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Abstract

Electron-bifurcation is a fundamental energy conservation mechanism in nature. The electron-
bifurcating [FeFe] hydrogenase from Thermotoga maritima (HydABC) requires both NADH and
ferredoxin to reduce protons generating hydrogen. The mechanism of electron-bifurcation in
HydABC remains enigmatic primarily due to the lack of structural information. Here, we present
a 2.3 A electron cryo-microscopy structure of HydABC. The structure is a heterododecamer
composed of two independent ‘halves’ each made of two strongly interacting HydABC trimers
electrically connected via a [4Fe-4S] cluster, forming a bus-bar system. Symmetry expansion
identified two conformations: a “closed bridge” and an “open bridge” conformation, where a Zn?*
site may act as a “hinge” allowing domain movement. Based on these structural revelations, we
propose two new mechanisms of electron-bifurcation in HydABC.

Introduction

Electron bifurcation channels a pair of electrons from a single two-electron donor to two different
spatially separated electron acceptors with one being at a lower redox potential than the donor (1).
This process drives thermodynamically unfavorable (endergonic) redox reactions by directly
coupling them to energetically favorable (exergonic) redox reactions and, hence, it represents an
alternative energy coupling mechanism to the well-known chemiosmotic coupling principle (2).
Electron bifurcation was first described in the Q-cycle of the respiratory complex Il where the
two electrons originating from the oxidation of ubiquinol are bifurcated via a high potential
pathway to cytochrome c, and via a low potential pathway to reduce ubiquinone to ubiquinol (3,
4). Electron bifurcation has recently been discovered in a number of other enzymes where an
exergonic electron transfer process is used to drive an endergonic one (5-7). Many of these
enzymes have been proposed to utilize flavin-based electron bifurcation (FBEB), in which a flavin
mononucleotide (FMN) or flavin adenine dinucleotide (FAD) cofactor serves as the branch point
for electrons. It first accepts a hydride from an intermediate potential redox couple (typically
NAD(P)H) and then sends one electron down a high potential pathway, generating an unstable,
low potential semi-reduced FMN, with enough reducing power to send the second electron down
a low potential pathway. However, the detailed mechanisms by which coupling is achieved are in
many cases unknown. The trimeric [FeFe] hydrogenase, HydABC, from Thermotoga maritima
accepts electrons from the one-electron carrier ferredoxin (Em = -453 mV at 80 °C, (8)), which is
reduced during pyruvate metabolism, and the two-electron carrier NADH (Em =-320 mV at pH 7,
(8)), produced during glucose metabolism, to reduce protons to hydrogen (E®* =-420 mV at pH 7,
(8)). The mechanism by which this enzyme functions is debated, however, the predominant view
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is that an FBEB mechanism is operative (9). The biochemically characterized FMN center, present
at the NADH binding site is unlikely to act as a bifurcating center because it accepts two electrons
from the most oxidizing redox couple (NADH/NAD") and would then need to bifurcate to two
lower potential redox couples. Therefore, the site of bifurcation has been speculated to be a second
flavin cofactor (10). However, biochemical studies do not corroborate the presence of the second
flavin (11). In another hypothesis, the hydrogen conversion center, the so-called H-cluster, which
also undergoes two-electron redox chemistry, is speculated to be the electron-bifurcation center
(4). However, spectroscopic studies suggest that the H-cluster of HydABC has similar redox
properties to the non-bifurcating [FeFe] hydrogenases, having a stable one-electron reduced state,
and is, therefore, also unlikely to be the site of bifurcation (11). As structural data would reveal
the complex arrangement of redox cofactors in this enzyme and provide a stronger basis for
understanding the mechanism of electron bifurcation, here we report a 2.3 A resolution structure
of HydABC based on electron cryo-microscopy (cryo-EM) of single particles.

The cryo-EM structure suggests a synergic coupling between two HydABC trimers connected
through the His-ligated [4Fe-4S] cluster in the HydA subunit, acting as an electronic bus-bar (12).
The structure also reveals flexible C-terminal (CT) domains in HydA and HydB (here named
“bridge” domains), which contain additional iron-sulfur clusters that interact through non-covalent
interactions and may provide a second electron transfer pathway. Thus, this structure provides
details of the arrangement of the redox clusters in HydABC, based on which a novel mechanism
of electron-bifurcation is proposed.

Results

The structure of HydABC

The heterologous production of apo-HydABC in Escherichia coli was described recently (11).
Here, we have used this heterologously expressed HydABC to prepare the cryo-EM grids.
Following the grid imaging, data collection, and processing, we obtained a 2.3 A resolution map
when a D2 symmetry was enforced (fig. S1, fig. S2, A). Into this, an atomic model of HydABC
was constructed, starting with a homology model based on bacterial complex | (11, 13), together
with ab initio model building in regions of the highest resolution. Initially, the last 91 and 61 C-
terminal (CT) residues of HydA and HydB, respectively, could not be built as they were not present
in the homology model and had a low resolution in the map, indicating regions of high
heterogeneity (explored later).

The processed cryo-EM map shows that the heterotrimeric HydABC forms a tetrameric complex,
Hyd(ABC)s of HydABC trimer units (protomers). Oligomerization of HydABC occurs through
interactions between four HydA subunits in the core of the complex (Fig. 1, A). HydB and HydC
extend outward from the core and form the four lobes clearly visible in the 2D class averages (fig.
S3). While HydB is most tightly bound to a single HydA (buried surface area of 1,232 A?, table
S1), there are also two salt bridge interactions between HydB-H516 and HydB-K523 to E212 and
E215 of a noncognate HydA. Each HydA has extensive, and presumably tight, interaction with
one adjacent HydA chain (2,280 A?), and minor, presumably loose interaction with another HydA
chain (780 A?) (Fig. 1, A). This observation implies that the core of Hyd(ABC) is formed by a
pair of tightly bound HydA dimers, which have weak interactions with one another. The HydA
core is the best resolved part of the map, consistent with the idea of the core being rigid and
homogenous (fig. S4). A large cross-shaped solvent channel runs through the center of the HydAs
core, providing access for H, and H* to the active site for 2H*/H; interconversion (the H-cluster)
(Fig. 1, A).
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Fig. 1. (A) The unsharpened 2.3 A map of Hyd(ABC), with D2 symmetry enforced showing a tetramer of Hyd ABC
trimers. All four copies of HydB and C are colored blue and green, respectively. The four HydA copies that make up
the core of the complex are in orange, yellow, pink, and red. The top and bottom halves of the complex are constituted
by dimers of HydABC protomers (each HydABC unit is a protomer); the two protomers within the same dimer are
strongly interacting, while a weaker interaction is present between the top and bottom dimers. (B) HydABC dimer
highlighting the iron-sulfur clusters and FMN constituting the electron transport network. (C) The arrangement of
redox cofactors within the protein complex, showing two independent identical redox networks (dashed circles); each
redox network is composed of iron-sulfur clusters belonging to a Hyd(ABC). unit composed of two strongly
interacting HydABC protomers. (D) Schematic of the electron transfer network of one of the two identical Hyd(ABC),
units showing edge-to-edge distances (in A) between the various cofactors.



Each HydABC protomer appears to contain nine redox cofactors including five [4Fe-4S] clusters
(one of which forms the [4Fe-4S] subcluster of the H-cluster), three [2Fe-2S] clusters, and one
FMN. However, based on Fe quantitation as well as prediction from sequence analysis we expect
a total of seven [4Fe-4S] clusters (including the subcluster of the H-cluster) and four [2Fe-2S]
clusters in each HydABC protomer (14, 15). As per sequence predictions, these missing clusters
should be located in the less well resolved CT regions of the HydA and HydB subunits (discussed
below) (14). Interestingly, a high-density site, likely a monometallic center, is found in the
resolvable part of the HydB-CT domain. Inductively-coupled plasma mass spectrometry on the
HydB subunit identified =1.5 Zn/protein and =15 Fe/protein, with <0.1 Co, Ni or Cu. As the
observed Fe-content matches with the estimated Fe-content of HydB, which is expected to contain
three [4Fe-4S] clusters and one [2Fe-2S] cluster (14 Fe/protein), these results allow us to assign
the metal center as zinc (Zn?*). This is further supported by the identities of the ligating residues:
three cysteines and one histidine in a tetrahedral coordination geometry (fig. S5, C) (16).

Cofactor arrangement in HydABC

Electron transfer chains, often connecting distant active sites, are composed of redox-active
cofactors usually less than 14 A apart to allow sufficiently fast electron tunnelling through the
protein dielectric to sustain catalysis (17). In each HydABC heterotrimer, the spatially distant H-
clusters and FMN centers are electrically connected via a chain of four FeS clusters (A1, A2, A3,
and B2, see Fig. 1, D for cluster nomenclature). The edge-to-edge distances between all these
clusters are < 15 A and within a distance for electron transfer at physiologically relevant rates (Fig.
1, D). Among the three remaining FeS clusters, the [4Fe-4S] cluster from HydA (A4) lies at the
interface of the two tightly interacting HydA chains, and the two [2Fe-2S] clusters from HydC
(C1) and HydB (B1) subunits lie in the vicinity, but on the opposite side, of the FMN. We speculate
that this pathway may be connected to the ferredoxin binding site, which would then be located in
HydB. Inspection of the global structure of HydB shows a dangling helix at the N-terminus (fig.
S6). We speculate that this helix may act as a “fishing rod” for catching ferredoxin similar to a
previous “fly casting” mechanism suggested for cyanobacterial complex I (18) and ferredoxin
NADP* reductase (19, 20). Consistent with this proposal, the closely related formate
dehydrogenase, which does not bind ferredoxin, is specifically missing this helix (21). Electrons
from ferredoxin would then be transferred to C1, and possibly to the FMN. However, the distance
between C1 and FMN is ~16 A, which is at the theoretical limit for fast electron transfer (17).

Within the Hyd(ABC)4 complex, there appear to be two redox networks, each composed of two
electrically connected HydABC protomers, separated by at least 50 A and held together by the
strong HydA-HydA interactions (Fig. 1, B and C). The large distance between each network
indicates there is no possibility for electrons to be exchanged and that they probably function
independently (Fig. 1, C). The two tightly interacting HydABC protomers within the Hyd(ABC)>
unit are electrically connected through the His-ligated [4Fe-4S] cluster (A4) in HydA (Fig. 1, B),
part of the so-called Y-junction (22). These two clusters are separated by 9.0 A and have the
possibility to act as an electronic bus-bar: allowing overflow of electrons from one protomer to the
other. An electrical connection between two identical protomers has already been observed in
cytochrome bcz (12) for which the bus-bar is speculated to have a number of possible roles such
as allowing the physiological function of the protein even after operational damage of one of the
two protomers.

The spatial arrangement of subunits HydA, B and C in the HydABC protomer is similar to that of
subunits Ngo3, Ngol, and Ngo2, respectively, in Thermus thermophilus (Tt) respiratory complex
| (fig. S7). Furthermore, the individual subunits show a high degree of structural homology, with

4



the highest similarity between HydB and Ngol (rmsd 1.040 A) (23), followed by HydC and Ngo2
(rmsd 1.152 A) and the lowest similarity between HydA and Ngo3 (rmsd 1.294 A) (Fig. 2, A). The
remarkable structural similarities between HydB and Nqol subunits agree with their common
evolutionary origins (24), and suggest that NADH oxidation follows a similar mechanism in both
enzymes (Fig. 2, B). The structural differences between Nqo3 and HydA likely reflect the fact that
the latter accommodates the hydrogenase H-cluster and facilitates oligomerization of the
Hyd(ABC)4 complex.

HydA, Nqo3 HydB, Nqo1l HydC, Ngqo2

LX) a3 [aFe-asl,

From other 'ABC' protomer To Nuol subunit

Fig. 2. (A) Subunits HydA (red), HydB (blues) and HydC (green) overlaid with, respectively, Ngo3, Ngo1, Ngo2 (all
yellow) of complex | from T. thermophilus (ref.pdb 6Z1Y). (B) Comparison of the NADH binding site of the Ngol
subunit of complex | from Thermus Thermophilus (light blue) with the FMN site in HydB; the high similarity suggests
NADH binds in the proximity of FMN in HydABC similarly to complex I. (C) Electron transfer network in HydABC
compared to complex | from T. thermophilus.

The structural similarities between HydABC and Tt respiratory complex 1 is also reflected by the
FeS clusters positioning that is in excellent agreement in these two proteins (Fig. 2, C). However,
in contrast to the Tt complex I, the HydABC protomers contain five additional FeS clusters. One
of these additional clusters is a [4Fe-4S] cluster (A3) that electrically connects the [4Fe-4S]
subcluster of the H-cluster (analogous to the cluster N7 in Tt complex 1) with the rest of the electron
transfer network. Another additional cluster is a [2Fe-2S] cofactor in HydB (B1) that is electrically
connected to the [2Fe-2S] cluster in HydC (C1, analogous to N1a in Tt complex I); due to this
connection and the proximity of HydC to the “bridge” domains (discussed later) it is likely that
the [2Fe-2S] cluster in HydC has an important role in the mechanism, this is in contrast to its



analogous N1a cluster in complex I, the role of which is unclear but is certainly not part of the
main catalytic electron transport pathway from FMN to the quinone binding site (25, 26).

HydA has 35% sequence identity to the monomeric non-bifurcating [FeFe] hydrogenase from
Clostridium pasteurianum, Cpl. Aligning the two enzymes shows high similarity (rmsd 1.119 A)
and excellent conservation of the FeS clusters, including the cluster comprising the bus-bar in
HydA (Fig. 3). However, in Cpl the cluster homologous to A4 is thought to lead to the ferredoxin
binding site (27). The multimerization of HydA blocks this site, so the two enzymes must have
different ferredoxin binding sites. This re-arrangement shows how closely related systems may
have different electron-transfer pathways formed by different multimerization of their subunits.
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Fig. 3 (A) HydA from Thermotoga maritima (red) compared with Cpl hydrogenase from Clostridium pasteurianum
(orange). (B) Electron transfer network in HydA showing the iron-sulfur cluster involved in the bus-bar (red circle).
(C) Electron transfer network in Cpl , with Cp ferredoxin, predicted to bind closely to the iron-sulfur cluster on the
right (27). Note that only the [4Fe-4S]y subcluster of the H-cluster is present in our TmHydA structure, whereas the
complete H-cluster including the [2Fe]n subcluster is present in the Cpl structure.

A bridging domain formed by the flexible C-termini of the HydA and HydB subunits

The core of the tetrameric HydABC complex is very well resolved, reaching a local resolution of
2.2 A. However, the lobes formed from HydA and HydB subunits have substantially lower local
resolution (~3 A), due to increased heterogeneity (fig. S4) and low intensity, blurred map density
was observed between the lobes of electrically connected HydABC protomers (fig. S8, A). To
investigate the blurred regions, symmetry expansion followed by classification was explored to
separate the different conformations into classes. Initial attempts to use D2 symmetry, to match
the core, resulted in maps no better than before, however, using C2 symmetry revealed two classes
with bridging density between the HydB lobes (Fig. 4, A) with local resolution similar to the lobes
formed from HydA and HydB (Fig. 4, B). This bridging density breaks the rotational symmetry
between the protomers in the HydABC, dimer, explaining why D2 symmetry expansion was
ineffective. The two classes correspond to the bridge domain being formed between different
HydB lobes: when rotated by 180°, the bridges are identical (Fig. 4, A and C). Despite extensive
attempts, we were unable to find a class with both bridges in the closed conformation. The
observation that both bridges cannot close simultaneously suggests that these behave as
reciprocating elements similarly to the Rieske domain in the bifurcating bc: complex (28).
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Fig. 4 (A) The unsharpened 2.8 A map of the bridge forward class sub-particle, identical to the bridge backward class
if a C2 rotation is applied. The map shows only the Hyd(ABC), unit as the two Hyd(ABC), units constituting the
Hyd(ABC), complex were found to be independent after 3D classification. All four copies of HydB and C are colored
blue and green, respectively. The two HydA copies are in light brown and light red. (B) Local resolutions were
estimated using the local resolution function in RELION with default parameters. (C) The atomic model that was built
into the map density with the iron-sulfur electron transfer chain. (D) Map showing the HydB bridge domain in the
open position and its fitted model. (E) Zn?* hinge region, showing the two possible conformations of the HydB bridge
domain, open (blue) and close (light blue). (F) Schematic of the electron transfer network of one of the two identical
Hyd(ABC). units showing edge-to-edge distances (A) between the components. Represented are the iron-sulfur
clusters, H-cluster, FMN and Zn?* site; the bridge components and Zn-site are enclosed in a dashed ellipse. Each of
the two Hyd ABC protomers constituting the Hyd(ABC).unit is included within a dashed rectangle. Here the top bridge
is represented in its closed conformation, while the bottom one is in its open conformation.
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To further explore the particles without a bridge a further classification was used (Fig. S8, B). It
was possible to obtain a low-resolution map of a class where the HydB CT domain was found in
an ‘open’ conformation (Fig. 4, D). Most likely this domain is highly flexible and this
conformation is one of many. The movement of the HydB C-terminal domain between the bridge-
open and bridge-closed classes is shown in Fig. 4, E.

In the bridge-containing structure, the two C-terminal [4Fe-4S] clusters (named B3 and B4, Fig.
4, F) of HydB are close enough to exchange electrons with each other but are too far from the next
nearest FeS clusters, such as cluster C1 (= 35 A away) or cluster A5 (= 32 A away). Furthermore,
cluster A5 is completely electrically isolated with all the nearest clusters being >30 A away. Thus,
unless the HydA and HydB bridge domains undergo substantial conformational changes, the FeS
clusters A5, B3 and B4 cannot participate in electronic exchange with the rest of the enzyme.

The bridge structure is particularly interesting as it appears that the C-terminal cysteine residues
of HydB responsible for coordinating [4Fe-4S] clusters in the bridge are conserved in all
biochemically characterized electron-bifurcating [FeFe] hydrogenases (29, 30). However, they all
lack the analogous part of the bridge domain in HydA, which contains the A5 cluster.

Discussion

The importance of flavin based electron bifurcation (FBEB) in microbial metabolism and energy
conservation is well acknowledged, but its mechanism is still poorly understood, with only a few
examples so far being studied in detail, such as butyryl-CoA dehydrogenase-electron-transferring
flavoprotein complex (Bcd-EtfAB) and Fd-dependent transhydrogenase (Nfnl) (31). In these
enzymes, a specialized flavin center exhibiting ‘crossed-over’ potentials (i.e., it forms a high-
energy one-electron reduced state that can reduce a low potential electron acceptor) functions as
the electron bifurcation site. FBEB was also suggested to be operative in electron bifurcating
[FeFe] hydrogenases, which were hypothesized to contain two flavin centers, one functioning as
the electron bifurcation site (10). Our cryo-EM structure of HydABC reveals for certain that only
a single flavin (the FMN in HydB) that accepts a hydride from NADH, exists in this enzyme.

The H-cluster was also speculated to be an electron-bifurcation center (4). We previously
suggested, based on spectroscopic data and redox titrations, that the H-cluster in HydABC behaves
similarly to the H-cluster from non-bifurcating [FeFe] hydrogenases and is, therefore, also unlikely
to be the site of electron bifurcation (11). Structural comparison of the HydA subunit (of HydABC)
with the non-bifurcating [FeFe] hydrogenase Cpl also reveals that the primary and secondary
coordination spheres of the H-cluster are highly conserved in the two enzymes, thereby, supporting
our previous conclusion.

Having excluded the H-cluster and FMN, we propose that the bifurcation site is an iron-sulfur
cluster or a group of iron-sulfur clusters and are now able to provide two potential mechanisms,
both involving the HydB-CT domain. This domain, carrying the B3 and B4 clusters, is found in
all characterized electron-bifurcating [FeFe] hydrogenases but is absent in non-bifurcating NAD™-
dependent multimeric [FeFe] hydrogenases (29, 30). Therefore, these clusters are considered an
essential component of the mechanism. In Mechanism 1 (Fig. 5A), Hz is oxidized by the H-cluster
and electrons are sent down the core electron transfer pathway to the FMN. Meanwhile electrons
in the adjacent protomer are picked up by cluster A’5, through a large scale conformational change
and transferred to the B3/B4 clusters in the bridge. Another conformational change moves the
B3/B4 clusters close to the B1/C1 clusters for electron transfer to ferredoxin while NAD" is
reduced to NADH at the FMN. In Mechanism 2 (Fig. 5B), electrons from H> oxidation at the H-
cluster travel via the core electron transfer pathway to FMN/C1 and then to the B3/B4 clusters in
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the bridge causing the bridge to close. This then allows a second H> oxidation to reduce the FMN.
NAD" reduction triggers the bridge to reopen moving the reduced B3/B4 clusters close to the
B1/C1 pair allowing electron transfer to ferredoxin.
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B0 cip:
B3/B4 Zn

1 \:FlMN ) A 2 I.:| . _) 3 - o
Bus-bar o F "
|:] NADH [ ] O
1 1 ] [
H-CIIL—‘EEF\ fl—l‘;cétﬁ}er . - . -
2H* H,
B) Mechanism 2 P il Wi ninell SV
- - 2Fd,
1 & 2w 3 O_-%<2F"'“’
a NAD* )
|] |] NADH \:] O
A B B - "
o H, 2H H,

Fig. 5 Hlustration of two possible mechanisms of electron transfer in HydABC. A) In Mechanism 1, electrons from
H, oxidation at the H-cluster are transferred to the FMN, via the core electron transfer pathway and cluster A’5 (step
1). A large conformational change moves A’5 close to the B3/B4 cluster pair in the bridge allowing electron transfer
(step 2). This needs to occur twice to put two electrons in the B3/B4 pair. At the same time, NAD* binding and hydride
transfer at the FMN forms NADH, triggering a conformational change in the bridge, moving the B3/B4 clusters close
enough to the B1/C1 clusters for electron transfer (step 3). Ferredoxin can then accept the electrons from B1. B) In
Mechanism 2, electrons generated by oxidation of H; at the H-cluster travel down the core electron transfer pathway
to the FMN and C1 cluster, and then to the B3/B4 cluster pair (step 1) closing the bridge (step 2). Further H, oxidation
reduces the FMN leading to NAD* reduction to NADH. This triggers bridge movement allowing the B3/B4 clusters
to transfer electrons to the B1/C1 clusters and then to ferredoxin. Red arrows indicate electron transfer, brown arrows
indicate domain movement, and black arrows indicate a catalytic step.

In summary, our cryo-EM structure reveals essential information on the arrangement of cofactors
and active sites within T. maritima HydABC, including inter-protomer electronic wiring. Using
symmetry expansion, we have also observed two conformations of the HydB-CT domain, a
domain that is conserved in bifurcating hydrogenases, consistent with mechanistically relevant
conformational changes. By resolving these crucial structural details, the mechanism of bifurcation
can now be tackled using site directed mutagenesis coupled to kinetic and spectroscopic studies.
These results may also be applied to other enzymes homologous to HydABC.
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