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The crystal structure of the membrane-bound O,-tolerant [NiFe]-
hydrogenase 1 from Escherichia coli (EcHyd-1) has been solved in
three different states: as-isolated, H,-reduced, and chemically oxi-
dized. As very recently reported for similar enzymes from Ralstonia
eutropha and Hydrogenovibrio marinus, two supernumerary Cys
residues coordinate the proximal [FeS] cluster in EcHyd-1, which
lacks one of the inorganic sulfide ligands. We find that the as-iso-
lated, aerobically purified species contains a mixture of at least two
conformations for one of the cluster iron ions and Glu76. In one of
them, Glu76 and the iron occupy positions that are similar to those
found in O,-sensitive [NiFe]-hydrogenases. In the other conforma-
tion, this iron binds, besides three sulfur ligands, the amide N from
Cys20 and one Oe of Glu76. Our calculations show that oxidation of
this unique iron generates the high-potential form of the proximal
cluster. The structural rearrangement caused by oxidation is con-
firmed by our H,-reduced and oxidized EcHyd-1 structures. Thus,
thanks to the peculiar coordination of the unique iron, the proximal
cluster can contribute two successive electrons to secure complete
reduction of O, to H,0 at the active site. The two observed con-
formations of Glu76 are consistent with this residue playing the
role of a base to deprotonate the amide moiety of Cys20 upon iron
binding and transfer the resulting proton away, thus allowing the
second oxidation to be electroneutral. The comparison of our struc-
tures also shows the existence of a dynamic chain of water mole-
cules, resulting from O, reduction, located near the active site.

[4Fe-3S] cluster | membrane-bound hydrogenase | Mossbauer spectroscopy |
QM/MM | structure/function relationships

NlFe and [FeFe]-hydrogenases are enzymes involved in
hydrogen uptake and evolution in microorganisms accord-
ing to the reaction: H, « 2H™ 4 2e~ (1). They have attracted
significant attention as sources of inspiration for developing fuel
cells and solar-based H, production (2, 3). Hydrogenase active
sites contain iron, nickel (in one class), thiolates, CO and CN~
(1), all abundant and inexpensive components, and their H, up-
take efficiencies compare well with those of expensive traditional
catalysts like Pt (4). Impressive progress has been made recently
in the field of bioinspired chemistry, and some synthetic catalysts
equal or even surpass enzymes in hydrogen evolution activity (5).
A recent example is a complex that combines features of both
[NiFe]- and [FeFe]-hydrogenases, containing a nickel ion and
pendant amines (6).

A general problem with hydrogenases is their sensitivity to
attack by O,. In the case of the [NiFe]-hydrogenases, two oxi-
dized species that give rise to electron paramagnetic resonance
(EPR) spectral signatures called Ni-A and Ni-B have been iden-
tified in aerobically purified samples (7). The Ni-A species is dif-
ficult to activate, requiring elevated temperatures and a long
reductive treatment, whereas a sample in the Ni-B state reacti-
vates rapidly under reducing conditions. Accordingly, Ni-A and
Ni-B have been termed unready and ready states, respectively.
Although the Ni-B form should reactivate in vivo, that is unlikely
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to be the case for the Ni-A state. In the Desulfovibrio fructosovor-
ans hydrogenase crystal structure corresponding to the Ni-B form
a (hydr)oxo ligand bridges the Ni and the Fe ions of the active site
(8). Conversely, in the oxidized as-isolated structure, we modeled
the Ni-A state with a diatomic [NiFe] bridging ligand that we as-
signed as (hydro)-peroxo (8); however, such assignment has not
been universally accepted (9). It appears that the formation of
either Ni-A or Ni-B states depends on the number of electrons,
either two or four, that can rapidly react with O, at the active site
upon air exposure (10). Therefore, resistance to inactivation by O,
may depend on the hydrogenase having enough electrons available
to avoid formation of unready states (11).

During the evolution of [NiFe]-hydrogenases, at least three
different strategies have emerged to neutralize the deleterious
effects of their exposure to O,: (i) a narrow hydrophobic access
to the active site that acts as a filter in the constitutive regulatory
hydrogenases, discriminating between H, and the bulkier O, (12—
14); (ii) one of the terminal Cys Ni ligands is changed to SeCys in
O,-resistant [NiFeSe]-hydrogenases (15), which do not display
the Ni-A EPR spectrum and are able to reduce protons in the
presence of low levels of O, (16); (iii) the presence of two super-
numerary small subunit Cys residues in the coordination sphere
of the proximal cluster of O,-tolerant membrane-bound [NiFe]-
hydrogenases, which can oxidize hydrogen at atmospheric O,
levels (17-19). As reported for the O,-tolerant Aquifex aeolicus
hydrogenase 1 (4a-Hase 1), the proximal cluster undergoes two
one-electron redox processes, and the higher potential redox tran-
sition is pH-independent between pHs 6.4 and 7.4 (20). Further
adaptations for oxygen tolerance are a much lower K,,, for H, than
the K; for O, (21), and the more positive potentials of all metal
centers relative to O,-sensitive [NiFe]-hydrogenases.

Mossbauer studies of the Aa-Hase 1 have indicated that the
oxidized proximal cluster is more Fe(III)-rich than standard clus-
ters. This observation is consistent with the proposition (20, 21)
that the two oxidation processes associated with the proximal
cluster of these enzymes may be assigned to 3Fe(II)-1Fe(IIl) —
2Fe(I)-2Fe(Ill) and  2Fe(Il)-2Fe(Ill) — 1Fe(I)-3Fe(III)
changes. Remarkably, the two redox couples lie within a narrow
potential range when compared to that observed for the high-
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potential iron-sulfur protein (HiPIP), which is about 1 V and in-
volves nonphysiological superreduction of the [4Fe-4S] cluster to
the +1 oxidation level (22, 23).

Single and double exchanges of the supernumerary Cys19 and
Cys120 of EcHyd-1 to Gly, the corresponding residue in O,-sen-
sitive enzymes, have established that Cys19 is the crucial residue
for O, tolerance, with Cys120 playing a less important role (24).
In the course of our X-ray crystallographic and theoretical studies
of EcHyd-1, Fritsch et al. (25) and Shomura et al. (26) published
the H,-reduced crystal structures of O,-tolerant hydrogenases
from Ralstonia eutropha and Hydrogenovibrio marinus (Hm),
respectively. Shomura et al. (26) also reported the chemically
oxidized Hm hydrogenase structure, which shows that one of the
Fe atoms has become coordinated by the peptide amide-N from
Cys26. Our corresponding structures agree well with those re-
ported by these authors but also provide further insights into the
molecular principles for O, tolerance. Using our EcHyd-1 crystal
structures, we have (i) identified a glutamic acid carboxylate as
the base involved in amide-N deprotonation and (i) calculated
and reproduced previously published Mossbauer and EPR data
(20), allowing us to describe the electronic and conformational
changes that take place during the superoxidation of the proximal
cluster.

Results

The 1.67 A Resolution Structure of As-Isolated EcHyd-1. In this struc-
ture, obtained from an orthorhombic crystal (SI Appendix,
Table S1), the hydrogenase is a dimer of heterodimers, including
in each monomer a hydrophobic membrane-anchoring small
subunit C-terminal domain and its bound His tag. Although there
is clearly room for the latter two regions, they are disordered
and consequently invisible in the electron density map. Our dimer
of heterodimers (Fig. 1) is isostructural with that reported by
Shomura et al. (26), supporting their proposition that this oligo-
meric arrangement is physiologically relevant. The proximity of
the two distal clusters in these two dimeric enzymes suggests that
intermonomer electron transfer could play a role in O, tolerance,
as previously observed for the “jump-start” activation of Hyd-1 in
the Ni-B state by active enzyme (27).

Hydrogenase-1

Cytochrome b
membrane

Fig. 1. Crystal structure of the dimeric [NiFe]-hydrogenase 1 from E. coli.
The C-terminal anchor helices are not visible in the electron density maps.
Electrons resulting from H,-oxidation are transferred to cytochrome b.
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The active site of as-isolated EcHyd-1 closely resembles that of
standard, O,-sensitive hydrogenases in the EPR active Ni-B state
(8) (SI Appendix, Fig. S14). However, both more reduced and
more oxidized states of this site may also be present. The distal
and medial clusters are of the standard [4Fe-4S] and [3Fe-4S]
types, respectively. Conversely, as very recently observed for re-
lated enzymes (25, 26), the proximal cluster has one of the sulfide
(S%7) iron ligands of a classical [4Fe-4S] cluster replaced by the
bridging Cys19 Sy; in addition, Cys120 Sy forms a second protein
ligand to Fe; (Fig. 2 and SI Appendix, Fig. S2).

One of the irons (Fey) of the proximal cluster and Glu76
display two discernable positions, which we interpreted as corre-
sponding to two discrete states (Fig. 24). In one of these states,
both Glu76 and Fe, are positioned like their counterparts in the
O,-sensitive [NiFe] hydrogenase from D. fructosovorans (8), with
Fe, tetrahedrally bound by Cys19, Cys20, and two cluster sulfido
ions (SI Appendix, Fig. S2); one of these (S;) forms a 2.8-A-long
bond with Fe,. In the other state, the Fe,-S; bond is broken and
the iron is penta-coordinated by the thiolates of Cys19, Cys20, Sy,
the main chain N of Cys20, and one carboxylate Oe from Glu76,

Fig. 2. (A) As-isolated EcHyd-1 proximal cluster structure. Iron positions are
depicted with their corresponding anomalous difference (A;,0m) €lectron
density peaks (Left) contoured at the 5¢ level (purple). The omit map for
Glu76 is depicted in light blue contoured at 8c (the same color codes apply
to (B) and (C). A schematic representation of the two conformations for Fe,
and Glu76 (black/gray and red) is shown on the right side of the figure. (B) H,-
reduced cluster structure. The positions of Glu76 and Fe, are as in O,-sensi-
tive [NiFe]-hydrogenases. The peaks for the iron ions and the omit map are
contoured at the 10 and 20c levels, respectively. (C) The 4-OH-1,4-naphtho-
quinone/ferricyanide-oxidized structure. Glu76 has the alternative positions
already observed in the as-isolated structure, whereas Fe, is modeled with
two nearby positions bound to S;, the Sy and amide N from Cys20 and to
either the Sy of Cys19 or one Oe from Glu76. In both cases the iron coordina-
tion forms a distorted tetrahedron. The iron peaks and the omit map are con-
toured at the 6 and 9¢ levels, respectively. Hydrogens have not been included
in these figures.
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forming a distorted trigonal bipyramid (Fig. 24; red conforma-
tion). The coordination spheres of these two proximal cluster
states suggest that Fe, is more oxidized in the latter because a
deprotonated peptide-N is a very strong donor ligand. Shomura
et al. (26) reached a similar conclusion. Because the protein sam-
ple was exposed to air during purification, it is unlikely that a sig-
nificant fraction of the proximal cluster would be fully reduced.
Consequently, we have called these two putative proximal cluster
structures PC2 and PC3, by analogy with the reported +2 and +3
[4Fe-4S] cluster redox states in HiPIP. However, these states will
be more appropriately defined if the charges of all its S-ligands,
including the two extra thiolates that replace one of the inorganic
sulfides, are taken into account (28, 29). Accordingly, the
[4Fe-35-6Scy] cluster in PC2 and PC3 will be described as having
charges of —2 and —1, respectively (Table 1).

H,-Treated Reduced EcHyd-1 Structure. In the 1.47-A resolution
structure of EcHyd-1 obtained from a crystal exposed to eight
bars of H, for 10 min (SI Appendix, Table S1 and Fig. 2B), Fe,
and Glu76 are positioned as in our PC2 model and in the reduced
hydrogenase structures from Fritsch et al. (25) and Shomura et al.
(26). From our crystallographic experiment it is not possible to
determine unambiguously the oxidation level of the proximal
cluster; both —2 and —3 redox states are possible. H,-induced
reduction was confirmed by the absence of the [NiFe]-bridging
(hydr)oxo ligand at the active site, which shortens the Ni-Fe dis-
tance from 2.9 to 2.6 A. This site may now be in a mixture of Ni-C
and Ni-R states (SI Appendix, Fig. S1B).

Redox-Mediator + K3Fe(CN);-Treated Oxidized EcHyd-1 Structures. We
obtained a 2.0-A resolution EcHyd-1 structure from a crystal of
as-isolated enzyme aerobically soaked in 2 mM 4-OH-1,4-naph-
toquinone (OH-NQ) and 10 mM K;Fe(CN), (SI Appendix,
Table S1). The active site showed the characteristic [NiFe]-brid-
ging ligand of the Ni-B species. Our initial assignment of the —1
proximal cluster state to PC3 proved to be only partially correct:
Although in this purposely oxidized structure Fe, is near the
PC3 position, Glu76 adopts the two conformations found in the
PC2/PC3 mixture of the as-isolated EcHyd-1 form, with similar
occupancies (Fig. 2C). We will use the subscript d (as in PC3,)
to denote the structure that has Glu76 oriented as in the H,-re-
duced structure (distal from Fe,) and Fe, bound to the amide N
of Cys20. Furthermore, in this structure the elongated electron
density peak corresponding to Fe, suggests that the metal occu-
pies two juxtaposed PC3 positions with about 50% occupancy
each. We modeled this structure with Fe, bound to either Glu76
Oe or Cys19 Sy (Fig. 2C). By comparison, Shomura et al. (26)
modeled their ferricyanide-oxidized structure with only one
Fe, position and one conformation for Glu82 (Fe, and Glu76
in EcHyd-1). However, we found that their model only partially
explains the Hydrogenovibrio marinus (H. marinus) hydrogenase
proximal cluster electron density, with the ellipsoids correspond-

Table 1. Nomenclatures of the proximal cluster

Generic designation PC3 PC2 PC1
Core oxidation level [4Fe-3S])5+ [4Fe-35]4+ [4Fe-35)3+
Equivalent oxidation  [4Fe-4S]3*+ [4Fe-45)%* [4Fe-4S)*+

level in

conventional

[4Fe-4S] core

Cluster charge
with all S-bonds

[4Fe-35-65,s]~  [AFe-35-65c,s] 2~ [4Fe-35-65¢,] 3"

Calculated models PC3", PC3,, PC3~ PC2- N/A
in this study

Glu76 charge 0-1* -1 —1* N/A

Cys20 N charge -1-1-1 0 N/A

Overall PC charge -2-2-3 -2 N/A

*Distal Glu76 is not included in the overall PC charge count.
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ing to the anisotropic temperature factors of Fe, and Glu82 being
unusually elongated (SI Appendix, Fig. S34). After additional
refinement of this structure, we conclude that the H. marinus
enzyme contains the two conformations of Glu82 and Fe, that we
observe for Glu76 and Fe, in oxidized EcHyd-1 (SI Appendix,
Fig. S3B).

Calculations. To assign electronic structures to PC2 and PC3 and
determine the respective Glu76 protonation states, invisible in
our X-ray structures, we geometry-optimized several candidates
using hybrid quantum mechanical (QM)/molecular mechanical
(MM) potentials (30, 31) and performed pure QM calculations
on smaller derived models. Mossbauer and EPR parameter cal-
culations were carried out with in-house codes (see the S/
Appendix for details).

Structural optimizations. Using the numbering of Fig. 3, we con-
structed the six possible broken symmetry (BS) electronic states
for PC3 (1Fe(II) and 3Fe(III), Table 1), corresponding to the spin
configurations BS13 (-4/2, +5/2, =5/2, +5/2), BS24 (+5/2,
-5/2, +5/2, —4/2), BS34 (+5/2, +5/2, =5/2, —4/2), BS23
(+5/2, —4/2, =5/2, +5/2), BS12 (-4/2, -5/2, +5/2, +5/2),
and BS14 (-5/2,+5/2,+5/2,—4/2). The QM/MM optimizations
of these BS states hypothesized for the PC3 states with (i) proto-
nated Glu76, PC37; (ii) deprotonated Glu76, PC3~; and (jii) de-
protonated Glu76 in the distal position it adopts in PC2 (Fig. 24),
hydrogen-bonded to Trpl1, PC3,~; led to very similar structures
(see SI Appendix for details). Key computed distances for all mod-
els in the subsequently favored BS13 electronic state are presented
in Table 2 and compared to experimental values. The two Fe,
positions in the oxidized EcHyd-1 X-ray structure (Fig. 2C) could
be explained by the PC3~ state where Fe, binds the deprotonated
Glu76 (Fig. S3) and alternative states where Glu76 is either pro-
tonated and still close to Fe, (PC3#) or farther away (PC3,7). In
the latter case, Cys19 Sy completes the tetrahedral Fe, coordina-
tion (Table 2). In going from the PC3 states to PC2~ (with a de-
protonated distal Glu76; see SI Appendix), the Oe-Fe, distance
increases by more than 2 A in agreement with the X-ray-defined
PC2 and reduced structures (Fig. 2.4 and B). From these calcula-
tions alone, we could not structurally discriminate between the
various electronic states of PC2 and PC3.

Mésshauer parameter calculations. We performed three series of
calculations, corresponding to the following models: (i) PC3#
(SI Appendix, Table S2), (ii) PC3~ (SI Appendix, Table S3),
and (iif) PC3,~ (SI Appendix, Table S4). Based on both the re-
lative energies (in kJ/mol) for the six BS states and the computed
quadrupole splittings AE, for the four iron atoms, we favor the
BS13 spin arrangement in the PC3 or PC3,~ states (see SI
Appendix and Table 3).

Pandelia et al. (20) assigned the 2.41 (x1) and 1.23(x 1) mm/s
splittings to the mixed-valence pair and the 0.60(x 2) mm/s ones

Sc149/—\8c17

Sc120 3 S2 1 Scto
s3 2 St A, S
Sc11z\_/cho Oee

Fig. 3. Schematic representation of the pattern of exchange pathways with-
in the unusual proximal [4Fe-3S] cluster (red lines) in the PC3 state. Labels 1-4
represent Fe atoms (numbered as in Fig. 2B). There is no direct exchange in-
teraction between Fez and Fey. By contrast, within a standard [4Fe-4S] pseu-
docubane cluster, each iron ion magnetically interacts with all the others
through superexchange couplings.
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Table 2. Key distances of experimental proximal cluster models and quantum mechanical/molecular mechanical models in the BS13

electronic state

Models Distances (A)  Df PC2,  Ec as-isolated PC2,/PC3y  Ec reduced PC1, ~PC2-  Ec oxidized PC3, ~PC3- PC3H PC3,~
Fe,-S, 2.3 2.3/2.3 2.3 2.35 24/2.4 2.47 2.42 2.40
Fes-S3 2.3 2.8/4.1 2.4 2.47 4.3/4.0 4.67 4.20 4.15
Fes-Sycio(Sa)* 2.3) 2.2/2.7 2.4 2.38 2.8/2.3 274 246 243
Fes-Ncao 3.7 3.1/2.1 33 3.26 2.1/2.2 1.99 1.98 1.95
Fes-Sycao 2.3 2.3/23 2.3 2.29 24/2.4 2.36 2.30 2.31
Fe,-Ocgvg 5.1 49/2.4 4.7 4.61 2.1/3.9 2.05 2.40 3.79
Nc20-Oéegze 33 3.8/2.7 3.1 2.90 2.8/3.7 2.86 2.90 3.39
Oeg16-Oters 3.9 3.3/36 3.8 3.84 3.6/3.0 3.04 336 359
Nerip11-Oegzg 29 2.8/4.0 29 2.89 3.9/3.0 4.20 4.13 2.83

Subscript X stands for X-ray models.

*Sycio Substitutes S, in Desulfovibrio fructosovorans (Df) [NiFe]-hydrogenase; all non-shown Fe-S distances are standard for [FeS] clusters

at 2.30 + /- 0.05 A.

to the ferric pair. However, following our favored electronic BS13
state, an alternative assignment would be 2.41 (x1) and
0.60(x 1) mm/s to the localized mixed-valence pair 1-3, and
0.60 (x1) and 1.23(x 1) mm/s to the ferric pair 2—4, in that order,
where Fe, most probably attracts extra electronic charge from the
amido ligand.

EPR (g-tensor) calculations. To lend support to our assignment of
the BS13 electronic state to PC3, we computed the g-tensor pre-
dicted for the spin-coupled S = 1/2 PC3#, PC3~, and PC3,~
models from both BS13 and BS34 spin-uncoupled states. A
spin-coupling procedure was specifically designed for each, tak-
ing into account the fact that there is no magnetic exchange path-
way between Fe; and Fe, (Fig. 3) (see details in SI Appendix).
This procedure led to the g-tensor components presented in S/
Appendix, Table S6. The Ag anisotropy value computed from
BS13 of 0.036 is significantly closer to the experimental value
of 0.025 (20) than the one predicted from BS34 (0.047). Again,
this favors the BS13 electronic state. ST Appendix, Table S6 shows
that PC3# is a better model than PC3~ or PC3 4> however, this
prediction is less robust than in the case of the Mdssbauer para-
meter calculations because it strongly depends on a tentative
spin-coupling procedure as unusual as this cluster is.

Orbital characterization of the PC2~ and the PC3% structures in the
BS13 state. There was little difference between the possible BS
optimized structures of PC2~. We found that the PC3# BS13
state with Fe, = —4/2, Fe, = +5/2, Fe3 = -5/2, and Fe, =
+5/2 satisfies structural and spectroscopic experimental data
for the most oxidized state of the cluster. Thus, in the absence
of additional experimental data, we intuitively select the BS state
for PC2~ that results in the least electronic change relative to
PC3 (in bold): BS13 with Fe; = —-4/2, Fe, = 4+5/2, Fe; =
—5/2, and Fey = +4/2. This reasoning implies that Fe, is the site
that is oxidized from ferrous in PC2 to ferric in PC3, eliciting the
structural changes observed in the proximal cluster (Fig. 2). In the
PC3# BS13 model, the singly occupied molecular orbital
(SOMO) shows that Fe, is the ferrous ion (Fig. 44). In addition,
the lowest unoccupied molecular orbital (LUMO) (Fig. 4B) and
the next one above (LUMO+1) (S Appendix, Fig. S4) clearly in-

Table 3. Comparison of the PC3 computed quadrupole splittings
AEq(Fej)i_1_4 (mm/s) with those obtained experimentally for Aa-
Hase 1 (20)

Electronic state AEq(Fe;) AEg(Fe;) AEg(Fes)  AEg(Feq)
Experimental values* 2.41 0.60 0.60 1.23
BS13 PC3H 2.36 0.31 -0.31 0.96
BS13 PC3~ 2.42 0.43 -0.32 0.79
BS13 PC3,~ 2.36 0.27 —-0.31 —-0.92

*Iron assignments as proposed in main text.
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dicate that out of the three ferric sites in PC3, Fe, is the one that
will preferentially receive the electron leading back to PC2. The
SOMOs a and B of the PC2~ model show the localized mixed-
valence pair on Fe, (SI Appendix, Fig. S5A, similar to the SOMO
of PC3# in Fig. 44), whereas the second one is delocalized over
all the Fe atoms (S Appendix, Fig. S5B). Similar results were
obtained for the PC3,~ model in the BS13 state.

Pathways for Proton Transfer and Water Escape. In order to locate
the most significant structural differences between the as-isolated
and H,-reduced structures, we calculated a twofold averaged
(Fas-isolated-FH, -reduced ) €lectron density map (S1 Appendix, Fig. S6A).
If the active site and proximal cluster are not taken into account,
two groups of clustered spherical peaks are observed with inter-
peak distances that in most cases are compatible with H-bonding
interactions. The first group of peaks represents water molecules
near the active site (Fig. 5). Some of them could result from the
full reduction of O,, as they seem to be trapped in the hydropho-
bic tunnel through which both H, and O, are thought to diffuse.
Water escape may involve the movement of Asp574; to the posi-
tion observed in the reduced EcHyd-1 X-ray structure (see also
ref. 25); however, our structures do not show a clear pathway from
there to the molecular surface. Molecular dynamics studies will
be necessary to probe this. The second group of peaks includes
a putative dynamic H-bonding network that connects Glu76 to
Thr21 from where one branch leads to Asp45 via a water molecule
(ST Appendix, Fig. S6B). A second longer branch leads, via His13
and four successive water molecules, to Asp46, which is located
close to the molecular surface. These structural changes might re-
sult from protons being transferred between the proximal cluster
and the solvent, which would require side chain rotations and
water movements.

Discussion
A remarkable and unexpected feature of the proximal cluster of
O,-tolerant [NiFe]-hydrogenases is its plasticity. During normal

A

Fig. 4. Molecular orbitals of the favored PC3" model in the BS13 state: (A)
SOMO « and (B) LUMO B; both belong to their respective minority spin orbital
set (32). Atoms are represented according to standard color codes.
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Fig. 5. Partial water escape pathway from the active site. Light-gray semi-
transparent surfaces show hydrophobic cavities that may be accessible to O,
and H,. Small and large subunit residues are labeled in blue and black (italics),
respectively. Putative waters, resulting from O, reduction, are labeled in red
for the as-isolated structure, which is shown as a color-coded ball-and-stick
model, and in green for the model corresponding to the H,-reduced struc-
ture shown in light gray. Arrows indicate probable displacements of water
molecules upon reduction. The waters labeled O1, 03, 04, 05, and OH~
are only present in the structure of the as-isolated enzyme. All the dashed
lines are compatible with hydrogen-bonding interactions.

hydrogen uptake catalysis the cluster oscillates between —3 and
—2 redox states, corresponding to +1 and +2 in standard
[4Fe-4S] centers. However, when the enzyme is exposed to
molecular oxygen, and assuming the active site is in the Ni-C
state, the first redox step should be Ni(III)-H™-Fe(II) + O, —
Ni(IIT)-O(OH)-Fe(II). In order to avoid damage, the transient
(hydro)peroxo ligand must be immediately reduced to H,O plus
OH~™ by two electrons coming from the proximal cluster. The
structure of as-isolated EcHyd-1 shows four partially occupied
H,0O molecules close to the [NiFe] active site (Fig. 5) that are
likely to correspond to O,-reduction products that need to be
evacuated, possibly through the hydrophobic tunnel. The first —3
to —2 cluster oxidation is a classical one. But the second oxidation
generating a cluster containing 3 Fe(III) and 1 Fe(II) (Table 1)
is extraordinary for a hydrogenase FeS cluster. Our calculations
indicate that the second electron comes directly from Fe,, which
oxidizes from +2 to +3 (Fig. 4 and SI Appendix, Figs. S4 and S5
and Results). This reaction causes the facile migration of Fe, from
the position seen in PC2 toward the amide N of Cys20 and the
carboxylate of Glu76. We speculate that the electrostatic attrac-
tion between the ferric iron and Glu76 induces the disruption
of the hydrogen bond between this residue and Trpl1, allowing
its carboxylate moiety to modulate the approach of Fe, to the
amide-N of Cys20 (Fig. 2C). This approach decreases the double
character of the C(O)-N bond and causes pyramidalization of N
and acidification of the amide proton (33). Because the amide-N
can become an Fe ligand only after deprotonation (34), we pro-
pose that Glu76 acts as the base to extract this proton. Formation
of a Fe(III)-N(amide) bond simultaneously with amide deproto-
nation affords a way to produce and stabilize higher oxidation
states of FeS centers (35): In this case, it stabilizes the superox-
idized proximal cluster. The ability of the proximal cluster to
undergo two oxidations in succession means that two electrons
are immediately available for transfer to the active site when O,
attacks (11).

The difference in the orientation of Glu76 observed in our
EcHyd-1 PC3 structures (Fig. 2 4 and C) is caused by either a
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change in its overall protonation or in the position of the proton
in the carboxylate moiety. These protonation changes should not
affect the reduction potential of the proximal cluster, as indicated
by the results of Pandelia et al. (19). A protonation/deprotonation
role for the equivalent Glu76 in the O,-sensitive hydrogenase
from D. fructosovorans has been postulated (36). This residue,
along with the Ni ion Cys576 ligand (EcHyd-1 numbering),
Glu28,, Thrl8, and Glul6, is thought to be involved in a proton
transfer pathway from the active site to the molecular surface (S/
Appendix, Fig. S6B) (37, 38). In our calculations, the best agree-
ment to the spectroscopic data was obtained for PC3# followed
by PC3, (Tables 2 and 3). A deprotonated Glu76 bound to Fe,
(PC3~) did not reproduce the spectroscopic experimental data at
the present level of analysis. Consequently, the proximal cluster
of Aa-Hase 1, the subject of the Mdssbauer and EPR spectro-
scopic experiments by Pandelia et al. (19, 20), was probably in
the PC3# and/or PC3 ;= states. PC3# and PC3;~ could therefore
represent the first and second intermediates in the transfer of the
Cys20 amide proton to the active site. When the amido ligand is
taken into account, the overall charge is —2 for both PC3# and
PC3,~, which is also the charge of PC2~ (Table 1). This makes
the second oxidation of the proximal cluster thermodynamically
favorable. In PC3~, the overall charge is —3; therefore, protona-
tion of the Glu76 carboxylate should be necessary to cleave the
short Fe,-Oe bond. During the reduction of molecular oxygen to
water, two protons have to be provided to the active site (assum-
ing that the oxidation of hydride in the Ni-C active site form yields
a third proton). As discussed above and evoked by Shomura et al.
(26), one of these protons could originate from the amide N of
Cys20. This implies that the proton transfer pathway, which in
this H, uptake enzyme normally directs protons to the molecular
surface, must now function in the opposite direction, i.e., it de-
livers them to the active site (Fig. 5 and SI Appendix, Fig. S6B).

We conclude that as long as the active site Ni stays in the Ni-B
form and the enzyme does not oxidize H,, there will be neither
electrons nor protons available to change the proximal cluster
from PC3, a state where the Fe,-amido bond protects its integrity,
to catalytically active PC2/PCI1 states, requiring the reprotonation
of the amide N of Cys20. In PC3, the enzyme is inactive but also
relatively resistant to O,-induced damage. As expected from the
crystal structure of the oxidized form, there is a good correlation
between the ready species and the EPR Ni-B signal. Conversely,
there is no correlation between the unready species resulting
from O, exposure and the Ni-A signal (24), suggesting alternative
inactive species involving S-O bonds (SI Appendix, Fig. S14).

It is now possible to interpret the results of functional studies
on Cys19 and Cys120 mutants (21, 24) within a structural frame-
work. The fact that Re-MBH C19G variant is 30 times more
active than the C19S variant (21) suggests that in the former case
a sulfide replaces the missing cysteine thiolate, whereas in the
latter, the sulfide may be replaced by the Oy atom of serine,
which does not have the same iron coordinating properties. From
a structural and chemical viewpoint, the bridging Cys19 is crucial
because the long Fe,-S; bond in PC2 (Table 2) is easily ruptured,
allowing Fe, to become ligated instead by the hard amido ligand,
favoring an Fe(III) state. Besides playing a role in the overall
stability of the PC3 state, Cys120 may also have some influence
on the cleavage of the Fe,-S; bond (Fig. 24 and C), because S; is
also a ligand to Fes, which is coordinated by this cysteine thiolate
(Fig. 24). In the case of the C120G variant, the Fe,-S; bond may
be shorter and stronger, as observed in standard [4Fe-4S] clusters
(SI Appendix, Fig. S2 and Table 2), interfering with Fe, migration
toward the N amide atom of Cys20. Our results imply that muta-
tion of Glu76 will affect O, tolerance, although alternative amide
deprotonation mechanisms could still operate.

In conclusion, O,-tolerance in [NiFe]-hydrogenases mostly
arises from the unusual structure of its proximal cluster, which
can provide two successive electrons to the active site. Combined
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with the [NiFe] bridging hydride, expected to be present in re-
duced states of the enzyme (39), EcHyd-1 can provide four elec-
trons to reduce molecular oxygen to H,O and OH~. This process
bypasses the formation of either a stable (hydro)peroxide ligand
or reactive oxygen species, or both, that may inflict serious or
even irreversible damage to the active site in the case of O,-sen-
sitive [NiFe]-hydrogenases. Structure-based computational ana-
lysis of the available Mdssbauer and EPR spectroscopic results
indicates that the proximal cluster second oxidation at high po-
tential directly involves the unusual Fe4, which is ferrous in the
PC2 state and ferric in the PC3 state. Our favored models main-
tain electroneutrality in the transition between these two states.
Furthermore, because Glu76 deprotonates the amide N from
Cys20, an amido-Fe4 bond is formed in a reaction that stabilizes
the high-potential form of the cluster (35). During O, reduction
to water, the O,-tolerant [NiFe]-hydrogenases, which are usually
hydrogen uptake enzymes, operate in reverse mode, sending both
electrons and protons to the active site.
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Materials and Methods

Orthorhombic and triclinic crystal forms of EcHyd-1 were obtained using a
Gryphon robot (ArtRobins) operating in a customized glove box. Data were
collected from crystals grown from as-isolated aerobically purified protein as
well as from crystals exposed to high H, pressure and oxidizing redox med-
iators. The structures were solved by the molecular replacement method.
Hybrid QM/MM calculations on the enzyme models were performed with
the QSite code in the Schroédinger Suite (40), whereas the ADF2009 code
(41) was used on smaller QM models extracted from these QM/MM optimized
structures. More detailed descriptions are available in the S/ Appendix.
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