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Hydrogenases catalyze perhaps the most fundamental oxida-
tion-reduction process, the activation of dihydrogen according
to the reaction: H2 h 2H+ + 2e-. These are key enzymes in
bacterial metabolism, as well as an important link in bioener-
getics and fuel production. Although there are hydrogenases
that utilize only [Fe-S] centers, those most intensively studied
are the [NiFe] and [NiSeFe] enzymes which contain [Fe-S]
clusters, but employ a Ni center for catalysis instead.1-4 A
recent X-ray crystallographic analysis of the nativeDesulfoVibrio
gigas[NiFe] hydrogenase (DgHase), unexpectedly showed that
the active site is not a mononuclear Ni center, as had been
believed, but is a hetero-dinuclear, [Ni-X], cluster.5 The Ni
ion is coordinated by four cysteine residues (one being replaced
by a selenocysteine in [NiSeFe] hydrogenases5), two of which
serve as bridging ligands to a second metal ion, X.5 The second
metal ion, which is indicated to be iron by X-ray anomalous
dispersion effects and EXAFS studies,7 is coordinated by three
nonprotein ligands,8 which are indicated by FTIR measurements
to be two CN- ions and one CO molecule.9 A nonprotein
ligand, probably oxygen, is proposed to bridge the two metal
ions, completing their coordination sphere (Figure 1).5

This unexpected result challenges previous reported spectro-
scopic studies that failed to reveal any second metal ion and,
in particular, did not detect signals from iron, in addition to the
iron-sulfur clusters. (i) The Ni center in the as-isolated native
enzymes exhibit mixtures of two (S ) 1/2) EPR signals
characteristic of a NiIII ion.2-4,7 One, denoted NiA (g ) 2.31,
2.24, 2.02), corresponds to the reversibly inactivated, “unready”
state of the enzyme. The second, NiB (g ) 2.33, 2.15, 2.02),
corresponds to the rapidly activated, “ready” state. Reduction

with H2 generates a new signal, NiC (g ) 2.19, 2.14, 2.04),
that is catalytically active and thought to contain hydride or
dihydrogen.10 EPR measurementson all three statesgive no
evidence that the Ni center exhibits the magnetic interactions
to be expected from the commonly occurring paramagnetic
states of nonheme Fe in biology, Fe(II) (S) 2) or Fe(III) (S)
5/2),1,2,4 and the signals from the nickel center showed no57Fe
line broadening. (ii) Detailed57Fe Mössbauer spectroscopy of
Dg Hase gave no evidence of an iron ion that was hyperfine-
coupled to the spin of the Ni center and, thus, would correspond
to X.11,12 (iii) Finally, to date it has not been possible either to
change the redox state of the X ion or to exchange its exogenous
ligands.9 Thus, the assignment of X as iron implies the presence
of a hetero-dinuclear [Ni-Fe] cluster with novel properties. The
present57Fe Q-band Mims pulsed electron nuclear double
resonance (ENDOR) study of57Fe-enriched and natural-abun-
dance (56Fe)Dg andD. desulfuricans(Dd) ATCC 27774 hydro-
genases has detected a low-spin (S ) 0) ferrous ion that is
hyperfine-coupled to the spin of the Ni center in the NiA state,
thereby completing the picture of this center as a novel, trapped
valence, [NiIII-FeII] cluster. This report further uses57Fe
ENDOR to compare the properties of the cluster Fe in the NiA,
NiB, and catalytically active NiC states of the [Ni-Fe] cluster.

57Fe-enrichedDg andDd Hases samples were prepared11-15

and examined by Q-band pulsed ENDOR spectroscopy16 in a
spectrometer described earlier.17 The former enzyme has the
majority of the the Ni center in the NiA state, as isolated, and
was used to study this state; it was then reduced18 with H2 to
the NiC state. The latter enzyme is primarily in the NiB form,
as isolated, and was used to study this form. In agreement with
earlier reports, a careful comparison of the line-widths of the
NiA, NiB, and NiC EPR signals obtained from natural-
abundance and57Fe-enriched Hases showsno evidence of
hyperfine broadening by the57Fe.
The Q-band Mims three-pulse, stimulated-echo pulsed EN-

DOR spectra,19 which cover the frequency range around the
57Fe nuclear Larmor frequency, were taken at numerous fields
across the NiA EPR envelope of the natural-abundance and the
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Figure 1. NiFe hetero-dinuclear cluster for NiA. Adapted from
Volbedaet al.5a with X replaced by Fe. The (O) represents a proposed
nonprotein bridging ligand as water or hydroxide. Cys530 is replaced
by a selenocysteine in [NiSeFe] hydrogenases.8
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57Fe-enrichedDg Hase. To ensure that the spectra collected
are associatedonlywith the [Ni-X] dinuclear site, no measure-
ments were made at fields higher than that corresponding tog
≈ 2.11, since at such fields EPR signals from the [3Fe-4S]
cluster are present. As illustrated in Figure 2, at all fields
examined, the ENDOR spectra of57Fe-enriched NiA show a
sharp doublet that (i) is centered at the57Fe Larmor frequency
(νFe) 1.51 MHz at 11 000 G), (ii) is described by the equation,
ν( ) νFe ( A(57Fe)/2, as expected for57Fe, (iii) is not seen in
the 56Fe sample (spectrum not shown). The doublet therefore
must arise from a hyperfine-coupled57Fe. Atg1 ) 2.31 (Figure
2) the doublet splitting corresponds to an57Fe hyperfine coupling
of A(57Fe)≈ 1 MHz. As the field is increased tog2 ) 2.24
(Figure 2), the peaks of the doublet broaden and the hyperfine
coupling exhibits a range of values,A(57Fe)≈ 0.7-1.3 MHz.
By g ) 2.11 (Figure 2), theν( peaks have again sharpened,
and a well-resolved doublet withA(57Fe) ≈ 0.8 MHz is
observed. The signal does not arise from the∼10-15% residual
NiB because it is not seen at fields nearg ) 2.33, where only
NiB contributes, and because it is not seen with a sample of
57Fe isotopically enrichedDd Hase (Figure 2) where∼80% of
the dinuclear center is in the NiB state. Reduction18 of theD.
gigasHase by H2 completely eliminates both the NiA and NiB
signals, leaving NiC as the only EPR-detectable state. This
sample gave intense ENDOR signals from the strongly coupled
exchangeable “hydride” proton,A(1H) ) 17 MHz,20 previously
reported as derivable from H2, but also showed no57Fe signals
(Figure 2).
Consideration of the full field dependence of the NiA57Fe

coupling by procedures described elsewhere16 shows that the
hyperfine tensor is roughly isotropic, with a maximum tensor
component of∼1.3 MHz and an isotropic coupling ofa(57Fe)

≈ 1 MHz. This result is consistent both with the absence of
any broadening in the EPR spectrum and the inability of
Mössbauer spectroscopy to detect the hyperfine-coupled Fe
ion.11,21 The presence of an isotropic component to the57Fe
hyperfine tensor shows that this iron ion is covalently associated
with the NiA center and, thus, is the second metal ion. The
large value of the61Ni hyperfine coupling associated with the
NiA signal22 is consistent with a formal assignment of the Ni
to the paramagnetic NiIII (S ) 1/2) state. The small value of
the isotropic hyperfine coupling,a(57Fe), for NiA is incompatible
with the assignment of iron as FeII (S) 2 or 1) spin coupled to
the NiIII ; both theA(57Fe) and the [Ni-Fe] cluster spin ofS)
1/2 rule out the presence of a spin-coupled, high-spin iron ion.
Instead, we assign the iron ion as low-spin (diamagnetic;S)
0) ferrous, with the observed coupling stemming from a small
degree of delocalization from NiIII within the [NiS2Fe] core.
For comparison to the∼1 MHz coupling to57Fe seen here, the
isotropic hyperfine coupling to a57Fe ion in any of its
paramagnetic states is commonly more than 20 MHz.23 Com-
bining the ENDOR result with the X-ray diffraction structure,
we conclude that the catalytic center ofDg Hase is a [Ni-Fe]
cluster that in its NiA state is best described as the trapped-
valence, [NiIII-FeII] center pictured in Figure 1.
The 57Fe ENDOR measurements offer a new probe of the

differences between the various states of the Hase catalytic cycle.
The IR spectra of the Fe-bound diatomic ligands in the
“unready” NiA cluster show little change in frequency (Dg
Hase5b; 1-5 cm-1), or none (ChromatiumVinosumHase8), upon
conversion to the “ready” NiB state and similarly small changes
upon conversion to the catalytically active NiC form, indicating
that the Fe ion also has the same, ferrous valency in all three
states and that any difference at Ni is negligibly propagated to
Fe. The close similarity of theg tensors and of the61Ni
hyperfine interactions (∼80 G at g1)2 of the NiA and NiB
clusters indicate that in both states the Ni is in the trivalent
state. Upon conversion of the enzyme to the NiC state, theg
tensor changes more substantially, and there is considerable
debate about the nature of the valency of Ni and the location of
the unpaired spin. However, as illustrated in Figure 2, whereas
NiA shows a clear hyperfine interaction with the Fe ion, the
NiB and NiC states show no ENDOR signal from57Fe. This
observation for the NiC cluster is particularly surprising given
the extensive evidence that the majority of the spin resides on
the S, not on the Ni.7,24 One possible explanation for the
difference between NiA, which shows a57Fe coupling, and NiB,
NiC, which do not, is that the nonprotein ligand bridge between
Ni and Fe is present in NiA but absent in the other two states
(Figure 1). In any event, the present results show that57Fe
ENDOR of the hetero-dinuclear cluster provides a sensitive new
probe of perturbations at the Hase active site.
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Figure 2. Selected Q-band57Fe Mims pulsed ENDOR spectra of
57Fe-enrichedDg Hase NiA, 57Fe-enrichedDg Hase NiC, and57Fe-
enrichedDd Hase NiB atg2. Conditions: microwave frequency for
NiA 34.685 GHz,NiB 34.630 GHz,NiC 34.780 GHz,T ) 2 K, π/2
pulse width 80 ns,τ ) 480 ns,τRF ) 60 µs, repetition rate 25 Hz, 16
shots per point; number of scans forNiA g ) 2.11, 30,g2 ) 10,g1 )
10, NiB 18, NiC, 10. To compare signals from three proteins, the
ENDOR intensities have been normalized to Mims proton ENDOR
signals taken under the same conditions. The symbol (1) represents
ν(57Fe) and the brackets represent the hyperfine coupling. The broad
low-intensity peaks arise from theν- branches of weakly coupled
nitrogen.
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