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The class of [NiFe]-hydrogenases comprises oxygen-sensitive periplasmic (PH) and oxygen-tolerant membrane-
bound (MBH) enzymes. For three PHs and fourMBHs from six bacterial species, structural features of the nickel–
iron active site of hydrogen turnover and of the iron–sulfur clusters functioning in electron transfer were
determined using X-ray absorption spectroscopy (XAS). Fe-XAS indicated surplus oxidized iron and a lower
number of ~2.7 Å Fe–Fe distances plus additional shorter and longer distances in the oxidized MBHs compared
to the oxidized PHs. This supported a double-oxidized and modified proximal FeS cluster in all MBHs with an
apparent trimer-plus-monomer arrangement of its four iron atoms, in agreement with crystal data showing a
[4Fe3S] cluster instead of a [4Fe4S] cubane as in the PHs. Ni-XAS indicated coordination of the nickel by the
thiol group sulfurs of four conserved cysteines and at least one iron–oxygen bond in both MBH and PH proteins.
Structural differences of the oxidized inactive [NiFe] cofactor of MBHs in the Ni-B state compared to PHs in the
Ni–A state included a ~0.05 Å longer Ni-O bond, a two times larger spread of the Ni–S bond lengths, and a
~0.1 Å shorter Ni–Fe distance. The modified proximal [4Fe3S] cluster, weaker binding of the Ni–Fe bridging
oxygen species, and an altered localization of reduced oxygen species at the active site may each contribute to
O2 tolerance.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogenases (H2ases) are enzymeswhich catalyze effective and re-
versible hydrogen (H2) formation or cleavage at protein-bound metal
centres [1–3]. They are of high interest in the contexts of renewable
energy generation, biotechnology, and chemical catalysis. An obstacle
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for using H2ases in applications is the rapid inactivation of many
enzymes by oxygen (O2) [4,5]. However, H2ases from various bacterial
species have been identified, which exhibit high O2-tolerance of their
H2-turnover activity [6–9]. Understanding this unusual catalytic behav-
iourmay lead to improved enzymes aswell as to novel synthetic catalysts.

The knownO2-tolerant H2ases all belong to the [NiFe] type,meaning
that their active site contains one nickel and one iron atom [10]. In par-
ticular, members of the phylogenetically related subclass of O2-tolerant
membrane-bound [NiFe]-H2ases (MBHs) have attracted much research
effort [11–13]. They consist of a large subunit binding the [NiFe] active
site of H2 turnover and a small subunit with three iron–sulfur clusters
in proximal, medial, and distal positions to the [NiFe] site, functioning
as an electron transfer relay, andwhich are anchored to the periplasmic
side of the cytoplasmic membrane via a b-type cytochrome. The stan-
dard type of O2-inhibited periplasmic [NiFe]-H2ases (PHs) shows simi-
lar subunits and cofactor complements, but a soluble cytochrome-c is
the electron transfer partner in many cases (Fig. 1). Hydrogenase II
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Fig. 1. Schematic organisation of [NiFe]-hydrogenases of the MBH and PH types. Our
enzyme preparations lacked the membrane and the cytochrome-b or -c heme proteins.
A proximal [4Fe3S] cluster in the MBHs was identified in crystal structures [14–16,66].
Notably, the E. coli hydrogenase II is a membrane associated enzyme not using cyt-c, but
here grouped among the PHs because of the lack of the two additional cysteines in its
small subunit, the presence of which is characteristic for the MBHs.
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from Escherichia coli (denoted as Ec2) is included here as a PH, although
it is associated with the cytoplasmic membrane and does not use a c-
type cytochrome as electron-transfer partner, because it resembles
other standard type hydrogenases in terms of its catalytic properties
and sensitivity to O2.

Protein crystallography has revealed the general organisation of the
metal cofactors in MBHs [14–16] and PHs [17–20]. In both enzyme
types, the [NiFe] site is coordinated by four conserved cysteine residues,
two thiolate sulfur atoms of which bridge the Ni and Fe atoms and the
other two ligate the nickel, while the iron carries one carbon monoxide
(CO) ligand and two cyanide (CN−) groups [9,21,22]. However, the
amino acid sequence accounting for the [NiFe] binding site in the large
subunit is not strictly conserved among the various MBH and PH pro-
teins from different organisms [23]. By treatment with various oxidants
or reductants, the [NiFe] site can be poised in spectroscopically defined
redox states, two of which are associated with reversibly inactivated
enzyme, namely the so-called Ni-A and Ni-B states, containing Ni(III)
and Fe(II) ions and an oxygen species in the metal-bridging position
[24]. This species likely is a hydroxyl (OH−) in Ni-B whereas for Ni-A
the structural assignment is controversial [24,25]. Inactivation of PHs
under O2 or under anoxic conditions and oxidizing potentials favours
formation of the Ni-A state, requiring extensive reduction procedures
to be reactivated, and Ni-B usually is a minor species [26]. In the
MBHs, similar conditions favour Ni-B formation and Ni-A is not ob-
served in most enzymes [9,27,28]. Reactivation of Ni-B under reducing
conditions is much faster compared to Ni-A in particular in the MBHs,
possibly related to fine-structural differences at the [NiFe] site [29].

The O2-tolerant MBHs are further distinguished from the PHs by the
presence of two additional cysteine residues in the amino acid sequence
of the small subunit, located in the vicinity of the binding site for the
proximal FeS cluster [11,30,31]. Crystal structures of MBH proteins
from Ralstonia eutropha [14], Hydrogenovibrio marinus [16], and E. coli
[15] have revealed that these cysteines indeed coordinate three of the
four iron atoms of the proximal cluster, transforming it from a cubane
[4Fe4S] cluster as in the PHs to a novel [4Fe3S] cluster species.Mutagen-
esis and spectroscopic studies have shown that the modified proximal
cluster is crucial for the O2-tolerant catalytic behaviour of the MBHs
[28,30]. This may be due to the surplus electron donation capacity of
the modified cluster to the [NiFe] site, leading to full reduction of
metal-bound oxygen species and thereby to rapid reactivation of the
enzymes under O2 [6,7,31]. Vice versa, it may be expected that the not
yet crystallized MBHs with the two additional cysteines in their se-
quence contain a similar [4Fe3S] cluster.

X-ray absorption spectroscopy (XAS) facilitates detection of FeS
cluster variations and determination of the nickel coordination at the
active site in [NiFe]-H2ases [29,32–35]. Here, we used XAS to obtain
structural parameters of the FeS and [NiFe] cofactors in three O2-
sensitive PHs and four O2-tolerant MBHs from six organisms. The data
suggested similar FeS clusters in the four MBHs, in particular a proximal
cluster differing from that in the PHs. The Ni site overall was similar in
both enzyme types, but showed increased coordination disorder and
weaker nickel–oxygen bonding in the MBHs (Ni-B) compared to the
PHs (Ni-A).

2. Materials and methods

2.1. Protein sample preparation

Purified H2ase proteins, i.e. MBHs from R. eutropha HF649 [29],
Aquifex aeolicus (H2ase I) [9], E. coli (Ec1) [36], and Hydrogenophaga
spec. AH24 [37], and PHs from Desulfovibrio gigas [38], Desulfovibrio
fructosovorans [39], and E. coli (Ec2) in their oxidized states were pre-
pared following established procedures as described elsewhere [9,28,
29,37,39] and concentrated to 0.5–1 mM. The enzymes were purified
under microaerobic reducing conditions and poised thereafter mainly
in the Ni-B state (MBHs) or Ni-A state (PHs) using air oxidation, as
verified by the characteristic and well-known EPR and FTIR spectral
signatures (not shown) of the protein preparations [9,22,27–29,36,37,
40–42]. This revealed contents ≥65% of the Ni-B state in the MBHs
and the Ni-A state in the PHs. Protein solutions (~20 μl) were filled
into sample holders for XAS and frozen in liquid nitrogen. Aliquots
of the protein samples were used for TXRF to determine the metal
contents.

2.2. Metal content quantification

Ni and Fe contents of H2ase proteins were determined by total-
reflection X-ray fluorescence analysis (TXRF) [43] on a PicoFox instru-
ment (Bruker) after adding a gallium elemental standard (Sigma) to
the protein solutions (v/v 50:50).

2.3. X-ray absorption spectroscopy

XAS experiments were performed at beamlines KMC-1 of BESSY
(Helmholtz ZentrumBerlin, Germany), D2 ofHASYLAB (DESY, Hamburg,
Germany), 16.5 of SRS (Daresbury, UK), and at the XAS beamline of
ANKA (Karlsruhe Institut für Technologie, Karlsruhe, Germany) using
standard set-ups (including a double-crystal monochromator) and
procedures [44]. Kα fluorescence-detected XAS spectra at the Ni and
Fe K-edges were collected for samples held in liquid-helium cryostats
at 20 K with energy-resolving multi-element Ge detectors (Canberra
or Ortec). XAS spectra were averaged (4–16 scans) after energy calibra-
tion of each scan using the spectra of Ni or Fe metal foils as standards,
normalized and EXAFS oscillations were extracted as described else-
where [29,44,45]. The energy scale of XAS spectra was converted to a
wavevector (k) scale using E0 values of 8333 eV (Ni) and 7112 eV
(Fe); E0 was refined to ~7120 eV (Fe) and ~8336 eV (Ni) in the spectral
simulations. Unfiltered k3-weighted EXAFS spectra were used for least-
squares curve-fitting simulations with the in-house programme SimX
[44] and phase-functions calculated with FEFF8 [46] and Fourier-
transform (FT) calculation (S02 values of 0.9 (Ni) and 0.85 (Fe)). The
simulation quality was judged by calculation of the filtered R-factor
(RF) [44].



Fig. 2. Fe-XAS spectra of PH and MBH proteins. (A) K-edge absorption spectra and pre-
edge features (asterisk) in magnification in the inset. Dashed lines mark spectral changes
discussed in the text. (B) Fourier transforms (FTs) of EXAFS spectra of samples as in (A).
FTs were calculated for a k-range of 2–13 Å−1 using cos2 windows over 10% at both
k-range ends. Dashes mark the amplitude difference of FT peak II due to Fe–Fe distances.
Inset: filtered experimental spectra (Fourier isolation over 1–3.5 Å of reduced distance
in the FTs; black lines, vertically displaced for comparison) and simulations (coloured
lines, Table 2B).
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3. Results

3.1. [NiFe]-H2ase proteins and metal contents

Four O2-tolerant H2ases of the MBH type from R. eutropha (Re),
A. aeolicus (Aa), E. coli (H2ase I, Ec1), and Hydrogenophaga spec. (Hs)
and three O2-sensitive PHs from E. coli (H2ase II, Ec2), D. gigas (Dg),
and D. fructosovorans (Df) were compared. The enzymes were poised
mainly in the Ni-B state (MBHs) or Ni-A state (PHs) using air oxidation
[9,22,27–29,36,37,40–42]. Iron-to-nickel ratios were determined by
TXRF. Within error limits similar values close to 12:1 were observed in
the seven proteins (Table 1); the iron atoms belonging to the [NiFe]
site and to two four-iron clusters (proximal and distal) and one medial
three-iron cluster in theMBHs and PHs. TheMBHsmostly showed Fe:Ni
ratios at the lower end, presumably reflecting spurious unspecific nickel
(b5%) in the samples rather than partial iron loss. These results indicat-
ed that the [NiFe] and FeS cofactors in all proteins were intact.

3.2. Fe-XAS on the iron–sulfur clusters

XAS at the Fe K-edge revealed global oxidation states and structural
features of the iron sites in the enzymes. TheXANES spectra of theMBHs
were similar, but differed from those of the PHs by an ~5% larger prima-
ry edge maximum and ~0.5 eV higher K-edge energy (~7118.2 eV at
50% level) (Fig. 2A). This indicated overall more oxidized iron in the
MBHs [29,33]. Using 12 Fe ions per MBH and a ~3 eV K-edge up-shift
for 1 e− oxidation of sulfur-coordinated mono-iron compounds [47],
the presence of an upper limit of about two more Fe(III) ions in the
MBHs compared to the PHs was calculated. We note that a steeper K-
edge slope due to additional O/N ligands at the proximal FeS cluster
[48] may contribute to the energy up-shift in the MBHs and lead to an
overestimation of the number of surplus oxidized iron atoms, which
therefore may be closer to unity. An ~0.4 eV higher peak energy
(~7112.1 eV) of the pre-edge feature was observed in the MBHs. The
pre-edge feature is due to transitions of 1s electrons into molecular
orbitals with mainly Fed character and its energy and shape changes
are not straightforwardly related to oxidation state changes of iron in
the presence of coordination changes [48].

EXAFS analysis revealed the first-sphere iron coordination and Fe–Fe
distances in theH2ase proteins (Fig. 2B). The Fourier-transforms (FTs) of
EXAFS spectra of the MBHs were similar to each other within noise
limits, but differed pronouncedly from those of the PHs, in particular re-
garding the almost two times smaller amplitude of the second FT peak
reflecting Fe–Fe distances (Fig. 2B). Notably, the about two-fold lower
amplitude of the second FT peak in the MBHs cannot be explained by
unspecific iron in the samples, because significant contaminations
were not detected in themetal quantification. The first FT peak assigned
mainly to iron–sulfur bonds was only slightly diminished in the MBHs,
suggesting overall similar iron coordination mostly by thiol groups of
cysteines and bridging sulfur atoms in the FeS clusters as in the PHs.

Quantification of the numbers per iron atomof Fe–S and Fe–Fe inter-
actions and of respective interatomic distances by EXAFS simulations,
Table 1
Iron-to-nickel ratios in hydrogenase proteins from TXRF.a

H2ase type Source organism Fe/Ni

MBH Ralstonia eutropha (Re) 11.3 ± 0.8
Aquifex aeolicus (Aa) 11.8 ± 1.0
Escherichia coli (Ec1) 11.1 ± 1.3
Hydrogenophaga spec. (Hs) 11.7 ± 0.9
Average MBHs 11.5 ± 0.9

PH Desulfovibrio gigas (Dg) 12.4 ± 0.3
Desulfovibrio fructosovorans (Df) 12.6 ± 0.5
Escherichia coli (Ec2) 11.7 ± 0.4
Average PHs 12.2 ± 0.5

a Errors represent standard deviations for measurements on 2–4 independent samples
and 2–3 repetitions per sample.
using a two-shell fit approach, revealed an approximately one unit
lower coordination number of Fe–Fe distances of ~2.7 Å in the MBHs
(NFe–Fe ~1.6) compared to the PHs (NFe–Fe ~2.6) as the main result
(Table 2A). However, the NFe-Fe values for the MBHs appeared to be
too low to account for the expected three FeS clusters in these enzymes.
This result and the lower NFe–S value suggested interference effects in
the EXAFS of the MBHs due to larger Fe–Fe and Fe–S distance spreads,
leading to underestimation of the coordination numbers. Accordingly,
a more elaborated fit approach included the Fe-ligand bonds of the
iron at the active site, two Fe–S shells, and further Fe–Fe distances
(Table 2B, Fig. 3). For the PHs, the second fit approach yielded main co-
ordination numbers of Fe–S and Fe–Fe interactions similar to the simple
fit approach, only few longer Fe–S bonds, and insignificantly small
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Table 2
Simulation parameters of Fe-EXAFS spectra.a

H2ase
type

Source
organism

Shell N
[per Fe]

R
[Å]

2σ2

[Å2]
RF
[%]

A
PH Dg Fe–S 3.69 2.27 0.007 8.2

Fe–Fe 2.62 2.71 0.009
Df Fe–S 3.62 2.27 0.007 14.3

Fe–Fe 2.49 2.71 0.009
Ec2 Fe–S 3.79 2.28 0.007 11.9

Fe–Fe 2.68 2.71 0.009
MBH Re Fe–S 3.36 2.28 0.007 11.3

Fe–Fe 1.62 2.72 0.009
Aa Fe–S 3.28 2.28 0.007 14.7

Fe–Fe 1.42 2.72 0.009
Ec1 Fe–S 3.45 2.28 0.007 19.5

Fe–Fe 1.33 2.72 0.009
Hs Fe–S 3.32 2.29 0.007 14.1

Fe–Fe 1.54 2.72 0.009

B
PH Dg Fe–C/N/O 0.39 2.03 0.002 6.2

Fe–S 3.61 2.29 0.007
Fe–S 0.39 2.56 0.007
Fe–Fe 2.26 2.72 0.008
Fe–Fe 0.22 2.96 0.008
Fe–Fe 0.06 3.16 0.008

Df Fe–C/N/O 0.42 2.01 0.002 9.7
Fe–S 3.53 2.29 0.007
Fe–S 0.57 2.58 0.007
Fe–Fe 2.25 2.71 0.008
Fe–Fe 0.28 2.94 0.008
Fe–Fe 0.07 3.23 0.008

Ec2 Fe–C/N/O 0.46 2.02 0.002 8.3
Fe–S 3.84 2.29 0.007
Fe–S 0.16 2.56 0.007
Fe–Fe 2.39 2.72 0.008
Fe–Fe 0.17 2.90 0.008
Fe–Fe 0.07 3.20 0.008

MBH Re Fe–C/N/O 0.39 1.99 0.002 5.7
Fe–S 3.21 2.29 0.007
Fe–S 0.79 2.61 0.007
Fe–Fe 1.33 2.68 0.008
Fe–Fe 0.68 2.79 0.008
Fe–Fe 0.39 3.41 0.008

Aa Fe–C/N/O 0.29 2.04 0.002 11.6
Fe–S 2.97 2.28 0.007
Fe–S 0.98 2.63 0.007
Fe–Fe 1.14 2.65 0.008
Fe–Fe 1.11 2.76 0.008
Fe–Fe 0.28 3.45 0.008

Ec1 Fe–C/N/O 0.53 2.06 0.002 13.6
Fe–S 3.22 2.29 0.007
Fe–S 0.77 2.59 0.007
Fe–Fe 1.27 2.67 0.008
Fe–Fe 0.95 2.79 0.008
Fe–Fe 0.36 3.42 0.008

Hs Fe–C/N/O 0.55 2.02 0.002 8.4
Fe–S 3.06 2.31 0.007
Fe–S 0.93 2.60 0.007
Fe–Fe 1.02 2.69 0.008
Fe–Fe 0.86 2.77 0.008
Fe–Fe 0.55 3.38 0.008

a N, coordinationnumber;R, interatomicdistance; 2σ2, Debye–Waller factor. (A) 2-shell
fit approach; 2σ2 valueswere determined from theDg PH spectrum and fixed in the fits of
the other spectra. (B) 6-shell approach; 2σ2 values were derived as in (A), the sum of the
NFe–S values was restraint to 4, the sum of the NFe–Fe values was restraint to ≤2.6. RF [44]
was calculated for reduced distances of 1–3 Å in (A) and 1–3.5 Å in (B).

Fig. 3. Simulation results of Fe-EXAFS spectra.Mean values for PHs (black) andMBHs (red)
of data in Table 2A (open symbols) and 2B (solid symbols) are shown. Error bars denote:
x-error, largest minus smallest fitted R-value plus Debye–Waller factor (σ); y-error, larg-
est minus smallest fitted N-value. Backscatterer species (Fe–C/N/O, –S, –Fe) are indicated.
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contributions from longer Fe–Fe distances (Fig. 3). For both PHs and
MBHs, the small NFe–C/N/O values were similar and in agreement with
2 Fe–CN−, 1 Fe–CO, and 1 Fe–O bonds at the active site iron (and the
Fe–Nhistidine bond at the distal FeS cluster in the PHs). The main differ-
ences in the structural parameters of the MBHs (Fig. 3) were a larger
number of long Fe–S bonds (~2.6 Å), two discernable shorter Fe–Fe dis-
tances (~2.65 Å, ~2.8 Å), and an additional longer Fe–Fe distance
(~3.4 Å). Taking the Debye–Waller parameter (σ) of ~0.06 Å of the
Fe–Fe distancedistribution into account (Table 2B), shortest and longest
Fe–Fe distances of ~2.60 Å and ~2.85 Å, besides those of ~2.7 Å, were
suggested in the MBHs, which were barely detectable in the PHs.

For the PHs, a total number of ~2.7 Å Fe–Fe/Ni interactions of 31was
calculated for the [NiFe] site and the two [4Fe4S] and one [3Fe4S] clus-
ters, translating into an NFe-Fe/Ni value of 2.58 per Fe ion, in agreement
with the experimental value (~2.6). From the mean NFe-Fe/Ni values in
the MBHs of ~2 (shorter distances) and ~0.4 (longer distance) and the
12 Fe ions, total numbers of Fe–Fe/Ni interactions of ~24 and 4–5 result-
ed, amounting to ~12 shorter 2.60–2.85 Å Fe–Fe distances and 2–3 lon-
ger distances of ~3.4 Å (and one Fe–Ni distance). The MBHs contain
similar medial [3Fe4S] and distal [4Fe4S] clusters as the PHs with ex-
pected 9 Fe–Fe distances of ~2.7 Å [14–16]. Accordingly, the proximal
FeS cluster in the MBHs was characterized by ~3 shorter and ~2 longer
Fe–Fe distances unlike typical [4Fe4S] clusters, but compatible with a
structure showing a three-iron unit and a more isolated iron atom at
~3.4 Å to two of the other irons. Notably, Fe–Fe distances longer than
~4 Å for small coordination numbers are difficult to detect by EXAFS
and hence were not analyzed. In the crystal structures of oxidized Ec1
and H. marinus MBHs, quite similar Fe–Fe distance distributions were
observed for the proximal [4Fe3S] cluster, including mostly 3 distances
of about 2.6–2.9 Å, 2 distances of about 3.0–3.6 Å, and a long distance of
roughly 4–5 Å [15,16].

3.3. Ni-XAS on the active site structure

XAS at the Ni K-edge was used to determine the coordination of the
active site nickel. The XANES spectra of the PHs and MBHs overall were
rather similar and indicative of predominantly sulfur-coordinated
nickel [29,34]. The low primary edge maxima suggested a square-
pyramidal coordination geometry at the nickel. The spectra of the
MBHs differed from those of the PHs by a slightly larger first edge maxi-
mum (~8350 eV) and a smaller secondary maximum (~8365 eV)
(Fig. 4A). The first edge maximum of XANES spectra from [NiFe]-H2ases
is increased by terminal oxygen ligands at the nickel and the secondary
maximum by shorter Ni–O bonds from Ni–Fe bridging oxygen species
[29,34,49]. The edge shape of the MBHs thus suggested more terminal
binding of the oxygen species at the nickel, as identified by the EXAFS
analysis below.
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Fig. 4. Ni-XAS spectra of PH and MBH proteins. (A) K-edge spectra of enzymes mostly in
the Ni-A (PHs) or Ni-B (MBHs) states (dashes mark the unity level) and edge amplitudes
at two energies in the inset. (B) Fourier-transforms (FTs) of EXAFS spectra of samples as in
(A). FTs were calculated for a k-range of 2–12.5 Å−1 using cos2 windows as specified in
Fig. 2. Inset: filtered experimental spectra (Fourier isolation over 1–2.5 Å of reduced dis-
tance in the FTs; black lines, vertically displaced) and simulations (coloured lines, Table 3).

Table 3
Simulation parameters of Ni-EXAFS spectra.a

H2ase
type

Source
organism

Shell N
[per Ni]

R
[Å]

2σ2

[Å2]
RF
[%]

PH Dg Ni–O 0.82 1.85 0.004b 11.2
Ni–S 2.73 2.18 0.005
Ni–S 1.27 2.71 0.004b

Ni–Fe 1b 2.75 0.005b

Df Ni–O 0.94 1.84 0.004b 15.4
Ni–S 2.70 2.18 0.006
Ni–S 1.30 2.68 0.004b

Ni–Fe 1b 2.72 0.005b

Ec2 Ni–O 1.02 1.86 0.004b 13.4
Ni–S 2.66 2.19 0.008
Ni–S 1.34 2.64 0.004b

Ni–Fe 1b 2.69 0.005b

MBH Re Ni–O 0.67 1.88 0.004b 12.1
Ni–S 2.71 2.20 0.013
Ni–S 1.29 2.62 0.004b

Ni–Fe 1b 2.64 0.005b

Aa Ni–O 0.79 1.87 0.004b 9.4
Ni–S 2.74 2.21 0.014
Ni–S 1.26 2.63 0.004b

Ni–Fe 1b 2.67 0.005b

Ec1 Ni–O 0.75 1.90 0.004b 12.8
Ni–S 2.55 2.23 0.012
Ni–S 1.45 2.60 0.004b

Ni–Fe 1b 2.62 0.005b

Hs Ni–O 0.69 1.87 0.004b 10.1
Ni–S 2.65 2.22 0.011
Ni–S 1.35 2.59 0.004b

Ni–Fe 1b 2.60 0.005b

The sumof theNNi–S valueswas restraint to 4. RF [44] was calculated for reduced distances
of 1–2.5 Å.

a N, coordination number; R, Ni-backscatterer distance; 2σ2, Debye–Waller factor.
b Parameters that were fixed to physically reasonable values in the fit procedure.
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Ni-EXAFS spectra of the H2ase proteins are shown in Fig. 4B. Visual
inspection revealed significantly diminished amplitudes of the main
FT peak in the spectra of the MBHs compared to the PHs. However,
the EXAFS simulation results were in agreement with globally similar
first-sphere coordination of the nickel in the PHs andMBHs by four sul-
fur atoms (from the four conserved cysteines) and one oxygen ligand
(Table 3). The short Ni–Obonds of ~1.85Å in the PHswere in agreement
with crystal structures of PHs in the Ni-A state [18,19,50,51]. Subtle
structural differences in the MBHs compared to the PHs were detect-
able, namely by ~0.05 Å longer Ni–O and main Ni–S bonds, an ~2-
times larger Debye–Waller parameter (2σ2) of the shorter Ni–S bonds,
and an ~0.1 Å shorter mean Ni–Fe distance (Table 3). The 2σ2 values
of the shorter Ni–S distances suggested a greater spread of bond lengths
of ±0.08 Å compared to ±0.05 Å in the PHs, reflecting a more disor-
dered Ni coordination in the MBHs. Notably, inclusion of a second and
longer Ni–O distance (i.e. N2.2 Å) in the EXAFS simulationswas possible
in all cases (not shown). However, we consider respective simulation
results as insignificant because inclusion of a longer Ni–O distance did
not improve the fit quality and long Ni–O distances cannot be reliably
discriminated from the shorter Ni–S distances due to considerable spec-
tral overlap. Also the XANES data suggested only one oxygen ligand in
the first coordination sphere of nickel.

Crystal structures for PHs in theNi-A andNi-B states and for oxidized
MBHs (Ni-B) are available [15–19,39,50–52] and XAS data were obtain-
ed in this work for oxidized MBHs (Ni-B) and PHs (Ni-A) and were re-
ported previously for PHs in the Ni-B state [32,53]. The mean Fe–S
distances from crystallography and XAS and for Ni-A and Ni-B were
very similar for MBHs and PHs, showing that both methods provide
essentially comparable results (Table 4). The Ni–O bonds for PHs in
Ni-B were ~0.06 Å shorter than in Ni-A whereas for MBHs in Ni-B they
were even slightly longer than for PHs in Ni-A. The Ni–Fe distance for
PHs in Ni-A was longer than for PHs in Ni-B and shortest for MBHs in
Ni-B. These observations and our XANES data suggested a more termi-
nal position at the nickel of oxygen species in the Ni–Fe bridging posi-
tion in MBHs in the Ni-B state compared to PHs in the Ni-A and Ni-B
states.

4. Discussion

Our Fe-XAS analysis consistently revealed an overall different struc-
ture of FeS clusters in the four MBHs compared to the three PHs in their
oxidized states. Recent crystal structures have shown that instead of a
conventional [4Fe4S] cubane cluster as in the PHs, the MBHs bind a
novel [4Fe3S] cluster in the proximal position [14–16], comprising a
three-iron unit and a more separated iron atom (Fig. 5A). The modified
structure is facilitated by ligation of the [4Fe3S] cluster to two additional
cysteine residues, present in the amino acid sequence of the small sub-
unit of virtually all O2-tolerant MBHs, but missing in the PHs. The
[4Fe3S] cluster in the MBHs can undergo two oxidative transitions in a
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Table 4
Interatomic distances in the [NiFe] cofactor from XAS and crystallography.

MBH PH

Oxidized (Ni-B) Ni-B Ni-A

Distance [Å]
XAS, crystallography, average

Ni–μO 1.88(1), 1.83(6)a, 1.86(5) 1.87(4)b, 1.73(11)c, 1.77(11) 1.85(1), 1.85(9)d, 1.85(7)
Ni–S 2.35(2), 2.34(4)a, 2.34(3) 2.33(3)b, 2.35(6)c, 2.34(5) 2.34(1), 2.36(5)d, 2.35(4)
Ni–Fe 2.63(3), 2.86(3)a, 2.75(13) 2.79(10)b, 2.77(11)c, 2.77(10) 2.72(3), 2.87(8)d, 2.82(10)

a Mean values from MBH crystal structures (PDB ID: 3AYY and PDB ID: 3AYZ of Ec1 and PDB ID: 3USC and PDB ID: 3USE of Hydrogenovibrio marinus).
b Mean values from XAS data for PHs from Desulfovibrio desulfuricans and Allochromatium vinosum [32,53].
c Mean values from PH crystal structures 1WUJ, 1YRQ, 2FRV, 1WUK.
d 1WUI, 1YQW, 1YQ9, 3MYR, 3CUR, 1WUH of D. vulgarisMiyazaki F, Df, Dg, and A. vinosum; standard deviations in parenthesis.
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narrow potential range, instead of only one as the [4Fe4S] cluster in the
PHs [13,27,28,54]. We have detected more oxidized iron in the MBHs
compared to the PHs, in agreement with a higher oxidation state of
the proximal cluster in the MBH preparations. The Fe–Fe distances and
coordination numbers from XAS are well in agreement with crystal
data for oxidized PHs and MBHs. Accordingly, the particularly long Fe–
Fe distances could be assigned to those Fe ions of the proximal cluster,
which are ligated by the additional cysteines in the MBHs (Fig. 5A). In
addition, the lower coordination number of ~2.7 Å Fe–Fe distances is di-
agnostic for the altered proximal cluster in the MBHs. We thus con-
firmed the modified structure of the proximal cluster in the Re and
Ec1 MBHs, for which crystal data is available [14,15], and for those
MBHs, which have not been crystallized yet, but studied by other spec-
troscopic methods [9,13,37,54,55].
Fig. 5. Structural models of metal centres in PH and MBH proteins. (A) Proximal FeS clus-
ters in crystal structures (see Table 4). Approximate Fe–Fe distances from crystallography
and XAS are indicated. Asterisks mark the two additional cysteine (cys) residues in the
small subunit of the MBHs. (B) Model for oxidized [NiFe] cofactors with oxygen (O) sites
detected by crystallography and XAS in the Ni-A and Ni-B states (Oa, asterisk) or assigned
in crystal structures of oxidized PHorMBHproteins (Ob–e). See Table 4 and the text for fur-
ther details.
The Ni-XAS analysis revealed a similar coordination of the nickel
atom by four sulfurs, most likely belonging to the thiol groups of the
cysteine residues conserved in the large subunit of all [NiFe]-H2ases
and observed in the crystallographic data of PHs and MBHs. The global
configuration of the oxidized [NiFe] cofactor thus is comparable in all
studied enzymes (Fig. 5B). In addition, about one short Ni–O bond was
detected by XAS both in the PHs and MBHs. The short Ni–O bond
lengths suggest that the oxygen species is located in the Ni–Fe bridging
position. Both the XANES and EXAFS analyses provided no evidence for
further oxygen species directly bound to the nickel in all enzymes. If
there were further oxygen species, they would be located in the second
coordination sphere of nickel so that their longNi–Odistances could not
be discriminated by XAS from the Ni–S distances.

Differences in the EXAFS structural parameters of the [NiFe] site in
the MBHs (Ni-B) compared to the PHs (Ni-A) included a larger Ni–S
bond lengths spread, a shorter Ni–Fe distance, and a longer Ni–O bond
in the MBHs. In contrast, the available data seem to suggest that in
PHs the bond to the nickel of the Ni–Fe bridging oxygen species in
Ni-B is shorter than in Ni-A. Furthermore, the EPR g-values and the
Fe–CO/CN− vibrational frequencies from FTIR differ considerably
between Ni-A and Ni-B in PHs [4,24], but mostly less for Ni-B in MBHs
and PHs [9,27,30,56]. These results imply significant structural differ-
ences at the [NiFe] site of the MBHs in Ni-B and the PHs in Ni-A and
more similar Ni-B structures in MBHs and PHs. A weaker Ni–O bond in
the MBHs in Ni-B is conceivable (Fig. 5B), which could be related to
the faster activation of the Ni-B state in MBHs compared to PHs.

The location of oxygen species around the [NiFe] cofactor in Ni-A or
Ni-B based on crystal structures is controversial (Fig. 5B). In oxidized
PHs andMBHs, a Ni–Fe bridging O-atom (Oa) consistently was observed
and further O-species were assigned at various locations (Fig. 5B). An
oxygen (Ob) close to Oa was found only in various PHs, but not in
MBHs. This has been interpreted as a (hydro)peroxo (OOH−) bridge in
the Ni-A state [18,50,57], which might result from the two-electron re-
duction of O2. Notably, the crystal structure of oxidized Allochromatium
vinosum PH did not show a second O-species close to the Ni [19]. The
Ni-B state presumably contains a Ni–Fe bridging hydroxo (OH−) ligand
both in PHs and MBHs [6,24]. In the MBHs, the Ni-B state has been
proposed to be favoured over Ni-A by the surplus electron donation
capacity of the proximal [4Fe3S] cluster, facilitating four-electron reduc-
tion of O2 at the [NiFe] site to the bridging OH− and, i.e., a water mole-
cule [7,31,54]. However, Ni-A and Ni-B formation also under anoxic
conditions in PHs andMBHs [9,22,29,58] and 17O labelling experiments
on PHs [59,60] suggested that the bridging O-ligand in Ni-A and Ni-B
could stem from water as well. A possible mechanism, which accounts
for these results, would be oxidation of Ni(II) in reduced enzymes to
Ni(III) directly by O2 (aerobic) or via the FeS clusters by external
oxidants (anoxic), causing bridging OH− binding and localization of
reduced oxygen species, for examplewatermolecules fromO2 reduction
or from the surrounding, at secondary sites around the [NiFe] cofactor.

Two further oxygen sites have been assigned in crystal structures,
which presumably are due to oxidation of Ni–Fe bridging (Od) or
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pdb:3USE
pdb:3USE
pdb:3USE
image of Fig.�5


Fig. 7.Hypothesis on oxidative [NiFe] cofactor inactivation inMBHs and PHs. Startingwith
reduced enzymes, Ni(II) oxidation to Ni(III) directly by O2 (aerobic) or indirectly by exog-
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terminal (Oe) thiol ligands to sulfenate (cysSO) groups in irreversibly
inactivated [NiFe] cofactors [29,58] (Fig. 5B). In the Re MBH, a bridging
sulfenate manifests in a long (~3.1 Å) Ni–Fe distance and altered
XANES spectrum due to coordination of its O-atom at the nickel [29].
That such featureswere not prominent in ourMBH and PHpreparations
suggests low contents of bridging sulfenates. Terminal sulfenates are
not excluded because their long Ni–O distances were not resolved
here. In any event, the available spectroscopy and crystallography data
seem to suggest that species showing occupation of the Od and Oe

sites are unrelated to the specific characteristics of the Ni-A and Ni-B
states. Rather, such species may correspond to EPR-silent states in
Fig. 6. Amino acid exchanges around the [NiFe] cofactor in PHs and MBHs. Schemes use
D. gigas PH (top) or R. eutropha MBH (bottom) numbering and were based on crystal
structures (see Table 4) and sequence data, bond lengths were not drawn to scale. Val71
in the Dg and Df PHs is Thr in the Ec2 and D. vulgaris Miyazaki-F PHs, Val in the Ec1
MBH, Cys in the Re and Hydrogenovibrio marinus (Hm) MBHs, and Ile in the Aa MBH.
Tyr70 in the Desulfovibrio PHs is Thr in the Ec2 PH, Leu in the Allochromatium vinosum
and Thiocapsa roseopersicina PHs, Gly in the Re, Ec1, and Hm MBHs, and Cys in the Aa
MBH. Ser486 in PHs is Thr in MBHs. Ile531 in PHs (Met in the Ec2 PH) is Leu in MBHs.
Dashed circles mark oxygen sites (Fig. 5) assigned in structures only of PHs (Ob)
[18,50,57] or MBHs (Oc) [15,16]. Dotted lines denote potential hydrogen bonding
interactions.

enous oxidants (anoxic) causes Ni–Fe bridging OH− binding in Ni-A and Ni-B. Further
oxygen-species reduction (aerobic) or further electron abstraction (anoxic) leads to oxi-
dation of the FeS clusters. Similar reduced oxygen species, for example water molecules
from O2 reduction (aerobic) or from the environment (anoxic), are then localized at the
Ob site in the Ni-A state of O2-sensitive PHs or at the Oc site in the Ni-B state of O2-tolerant
MBHs (compare Fig. 6) and presumably at further less specific positions in the proteins.
oxidized PH [41,61] of MBH preparations [9,22] as observed by FTIR
spectroscopy.

Remarkably, in crystal structures of oxidized MBHs further second-
ary oxygen sites (Oc) have been assigned [15,16], which were not
observed in PH structures (Fig. 5B). Vice versa, Ob site occupation was
only observed in Ni-A structures of PHs. It is thus tempting to speculate
that binding of reduced oxygen species occurs at the Ob site in the Ni-A
state of the PHs, but at the Oc site in the Ni-B state of theMBHs. Also for
the Ni-B state of the PHs, Oc site occupation is an option. Disfavouring of
the Ob site alsomay explain that theMBHs in contrast to the PHs are not
inhibited by carbonmonoxide [55,62],which binds at the nickel roughly
at the Ob site in the PHs [63]. Oxygen species binding at the Oc site
instead of the Ob site therefore could be a discriminator between the
Ni-B and Ni-A states. According to our XAS data, respective oxygen
species presumably are not directly coordinated to the nickel.

Structural variations around the [NiFe] cofactor may explain why
Ni-B is favoured over Ni-A in theMBHs. Four residues close to the active
site, Ser486, Ile531, Tyr70, and Val71 (numbering of the Dg PH), are not
conserved between PHs and MBHs (Fig. 6). Val71 and Tyr70 found in
many PHs are remote from the Oa and Oc sites and one of these residues
is replaced by a cysteine inmostMBHs (Fig. 6). Ser486 in the PHs is close
to the Ob site and changed to Thr in all MBHs whereas Ile531 in most
PHs is close to the Qc site and changed to Leu in all MBHs. The amino
acid variations in the MBHs may affect, for example, hydrogen bonding
of themetal ligating groups, thereby favouring oxygen species at the Oc

site and destabilization of the Ni–Fe bridging OH− (Fig. 6). Presumably,
it is the concerted effect of the amino acid exchanges that favours the
Ni-B state of the [NiFe] cofactor in oxidized MBHs.

In conclusion, the modified structure and redox behaviour of the
proximal [4Fe3S] cluster, in combination with more subtle structural
alterations at the [NiFe] cofactor including different localizations of
oxygen species in the rapidly reactivated Ni-B state, are important
determinants of the O2-tolerant hydrogen chemistry in the MBHs
(Fig. 7). Their in vivo activity thus is expected to depend on the relative
concentrations of H2, O2, and protons, as well as on the ambient poten-
tial controlling the redox states of the FeS clusters and of the exogenous
electron transfer partners. Deeper insights into the complex interplay
between these parameters in the MBHs and in the other types of O2-
tolerant [NiFe]-H2ases [7,64,65] may lead to a generalized understand-
ing of hydrogen catalysis in the presence of oxygen.
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