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Abstract: [Fe]-Hydrogenase II isolated fromC. pasteurianumcontains 14 Fe which are distributed among the
so-called H cluster (the catalytic center) and two [4Fe-4S] clusters. Insights gained from Mo¨ssbauer studies of
M-[4Fe-4S]2+ cluster assemblies (M is a paramagnetic center) in sulfite reductase and carbon monoxide
dehydrogenase have suggested that the H cluster contains a [4Fe-4S]2+ cluster covalently linked to a smaller
Fe-containing cluster. Recent X-ray studies of two [Fe]-hydrogenases, combined with the results of FTIR
studies, have revealed that the H cluster contains a novel binuclear Fe cluster, [2Fe]H, that is linked by a
cysteinyl sulfur to a [4Fe-4S] cluster; [2Fe]H was found to have CO, CN-, and thiolate ligands. The analysis
of the Mössbauer spectra of Hydrogenase II in the oxidized, reduced, and the CO-inhibited states has enabled
us to assign the57Fe magnetic hyperfine tensors observed by ENDOR and Mo¨ssbauer spectroscopy to the two
subclusters. Thus, AI ) +25.3 MHz and AII ) -28.4 MHz of Hox-CO can be assigned to the two delocalized
pairs of [4Fe- 4S]H

2+. In our coupling model these A-values result for j≈ 100 cm-1 where j describes the
exchange interaction between [4Fe- 4S]H

2+ and [2Fe]H. The 18 MHz A-value of Hox obtained by ENDOR
must result from one Fe site of [2Fe]H, while the 7.5 MHz ENDOR A-value seems to be associated with
[4Fe-4S]H. Analysis of the Mo¨ssbauer spectra of Hred shows that the 4Fe cluster is in the 2+ state and that
[2Fe]H contains presumably two low-spin FeII sites with∆EQ ≈ 0.85 mm/s andδ ≈ 0.08 mm/s. The observation
that the [4Fe-4S] cluster is in the 2+ state in Hox, Hox-CO, and Hred suggests that the [2Fe]H subcluster is in
the mixed-valent FeIIIFeII state in Hox and Hox-CO. Given the environment of strong-field ligands in [2Fe]H,
the FeIII site must have low-spin configuration. While such an assignment is compatible with the EPR g-values,
low-spin FeIII sites with g≈ 2 commonly exhibit very anisotropic57Fe A-tensors (due to spin-dipolar interactions)
and thus the isotropic A-values of Hox and Hox-CO observed by ENDOR are difficult to explain. This point is
discussed in some detail.

Introduction

Hydrogenases catalyze the reversible activation of molecular
hydrogen according to the reaction H2 / 2H+ + 2e-. Two
major classes of metalloproteins have been found to mediate
this reaction, namely [Ni-Fe]-hydrogenases and [Fe]-hydro-
genases. Besides the catalytic center (a bimetallic Ni-Fe center
in the [Ni-Fe]-enzymes and the so-called H cluster in the [Fe]-
hydrogenases), both classes of enzymes contain additional iron-
sulfur clusters which serve to transfer electrons to and from the
catalytic center. For instance, the bidirectional [Fe]-hydrogenase
I from Clostridium pasteurianum(Cp) contains three [4Fe-4S]
clusters and one [2Fe-2S] cluster, while the uptake [Fe]-
hydrogenase II from the same organism contains two [4Fe-4S]
clusters in addition to the H cluster. The H cluster has been
studied with a variety of spectroscopic techniques that include
EPR, ENDOR, MCD, Resonance Raman, and Mo¨ssbauer
spectroscopy.1 These studies indicate that the H clusters of
proteins from different organisms are essentially the same. A
comprehensive review summarizing the biochemical and spec-
troscopic properties of [Fe]-hydrogenases has been published
by Adams.1 That review includes also an extensive discussion
of Cp hydrogenase II, the subject of the present paper.

In 1987 Rusnak and co-workers reported a Mo¨ssbauer study
of Cp hydrogenase II.2 Their analysis, based on the assumption

that the enzyme contains 7-8 Fe atoms, led to the conclusion
that the H cluster comprises three Fe atoms and that a second
cluster was of the [4Fe-4S] type but existed in two forms, called
F and F′. In 1989 Adams, Eccleston, and Howard3 determined
the molecular mass of hydrogenase II by quantitative amino
acid analysis and found that the protein contains 13.8( 0.2 Fe
atoms and 11.2( 0.4 sulfides. These conclusions, applied to
the results of the Mo¨ssbauer study, implied that the H cluster
has six Fe sites and that F and F′ are two distinct [4Fe-4S]
clusters.

The H cluster of hydrogenase II has been studied in three
states. In the oxidized state, Hox, the cluster exhibits anS) 1/2
EPR signal withg-values atg ) 2.078, 2.027, and 1.999.4-6

This signal, without significant broadening, can be observed
up to 100 K and was was found to represent 1.00( 0.06 spins/
molecule.3 ENDOR studies in Hoffman’s laboratory7,8 revealed
two isotropic 57Fe resonances corresponding to magnetic
hyperfine coupling constantsA ) 18 (ranging from 18 to 19
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MHz as the observing field is varied over the EPR spectrum)
and 7 MHz (ranging from 6 to 8 MHz). When oxidizedCp
hydrogenase II is incubated with CO, the state Hox-CO results.5

This state exhibits anS ) 1/2 EPR signal, quantitated to 0.95
( 0.04 spins/molecule,3 with g-values at 2.032, 2.017, and
1.988.1 57Fe ENDOR showed a nearly isotropic resonance
corresponding toA ) 9-10 MHz.7 Mössbauer studies2 of Hox-
CO revealed two additional57FeA-values atAI ) +26.8 MHz
and AII ) -30 MHz. The F and F′ clusters of oxidized
hydrogenase II, in the presence and absence of CO, are in the
diamagnetic [4Fe-4S]2+ state.

In dithionite-reduced hydrogenase II the F and F′ clusters
are both in the paramagnetic [4Fe-4S]+ states.2,4,6 Mössbauer
studies have revealed that the H cluster of the reduced
hydrogenase, Hred, has a diamagnetic electronic ground state.2

In this state of the H cluster, a spectral component accounting
for ca. 28% of the total Fe in the sample, i.e., 4 Fe with the
revised molecular mass and Fe content, contributes a doublet
with quadrupole splitting∆EQ ≈ 1.4 mm/s and isomer shiftδ
) 0.43 mm/s. These parameters are consistent with the presence
of a [4Fe-4S]2+ cluster. A minor component (≈14% of Fe) of
Hred was assigned to a doublet with∆EQ ) 0.49 mm/s andδ )
0.26 mm/s; we propose a new assignment for this component
below.

During the past decade we have studied in our laboratory
the electronic structures of [4Fe-4S]2+ cubanes as well as those
of M-[4Fe-4S]2+ assemblies where M is a paramagnetic metal;
M is an Fe3+-siroheme in oxidizedE. coli sulfite reductase9

and M ) Ni+ for the Ared-CO state of carbon monoxide
dehydrogenase (CODH).10 The covalent link (a bridging cys-
teinyl sulfur for sulfite reductase11) in the M-[4Fe-4S]2+

chromophores establishes an exchange pathway between M and
one Fe site of the cubanoid. This exchange interaction, described
by the coupling constantj, mixes an excited cluster state with
Scube ) 1 into theScube ) 0 ground state. By this mechanism
the four Fe sites of the cube acquire paramagnetism which leads
to the observation of magnetic hyperfine structure in the
Mössbauer spectra.9,12 The ground state spin of the coupled
assembly is the same as that of M, namelyS) 5/2 for oxidized
sulfite reductase andS ) 1/2 for Ared-CO.

The spin structure of [4Fe-4S]2+ clusters reflects an interplay
of Heisenberg-Dirac-van Vleck exchange, double exchange,
and vibronic interactions. Theoretical and experimental studies
have provided compelling evidence that strong double exchange
gives rise to two valence-delocalized Fe2.5+-Fe2.5+ pairs, each
containing two equivalent Fe sites.12-15 The presence of such
pairs is reflected in the Mo¨ssbauer and ENDOR spectra of the

M-[4Fe-4S]2+ assemblies. Thus, the data indicate two pairs of
Fe sites, one with positive components of the magnetic hyperfine
tensor and one with negative components. Theoretical and
experimental work on the coupled assemblies of sulfite reduc-
tase9,12and carbon monoxide dehydrogenase10 have shown that
theA-tensors of the two pairs are proportional toj/∆ where∆
is the energy gap between theScube ) 1 and 0 states of the
[4Fe-4S]2+ cluster. (A graph showing the magnetic hyperfine
interactions of the two pairs as a function ofj/∆ is shown below
in Figure 4.) During the course of our work on CODH we
realized that the Mo¨ssbauer data of Hox and Hox-CO, together
with the revised Fe content and our recent understanding of
coupled metal-cluster assemblies, provided strong evidence
“that the H cluster is an assembly consisting of a moiety
comprised of one or two Fe atoms exchange-coupled to a 4Fe-
4S cluster” (Note Added in Proof of ref 10).

Substantial progress in the research of the hydrogenases was
achieved when FTIR studies revealed that the active site clusters
of [Ni-Fe]- and [Fe]-hydrogenases contained CO and CN-

ligands.16 These exciting new developments were accompanied
by the first X-ray structure of the [Ni-Fe]-hydrogenase from
DesulfoVibrio gigas.17 This structure revealed a bimetallic Ni-
Fe site with three diatomic ligands bound to the Fe; FTIR studies
suggested that these diatomic ligands were CO and CN-. Very
recently, an FTIR study18 and the X-ray structures of two [Fe]-
hydrogenases were reported. The structures of theCp hydro-
genase I by Peters and co-workers19 and that of [Fe]-
hydrogenase fromDesulfoVibrio desulfuricansby Nicolet et al.20

show that the H cluster in both enzymes consists of a 2Fe-
subcluster linked by a cysteine thiolate to a [4Fe-4S] cluster.
(In this paper we will denote the 2Fe-subcluster as [2Fe]H and
the proximal cubane as [4Fe-4S]H.) Moreover, the structures in
conjunction with the FTIR results show that each iron of [2Fe]H

is coordinated by one CO and one CN- ligands and that the
two Fe sites are bridged by two sulfur ligands, furnished by
1,3-propanedithiol according to ref 20. TheD. desulfuricans
enzyme contains the H cluster and two additional [4Fe-4S]
clusters and thus has the same cluster composition asCp
hydrogenase II. A schematic structure of the H cluster as
deduced from the crystallographic studies is shown in Figure
1.

In the following we will assemble the spectroscopic evidence
that suggested to us that the H cluster contains a [4Fe-4S]
subcluster. Moreover, after reexamination21 of the data of
Rusnak et al. in the light of the evidence that the Fe sites of the
[2Fe]H cluster contain the strong field ligands carbon monoxide
and cyanide, we have identified these sites in the spectra of
Hred. Furthermore, we will show that the 18 MHz ENDOR
resonance of Hox cannot result from the [4Fe-4S]H cluster and
that the electronic structure of [2Fe]H in the oxidized state cannot
be delocalized. Nicolet et al.20 have argued that the 4Fe-4S
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cluster of Hox, Hox-CO, and Hred is in the 1+ oxidation state.
We will show here that the cluster, in all three states, is in the
2+ state. Finally, we will elaborate on the very unusual magnetic
hyperfine interactions observed in Hox and Hox-CO.

Results

Mo1ssbauer Results for Hred. Figure 2 shows two Mo¨ssbauer
spectra of the dithionite-reducedCphydrogenase II. In this state
both the F and F′ clusters are in the reduced 1+ state and both
clusters contribute at 4.2 K Mo¨ssbauer spectra exhibiting
paramagnetic hyperfine structure. As pointed out previously,
the EPR and Mo¨ssbauer spectra of the reduced F cluster behave
as those of typical [4Fe-4S]1+ clusters.2 Therefore, we have
simulated its Mo¨ssbauer spectrum (see also ref 2) and subtracted
it from the experimental spectrum recorded at 4.2 K. Thus, the
spectrum in Figure 2A contains only the contributions of F′red

and Hred.
The 4.2 K spectrum in Figure 2A contains two quadrupole

doublets which, as previously shown,2 belong to diamagnetic
species. Because F′ is paramagnetic (S) 1/2 ground state), the
diamagnetic features in this spectrum must represent Hred. The
major doublet feature (solid line, doublet I/II) consists of two

unresolved doublets, namely one with∆EQ ≈ 1.35 mm/s and
δ ≈ 0.47 mm/s (ca. 21% of the total iron, representing 3 Fe)
and a second one with∆EQ ≈ 0.85 mm/s andδ ≈ 0.47 mm/s
(≈7% of the total iron, i.e., 1 Fe). These parameters are
characteristic for [4Fe-4S]2+ clusters (a site ratio of 3:1 has been
observed for a variety of such clusters).

Rusnak et al.2 identified a second doublet with∆EQ ) 0.49
mm/s andδ ) 0.26 mm/s, having its high-energy line at 0.52
mm/s (arrow in Figure 2A). The low-energy line of this doublet
was thought to give rise to the shoulder at 0.01 mm/s. In the
following we will argue that this doublet, with a reassigned low-
energy line, results from [2Fe]H.

In our recent studies of the [Ni-Fe]-hydrogenase fromC.
Vinosumwe have been able to identify by Mo¨ssbauer spectros-
copy a spectral component withδ ) 0.06 mm/s and∆EQ )
1.44 mm/s.22 We have shown that this component is associated
with the Fe site of the bimetallic [Ni-Fe] cluster and that it
contributes a shoulder at the low-energy side of the high-
temperature spectra. The small value of the isomer shift reflects
a low-spin site, most probably FeII. FTIR spectroscopy16 of the
C. Vinosum[Ni-Fe]-hydrogenase has demonstrated that the Fe
site of the Ni-Fe cluster is coordinated by one CO and two CN-

ligands, and X-ray crystallography, in combination with the
FTIR results, of the analogousD. gigas [Ni-Fe]-hydrogenase
has revealed a [Fe(CO)(CN)2(S-Cys)2] site.17 Undoubtedly, this
type of coordination environment must be responsible for the
small isomeric shift (and for the low-spin configuration) of the
spectral component identified in the Mo¨ssbauer spectra of the
C. Vinosumenzyme. The recent FTIR results reported for the
[Fe]-hydrogenase fromD. Vulgaris18 and X-ray structures of
the two [Fe]-hydrogenases19,20prompted us to search for a low-
spin ferrous site in the Mo¨ssbauer spectra ofCp hydrogenase
II. The 180 K spectrum of Figure 2B exhibits a shoulder (arrow)
at -0.47 mm/s. This shoulder was not explicitly mentioned by
Rusnak et al.,2 who considered it as a possible component due
to F or F′. In view of the recent crystallographic data, the FTIR,
and the Mo¨ssbauer results, it is reasonable to pair this shoulder
with the line at+0.52 mm/s in the spectrum of Figure 2A
(arrow), and assign the resulting doublet to [2Fe]H. To pair the
shoulder in the 180 K spectrum with the 0.52 mm/s line at 4.2
K, we corrected for a ca. 0.06 mm/s second-order Doppler shift
between the spectra recorded at 4.2 and 180 K. The sites of
[2Fe]H in Hred are most probably low-spin FeII,23 and thus we
may assume that the quadrupole splitting is independent of
temperature. Taking these considerations into account and using
spectral simulations to fit the doublet best into the spectra of
Figure 2, we obtained∆EQ ≈ 0.87 mm/s andδ ≈ 0.08 mm/s
at 4.2 K. We have estimated the amount of Fe represented by
this species by fitting the intensity of the shoulder in the 180 K
spectrum. The fits (Figure 2B) suggest that this doublet
represents≈12% of total Fe, i.e., approximately 1.7 Fe,

(22) Natarajan, R.; Mu¨nck, E.; Albracht, S. P. J. Manuscript in prepara-
tion.

(23) The electronic properties of the ligand environment provided by
[2Fe]H are largely unexplored. While there is little doubt that the iron sites
of [2Fe]H are low spin, isomer shift data for this type of environment are
lacking, and therefore the oxidation state of the [2Fe]H cluster in Hox and
Hred is not established by Mo¨ssbauer spectroscopy. It seems reasonable to
us to assume that the diamagnetic state of [2Fe]H observed for Hred reflects
a low-spin FeIIFeII pair. However, recent studies by M. Y. Darensbourg
and co-workers show that FeIFeI forms are possible for complexes such as
[(µ-SCH2CH2CH2S)Fe2(CO)6] and its derivatives, which bear distinct
similarities to the diiron organometallic unit of the H cluster.24 In the
following we assume that [2Fe]H attains the FeIIFeIII and FeIIFeIII oxidation
states. However, this choice is not demanded by available data. Much of
our discussion regarding the intriguing electronic properties of [2Fe]H can
be applied, with perhaps nonessential modifications, to an FeIFeI/FeIFeII

redox couple.

Figure 1. Schematic representation of the H cluster according to the
crystal structureD. desulfuricansFe-hydrogenase20 (the structure of
ref 19 shows Fe(2) with a coordinated H2O and X is replaced by a
bridging CO).

Figure 2. Mössbauer spectra of the reducedCp hydrogenase II
recorded in 0.05 T applied field, at 4.2 K (A) and 180 K (B). The
spectrum shown in part A (hatch marks) was obtained by subtracting
the contribution of Fred from the raw data. The 180 K spectrum B
contains the contribution of all the clusters (the solid line through the
data is a least-squares fit). The major doublet feature in A, designated
doublet I/II, belongs to [4Fe-4S]H

2+. The minor doublet (12%, solid
line marked by the bracket) is assigned to the two Fe sites of [2Fe]H.

Electronic Structure of the H Cluster in [Fe]-Hydrogenases J. Am. Chem. Soc., Vol. 121, No. 34, 19997879



suggesting that both Fe of the [2Fe]H contribute to the∆EQ ≈
0.87 mm/s doublet.25

Analysis of the Mo1ssbauer Spectra of Hox-CO and Hox.
Figure 3 shows the 4.2 K spectra of the CO-bound oxidized
Cp hydrogenase II, recorded by Rusnak et al. in applied fields
of 6.0 (A) and 0.05 T (B). These authors have identified two
paramagnetic components (called I and II in ref 2), each
accounting for 13-14% of the total Fe in the sample. We believe
that components I and II belong to [4Fe-4S]H and that this
subcluster is in the 2+ state, for the following reasons. First,
the H cluster is the only paramagnetic species in this state of
the enzyme and therefore components I and II belong to the H
cluster. Second, each of these components represents one pair
of irons (14%), together accounting for≈28% of the total iron
in the sample, i.e., one [4Fe-4S] cluster. Third, we have paid
particular attention to the isomer shifts of components I and II
and we found that both haveδ ) 0.44 ( 0.02 mm/s. Within
the experimental uncertainties, this is the same isomer shift as
that of doublet I/II in Hred. Thus, the [4Fe-4S]H cluster is in the
2+ oxidation state in both Hox-CO and Hred. A fourth argument
is based on a theoretical model that readily reconciles the
apparent contradiction between the evidence that [4Fe-4S]H is
in the 2+ state (a state well documented to be diamagnetic for
isolated clusters) and the observed hyperfine interactions
associated with this subcluster. Rusnak et al. simulated the
magnetic spectra of components I and II by assuming that∆EQ

) 1.0 mm/s. Since we have now good evidence that the
oxidation state of [4Fe-4S]H does not change between Hred and

Hox-CO, it is reasonable to assume that the∆EQ values in the
CO-inhibited state are similar to those observed for Hred. Because
the overall splittings of components I and II depend on the
magnetic hyperfine tensor,A, as well as on the parameters
describing the quadrupole splitting (∆EQ and η), we have
simulated the spectra of these components with various values
of ∆EQ and η to assess their effect on the magnitude of the
A-values. Taking the isotropic part ofA (see caption of Figure
3) we obtained from the simulationsAI ) +(25.3 ( 1) MHz
andAII ) -(28.3( 1.5) MHz. Because we used here slightly
larger values for∆EQ, our Aiso values are about 5% smaller
than those of Rusnak et al. (AI ) + 26.8 MHz, AII ) - 30
MHz).

Figure 4 shows a plot of theA-values of the two valence
delocalized pairs of a [4Fe-4S] cluster that is exchange-coupled
to a paramagnetic center M withS) 1/2 via a bridging ligand.
The exchange coupling is described byjSM‚SD, whereSD is
the local spin of the FeD site of [4Fe-4S]H that is linked to M
(Figure 1). The details of the theory have been described
elsewhere;10,12 we follow here the nomenclature of Xia et al.
Two comments are in order here. First, theA-values depend on
the spin expectation values〈Si〉, where i) A, B, C, D are the
labels of the four sites of the cubane. Because of the strong
double exchange interactions within the [4Fe-4S]2+ cluster,〈SA〉
) 〈SB〉 and〈SC〉 ) 〈SD〉 and〈SA〉 ) 〈SB〉 ≈ -〈SC〉 ) -〈SD〉.12

Second, the amplitudes of the two curves are given by the
productAi ) 2〈Si〉ai, whereai is the intrinsic coupling constant
of the Fe site i. Forai for a valence-delocalized pair we have
employed the same value as in ref 10, namely-22 MHz (see
also Table 5 of ref 26). The theoretical model predicts that the
pair with A < 0 hasA-values with larger magnitudes than the
pair with A > 0. The diamond and triangle symbols in Figure
4 mark the experimentalA-values of pairs I and II, respectively.
Note that both signs and magnitudes agree well with the
theoretical curve forj/∆ ≈ 0.44. The above arguments provide
a strong case for assigning the spectral components I and II to
the delocalized pairs of a [4Fe-4S]2+ cluster that is coupled to
a moiety with S) 1/2.

The ENDOR data of Telser et al.7 have revealed for Hox-CO
an isotropic resonance corresponding toA3 ) 9.5 MHz. In the
following, we will reserve for theA-values of the [4Fe-4S]H

(24) Lyon, E. J.; Georgakaki, I. P.; Reibenspies, J. H.; Darensbourg, M.
Y. Manuscript submitted for publication.

(25) That we obtain 1.7 Fe rather than 2 Fe may have several reasons.
First, within our experimental uncertainties, 1.7 Fe is not significantly
different from 2 Fe. Second, this site may have a smaller recoilless fraction
at 180 K than the sites of the three [4Fe-4S]2+ clusters. Zambrano et al.6

have suggested, on the basis of EPR studies, that the reduction of some of
the clusters may not be quantitative. This does not seem to apply for the
data of Rusnak et al.2 Thus, the analysis of Rusnak et al. resulted in fractions
corresponding almost exactly to the cluster distribution which is now
established.

(26) Mouesca, J.-M.; Noodleman, L.; Case, D. A.; Lamotte, B.Inorg.
Chem. 1995, 34, 4347-4359.

Figure 3. Mössbauer spectra (4.2 K) of the oxidized hydrogenase
reacted with CO, recorded in 6.0 T (A) and 0.05 T (B); these are the
spectra of Rusnak et al. The solid line in part A (drawn to represent
14% of the total Fe in sample, i.e., 2 Fe) is a simulation of both
delocalized pairs of the [4Fe-4S]H

2+ cluster (the outer features, indi-
cated by the arrows, are due to Pair I, which hasA > 0). The solid line
above the data in part B represents the contribution of both pairs of
the [4Fe-4S]H

2+ cluster (28% of total Fe in the sample); the solid line
drawn through the data in B is a simulation that includes also the
contribution of Fox and F′ox, but not that of [2Fe]H. The theoretical curves
for Hox-CO were generated using the∆EQ andδ of Hred indicated in
the text and theA-values [Pair I (Ax, Ay, Az)], [Pair II (Ax, Ay, Az)]:
[(25.6, 25.9, 22.0) MHz], [(-26.3,-34.2,-26.1) MHz].

Figure 4. 57Fe hyperfine coupling constants of the two delocalized
pairs of the [4Fe-4S]2+ cluster in a [4Fe-4S]2+-[M] assembly, plotted
as a function ofj/∆ (the theory is described in ref 10);j describes the
exchange coupling between [M] and the [4Fe-4S]2+ cluster and∆ is
the energy gap between the cluster ground state and the first excited
state withScube) 1. The diamond and triangle correspond toAI andAII

of Hox-CO, respectively. The solid circle representsAI ) AII of Hox

(see text).
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cluster the indices I and II and we will denote those assigned
to [2Fe]H asA3 (see also Table 1). The above discussion shows
that A3 ) 9.5 MHz must be associated with [2Fe]H. Because
the Mössbauer spectrum of a species withA ) 9.5 MHz has a
rather small magnetic splitting, it cannot be resolved from the
contributions of the F and F′ clusters and therefore it remains
unidentified in the Mo¨ssbauer spectra.

Telser et al.7 also have shown that in the oxidized enzyme,
Hox exhibits two nearly isotropic ENDOR resonances, corre-
sponding toA ) 18 and 7.5 MHz. We have pointed out
previously that these smallA-values would yield Mo¨ssbauer
spectral features that are essentially masked by the doublets of
Fox and Fox′.2 Nevertheless, using the fact that the H cluster
comprises the coupled [4Fe-4S]2+-[2Fe] assembly, we can elicit
some information from the Mo¨ssbauer spectra. Forj/∆ ≈ 0.22,
our theoretical model (Figure 4) predicts theA-valuesAI )
+17.7 MHz andAII ) -18.8 MHz. These values are too close
to be resolved by ENDOR. The obvious question arises whether
the 18 MHz resonance is associated with [4Fe-4S]H

2+.
Figure 5 shows the 4.2 K Mo¨ssbauer spectrum of oxidized

hydrogenase II.27 The solid line drawn through the data of Figure
5A is a simulation assuming that both delocalized pairs of [4Fe-
4S]H

2+ haveAiso values of 18 MHz. This assumption is quite
clearly in conflict with the data, because the predicted absorption

at 2 and-1 mm/s Doppler velocity is not supported by the
experimental spectrum. In Figure 5B we have explored the
possibility that one delocalized pair of [4Fe-4S]H hasA ) 18
MHz (because the wings of the quadrupole doublets of Fox and
F′ox contribute underneath the outer features of the 18 MHz
component, we have included Fox and F′ox, but not [2Fe]H, in
this simulation). As can be seen, this assignment is not in
agreement with the experimental data either. (This mismatch
would be enhanced when the simulation of [2Fe]H would be
included.)

The [2Fe]H cluster is most likely in the mixed-valence FeII-
FeIII state in Hox and in Hox-CO and given the structural
information available, both Fe sites should have low-spin
configuration. The question arises whether this mixed-valence
pair has localized or delocalized valencies. If we assume that
[2Fe]H is delocalized and that this delocalized pair produces
the 18 MHz ENDOR resonance, we have a situation similar to
that illustrated in Figure 5B, namely, a pair of Fe sites with 18
MHz cannot be accommodated in the Mo¨ssbauer spectra.

The experimental spectrum of Figure 5 displays a shoulder
at -1 mm/s (arrow in Figure 5C). This shoulder is the low-
energy feature of a magnetic component and it is still present
at 50 K, implying that it belongs to a species whose spin relaxes
slowly on the Mössbauer time scale. At 120 K, this magnetic
component has collapsed into a quadrupole doublet unresolved
from those of the three [4Fe-4S] clusters. These observations
are consistent with the temperature dependence of theS) 1/2
EPR signal of Hox.1 A simulation assuming that one Fe site of
[2Fe]H contributes the 18 MHz ENDOR resonance is shown in
Figure 5C. It can be seen that one Fe site with 18 MHz can
produce the low-energy shoulder with the correct intensity. We
wish to stress that we have very little additional information
about the 18 MHz species. However, its quadrupole splitting
and isomer shift can be confined to 0.7 mm/s< ∆EQ < 1.2
and 0.1 mm/s< δ < 0.3 mm/s. We have no spectral information
about the second site of [2Fe]H in the state Hox. If this site were
a low-spin FeII, it would contribute a quadrupole doublet (in
the spectrum of Figure 5) that would be masked by the dominant
feature of the F′ cluster. Spectral simulations suggest but do
not strictly prove that the 7.5 MHz ENDOR resonance results
from the two pairs of [4Fe-4S]H

2+. In our theoretical model, this
A-value can be explained if the coupling between [4Fe-4S]H

and the paramagnetic [2Fe]H is weaker than in Hox-CO,
corresponding toj/∆ ) 0.08; thisj/∆ value would result in|A|
) 7.5 MHz for both pairs of the cubane as indicated by the full
circle in Figure 4.

Discussion

In the preceding section we have provided an extension of
the analysis of the Mo¨ssbauer spectra ofCp hydrogenase II
published in 1987 by Rusnak et al.2 Our present analysis shows
that the [4Fe-4S]H

2+ subcluster of the [2Fe]-[4Fe-4S] assembly
is in the 2+ state in both the oxidized and the reduced forms of
the H cluster. Thus, [2Fe]H accommodates the electron when
Hox is reduced to Hred. The assertion that [4Fe-4S]H retains the
2+ oxidation state is based on the isomeric shifts of Hred, Hox,
and Hox-CO. The isomer shift of a [4Fe-4S] cluster is a very

(27) For clarity we have removed the contribution of Fox from the raw
data. A representation of Fox was obtained as follows: at a potential of
-300 mV the F cluster is in the 1+ state, while the H and F′ clusters remain
in the oxidized state. By subtracting the spectrum of the oxidized enzyme
from that of a sample poised at-300 mV the contributions of H and F′
cancel. After simulating the magnetic spectrum of Fred and adding it to the
Fox-Fred difference spectrum, a fairly reliable representation of Fox is
obtained.

Table 1. Assignment of the57Fe Hyperfine Coupling Constants for
the H Cluster

[4Fe-4S]H
2+ [2Fe]H

Hox |AI| ) |AII|) 7.5 MHza A3 ) (-)18 MHzb,c

Hox-CO AI ) +25.3 MHz A3 ) (-)9.5 MHzb,c

AII ) -28.3 MHz

a Suggested assignment based on spectral simulations (this compo-
nent is not resolved in the Mo¨ssbauer spectra).b A3 of Hox is associated
with a single Fe site.A3 of Hox-CO could possibly reflect a delocalized
FeIIIFeII (or FeIIFeI) pair. c The ENDOR spectra of Telser et al.7 have
provided the magnitude ofA3. The ENDOR data show also thatA3 is
isotropic. Because the Mo¨ssbauer spectra of [2Fe]H are essentially
masked by the contributions of the [4Fe-4S] clusters, our data provide
little information on theA-tensor components; however, spectral
simulations of a 6.0 T spectrum (not shown) show that the sign ofA3

is negative.

Figure 5. Mössbauer spectra of the oxidized hydrogenase recorded at
4.2 K in a parallel field of 0.05 T. The solid lines are simulations for
the following cases: (A) all four Fe sites of [4Fe-4S]H

2+ with A ) 18
MHz; (B) Pair I of [4Fe-4S]H

2+ with AI ) 18 MHz and Pair II withAII

) 6 MHz and diamagnetic F′ox (the choice of any value of|AII| < 10
MHz will not affect the conclusion that a pair withA ) 18 MHz cannot
be accommodated); (C) one Fe site of [2Fe]H with A ) 18 MHz,
diamagnetic F′ox and [4Fe- 4S]H

2+, plus one site of [2Fe]H with ∆EQ )
1 mm/s andδ ) 0.3 mm/s. The “experimental” spectrum was obtained
by subtracting a simulation of Fox from the raw data (the spectrum
represents 10 Fe).
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good indicator of its core oxidation state.30 Figure 6 shows the
average isomer shift of 4Fe clusters,δave ) (δ1 + δ2 + δ3 +
δ4)/4, and its variation among clusters from different proteins
in four established oxidation states; for reference we have
included also theδ-values of the FeIII (RS)4 and FeII(RS)4 sites
of oxidized and reduced rubredoxin. It can be seen that the
δ-values for different cluster oxidation states are well separated.
We have shown above that doublet I/II of Hred represents 4 Fe
atoms and that this doublet hasδave ) 0.44( 0.02 mm/s. This
value of the isomer shift unambiguously establishes the 2+ core
oxidation state for [4Fe-4S]H.

In the CO-inhibited state, Hox-CO, we obtained for [4Fe-4S]H

an isomeric shift of 0.44( 0.02 mm/s, indicating that this cluster
remains in the same oxidation state in Hred- and Hox-CO and,
by extension, in Hox.31 We have shown above that the magnetic
hyperfine interactions observed for [4Fe-4S]H in the oxidized
hydrogenase can be explained by assuming an exchange
coupling between a paramagnetic entity and the [4Fe-4S]H

2+

cluster. The covalent link implied by the presence of the
exchange coupling between [4Fe-4S]H

2+ and [2Fe]H is clearly
evident in the X-ray crystallographic structures ofCp hydro-
genase I19 and of D. desulfuricans[Fe]-hydrogenase.20 One
might argue that the data could be explained by assuming that
the [4Fe-4S]H cluster of Hox-CO is in the 3+ state (S ) 1/2),
while [2Fe]H remains diamagnetic. This possibility is excluded
by the following considerations. First, ifAI ) +25.3 MHz and
AII ) -28.3 MHz are assigned to the two iron pairs of a [4Fe-
4S]3+ cluster, the 9.5 MHzA-value would remain unassigned
because it is unlikely that it could originate from the low-spin
FeII sites of the diamagnetic [2Fe]H cluster. Second, the observed
isomeric shifts are incompatible with the presence of a [4Fe-
4S]3+ cluster. Third,A ) 7.5 MHz, the only value assignable
to [4Fe-4S]H, is too small to be associated with a [4Fe-4S]3+

cluster; for instance the [4Fe-4S]3+ cluster from the high-
potential ferredoxin ofC. VinosumexhibitsAI ≈ +20 MHz and
AII ≈ -30 MHz.33 Finally, the potential of the Hox/Hred couple,
E°′ ) -410 mV,1 is too low for a [4Fe-4S]3+/2+ pair.

In summary, from our analysis the following picture has
emerged. In Hox, Hox-CO, and Hred, the [4Fe-4S]H cluster is in
the 2+ oxidation state. The Mo¨ssbauer data of Hredare consistent
with two low-spin ferrous sites in [2Fe]H and this assignment

is also consistent with the observation that all six Fe sites of
the H cluster are diamagnetic in Hred.23 Thus, oxidation of the
H cluster to Hox and Hox-CO is confined to the [2Fe]H subcluster
which attains theS ) 1/2 FeIIFeIII state.

Nicolet and co-workers20 have recently proposed that the
[4Fe-4S]H cluster is in the 1+ oxidation state in both Hox and
Hred. Such an assignment is ruled out by the isomer shifts
observed for this cluster in both oxidation states. In particular,
the spectra of the reduced enzyme do not contain any diamag-
netic spectral component that could possibly be assigned to the
1+ state of the [4Fe-4S]H subcluster. Moreover, [4Fe-4S]1+

clusters havegave < 2.0, while Hox and Hox-CO exhibitgave >
2. Furthermore, the57FeA-values of Hox differ substantially from
those reported for [4Fe-4S]1+ clusters.

We have shown above (Figure 5, A and B) that the 18 MHz
ENDOR resonance of Hox cannot belong to the [4Fe-4S]H

cluster, and that it must therefore result from [2Fe]H. Moreover,
our analysis suggests that this resonance cannot result from an
FeIIIFeII system in which theS ) 1/2 spin is delocalized over
the two Fe sites of [2Fe]H. Thus, the unpaired spin is centered
at one Fe site of the FeIIIFeII subcluster. The question arises
whether the FeIII site is Fe(1) or Fe(2) of Figure 1. It is
noteworthy that theA-value associated with [2Fe]H changes from
18 to 19 MHz in Hox to 9.5 MHz in Hox-CO. It is possible that
the 50% reduction reflects delocalization of the unpaired spin
over the two Fe sites of [2Fe]H in Hox-CO. If this were indeed
the case, we would conclude that the FeIII site of Hox is distal
to [4Fe-4S]H, arguing as follows. The exchange interactions
between the cubane and the distal Fe(2) are mediated through
the thiolate bridge, the diamagnetic Fe(1) site, and the two
sulfurs of the propanedithiol, and consequently, the coupling is
rather weak. (Long-range exchange coupling through an inter-
vening diamagnetic metal has been reported recently by
Wieghardt and co-workers.34) Upon CO binding to Fe(2), the
[2Fe]H cluster would become delocalized, and the attendant
transfer of unpaired spins to Fe(1) would increase the exchange
interactions between the cube and the cluster. The idea that CO
binds to the distal iron finds support in the X-ray structure of
the D. desulfuricansenzyme,20 which indicates an open
coordination position at Fe(2). The structure ofCphydrogenase
I has been refined with a water ligand coordinated to the distal
iron and this ligand could possibly be displaced by CO.19

Alternatively, one could argue that Fe(1) is the FeIII site and
that binding of CO would cause some structural arrangement
that would provide for a more efficient exchange pathway to
[4Fe-4S]H.

The experimentalA-values for [4Fe-4S]H
2+ of Hox-CO, AI )

+ 25.3 MHz andAII ) - 28.3 MHz yield j/∆ ≈ 0.4, wherej
measures the exchange interaction between [2Fe]H and the [4Fe-
4S]H

2+ cluster and∆ is the energy of the first excited cluster
state withScube ) 1. For [4Fe-4S]2+ clusters,∆-values of 200
cm-1 have been estimated,12,13bsuggesting thatj ≈ 100 cm-1.35

Our Mössbauer analysis of Hox suggests that the 7.5 MHz
A-value observed by ENDOR belongs to the [4Fe-4S]H sub-
cluster. In this interpretation Hox would havej/∆ ≈ 0.1 (see
Figure 4).

We cannot yet explain the isotropicA-values observed by
ENDOR for the [2Fe]H cluster. In the following we wish to
elaborate on this point. It seems reasonable to assume that the

(28) The raw data used are from the studies of Rusnak et al.; see also
ref 29.

(29) Rusnak, F. M. Ph.D. Thesis, University of Minnesota, 1988.
(30) (a) Christou, G.; Mascharak, P. K.; Armstrong, W. H.; Papaefthi-

miou, G. C.; Frankel, R. B.; Holm, R. H.J. Am. Chem. Soc.1982, 104,
2820-2831. (b) Yoo, S.; Angove, H. C.; Burgess, B. K.; Hendrich, M. P.;
Münck, E.J. Am. Chem. Soc. 1999,121, 2534.

(31) B. H. Huynh32 has reported preliminary results for the Fe hydro-
genase fromDesulfoVibrio Vulgaris. This study focused on the magnetic
splittings of an iron-sulfur cluster associated with Hox-CO (the so-called
“axial 2.06” state in theD. Vulgarisnomenclature). The values of the isomer
shifts, quoted as 0.50 and 0.58 mm/s (see Table 3 of ref 32), have large
uncertainties and are not suitable for a critical comparison with the data of
hydrogenase II. The spectra of theD. Vulgaris enzyme are presently being
reanalyzed (B. H. Huynh, personal communication).

(32) Huynh, B. H.Methods Enzymol.1994, 243, 523-543
(33) (a) Middleton, P.; Dickson, D. P. E.; Johnson, C. E.; Rush, J. D.

Eur. J. Biochem.1980, 104, 289-296. (b) Papaeftimiou, V.; Millar, M.
M.; Münck, E. Inorg. Chem.1986, 25, 3010-3014.

(34) Glaser, T.; Beissel, T.; Bill, E.; Weyermu¨ller, T.; Schünemann, V.;
Meyer-Klaucke, W.; Trautwein, A. X.; Wieghardt, K.J. Am. Chem. Soc.
1999, 121, 2193-2208.

(35) The A cluster of CODH in the Ared-CO state has aj-value similar
to that obtained here for the Hox-CO cluster, suggesting that the NiI and
the [4Fe-4S]2+ cluster of Ared-CO are linked also by a cysteinyl sulfur.

Figure 6. Average isomer shifts,δave ) (δ1 + δ2 + δ3 + δ4)/4, for
[4Fe-4S] cubanoid clusters.
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[2Fe]H subcluster contains two low-spin FeII sites in the
diamagnetic state Hred.23 A one-electron oxidation of the H
cluster would yield an FeIIIFeII subcluster, and the observedS
) 1/2 spin of Hox (and Hox-CO) could then be attributed to a
low-spin FeIII site. Kowal, Adams, and Johnson have reported
photodissociation experiments on theCp hydrogenase I that
support this assignment.36 When Hox-CO (g ) 2.07, 2.01, 2.01)
was illuminated at 8 K, an EPR signal with theg-values of Hox

(2.10, 2.04, 2.00) was observed. This observation has been
interpreted36 as evidence that CO binds to an empty coordination
site of Hox and that the Fe sites of Hox and Hox-CO are
isoelectronic (similar experiments have been reported for the
[Fe]-hydrogenase fromD. Vulgaris32). When Hox-CO was
illuminated at 30 K, an EPR signal withg ) 2.26, 2.12, 1.89
was obtained. Theg ) 2.26, 2.12, 1.89 signal has also been
observed forCp hydrogenase II.37 This set ofg-values is quite
reminiscent of a low-spin FeIII center.36

The electronic structure of low-spin FeIII ions in octahedral
coordination environments is generally well described by a
model proposed by Griffith38 and extended by Oosterhuis and
Lang.39 In this model theg-values can be used to determine
the values∆/λ andV/λ, where∆ andV are the axial and rhombic
ligand field parameters that split the t2g levels andλ is the spin-
orbit coupling constant. These parameters in turn, together with
two scaling factors (P andκ, see ref 39), determine the57Fe-
magnetic hyperfine tensor in the given complex. TheA-tensor
can be written as the sum of an isotropic contact contribution
(Acontact ) Pκ) and the anisotropic spin-dipolar and orbital
contributions. The latter is proportional to (gi - 2), wheregi (i
) x, y, z) are the principal components of theg-tensor. Given
that theg-values of Hox and Hox-CO are nearg ) 2, the orbital
contribution toA should be<5 MHz for Hox and<3 MHz for
Hox-CO. The dipolar term, however, can be considerable for a
low-spin site. For instance, a hole in a dyz orbital of the t2g

manifold producesAy(dip) ≈ - 36 MHz andAx(dip) ≈ Az(dip)
) + 18 MHz, i.e., the spin dipolar term contributes an
anisotropy of about 50-60 MHz.40

We have recently studied EPR and Mo¨ssbauer spectra of a
mononuclear FeIII complex (synthesized in Koch’s laboratory)
that has a phosphine, three thiolates, one CN-, and one CO as
ligands. The EPR properties of this complex (g ) 2.10, 2.06,
2.02) are close to those of Hox and Hox-CO and the13CO
hyperfine interactions are similar to those observed for Hox-
CO of Cp hydrogenase I.40 The57Fe magnetic hyperfine tensor
has components ranging fromAz ) 10 MHz toAx ) -60 MHz
(Aiso ) -20 MHz)40 which are consistent with those predicted
by the Griffith model, the large anisotropies being attributable
to the spin-dipolar term. These considerations and the general
observations reported for many low-spin ferric complexes
suggest that difficulties are expected in attempting to explain
the isotropicA-values of Hox and Hox-CO with a simple low-
spin FeIII model. The coupling of [2Fe]H to the [4Fe-4S]2+

cluster cannot account for the unusualA-tensor of the Fe sites
of [2Fe]H of Hox and Hox-CO, as indicated by the following
considerations.

An exchange Hamiltonian such asjSFe(1)‚SD reflects incipient
bonding between Fe(1) and FeD (see Figure 1) through interven-

ing ligands such as a bridging thiolate sulfur.42 The presence
of such a bridge is not expected to impose unusual properties
on the intrinsic parameters of Fe(1) and FeD. For instance, in
oxidized E. coli sulfite reductase, the high-spin Fe3+ of the
siroheme is linked by a cysteinyl sulfur to one Fe of a [4Fe-
4S]2+ cluster.11 Yet as expected from theoretical considerations,
the magnetic hyperfine interactions of the siroheme are very
much like those observed for typical isolated high-spin Fe3+-
porphyrins.9 Our studies of the Ni+-[4Fe-4S]2+ coupled as-
sembly of the A cluster of carbon monoxide dehydrogenase
suggest that theg- and A-values of the Ni+ are modified by
perhaps 30% relative to an uncoupled Ni+ (see eq 5 in ref 10),
and for Hox and Hox-CO we would expect that theA-values of
[2Fe]H are scaled towardg ) 2 not more than 20% by the
coupling with the [4Fe-4S]H

2+. Moreover, because of the iso-
tropic exchange coupling, all theA-tensor components would
be similarly reduced. Thus, the isotropy of theA-values reported
for [2Fe]H is not likely to be rationalized by invoking the
coupling to the cubane.

To find an explanation for the lack of anisotropies of the
magnetic hyperfine tensorA3 in Hox and Hox-CO, we have
considered also the following possibilities. First, could the
A-tensor of Hox have components of equal magnitudes but
opposite sign, for instanceA3x ) A3y ) -18 MHz andA3z )
+18 MHz? The combination of the original experimental
ENDOR data at X-band7 with recent simulations (Dr. J. Telser,
personal communication) shows that this case would indeed be
difficult to distinguish fromA3x ) A3y ) A3z ) (18 MHz. This
situation may appear somewhat contrived, but it cannot be
dismissed. Second, for an octahedral low-spin FeIII complex,
there are two cases for which the Griffith model yields|gx| )
|gy| ) |gz| ) 2. For∆ . |λ| the orbital angular momentum is
essentially quenched and the57Fe A-tensor displays sizable
anisotropies due to the spin-dipolar term. For|λ| . |∆|, |V|,
the three orbital states are mixed in equal proportion in the wave
function of the resulting ground doublet, and theA-tensor of
this doublet is isotropic, withAiso ≈ -P(8/7 - κ/3) expected
to be≈-70 MHz. Neither of these cases fits the isotropicA )
18 MHz observed for Hox. Third, the spin-dipolar contribution
of A3 could in principle be reduced by the presence of
anisotropic covalency. However, while the Koch model complex
mentioned above contains a similar coordination environment
as the Fe sites in [2Fe]H, its A-tensor exhibits the expected
anisotropy. Fourth, we have considered the possibility that the
oxidation from Hred to Hox occurs by removal of an electron
from a sulfur orbital, perhaps centered on the bridging thiols of
[2Fe]H. This suggestion is not in conflict with the observed
g-values. However, while such a radical could interact with an
Fe 4s orbital to produce an isotropic57Fe A-value, this is
expected to be positive, rather than negative. Nevertheless, the
presence of a sulfur radical should be tested by studying the
EPR spectra of33S-enriched protein, an expensive but possibly
rewarding experiment. On the other hand, the isotropic 18 MHz
A-value observed for Hox is similar toAiso ≈ -20 MHz obtained
for the aforementioned model complex, thus arguing against
substantial delocalization of d-electron density into a ligand-

(36) Kowal, A. T.; Adams, M. W. W.; Johnson, M. K.J. Biol. Chem.
1989, 264, 4342-4348.

(37) Unpublished data of Adams, M. W. W. quoted in ref 1.
(38) (a) Griffith, J. S.Nature1957, 180, 30-31. (b) Griffith, J. S.Mol.

Phys.1971, 21, 135-139.
(39) Oosterhuis, W. T.; Lang, G.Phys. ReV. 1969, 178, 439-456.
(40) Popescu, C. V.; Mu¨nck, E.; Hsu, H.; Albracht, S. P. J.; Koch, S. A.

Manuscript in preparation.

(41) Pierik and co-workers18 have proposed, as a working hypothesis
that the H cluster comprises one low-spin Fe(III) linked by (two) cysteinyl
sulfurs to a [4Fe-4S] cluster. These authors point out that the EPR and
FTIR properties of the model complex of S. A. Koch and co-workers support
their proposal of a low-spin FeIII site. While the EPR properties of this
model complex are reminiscent of those of Hox and Hox-CO, its57FeA-tensor
is dramatically different from those of the H cluster in Hox and Hox-CO.

(42) For the considerations in this paragraph we assume for simplicity
that the unpaired spin resides on Fe(1).
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based orbital. Fifth, there is another system that exhibits an as
yet unexplained (nearly) isotropicA-tensor. We have studied
in our laboratory the Mo¨ssbauer spectra of a bis-(µ-oxo)-bridged
diiron complex, synthesized by Que and co-workers.43 This
complex exhibits a delocalized FeIIIFeIV mixed-valence state.
While low-spin (S) 1/2) FeIII and FeIV (S) 1) are expected to
have intrinsicA-tensors with large anisotropies, the valence-
delocalized state exhibits a nearly isotropicA-value,A ≈ -7
MHz). Sixth, if Hox would represent an FeIFeII state,23 the
problem of the isotropic 18 MHzA-value is not solved because
the unpaired electron is expected to reside in an eg orbital
(localized or delocalized) and it would be expected to produce
a substantial spin dipolar term.

In summary, our Mo¨ssbauer data on hydrogenase II demon-
strate a covalent link between [2Fe]H and [4Fe-4S]H

2+. Analysis
of the Mössbauer spectra shows that the [4Fe-4S]H cluster is in
the 2+ state in Hox, Hox-CO, and Hred.44 Hence, when oxidized
hydrogenase is exposed to H2, the [2Fe]H cluster is reduced from
the mixed-valence FeIIFeIII state to the diferrous state. The
second electron supplied by H2 is not stored on the [4Fe-4S]H

cluster, but transferred to one of the F clusters. We have been
able to assign the paramagnetic components of Hox and Hox-
CO observed by Mo¨ssbauer and ENDOR spectroscopy to the
subclusters of H. We understand the spectroscopic features
introduced by the coupling of the [4Fe-4S] cluster to [2Fe]H

quite well (as expressed in Figure 4), but the lack of anisotropy
of the 57Fe magnetic hyperfine interactions of the [2Fe]H

subcluster indicates structural and electronic features which we
do not yet fully appreciate.46 While the electronic structure of

the model complex of Koch and co-workers is similar to that
of other low-spin FeIII complexes, the electronic structure of
the [2Fe]H cluster might reflect peculiarities associated with the
fact that [2Fe]H is a binuclear cluster rather than a mononuclear
complex. Further elucidation of the problem requires the study
of suitable model complexes and hydrogenase mutants.
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(43) Dong, Y.; Fujii, H.; Hendrich, M. P.; Leising, R., A.; Pan, G.;
Randall, C. A.; Wilkinson, E.; Zang, Y.; Que, L.; Fox, B. G.; Kauffmann,
K.; Münck, E.J. Am. Chem. Soc.1995, 117, 2778-2792.

(44) During the reductive activation of inactive [Fe]-hydrogenase from
DesulfoVibrio Vulgaris an EPR signal withg ) 2.06, 1.96, and 1.89, the
so-called rhombic 2.06 signal, is observed. This signal appears at a potential
of approximately-50 mV and disappears around-250 mV concomitantly
with the appearance of the signal characteristic of Hox.45 This signal is not
observed for the active enzyme.45b In light of our present results it appears
that the rhombic 2.06 signal originates from [4Fe-4S]H

+ and that reductive
activation of theD. Vulgarisenzyme involves a conformational change that
lowers the potential of [4Fe-4S]H such that the 1+ state is not accessible
anymore at potentials above-450 mV.

(45) (a) Patil, D. S.; Moura, J. J. G.; He, S. H.; Teixeira, M.; Prickril, B.
C.; DerVartanian, D. V.; Peck, H. D., Jr.; LeGall, J.; Huynh, B.-H.J. Biol.
Chem.1988, 263, 18732-18738. (b) Pierik, A. P.; Hagen, W. R.; Redeker,
J. S.; Wolbert, R. B. G.; Boersma, M.; Verhagen, M. F. J. M.; Grande, H.
J.; Veeger, C.; Mutsaers, P. H. A.; Sands, R. H.; Dunham, W. R.Eur. J.
Biochem.1992, 209, 63-72.

(46) Low-temperature magnetic circular dichroism studies ofCp hydro-
genase I and II,6 D. Vulgaris [Fe]-hydrogenase,47aand the [Fe]-hydrogenase
from M. elsdenii47b in the state Hox have yielded magnetization curves that
exhibit nesting, a phenomenon indicative of systems withS> 1/2. It is not
clear to us whether Hox does not exhibit MCD signals that magnetize with
spin S ) 1/2 behavior or whether the nesting indicates unidentifiedS >
1/2 contaminants (or cluster forms) whose contribution is superimposed
upon the signals of Hox. For hydrogenase II nesting is barely perceptible
(see Figure 11 of ref 6) whereas nesting is pronounced for theD. Vulgaris
andM. elsdeniienzymes.47 Interestingly, the latter two enzymes yield also
low-spin concentrations for the EPR signal of Hox (0.3 and 0.6 spins/
molecule, respectively), allowing for the possibility that the H cluster could
exist in some as yet not recognized (active or inactive) paramagnetic state.
Alternatively, as pointed out by the authors of the MCD studies, theS )
1/2 state of Hox could yield very weak MCD features and the observed
signal might result from some unidentified entity.

(47) (a) Thomson, A. G.; George, S. G.; Richards, A. J. M.; Robinson,
A. E.; Grande, H. J.; Veeger, C.; Van Dijk, C.Biochem. J.1985, 227, 333-
336. (b) Stephens, P. J.; Devlin, F.; Morgan, T. V.; Czechowsky, M.;
DerVartanian, D. V.; Peck, H. D., Jr.; LeGall, J.FEBS Lett.1985, 180,
24-28.
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