

Similar to HydABC, several types of electron bifurcation
machinery have a modular structure that undergoes large-scale
conformational changes. For example, the HdrABC bifurcation
module of the methanogenic heterodisulfide reductase
employs large-scale conformational changes in HdrA that
mediate electron bifurcation.24 Redox-triggered conforma-
tional changes have also been observed in EtfAB electron
bifurcation modules. To this end, it was shown that rotation of
the mobile EtfAB domain is central for the electron bifurcation
process,29 with similar conformational changes also proposed
for the electron transferring flavoprotein complexes Bcd-
EtfAB26 and Fix/EtfABCX.59 These findings generally suggest
that redox-triggered conformational changes could establish
central functional units in electron-bifurcating modules.6,44

■ CONCLUSIONS
We have here described the structure and function of HydABC
from the acetogenic bacteria A. woodii and T. kivui and
determined key molecular principles of its electron bifurcation

mechanism by performing a series of cryoEM experiments in
combination with biochemical functional assays, site-directed
mutagenesis, and molecular simulations. This integrated
approach allowed us to describe the HydABC complex
under catalytic turnover conditions. In the H2-reduced state,
we observed a density for a bound NAD(P)+ ligand, whereas,
in the oxidized state, no NAD(P)+ ligand could be resolved.
We also observed a redox-triggered conformational change of
the HydC domain comprising a [2Fe−2S] cluster, whereas our
functional assays revealed that the electron bifurcation reaction
is strictly NAD(P)+-dependent and catalyzed within a single
protomer of the dimeric HydABC. Based on simulations and
experiments, we further showed that the FMN site switches
between the exergonic NAD(P)+ reduction and endergonic Fd
reduction modes by modulation of the NAD(P)+ binding
affinity via reduction of the conserved B2 cluster. Based on the
combined findings, we suggest that conformational dynamics
of the HydBC unit establish a kinetic gate that prevents the
backflow of the electrons from the Fd reduction branch toward
the FMN site. Key to the bifurcation process is the unique
iron−sulfur cluster environment around the FMN cofactor that
is conserved in all members of the HydABC clade.3−5,7,30

Importantly, the HydBC unit is utilized in a modular fashion as
an electron input/output module in a variety of bioenergetic
complexes that do not possess hydrogenase activity, but are
linked either directly or via adapter modules, to other
enzymatic activities important for anaerobic metabolism
(Figure S18).21,60 The proposed bifurcation mechanism
could be generally conserved in electron-bifurcating hydro-
genases of microbial respiratory chains and apply to all
members of bifurcating complexes containing homologous
HydBC domains.21,60

■ MATERIALS AND METHODS
Cell Growth. A. woodii (DSM 1030) was grown at 30 °C in the

complex medium under anoxic conditions in 20 L flasks
(Glasgeraẗebau Ochs; Bovenden-Lenglern, Germany) using 20 mM
fructose as described previously.61 T. kivui (DSM 2030) was grown at
66 °C in the complex medium under anoxic conditions in 1 L bottles
(Glasgeraẗebau Ochs, Bovenden-Lenglern, Germany) using 28 mM D-
glucose as the substrate.62 The medium was prepared using the
anaerobic techniques described previously.63 Growth was monitored
by measuring the OD at 600 nm. Plating and cultivation on solid
media were performed as described in ref 64.
Purification of HydABC from A. woodii and His−HydABC

from T. kivui. All buffers used were prepared using the anaerobic
techniques described previously.65 All purification steps were
performed under strictly anaerobic conditions at room temperature
in an anaerobic chamber (Coy Laboratory Products, Grass Lake,
Michigan, USA) filled with 95−98% N2 and 2−5% H2. Cells of A.
woodii were harvested and washed twice in buffer A (25 mM Tris/
HCl, 20 mM MgSO4, 2 mM DTE, 4 μM resazurin, 20% [v/v]
glycerol, pH 7.6). The cells were resuspended in 30 mL of buffer A
including 0.5 mM PMSF and 0.1 mg/mL DNAseI and passed one
time through a French pressure cell (110 MPa). Cell debris was
removed by centrifugation at 24,000g, 4 °C for 20 min. The
membranes were removed by centrifugation at 130,000g, 4 °C, for 1
h. The supernatant contained the cytoplasm, which was further used
to purify HydABCAw as described previously.5 For the purification of
the His-tagged HydABCTk, T. kivui pMU131_His-hydABC cells were
grown with 28 mM glucose as the carbon and energy source in the
presence of 200 μg/mL kanamycin.7 Cells were harvested and washed
twice in buffer B (50 mM Tris/HCl, 150 mM NaCl, 20 mM MgSO4,
10 mM imidazole, 0.5 mM DTE, 4 μM resazurin, 20% [v/v] glycerol,
pH 7.5). The cells were resuspended in 20 mL buffer B including 0.5
mM PMSF and 0.1 mg/mL DNAseI and passed one time through a
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French pressure cell (110 MPa). Cell debris was removed by
centrifugation at 24,000g for 20 min. Purification of the His-tagged
proteins was carried out on a nickel nitrilotriacetic acid (Ni2+−NTA)
resin (Qiagen, Hilden, Germany) using a gravity flow column under
anoxic conditions as described previously.7

Cloning, Production, and Purification of His−HydABCTk
Variants. Nucleic acid exchanges in hydABC were introduced via
site-directed mutagenesis using corresponding primers (Table S3).
The plasmid pMU131_His-hydABC7 was used as a template. Plasmids
generated with nucleic acid exchanges in hydA are pMU131_His-
hydABCΔAN5 (C99G, C102G, and C108G), in hydC is pMU131_-
His-hydABCΔCN1 (C128A and C132G) and in hydB are
pMU131_His-hydABCΔBN2 (C82G and C86G) and pMU131_His-
hydABCΔBc-term (P565-G630). Generated plasmids were checked by
sequencing. A T. kivui ΔhydAB strain, lacking the genes hydA and
hydB, was transformed with the verified plasmids, including
pMU131_His-hydABC as described previously.7 To verify the
transformation, colonies were picked, and the transformed plasmids
were checked using primer pairs seq1_for/seq2_rev (Table S4)
binding on the pMU131 backbone and amplifying the complete His-
hydABC locus (Figure S8c). The purification of His−HydABCTk
variants was performed as mentioned above.
Enzyme Activity Assays. All enzyme assays, unless otherwise

specified, were performed in 1.8 mL anoxic cuvettes (Glasgeraẗebau
Ochs, Bovenden-Lenglern, Germany) sealed by rubber stoppers in an
anoxic atmosphere at 66 °C at an overall liquid volume of 1 mL. All
activity assays were performed in buffer C (50 mM EPPS, 10 mM
NaCl, pH 8) as described previously.5,7 One unit is defined as the
transfer of 2 μmol electrons/min. NAD(P)+/NAD(P)H was
monitored spectrophotometrically at 340 nm (ε = 6.3 mM−1 cm−1),
ferredoxin (Fd; purified from Clostridium pasteurianum66) at 430 nm
(ε = 13.1 mM−1 cm−1), and benzyl viologen at 600 nm (ε = 12.0
mM−1 cm−1).
Analytical Methods. The concentration of proteins was

measured according to Bradford.67 Proteins were separated in 12%
polyacrylamide gels and stained with Coomassie brilliant blue G250.
The molecular mass of the purified HydABCAw and His−HydABCTk
was determined using a calibrated Superdex 200 column and defined
size standards (ovalbumin: 43 kDa; albumin: 158 kDa; catalase: 232
kDa; ferritin: 440 kDa). The iron and sulfur content of the purified
enzymes was determined by colorimetric methods.31 The identity of
bound flavin was elucidated by TLC.7 The Zn2+ content was
determined via ICP−MS.

1 μL HydABCAw or HydABCTk (100 μM) was analyzed by in situ
ATR−FTIR spectroscopy as described previously.33 The solution was
dried and rehydrated under a N2 aerosol, forming a reactive protein
film that accumulated the oxidized state Hox on the time scale of
seconds (“auto-oxidation”). In the presence of 1−100% H2, the one-
electron reduced state Hred was accumulated. The conversion was
mutually reversible, as observed for standard [FeFe]-hydrogenases.68

The CO-inhibited state Hox−CO was enriched in the presence of 1%
CO, which is a typical behavior of standard [FeFe]-hydrogenases.69

Microscale Thermophoresis Experiments. The His-tagged
versions of WT−HydABCTk and ΔB2 variants, 800 nM each, were
labeled with 400 nM of Red-tris-NTA conjugated fluorophore
(diluted in phosphate-buffered saline tween) in 50 mM TRIS pH
7.5, 150 mM NaCl, and 2 mM DTE. For experiments to measure
affinities in the reduced state of the proteins, labeling and subsequent
steps were performed under anoxic conditions inside an anaerobic
chamber (Coy Laboratory Products, Grass Lake, Michigan, USA with
a gas composition of 95% N2 and 5% H2). The labeled protein (100
nM final concentration) was titrated with a 13 (WT−HydABCTk) or
16 (ΔB2) step serial dilution of NAD(P)+ with a starting
concentration of 0.5 mM. The reaction mixtures were anaerobically
transferred into glass capillaries and subsequently measured in a
Monolith NT.115 outside the anaerobic chamber. Three independent
measurements were performed at 50% laser and 75% LED power. For
experiments measuring affinities under oxidizing conditions, the
proteins were fluorescently labeled under oxic conditions. Thereafter,
the protein samples were chemically oxidized using a final

concentration of 40 μM of potassium ferricyanide. Measurements
were carried out as described for anaerobic experiments except
samples were under oxic conditions.
CryoEM Data Acquisition, Processing, and Model Building.

For cryoEM data acquisition of HydABCAw and HydABCTk under
oxidizing conditions, 3.5 μL of 1 mg/mL purified HydABC complex
was used. Subsequently, it was rapidly applied to glow-discharged
Quantifoil grids, blotted with force 4 for 3.5 s, and vitrified by directly
plunging in liquid ethane (cooled by liquid nitrogen) using Vitrobot
Mark III (Thermo Fisher) at 100% humidity and 4 °C. No NAD(P)+
or Fd was added to the protein prior to vitrification. All nucleotides
that were found in our structures were copurified with the enzyme.
The automated data acquisition was performed using SerialEM
software70 on an FEI Titan Krios transmission electron microscope
operated at 300 keV, equipped with a K3 Summit direct electron
detector (Gatan). Due to the preferred orientation tilt movie frames
at 20° were recorded at a nominal magnification of 22,500× with an
electron dose of 55 e− per Å2 spread over 30 frames at a calibrated
pixel size of 1.09 Å. A total of 3238 images were acquired. For
HydABCTk, 1887 images were acquired with tilting and with an
electron dose of 50 e− per Å2 spread over 50 frames at a calibrated
pixel size of 1.09 Å.

The data set was processed using CryoSparc software.71 The Dose-
fractionated movies were gain-normalized, aligned, and dose-weighted
using Patch Motion correction. The contrast transfer function (CTF)
estimation was performed using Patch CTF estimation. Initially, 1000
particles were picked manually from 15 to 20 images which were then
subsequently used to train a model to pick particles from the entire
data set using the TOPAZ picker.72 A total of 1,092,008 particles were
extracted with a box size of 256 pixels. Using the SGD algorithm an ab
initio model of 30 Å was created using 46,000 particles, which was
further utilized to create two 3D reconstructions on entire particle
images using homogeneous refinement. Both the 3D refinements were
subsequently used for 3D classification using heterogeneous refine-
ments. In the left branch, the best aligning 250,709 particles were
subjected to nonuniform refinement with C2 symmetry for the 3D
reconstruction of the dimeric HydABC complex with an overall
resolution of 3.78 Å. In the right branch, the 2D cleaned particles
were reprocessed in RELION 3.0.73 After discarding suboptimal
particles in a 3D classification run, the selected class was subjected to
3D autorefinement and 3D classification without alignment into six
classes with a T value of 10. Two classes that showed the desired
asymmetric features were combined and further refined in a final
round of 3D autorefinement yielding 4.7 Å (gold standard FSC
analysis of two independent half-sets at the 0.143 cutoff). The
asymmetric 3D volume containing the particles was converted back
into CryoSparc and the particles were extracted again, followed by
nonuniform refinement, resulting in a resolution of 4.5 Å (4.3 Å tight
mask). Using a similar strategy, the data for HydABCTk was analyzed
and h could be refined up to 3.49 Å with an imposed C2 symmetry.

For the cryoEM data collection of HydABCTk and HydABCAw
under reducing conditions, special care was taken to prevent any
oxygen contact. Thus, all handling was carried out in an anaerobic
glove box with a gas composition of 95% N2 and 5% H2 (a vitrobot
was placed inside this anaerobic tent). Moreover, thanks to the
controlled redox conditions, we can be sure that the entire protein
complex is in a completely reduced state. For grid preparation, 4 μL of
each protein at a concentration of 1 mg/mL was applied to glow-
discharged Quantifoil grids, blotted for 4 s with force 5, and flash-
frozen into liquid ethane using Vitrobot Mark IV (Thermo Fisher) at
100% humidity and 4 °C. Similar to the conditions used to determine
the structure under an oxic state, no NAD(P)+ or Fd was added to the
protein before vitrification. The automated data collection was
performed using SerialEM70 on a JEOL CryoArm 200 microscope
operated at 200 kV and equipped with a K2 direct electron detector.
Frames were acquired at a magnification of 60,000× with a dose rate
of 50 e− per Å2 which were fractionated into 50 frames at a calibrated
pixel size of 0.84 Å. A total of 3018 and 1827 images were acquired
for HydABCTk and HydABCAw, respectively.
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Both datasets were processed in CryoSparc, with a similar strategy
as mentioned above. For both datasets, the frames were gain-
normalized, aligned, dose-weighted using Patch Motion correction,
and followed by CTF estimation. Manual picking of particles,
followed by multiple rounds of topaz which resulted in “good”
reference-free 2D classes that were further used for the processing.
For HydABCTk, 193,719 particles were used for creating three ab
initio classes, out of which only 150,493 particles exhibiting a nice ab
initio model were used for the final round of NU-refinement. The
refinement yielded 3D reconstructed maps for HydABCTk with a
resolution of 3.12 Å (C2 symmetry) and 3.24 Å (C1 symmetry). Both
the maps were found to be identical, and thus, the map with the
higher resolution was used for the model building and refinement. For
HydABCAw, after 2D classification, 325,875 particles were cleaned by
generating three ab initio classes. This resulted in 172,189 particles
which were further refined to a resolution of 3.4 Å with no symmetry
imposed.

Initial models of HydA, HydB, and HydC (from T. kivui and A.
woodii) were generated separately from their protein sequences using
AlphaFold74 and thereupon fitted as rigid bodies into the density
using UCSF Chimera.75 The model was manually rebuilt using
Coot76 with information from all maps. Cofactors were placed
manually and refined by using their respective CIF files. The final
model was subjected to real-space refinements in PHENIX.77

Illustrations of the models were prepared using UCSF Chimera,75

UCSF ChimeraX,78 and PyMOL.79

Molecular Simulations. To probe the functional dynamics of
HydABC, we performed classical atomistic MD simulations of the
HydABCAw and HydABCTk, resolved in different conformational and
redox states (Table S5). The dimeric cryoEM structural model of the
HydABC complexes was embedded in a water box with 150 mM
NaCl. The HydABCAw system was modeled in the NADH and NAD+

bound states, or without a bound nucleotide (apo state), whereas
HydABCTk was modeled with bound NADP+ or NADPH. The Fe/S
centers were modeled in the oxidized states or with the B2 and C1
clusters reduced. The H-cluster and the nearby [4Fe−4S] centers
were parameterized based on DFT calculations at the B3LYP-D3/
def2-SVP/def2-TZVP(Fe,S) level,80−82 modeled with a hydride (H−)
ligand in the Fe3+Fe3+ state, while the A1 cluster was modeled in the
oxidized state (2Fe3+2Fe2+) (Figures 3b, S4i, and S16). Force field
parameters were derived from the molecular Hessian of the optimized
model and charges from the restrained electrostatic potential
procedure [see the Supporting Information (Extended Methods)].
The other Fe/S cofactors were adapted based on in-house models of
respiratory complex I,83−85 obtained at the same level of theory, while
the CHARMM3686 force field was used to model the protein, solvent,
and ions. The Zn2+ site was modeled in HydB (Figures S3c and S5b)
with parameters obtained from previous work on complex I.83−85 The
HydABCAw simulations were also performed with Fd placed near the
HydB/C interface, with the coordinates obtained from Clostridium
acidurici Fd (PDB ID: 2FDN).87 The two [4Fe−4S] centers of the Fd
were modeled in an oxidized state. Additionally, simulations of a
smaller HydBCAw model were performed in the apo/NAD+/NADH
forms with different redox states for B2/C1 clusters. The
(HydABC)2/Fd system comprised ca. 502,000 atoms, the (Hy-
dABC)2 systems 470,000 atoms, and the HydBC model 166,000
atoms (Figure S12d). The MD simulations were performed at 310 K
using a 2 fs integration time step, 1 atm pressure, and by modeling the
long-range electrostatics using the particle mesh Ewald approach. MD
simulations were performed with NAMD2.14 and NAMD3.0.88

Electron transfer kinetics was modeled using reorganization energies
of λ = 0.7 eV, distance-dependent electronic couplings (with ρ =
0.76), and by assuming Em,7 of −320 mV ([4Fe−4S]), −275 mV
([2Fe−2S]), −480 mV (H-cluster), and −520 mV for Fd based on
biological electron transfer theory.32 Kinetic simulations were carried
out using COPASI.89 Visual MD (VMD)90 was used for visualization
and analysis. See Table S5 for the list of all molecular simulations
performed. Snapshots from the MD simulations are provided on
Zenodo (access code: 10.5281/zenodo.6772075).

To probe the hydride transfer process between FMNH− and
NAD+, quantum chemical DFT models were built based on the
NAD+-bound structure (asymmetric model) of the HydB core
domain. The models included the NAD+ nicotinamide and ribose
moieties, the FMN isoalloxazine ring and its ribityl unit, side chains
(terminated at Cβ and saturated with hydrogen) of Asp201, Phe284,
Asn192, Asn324, Ser429, as well as the backbone of residues Cys286−
Glu289 (Figure S13a). The DFT models included 151 atoms, which
were optimized at the B3LYP-D3/def2-SVP/ε = 4 level80−82 in the
reactant (FMNH−/NAD+), product (FMN/NADH), and transition
state (FMN···H−···NAD+) with Cβ, Cα, and nucleotides C positions
at the ribityl and ribose units fixed. Final energetics was evaluated at
the B3LYP-D3/def2-TZVP/ε = 4 level. The DFT calculations were
performed with TURBOMOLE v. 7.5.91 See Supporting Information
Extended Methods for further details of the molecular simulations.
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