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Abstract: The periplasmic hydrogenase Desulfaibrio vulgaris (Hildenbourough) is an all Fe-containing
hydrogenase. It contains two ferredoxin type [4Fe-4S] clusters, termed the F clusters, and a catalytic H cluster.
Recent X-ray crystallographic studies on two Fe hydrogenases revealed that the H cluster is composed of two
sub-clusters, a [4Fe-4S] cluster ([4Fe-43nd a binuclear Fe cluster ([2¢] bridged by a cysteine sulfur.

The aerobically purified. vulgaris hydrogenase is stable in air. It is inactive and requires reductive activation.
Upon reduction, the enzyme becomes sensitive tp idicating that the reductive activation process is
irreversible. Previous EPR investigations showed that upon reoxidation (under argon) the H cluster exhibits a
rhombic EPR signal that is not seen in the as-purified enzyme, suggesting a conformational change in association
with the reductive activation. For the purpose of gaining more information on the electronic properties of this
unigue H cluster and to understand further the reductive activation process, variable-temperature and variable-
field Mossbauer spectroscopy has been used to characterize & dfesters inD. vulgaris hydrogenase

poised at different redox states generated during a reductive titration, and in the CO-reacted enzyme. The data
were successfully decomposed into spectral components corresponding to the F and H clusters, and characteristic
parameters describing the electronic and magnetic properties of the F and H clusters were obtained. Consistent
with the X-ray crystallographic results, the spectra of the H cluster can be understood as originating from an
exchange coupled [4Fe-4S2Fe] system. In particular, detailed analysis of the data reveals that the reductive
activation begins with reduction of the [4Fe-4S]Juster from the 2 to the 1+ state, followed by transfer of

the reducing equivalent from the [4Fe-4Sjubcluster to the binuclear [2kefubcluster. The results also

reveal that binding of exogenous CO to the H cluster affects significantly the exchange coupling between the
[4Fe-4S}; and the [2Fg] subclusters. Implication of such a CO binding effect is discussed.

reaction of H 2H* + 2e~, and many microorgan-  ably due to the difficulties involved in protein determination

hydrogenase to metabolize They are a heteroge- and the possible presence of apoproteins or proteins lacking a

neous group of enzymes that differ in size, subunit composition, full complement of metal. Values of-914 Fe/moleculéand

metal content, and cellular location, and the presence of multiple 12—16 Fe/moleculg2’ have been reported. Previous spectro-
hydrogenases in a single organism has been reported. On th&copic studies’® and nucleotide-derived amino acid sequence
basis of their metal contents, however, two major groups of analysi§ suggested that eight of the iron atoms are organized

hydrogenases may be identified: the Fe hydrogenases, whichinto two ferredoxin-like [4Fe-4S}?* clusters, termed the F

contain only Fé,and the Ni-Fe hydrogenases, which contain  clusters, at the N-terminal region of the large subunit. The
remaining Fe atoms form the catalytic center, termed the H
cluster, which exhibits unusual electron paramagnetic resonance
It is an o heterodimeric molecule with subunit (EPR) spectra that are distinct from those of ferredoxin-type
molecular masses of approximately 46 and 10 kBaletal

both Ni and Fe. The periplasmic hydrogenaseDésulfaibrio
vulgaris (Hilldenbourough) belongs to the Fe hydrogenase

category?

[4Fe-4S] clusterd?1° Recently, the X-ray crystallographic
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structure of theD. desulfuricang-e hydrogenase, which has an
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content determinations showed varied Fe stoichiometry, prob-
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\.( cluster§ appears at potentials below250 mV and reaches its
Y. G « Y maximum intensity of 2 spins/molecule aB850 mV? Reoxi-
Casz_ C/\F\ef _C dation of the enzyme under anaerobic conditions yields only
Ca34 S—Fs SS—Fe2c_y the rhombic 2.10 signdl.
/\;:e{\ SL& The rhombic 2.10 signal has been observed for all Fe
c /Fi\ AV hydrogenases that have been investigated by EPR spectrdscopy
378 \ . . . . .
—pd and has been assigned to the H cluster. Since this signal is
X = Hy0 or OH™ or CO observed in the reoxidized. vulgaris hydrogenase as well as
Ciro Y=0orN in the as-purified forms of other Fe hydrogenases that were

Figure 1. Schematic representation of H cluster based on the X-ray purified anaerobically, the rhombic 2.10 signal has been assigned
crystallographic structure dd. desulfuricanshydrogenasét4 to the “oxidized” form of the active H cluster @). Although
the g values of the rhombic 2.06 signal are similar to those of

identical amino acid sequence with the periplasBi@ulgaris [4Fe-4ST clusters, it appears at a potential that is almost 300
hydrogenase, has been solved and reveals a most unusuahV above the potential at which a ferredoxin-type [4Fe-4S]
structure for the H clustét It is formed with two sub-clusters,  cluster would be reduced. Furthermore, the signal can be
a ferredoxin-type [4Fe-4S] cluster ([4Fe-45and a binuclear detected without any observable broadening at a temperature
Fe cluster ([2Fg]), bridged by a cysteine sulfur (C382) (Figure (e.g., 40 K) at which the signal of a ferredoxin-type [4Fe-4S]
1). In addition to the cysteine S ligand to Fel, each Fe atom of cluster would be broadened beyond detection. On the basis of
the binuclear cluster is coordinated to one CO, one Cah these unusual properties, the rhombic 2.06 signal was also
asymmetrically bridging mono-atomic oxygen species, and two assigned to the H clust@itf the conversion of the rhombic 2.06
bridging thiolates of a 1,3-propanedithiol group. The assign- to the rhombic 2.10 signal were to represent a reduction at the
ments for the diatomic ligands are based on evidence providedH cluster, it would have to be a two-electron reduction step
by infrared spectroscopic studi€sA similar structure has also  since both signals are arising from a s@ir= 1/, state. Such a
been reported for the H cluster of the Fe hydrogenase | from step was considered to be unlikely, and instead, the conversion
Clostridium pasteurianur® For C. pasteurianunimydrogenase of rhombic 2.06 to 2.10 signal was suggested to reflect a
I, a diatomic molecule was found to bridge the two Fe atoms conformational change at the H cluster associated with the
of the binuclear [2Fg] subcluster in place of the bridging mono- irreversible reductive activatich.
atomic ligand inD. desulfuricangiydrogenase. In a later review Similar to other Fe hydrogenases, evulgaris hydrogenase
article, however, Nicolet et & commented that the electron is highly sensitive to inhibition by CO. Reacting the fully
density initially interpreted as an asymmetrically bridged water reduced enzyme with CO results in the appearance of an axial
molecule could also be interpreted as a partially disordered EPR signal with resonancesgt= 2.06 andyy = 2.01, termed
diatomic ligand. the axial 2.06 signal>~17 This signal is photosensitive. At

Fe hydrogenases are generally found in strict anaerobes. Mostemperatures below 10 K, illumination of the CO-reacted
of the Fe hydrogenases exhibit extreme sensitivity toward enzyme with white light quantitatively converted the axial 2.06
molecular oxygen and have to be purified under anaerobic signal to the rhombic 2.10 signal. Warming the sample to 150
conditions. TheD. vulgaris hydrogenase, on the other hand, K reversed this photoinduced process and restored the axial 2.06
can be purified aerobically, and the purified enzyme is stable signall” These observations indicate that the axial 2.06 signal
in air. The aerobically purified enzyme, however, is inactive also arises from the H cluster and represents an “oxidized” H
and requires a reductive activation. Upon reduction, the enzymecluster coordinated to a photodissociable CO ligand. Reacting
becomes air-sensitive, indicating that the reductive process isthe anaerobically purifie€. pasteurianuninydrogenases | and
irreversible. EPR spectroscopy has been used to investigate thigl with CO yields similar photosensitive axial 2.06-type signals,
reductive process? and four EPR signals were detected during which also convert to the rhombic 2.10 signals upon illumination
the reductior?. In the as-purified enzyme, an “isotropig¢/’ = at 8 K118|llumination of theC. pasteurianunhydrogenases at
2.02 signal indicative of a [3Fe-4S]cluster is observed.  higher temperature (e.g., 30 K), however, generated a different
Depending on the preparation, the intensity of this signal varies photoproduct displaying an EPR signal wigh= 2.26, 2.12,
between 0.02 and 0.2 spin/molecule. This signal is therefore and 1.89-18
attributed to a [3Fe-4S]impurity resulting from oxidative For the purpose of gaining more information on the electronic
damage of the [4Fe-4S] clusters. At a potential of about 0 mV properties of this unique H cluster and to understand further
(vs normal hydrogen electrode), a rhombic EPR signal @ith  the reductive activation process, we have usedsdauer
values at 2.06, 1.96, and 1.89 (the rhombic 2.06 signal) beginsspectroscopy to characterize in detail the-Beclusters irD.
to appear and reaches a maximum intensity~@.7 spin/ wulgaris hydrogenase at different redox states generated during
molecule at about-110 mV. Upon further reduction, this  a reductive titration of the aerobically purified enzyme and in
rhombic 2.06 signal disappears and is replaced by anotherthe CO-reacted enzyme. The results not only provide informa-
rhombic signal having values at 2.10, 2.04 and 2.00 (rhombic  tion on the electronic properties of the H cluster, but also indicate
2.10 signal). The intensity of this rhombic 2.10 signal maximizes that conversion of the rhombic 2.06 to 2.10 signal is associated
at about—300 mV accounting for approximately 0.4 spin/ with the transfer of an electron from the [4Fe-4Slbcluster
molecule. Below—320 mV, the signal abruptly disappears. A to the binuclear [2Fg] subcluster. The results also reveal that
fourth EPR signal representing two dipolar-coupled [4Fet4S]
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Table 1. Mossbauer Quantification of the F& Clusters in the Samples BX. vulgaris Hydrogenas®e

F cluster H cluster
sample [4Fe-4ST [4Fe-4S]‘ Hox+1 Hox-2.06 Hox-2.10 Hred Hox-CO
as-purified 2 0 1.0 0 0 0 0
—-110 mV 2 0 0.37 0.63 0 0 0
—-310 mV 1.8 0.2 0 0 0.5 0.5 0
—350 mV 0 2 0 0 0 1.0 0
CO-reacted 1.1 0.9 0 0 0 0 1.0

@ The stoichiometry for each F€S species is calculated from the percent Fe absorption obtained for that particular species. Our analysis indicates
that the two F clusters contribute 57% and the H cluster contributes 43% to the total Fe absorption (not counting the [3Fe-4S] impurity), consistent
with the Fe contents associated with these two types of clusters in an enzyme molecule (8 Fe atoms for the two F clusters and 6 Fe atoms for the
H cluster).

binding of an exogenous CO affects the exchange coupling Mdssbauer spectra consist of only quadrupole doublets. Consequently,
between the two subclusters. Implication of such a CO binding the high-temperature spectra were analyzed as superpositions of
in correlation with recent crystallographic findings of CO quadrupole doublets.
binding to Fe2°20is discussed.

Results
Methods

Sample Preparation.The®Fe-labeled. vulgaris hydrogenase was
purified from cells grown irf’Fe-enriched medium as described in the
literature?° Reductive activation of the enzyme was performed ac-

cording to procedures used in the previous EPR reductive titration . - .
studies’ Méssbauer samples (2QfM protein in 200 mM Tris-HCI designated as &k+1. The H clusters that display the rhombic

buffer at pH 7.0) were prepared at potentials-dfL0, —310, and—350 2.06 and 2.10 EPR signals are isoele_ctronic and are 'gherefore
mV to maximize the accumulations of the rhombic 2.06, rhombic 2.10, labeled as ldx—2.0sand Hox-2.10 respectively. To be consistent
and fully reduced state, respectively. Parallel EPR samples were With the nomenclature used for other Fe hydrogenases, the CO-
prepared to ascertain the states of thesbtiuer samples. Results of reacted H cluster that exhibits the axial 2.06 EPR signal is
the EPR samples have been published previduahd indicated denoted as bik-CO22 The oxidation state of the H cluster in
maximum accumulations of the intended species (0.7 and 0.4 equivthe —350 mV sample is currently unclear (see Discussion) and
for thle rhombic 2.06 dart])d ?.1?_spegiet_s, reﬂs1pectiv_$ly()i. The CO-regctedis tentatively labeled as

sample was prepare irst incubating the purified enzyme under a . . .
hydrggen atn?osghere fo): 30 min and thgn intrrc))ducing COydirectIy into The fact thaD. sulgaris hydrogenasg contains t.hree multi-
the protein solution as described previouslf The CO-reacted sample ~ Ucléar Fe-S clusters has resulted in complex”sébauer
was split into a Mesbauer and an EPR sample. Results on the EPR SPectra that are composed of overlapping spectra arising from

To facilitate our presentation, the following nomenclature is
used to describe the different oxidation states of the H cluster:
The H cluster in the aerobically purified enzyme is one-electron
more oxidized than the rhombic 2.100kl state and is thus

sample have been published previodisgnd showed quantitative-(L
equiv) development of the axial 2.06 signal.
Mossbauer MeasurementsBoth the weak-field and strong-field

the different Fe sites. This complexity is greater in th&l0
and—310 mV samples as the H cluster in these samples exists
in equilibrium between two different oxidation states. Analysis

spectrometers operate at a constant acceleration mode in a transmissioof such complex spectra is difficult, and a unique solution cannot

geometry and have been described elsewhérbe zero velocity refers

to the centroid of room-temperature spectra of a metallic iron foil.
Spectral Analysis.Since the paramagnetic +& clusters involved

in the current study all have a ground-state spirsef ¥/, their low-

temperature Mssbauer spectra can be analyzed by using the following

spin Hamiltonian.

" eQ(V,
4

Hs=fS'g-H +

Z)I[I2_||(||+l) n
|. zi 3

n
+ §(|>2<i - |§i)

n

(SArl = gy H1) (1)

wherei represents thih Fe site ana is the nuclearity of the cluster.
For analyzing the spectra of the two dipolar-coupled [4Fe:4S]
clusters, it is necessary to introduce an additional-sppin coupled
term,

Hdipolar = Sl"]dp°sz (2)

whereS,; and$S; are the spins of the reduced F clusters &gk S =

5, and Jg, represents the dipolar coupling interaction. At high
temperatures (above 77 K), the electronic relaxation is fast in
comparison to thé’Fe nuclear Lamor precession. Under such condi-

be obtained by analyzing any one single spectrum alone. We
have therefore employed a global analysis approach, in which
the entire set of Mssbauer spectra of all five samples recorded
over ranges of temperature (4.200 K) and applied field (68

T) were considered as a whole. Also, to reduce the complexity,
it was assumed that the two F clusters have the same parameters
and that the parameters describing a particular cluster depend
only on its own electronic state and do not depend on the state
of other clusters present in the same molecule. With these two
assumptions and by using a self-consistent manual iterative
approach, a set of parameters that could satisfactorily explain
the entire set of spectra was obtained, and the results are
presented below. It should be noted that, for clarity, the
contribution of the [3Fe-4S] impurity (4% of the total iron
absorption) has been removed from all of the spectra presented
in this paper.

Due to the complexity of the problem at hand, we would
like to first summarize the results of this global analysis by
reporting in Table 1 the stoichiometry of the different-F&
species found in the five Misbauer samples and in Tables 2
and 3 the characteristic parameters obtained for the F and H
clusters, respectively. From Table 1, it can be seen that the

tions, the magnetic hyperfine interactions are canceled and the resultingMdssbauer quantifications ofdy—2.06 Hox-2.10 and Hx-CO

(19) Lemon, B. J.; Peters, J. \Biochemistryl999 38, 12969-12973.

(20) Lemon, B. J.; Peters, J. W. Am. Chem. So200Q 122 3793~
3794.

(21) Ravi, N.; Bollinger, J. M., Jr.; Huynh, B. H.; Stubbe, J.; Edmondson,
D. E.J. Am. Chem. S0d.994 116, 8007-8014.

are in good agreement with previous EPR findifg31’ To
provide a general impression on the quality of this global

(22) Popescu, C. V.; Mk, E.J. Am. Chem. Sod.999 121, 7877
7884.
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Table 2. Spin Hamiltonian Parameters for the Ferredoxin-Type F ClusteBs wulgaris Hydrogenase

state Fe site o (mm/s) AEo (mm/s) n AcdInBn (T)° AyylGnBn (T)° Ay/gnBn (T)°
[4Fe-4S}" 1 0.44 (3) 1.49 (5) 0.7 (5)
2 0.46 (3) 1.30 (5) ~1.0(3)
3 0.45 (3) 1.28 (5) 1.0 (5)
4 0.45 (2) 0.64 (3) 0.9 (3)
[4Fe-4ST Fe(llnFe(ll) 0.49 (3) 1.23 (5) 02(4)  —153(15) —26.0 (20) —23.4 (15)
Fe(ll)Fe(ll) 0.62 (3) 2.17 (5) 0.0 (4) 19.0 (10) 9.4 (10) 5.0 (10)

aValues in parentheses are uncertainties in units of the least significant’digiour analysis, the [4Fe-4Skluster is assumed to consist of a
valence-delocalized Fe(lll)Fe(ll) pair and a diferrous pafor comparison with ENDOR daté = 1 MHz is equivalent toNg,8, = 0.73 T.

Table 3. Spin Hamiltonian Parameters for the H ClusteDinyulgaris Hydrogenase

oxidation state subcluster Fe site o (mm/s) AEg (mm/s) n Ad9nfn (T)C Ap/gnBn (T)C Azd9eBn (T)E
Hox+1 [4Fe-4S}32+ Pair 1 0.47 (3) 1.24 (5) -0.5
Pair 2 0.44 (3) 0.82 (5) 1.0
[2Fel Fel & Fe2 0.16 (4) 1.09 (5) 0.4
Hox-2.06 [AFe-4S}* Fe(lllFe(ll) 0.49 (3) 1.12 (5) -0.3 —19.9 (10) —26.8 (15) —22.3 (10)
Fe(ll)Fe(ll) 0.57 (3) —2.30 (5) 1.4 15.7 (10) 9.5(7) 17.5 (15)
[2Fel Fel & Fe2 0.17 (4) 1.08 (5) 0.4
Hox-2.10 [4Fe-4S]2+ Pair 1 0.44 (3) 1.14 (10) 0.0 —6.2 (7) —6.2(7) —6.2(7)
Pair 2 0.43 (3) 1.34(10) —0.8 6.2 (10) 6.2 (10) 6.2 (10)
[2Fel4 Fel 0.13 (4) 0.85 (6) 0.0 0 0 0
Fe2 0.14 (3) 0.67 (6) 0.0 -12.0(5) —12.0 (5) —12.0 (5)
Hox-CO [4Fe-4S)%" Pair 1 0.44 (3) 0.95 (5) 0.8 —23.5(20) —28.0 (20) —22.6 (20)
Pair 2 0.41 (3) 0.98 (5) -1.0 23.0 (10) 21.5 (10) 20.4 (10)
[2Fel Fel 0.17 (3) 0.70 (5) 0 —5.0 (15) —5.0 (15) —5.0 (15)
Fe2 0.13(3) 0.65 (5) —1.0 0 0 0
Hred [4Fe-4S]2" Pair 1 0.47 (3) 1.24 (5) —-0.5
Pair 2 0.44 (3) 0.82 (5) 1.0
[2Feh Fel & Fe2 0.13 (4) 0.85 (6) 0.0

aValues in parentheses are uncertainties in units of the least significant°digiour analysis, the [4Fe-4$]" subcluster is assumed to consist
of two Fe(lll)Fe(ll) pairs and the [4Fe-4S]s assumed to consist of an Fe(lll)Fe(ll) pair and a diferrous pair= 1 MHz is equivalent to/gy5n
=0.73T.

analysis, we show in Figar 2 a representative set of the cluster?® The downward pointing quadrupole doublet is arising
Mdossbauer spectra (hashed marks) of the five samples recordedrom the Hyx+1 cluster, and the upward pointing magnetic
at 4.2 K with a parallel field of 0.05 T in comparison with the spectrum represents thepkl 206 Cluster. In the next section,
results of our analysis which are plotted over the experimental we will present arguments supporting that this difference
data as solid lines. The agreement between the experimentabpectrum represents changes that occur on the [4Re-4S]
spectra and the theoretical simulations is excellent. In the subcluster and not on the binuclear [2Fejubcluster. The
following, major observations and results obtained from the downward pointing doublet is thus arising from the [4Fe:4S]
global analysis are described for each sample. cluster and can be analyzed as a superposition of two quadrupole

The As-purified Enzyme. The 4.2 K M@ssbauer spectrum  doublets. The resulting parameters are listed in Table 3. These
of the aerobically purified enzyme recorded in the presence of parameters together with the observed diamagnetism indicate
a parallel applied field of 0.05 T displays a broad and unresolved that the [4Fe-4S] subcluster in the bx+1 cluster is in the 2
guadrupole doublet (Figure 2A) arising from the two [4Fe?4S]  oxidation state. With the parameters for the [4FerdStluster
F clusters and the &k+1 cluster. Spectra recorded in strong determined, it becomes possible to decompose the spectra of
applied fields (data not shown) indicate that both the F and the the as-purified enzyme and to obtain characteristic parameters
H clusters in the as-purified enzyme are diamagnetic. As the for the F clusters and the [2kgubcluster. The results obtained
spectra of these two types of clusters are unresolved, a uniquefor the F clusters are typical for a ferredoxin-like [4Fe#4S]
deconvolution of the spectra of the as-purified enzyme is not cluster and can be used for analysis of the spectra of-tH)
possible without considering the spectra of other samples (i.e.,mV sample, which contains F clusters at the same oxidation
global analysis is required). In this particular case, it was useful state. In practice, the final parameters are obtained by iterative
to consider the spectra of thel10 mV sample in which part  executions of the analysis steps outlined above until a set of
of the H clusters have been reduced to thegh s State while parameters is found to be consistent with the spectra of both
the F clusters remain in the [4Fe-4Sktate. Taking a difference  the as-purified and-110 mV samples.
between spectra A and B of Figure 2, in principle, would cancel At high-temperatures, the spectrum of the [2Feluster is
the contributions from the F clusters and thus generate apaptially resolved from the major spectral components, and
spectrum (Figure 3) that reveals changes occurred at the Hiherefore the parameters for the [2fslibcluster obtained from

(23) In practice, the spectrum of the F clusters in the as-purified enzyme the 4.2 K spectrum (F|g_ure 2A) may be confirmed by the high-
was found to be slightly broader than that of the F clusters in-ta&0 temperature spectra. Figure 4 shows a 190-K spectrum of the
mV sample, resulting in the small sharp peaks observeddab and+1.3 as-purified enzyme recorded in the absence of an applied field.
mm/s in the difference spectrum (Figure 3). This broadening may indicate A shoulder at~—0.5 mm/s (indicated by an arrow) is observed.
a slightly less defined environment for the F clusters in the as-purified . . . .

This shoulder is assigned to the low-energy line of the

enzyme. The major features in the difference spectrum, however, are not >IIHEE
affected by this minor difference in the F clusters between the two samples. quadrupole doublet originating from the [2kejubcluster. The
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Figure 2. Mdssbauer spectra @f. vulgaris hydrogenase at various oxidation states generated during reductive activation (A, as purifidd0B,

mV; C, —310 mV; and D,—350 mV), and after reacting the reduced enzyme with CO (E). The experimental spectra (hashed marks) are recorded
at 4.2 Kin a 0.05 T magnetic field applied parallel to thbeam. The solid lines are theoretical simulations using the parameters listed in Tables
1-3.

fact that it is partially resolved from the spectra of the [4Fe- mm/s for the major doublets. The minor doublet accounts for
4SPEt F clusters and [4Fe-4S]" subcluster at high temperatures  14.3% of the total Fe absorption, while the major doublets 1
is because [4Fe-438] cluster exhibits temperature-dependent and 2 account for 29 and 56.7%, respectively. The parameters
quadrupole splitting (decreasingEq with increasing temper-  for the minor doublet are consistent with those of the [2Fe]
ature), while the Fe sites of the [2reJubcluster, with the strong  obtained at 4.2 K, and the parameters for the major doublets
CO and CN ligand, are low-spin and exhibit relatively temper- are indicative of [4Fe-437 clusters. Most importantly, the fit
ature-independent quadrupole splitting. Least-squares fitting theindicates the minor doublet (shown as a dashed line in Figure
190-K spectrum with three quadrupole doublets, a minor doublet 4) contributes~14% of the total iron absorption. Sind2.
representing the [2Fg]cluster and two major doublets repre- wulgaris hydrogenase contains a total of 14 Fe atoms/molecule,
senting the [4Fe-43F clusters, yieldsAEq = 1.16 mm/s and the 14% contribution corresponds to two Fe atoms, consistent
0 = 0.07 mm/s for the minor doublet, aiEq(1) = 0.55 mm/ with the assignment of the minor doublet to the [2Fe]
s, 0(1) = 0.35 mm/s,AEq(2) = 0.90 mm/s andj(2) = 0.37 subcluster. The observation of a single doublet for the [2Fe]
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Figure 3. Difference spectrum of spectra A and B shown in Figure 2, demonstrating the spectral changes observed between the aerobically
purified hydrogenase and the enzyme poiseet 510 mV. The solid line is a theoretical difference spectrum between the simulated spectra of the
as-purified and-110 mV samples using the parameters listed in Table 3.

' ' ' ' ' T ' T (Figure 2B) displays a central broad quadrupole doublet and
a magnetic spectrum with absorption extending betwe2and
+2.5 mm/s. Since the sample exhibits only one EPR signal,
s namely, the rhombic 2.06 signal, the magnetic spectrum is
assigned to the &k-2.06 Species. As mentioned above, the
difference spectrum (Figure 3) between spectra A and B of
. Figure 2 reveals spectral changes caused by the one-electron
reduction of Rbx+1 to Hox—2.06 The fact that the characteristic
qguadrupole doublet of [2Fg]in Hox+1 is not observed in the
. difference spectrum indicates that the [2Feluster remains at
the same electronic state duringd1 to Hox—2.06 reduction.
Detailed analysis of the spectrum of thel1l0 mV sample
. (Figure 2B) shows that the magnetic component contributes
about 18% of the total iron absorption, a value corresponding
to 2.5 Fe atoms or 0.63 equiv of a [4Fe-4S] cluster. These
1 ! . ! L ! » observations together with the EPR quantification of 0.7 equiv
) of the rhombic 2.06 species strongly suggest that the reduction
Velocity (mm/s) of Hox+1 t0 Hox—2.0s0Ccurs at the [4Fe-4gkubcluster. Detailed
Figure 4. Mdssbauer spectrum of the110 mV sample recorded at  analysis of the field dependence of the magnetic component
190 K in the absence of a magnetic field. The solid line is a least- sypports this suggestion.

squares fit to the data assuming three guadrupole doublets (see text Figure 5 shows the 4.2 K spectra of the magnetic component
for parameters). The dashed line shows the quadupole doublet that(hashed marks) recorded in a parallel applied field of 0.05 T
represents the [2Relubcluster. (A),2T(B),4T(C), 6 T(D), d8T (E). These spectra are
also indicates that the two iron sites ik}, are indistinguish- ~ Prepared by removing the contributions of the diamagnetic
able by Missbauer spectroscopy. Because of the unusual[2Feh subcluster, Fclusters, and 0.37 equiv of the [4Fe:4S]
coordination environment of the [2Fehnd the lack of data on sqbcluster from the raw datg using theoretical spectra smulgted
suitable model compounds, the oxidation state of the Fe cannotWith the parameters listed in Tables 2 and 3. With increasing
be definitely inferred from the NMesbauer parameters (see f|eld strengt'h, one outward moving spegtral component and one
Discussion). As the enzyme was purified aerobically, it is likely nward moving component are clearly discernible. The observed
that the two Fe atoms may be in the ferric state. However, the Magnetic spliting and field dependence are typical for [4Fe-
parameters obtained for the [2Redluster AE = 1.09 mm/s 4S}J*" clusters, of Whlqh the Mssbauer spectra consist of two .
andd = 0.16 mm/s) are very similar to thosaEq = 0.91 subspe_ctra representing ava_lence-delocallzgd Fe(ll)Fe(lll) pair
mm/s andd = 0.15 mm/s) reported for a low-spin ferrous and adiferrous pa>?°Analysis of the magnetic spectra shown
compound [F&PS3)(CO)(CNY~ with similar ligand environ- in Figure 5 yielded the parameters listed in Table 3, and the

ment?* suggesting that a diferrous assignment may also be resulting theoretical spectra are shown in Figure 5 as solid lines.
possible. Consistent with the assignment that the [4FerdS]bcluster

The —110 mV Sample.The Mossbauer spectrum of the has been reduced to the-Istate, the parameters are charac-

—110 mV sample recorded at 4.2 K in a parallel field of 0.05  (25) Middleton, P.; Dickson, D. P. E.; Johnson, C. E.; Rush, EWD.
J. Biochem1978 88, 135-41.

(24) Hsu, H.-F.; Koch, S. A.; Popescu, C. V.;'kik, E.J. Am. Chem. (26) Trautwein, A. X.; Bill, E.; Bominaar, E. L.; Winkler, HStruct.
So0c.1997 119 8371-8372. Bonding (Berlin)1991, 78, 1-95.
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Figure 5. Field-dependent Mesbauer spectra of [4Fe-4S]subcluster ) ) Yelomty (mm/s)

of Hox_2.06 The data were recorded at 4.2 K in a parallel applied field Figure 6. Field-dependent Mesbauer spectra ofdd-210 The data

of 0.05 T (A), 2T (B), 4 T (C), 6 T (D), 08 T (E). These spectra  Were recorded at 4.2 K in a parallel applied field of 0.05 T (A), 2 T
were prepared from the spectra of thé¢10 mV sample by removing ~ (B): 4 T (C), 6 T (D), 0 8 T (E). These spectra were prepared from
the contributions of other species from the raw data using theoretical the spectra of the-310 mV sample by removing the contributions of

spectra simulated with parameters listed in Table8.IThe solid lines other species from the raw data using theoretical spectra simulated with
overlaid with the experimental spectra are theoretical simulations using Parameters listed in Tables-B. The solid lines overlaid with the
the parameters listed in Table 3. Foet8 T spectrum, individual experimental spectra are theoretical simulations using the parameters

spectral components representing the diferrous pair and the valence9f Hox-210listed in Table 3. For ta 8 T spectrum, individual spectral

delocalized Fe(lll)Fe(ll) pair are also shown above spectrum E as a Components originating from the Fe sites of the [2Fsyibcluster
solid and a dashed line, respectively. (Fel: solid line, Fe2: dashed line) and [4Fe«#S]cluster (pair 1:

dashed line, pair 2: solid line) are also shown above spectrum E.
teristics of ferredoxin like [4Fe-4S]clusters?>2® Similar to
other [4Fe-4S} clusters, the outward moving component
(positive A value) has larger magnitude afEqg (2.30 mm/s)
and isomer shiftd = 0.57 mm/s) representing the diferrous
pair, and the inward moving component (nega#vealue) has
smaller AEq (1.12 mm/s) and isomer shif (= 0.49 mm/s)
representing the mixed valence pair. Consequently, on the basi
of the M@ssbauer data, it can be concluded that thg-Hos
state is one electron further reduced from thgxH and that
the reducing equivalent is localized on the [4FerdS]bcluster.

The —310 mV sample.Comparing the Mesbauer spectrum
of the —310 mV sample recorded at 4.2 K in a parallel field of
0.05 T (Figure 2C) with that of the 110 mV sample recorded
under the same experimental conditions (Figure 2B) shows that,
except for the weak shoulders observed-at5 and+2.7 mm/
s, no other magnetic spectral component with a splitting
comparable to that of bk-2.06 is detected in the spectrum of
the —310 mV sample. On the basis of the EPR datehich
showed partial reduction of the F clusters in th€10 mV
sample, and in comparison with the"s&ibauer spectrum of the
—350 mV sample (Figure 2D), which contains fully reduced F
clusters, the shoulders observed—t.5 and+2.7 mm/s are
assigned to the reduced [4Fe-4 %] clusters. Consequently, the
magnetic spectrum arising from theykl-..10Species must have
a magnetic hyperfine splitting that is smaller than that of
Hox—2.06 SO that the Hx—210 Spectrum is overlapping with the (27) Wang, G.; Benecky, M. J.; Huynh, B. H.; Cline, J. F.; Adams, M.

i~ W.W.; Mortenson, L. E.; Hoffman, B. M.; Mhck, E.J. Biol. Chem1984
central quadrupole doublet. In other words, the magnetic 250, 14328~ 14331,

hyperfine interaction for the gk—2.10 Species is much smaller (28) Telser, J.; Benecky, M. J.; Adams, M. W. W.; Mortenson, L. E.;
than that of the Hx—2.06 Species. This is not surprising since Hoffman, B. M. J. Biol. Chem.1987, 262, 6589-6594.

ENDOR studies on the &k—2.10 species ofC. pasteurianum
hydrogenases | and Il showed twé-e resonances correspond-
ing to magnetic hyperfine coupling values of~12—13 and
5—7 T (17-18 and 79.5 MHz, respectivelyj/2® which are
about half of the magnitudes of th& values determined for
Hox—2.06 (see Table 3). Consistent with the ENDOR findings,
Mossbauer spectra with small magnetic hyperfine splittings have
been observed for thedi-2.10 Species in the&. pasteurianum
hydrogenase®:2”

Global analysis of the Mssbauer data of all th. vulgaris
hydrogenase samples indicates that in ##1.0 mV sample,
0.5 equiv of the H cluster is in theds—2 10 State. Figure 6 shows
the 4.2-K field-dependent spectra (hashed marks) &f-kio0
prepared from the spectra of the310 mV sample by removing
the contributions of other species using the parameters listed in
Tables 2 and 3. These spectra can be analyzed as originating
from four distinct iron sites: two for the [2Rgbkubcluster, each
site representing one Fe atom, and two for the [4Fgr4S]
subcluster, each site representing a diiron pair. The parameters
obtained for the four iron sites are listed in Table 3 and the
solid lines overlaying the experimental data are theoretical
simulations using these listed parameters. Theoretical simula-
tions for the individual Fe sites are also plotted above the 8-T
spectrum (Figure 6E). The magnetic hyperfine coupinglues
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determined for the four Fe sites are consistent with the ENDOR 30
findings for theC. pasteurianunimydrogenaséé?8and indicate A<0
that the ENDOR resonance corresponding to the smaller 25 -
magnitude ofA (5—7 T) is originating from the [4Fe-4§] ————
subcluster, while the resonance corresponding to the lakger
value (12-13 T) is originating from one of the Fe atoms of the
[2Fe}4 subcluster. The same conclusion has been reached from
a Mossbauer investigation on tie pasteurianuniiydrogenase
[1.22 In fact, the M®sbauer parameters obtained fasxHs 10
of D. wulgaris hydrogenase are very similar to those reported
for the C. pasteurianunhydrogenase Il. In the case of tke
pasteurianumhydrogenase, the data were explained by the
coupling of a [4Fe-4SF" cluster to anS = Y, [2Fe}4
subcluste?? The same argument is applied here and is presented 0
below. 0 ,
The isomer shifts{ = 0.44 and 0.43 mm/s) obtained for the i
diiron pairs suggest that the [4Fe-4Sjubcluster is in the 2 Figure 7. Absolute values of the indU(_:ed magnetic hyperfine coupling
state. Since [4Fe-48] clusters generally have diamagnetic conitants for_the twp valence-delocal|z$d Fe(III)Ff(II) pairs ofga[4Fe-
ground states, the observation of magnetic hyperfine interactions‘ls]Z cluster in a spin coupleff4Fe-4S}'—Fe S = "2)} systend® as

. ' . D functions of j/A calculated from eq 3 of Xia et &. An intrinsic
associated with the diiron pairs indicates that the [4Fg;4S] magnetic hyperfine coupling constant a8, = 16 T was used in

subcluster is not magnetically isolated and must be coupled O this calculation. The black diamond shows the value obtained for

a paramagnetic species. Further, the signs and magnitudes ofy, ,,, and the circles indicate the values obtained for the two pairs
the detected magnetic hyperfidevalues can be explained by  in Hox-CO.

a theoretical model that assumes a [4Fe*48luster exchange
coupled via one of its Fe atom to &= Y, center??2°3%|n spectra (hashed marks) of the reduced F clusters are presented
this model, the [4Fe-48] cluster is assumed to consist of two in duplicate for comparison with theoretical simulations with
= 9, mixed-valence Fe(ll)Fe(lll) pairs. The pairs are (panel B) and without (panel A) the assumption of spspin
antiferromagnetically coupled to form a diamagnetic ground coupling. In panel A, the theoretical spectra (solid lines) are
state and arS = 1 first excited state. Exchange coupling simulated using the parameters listed in Table 2 and with the
(coupling constanj) between the S 1/, center and one of the ~ assumption that the F clusters are magnetically isolated (i.e.,
corner Fe of the [4Fe-4S] cube mixes the excied 1 state of no coupling). The simulations agree well with experimental data
the cube into its diamagnetic ground state, resulting in the recorded in magnetic fielde 1 T and disagree with the
observed magnetic interactions on the [4Fe-4S] cube. Conse-spectrum recorded in 0.05 T. This observation is consistent with
quently, according to this model, the magnitudes of the induced the presence of a weak coupling that can be decoupled by the
magnetic hyperfine interactions should depend on the ratio of application of a moderate field (e.g., 1 T). Using the distance
the coupling constarjtand the energy separatian between ~ between the two F clusters (11.8 A) determined from the
the ground and first excited state of the cube: the larger the crystallographic dat& a dipolar coupling on the order of &
j/A ratio, the more mixing of the excited-state resulting in the 1072 cm™ is estimated between the tw® = '/, clusters.
greater magnitudes of the magnetic hyperfine interactions. FigureIncluding a coupling of this magnitude in our analysis (see
7 shows the induced values for the two Fe(ll)Fe(lll) pairs as ~ Methods) yielded theoretical spectra (Figure 8, panel B, solid

20 - -~ I

A/ gfin (T)
N\

5 4

0.2 04 0.6 08 1

functions ofj/A, calculated by using eq 3 of Xia et ®The lines) in agreement with experimental data recorded at all fields,
observedA values ¢ 6.2 T) for the two mixed-valence pairs  including the 0.05 T spectrum.
of the [4Fe-4S] cluster are reproduced withjgA = 0.1. For Removing the contributions of the F clusters from the raw

the [2Fe}; subcluster, one Fe site exhibits magnetic hyperfine data, by using the theoretical simulations of the F clusters
interaction, while the other is diamagnetic. Taking into consid- presented above, yields spectra representing tae dtister
eration the ligand environment and the above-described theoreti-(Figure 9). These spectra can be decomposed into three spectral
cal model, the magnetic Fe site must associated wittStie components with parameters listed in Table 3. The weak-field
Y/, center that is coupled to the [4Fe-4Slubcluster. Thus, this ~ spectrum (Figure 9A) can be explained as a sum of three
Fe site is assigned to a low-spin Fe(lll) or Fe@)= 1/,). The quadrupole doublets, and the strong-field spectrum (Figure 9B)
diamagnetic Fe site is then assigned to a low-spin Fe®iE ( can be simulated with same parameters of the three doublets
0). In other words, for dx—2.10 the reducing equivalent is  and assuming diamagnetism, indicating that the ground elec-

localized on the [2Fg] subcluster, in contrast todi—2.06 in tron.ic state of kg is o!!amagn.etic. Two of the doublets are
which the reducing equivalent is localized on the [4Feq4S] assigned to the two diiron pairs of the [4Fe-4S]uster and
subcluster (see Discussion). the remaining doublet to the [2Rketluster. For the [4Fe-4§8]

The —350 mV Sample.In the —350 mV sample, both F  subcluster, the parameters are characteristic for [4F&-48ite.
clusters are reduced to ti= 1/, [4Fe-4S] state. Previous For the [2Fe} subcluster, the parameters are identical to those
EPR investigation indicated that the two reduced F clusters areof the low-spin ferrous site in k—2.10 On the other hand, the
weakly spin-spin coupled This weak coupling is also revealed —diamagnetism and parameters observed fegade very similar
in the field-dependent Mssbauer spectra of the reduced F to those of kbx+1, making it ambiguous in defining the oxidation
clusters (Figure 8) prepared from the spectra of-#%50 mV state of the [2Fg]| subcluster based solely on &bauer
sample by removing the contributions of the H cluster using parameters (also see Discussion).
the parameters listed in Table 3. In Figure 8, the experimental The CO-Reacted SampleThe 4.2-K 0.05-T spectrum of

- - the CO-reacted sample (Figure 2E) shows substantial magnetic

%83 Eﬁa'[”j'fy.q&” 'Z'_';Jp(?;,‘;"séﬂf’rg; Shi%tia? %{_ f?}ﬁ?g J. Am. contributions that are comparable to that of th&50 mV

Chem. Soc1997, 119, 8301-8312. sample, in which the two F clusters are in the paramagnetic
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Figure 8. Field-dependent Mssbauer spectra of the two weakly interacting [4Fet4SElusters. These spectra are prepared from the spectra of

the —350 mV sample by removing the contribution of the H cluster from the raw data using theoretical spectra simulated with the parameters of
Hreq listed in Table 3. The data were recorded at 4.2 K in fields as indicated in the Figure. Each spectrum is shown in duplicate in panels A and
B for comparison with theoretical spectra (solid lines) simulated with the absence of magnetic coupling between the two F clusters (Panel A) and
with the presence of a coupling constant ok 10-3 cm™ (Panel B). In principle, dipolar coupling is axially symmetric. In this case, however, the
coupling is weak, and the symmetry of the coupling interaction has an insignificant effect on the simulated spectra.

[4Fe-4St state. This observation indicates that (1) thexH the S= 1/, Fe site given by eq &
CO cluster must exhibit a spectrum with magnetic splitting
comparable to that of the [4Fe-4SF cluster, and (2) a portion

of the F clusters must be reduced. Detailed analysis of the
Mossbauer data recorded under different experimental conditions ) o ) ]
indicates that, in the CO-treated sample, nearly all of the H Wherea s the intrinsic magnetic hyperfine constant for the

A=24a

21—x)|1
1+ T]é (3)

clusters have reacted with CO forming they-CO clustersand = 72 Fe sitex=j/(4A) andT" = (1 — 2x + 100" According
approximately 0.9 equiv of the F clusters is in the &tate. to eq 3, the apparerk value approaches the intrinsicvalue
Figure 10 shows the field-dependent $4bauer spectra ofdy- for smallj/A. Since thg/A ratio is small for Hbx—10 we may

CO prepared by removing contributions of other species from assume the value 12 T obtained for the paramagnetic Fe site
the spectra of the CO-reacted sample (a weak coupling@f 10 N Hox-210t0 be the intrinsica value. Usinga = —12 T and
cm! between the [4Fe-4S]F clusters was assumed in the J/A = 0.62, eq 3 yields am value of—7.8 T, representing a
simulation of the theoretical spectrum used to remove the Substantial reduction in the magnitude of thesalue for the
contributions of the reduced F clusters). Similar texH.10 paramagnetic Fe site.

the spectra of Hx-CO can also be decomposed into four
components, two representing the two Fe sites of the [2Fe]
subcluster and the other two representing two diiron pairs in  Reductive Activation of Aerobically Purified D. wulgaris

the [4Fe-4S] subcluster. The resulting parameters for the four Hydrogenase.Although the aerobically purified. vulgaris

Fe sites are listed in Table 3, and the theoretical simulations hydrogenase is stable in air, it is inactive and requires reductive
using these parameters are plotted in Figure 10 as solid lines.activation. Once reduced, the enzyme becomes sensitive to O
The isomer shifts obtained for the two Fe pairs are consistent Previous EPR investigatiohdhave shown that this reductive
with mixed-valence Fe(ll)Fe(lll) pairs and suggest [4Fe?4S]  process is associated with the conversion of a species that
state for the [4Fe-48§] subcluster. The observed magnetic exhibits a rhombic 2.06 EPR signal to a distinct species that
hyperfine interactions for this [4Fe-48] cluster, again, can  exhibits a rhombic 2.10 signal (termedbid-2.06 and Hox-2.10

be explained by the theoretical model used fasxH 10 and in this paper, respectively). Both signals were assigned to the
corresponding to a much larggA value of~0.62 (see Figure  catalytic H cluster, and the conversion was proposed to reflect
7). The magnetic hyperfin& value (-5 T) determined for the an irreversible conformational change rather than a two-electron
paramagnetic Fe site of the [2Redubcluster of KHx-CO, on reduction on the H clustérin this manuscript, we have used
the other hand, is substantially smaller in magnitude than the Mdssbauer spectroscopy to investigate sampld3. aiulgaris
value (12 T) found for that of khx—2.10 This reduction in the hydrogenase prepared during reductive activation, and have
magnitude ofA can also be explained qualitatively by the same obtained characteristic parameters for bogxH os and Hox—2.10
theoretical model and is correlated with the increas¢/ M The results indicate thatds—2.06and Hox—2 10are isoelectronic.
According to this model, induction of paramagnetism in the Both are one-electron further reduced from thexH state of
diamagnetic cube reduces the magnetic hyperfinealue at the H cluster in the as-purified enzyme. Thus, thésktmauer

Discussion
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Figure 9. Field-dependent Nesbauer spectra ofdd The data were -4 2 0 2 4
recorded at 4.2 K in a parallel field of 0.05 T (Ay 8 T (B). These Velocity (mm/s)

spectra were prepared from the spectra of #+850 mV sample by
removing the contributions of the F clusters from the raw data using
theoretical spectra simulated with the parameters listed in Table 2. For
simulations of the reduced [4Fe-4SF clusters, a weak spirspin
interaction of 10° cm™ was assumed. The solid lines overlaid with
the experimental data are simulations @fgtdsing the parameters listed

in Table 3 and assuming diamagnetism. Fa & T spectrum (B),
theoretical simulations for the [4Fe-4&nd [2Fe}, are shown on top

of the data as a solid and dashed line, respectively.

Figure 10. Field-dependent Mesbauer spectra ofdd-CO. The data
were recorded at 4.2 K in a parallel applied field of 0.05 T (A), 2 T
(B), 4T (C), a 8T (D). These spectra were prepared from the spectra
of the CO-reacted sample by removing the contributions of the F cluster
from the raw data using theoretical spectra simulated with parameters
listed in Table 2. The solid lines overlaid with the experimental spectra
are theoretical simulations using the parameters §f-80 listed in
Table 3. For te 8 T spectrum, individual spectral components
originating from the Fe sites of the [2ke$ubcluster (Fel: dashed

. . . . . line, Fe2: solid line) and [4Fe-4$]" cluster (pair 1: dashed line, pair
data have provided direct evidence supporting our previous ». gqjig line) are also shown above spectrum E.

suggestion that the conversion ol 2.06t0 Hox—2.10does not
represent a reduction on the H cluster, and hence, the conversiospin Fe ions, the oxidation-state dependencé isfless clear,
is likely to reflect a conformational change. The 8&bauer particularly in the cases involving strong ligands such as CN
results have further revealed that, inpH2.06 the reducing and CO. For example, the isomer shifts of Fe cyanide complexes
equivalent is located on the [4Fe-4S$ubcluster, while in have been shown to be insensitive to the oxidation states of the
Hox—2.10it is localized on the [2Fg]subcluster. Consequently, Fe3* In biology, low-spin Fe states are mostly found in heme
this irreversible conformational change must alter the redox proteins. In general, thé values ¢0.45 mm/s) of low-spin
properties of either one or both subclusters of H to promote the ferrous heme are about 0.15 mm/s larger than the corresponding
transfer of an electron from the [4Fe-4S§ubcluster to the  ferric 6 (~0.3 mm/s). However, binding of CO reduces the
[2Fel subcluster. Specific details of the conformation change ferrouso value to be practically indistinguishable from the ferric
that causes the redistribution of the reducing equivalent are value3> Consequently, the presence of the strong CO and CN
currently not known. ligands in the binuclear [2Fglsubcluster not only ensures that
Oxidation States of the [2Fe]; Subcluster. For high-spin the Fe atoms are in the low-spin states but also makes it difficult
Fe ions, the Mesbauer isomer shift), is a useful parameter  to assign Fe oxidation state by using the isomer shift parameter.
for determining Fe oxidation states, because dhealues for Since the publications of the crystal structures of the ffiFe
high-spin ferrous and ferric states are significantly different. and Fe hydrogenasés!® several Fe model complexes with
Depending on the coordination environment, high-spin ferrous mixed S/CN/CO ligand coordination have been synthesized and
ions generally exhibi®y values that are 0-40.7 mm/s larger characterized*373° A few of these complexes have also been
than that of the ferric ions, \_Nith_ the lower end cqrresponding (34) Greenwood, N. N.; Gibb, T Glossbauer Spectroscop@hapman
to tetrahedral sulfur coordinatios? and the higher end  and Hall Ltd: London, 1971; pp 169193.

corresponding to hexacoordinate N/O coordinati®rior low- (35) Debrunner, P. @hys. Bioinorg. Chem. Ser.; Iron Porphyrins, Pt.
31989 4, 137-234.
(31) Schulz, C.; Debrunner, P. G. Phys. (Paris), Collogl976 153— (36) Volbeda, A.; Charon, M.-H.; Piras, C.; Hatchikian, E. C.; Frey, M.;
158. Fontecilla-Camps, J. QNature (London)1995 373 580-587.
(32) Moura, I.; Huynh, B. H.; Hausinger, R. P.; Le Gall, J.; Xavier, A. (37) LeCloirec, A.; Best, S. P.; Borg, S.; Davies, S. C.; Evans, D. L.;
V.; Miinck, E.J. Biol. Chem.198Q 255 2493-2498. Pickett, C. JChem. Commuii999 2285-2286.
(33) Greenwood, N. N.; Gibb, T. Gldssbauer Spectroscopghapman (38) Lyon, E. J.; Georgakaki, I. P.; Reibenspies, J. H.; Darensbourg, M.

and Hall Ltd: London, 1971; pp 132168. Y. Angew. Chem., Int. EA.999 38, 3178-3180.



Iron Clusters in D.yulgaris Hydrogenase J. Am. Chem. Soc., Vol. 123, No. 12, 2Q081

characterized by Mesbauer spectroscopd?’ Comparing these  further reduced than &k+1. Alternatively, a diferrous assign-
complexes, the isomer shift values (01817 mm/s) deter- ment for [2Fe}; in Hox+1 would yield an Fe(ll)Fe(l) assignment
mined for the Fe sites of the [2ketluster in theD. vulgaris for Hox-210 For Heq the situation is unclear. Although a
hydrogenase are consistent with the value 0.15 mm/s reporteddiferrous state is an obvious possibility since the sample is
for a mononuclear low-spin Fe(ll) compkband are consider-  prepared at-350 mV, consideration of the enzyme function
ably larger than those (0.05 and 0.03 mm/s) reported for two suggests that a diferric state is also probalide.vulgaris
low-spin di-Fe(l) complexe¥. (The values for the di-Fe(l)  hydrogenase is an efficient bi-directional hydrogenase- 20
compounds are recorded at 77 K. To compare with the 4.2 K mV and under an Ar atmosphere, protons are reduced and
value,~0.02 mm/s should be added to the 77 K values.) On hydrogen is evolved. If electron transfer from the F clusters to
the basis of this observation, we are currently in favor of an the H cluster is the rate-limiting step, fast reduction of protons
Fe(ll)/Fe(lll) assignment for the Fe sites in the [2slibcluster would have retained the H cluster in the oxidized form.
(see below). With the limited data available, an alternative Fe- However, it is important to point out that this oxidized form of

(IN/Fe(l) assignment, however, is equally probable. the H cluster may be structurally different from that ofH1
According to the Mesbauer results, one Fe site of the [2Fe] ~ Since the cluster has undergone reductive activation.
subcluster in ldx—210as well as in kbx-CO exhibits magnetic Binding of Exogenous CO with H Cluster in D. zulgaris

hyperfine interaction while the other site is diamagnetic. with Hydrogenase.In this manuscript, we have used b&bauer

the premise of Fe(ll) and Fe(lll) being the potential oxidation SpPectroscopy to investigate the CO-readbedulgaris hydro-
states for the Fe sites in [2Felthe diamagnetic site can only ~ genase. Detailed analysis of the data has yielded characteristic
be assigned to a low-spin Fe(ll), thus leaving the paramagneticParameters for the CO-bound H clustep#CO. The results

site to be assigned to a low-spin Fe(lll). The parameteEs indicate that kx-CO is isoelectronic with bx-2.10. This
ando determined for these two sites (in botl,H210and Hox- conclusion is supported by previous EPR investigations which
CO) are very similar, supporting the argument thatdthalues ~ showed that dx-CO is photosensitive and can be reversibly
are insensitive to the oxidation states of low-spin Fe(ll)/Fe(lll) converted into kdx-2.10 by illumination at temperatures below
complexes with CN and CO ligands. The assignment of a mixed- 10 K17 Further, the results presented here indicate not only that
valent low-spin Fe(ll)Fe(lll) state for the binuclear [2F€]uster Hox-CO is isoelectronic with bx-2.10 but also that its electronic

is consistent with thé& = 1/, ground state determined by the distribution is very similar to that of bk-2.10 Both Hox-CO

EPR measurements. The assignment of a low-spin Fe(lll) to and Fbx-210can be described as a cuboidal [4Fer#SEluster

the paramagnetic site, however, is inconsistent with the observedexchange coupled to &= */, mixed-valent [2Fe] subcluster
isotropic A values, since low-spin Fe(lll) generally exhibits Viaacorner Fe of the cube. The major difference between these
anisotropic magnetic hyperfine interactions due to the large two states is that bk-CO has a significantly larggrA ratio,
unquenched orbital angular momentéhirhis lack of aniso- ~ Wherej is the strength of the exchange coupling ands the
tropy in the magnetic hyperfine interaction for the paramagnetic energy separation between the singlet ground state and the triplet
site of the [2Fg]} subcluster has also been observed for the CO- excited state of the [4Fe-4$]" cube. Since the\Eq and o
inhibited C. pasteurianuniydrogenase 2 The inconsistency ~ parameters determined for the [4Fe-#S]subcluster are very
between the observed isotropicvalue and the low-spin Fe-  similar for Hox-CO and kbx-2.10 the electronic structure and,
(1) assignment was first noted in the study of th@ thus, the energy separatidnare not expected to be significantly
pasteurianumenzyme and has been thoroughly discugded. different for Hox-CO and Hbx-210 The observed increase in

Currently, there exists no satisfactory explanation for this J/A for Hox-CO, therefore, must represent an increase in the
inconsistency. exchange coupling constaptwhich may arise either from a

As mentioned above. due to the limited reference data conformational change involving the covalent bonds between

available and the lack of sensitivity of the parametdoward ~ the two_exchange-coupled subclusters or by changing the
the oxidation state of low-spin Fe complex with strong ligands, €lectronic distributions of [2Fg] The former is considered to

an Fe(ll)Fe(l) assignment for the [2Fedluster in Hbx_z10and bg unlikely on the_ basls of the following two Ilnt_as of arguments.
Hox-CO is equally probable. In this scenario, the paramagnetic First: EPR investigation has shown thagHCO is photosensi-

site would have to be assigned to a low-spin Fe(l). For low- V€ and can be converted intook-2.10 by illumination at

spin Fe(l), the unpaired electron is expected to reside oy an e temperatures below 10 K.Since the conversion happens at
orbital, which would also produce substantial anisotropy.in such a low temperature, struc_turql changes are un_Ilker. Second,
Consequently, the lack of anisotropy & observed for the ~ X-Tay crystallographic investigations db. pasteurianunhy-
paramagnetic site would also be difficult to explain with this drogenase | revealed that an exogenous CO binds t Bed
alternative assignment, that this binding can be cleaved photolytica®Photolysis of

In Hox+1 and Hes the [2Fe}; subcluster is diamagnetic, and the CO was found to shorten the Fe2-bridging carbonyl bound

the two Fe sites are spectroscopically indistinguishable. Thesefrom 2.09 A in the CO-bound form to 1.85 A in the photolyzed

observed properties are consistent with the binuclear centerform’20 but no significant changes on the iron-bridging cysteine-
rved prop: o : iron bonds linking the two subclusters were reported. Further,
consisting of either two ferrous low-spin ions or two antifer-

romagnetically coupled low-spin ferric ions. The insensitivit EPR measurements on ti@ pasteurianurmhydrogenase |

of thegparameyters t%ward Fe gxidation staté does not aIIowyuscry":’taIIS indicate that the CO-bound form of the H cluster in
L : e

to distinguish between these two alternatives. Since the enzymethe crystals is indeed corresponding to thxhlos state’” Since

is purified aerobically, it may be reasonable to assume that thethe structure of the H cluster for tfi2. vulgaris hydrogenase
[2Fe}s cluster in Hoxss is in a diferric state. A diferric is practically identical to that of th€. pasteurianunmydroge-

assianment for [2Eelin H would be consistent with the ~ "2S€ I, similar exogenous CO binding mode and photolysis
9 [2Fg]in Hox-1 e effects are expected for both enzymes. In other words, significant
Fe(IFe(lll) assignment for bx-210 which is presumably

changes involving the bonds connecting the subclusters upon
(39) Schmidt, M.; Contakes, S. M.; Rauchfuss, TJBAm. Chem. Soc. O binding are unlikely. Consequently, the increasg may

1999 121, 9736-9737. (41) Bennett, B.; Lemon, B. J.; Peters, J. Blochemistry200Q 39,
(40) Oosterhuis, W. T.; Lang, Qhys. Re. 1969 178 439-456. 7455-7460.
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reflect a change in the electronic distribution of the [2Fe] shifting the paramagnetic site from a four-bond distant Fe2 to
subcluster. The following proposed scenario might explain the Fel, which is covalently linked to the [4Fe-4S] cube via a single
observed increase ip upon CO binding. In the unligated cysteine sulfur. Obviously, further investigations are required
Hox-2.10 State, Fel is the diamagnetic Fe(ll) site and Fe2 the to assess the validity of this proposal.
paramagneti§= 1/, Fe(lll) or Fe(l) site. With the paramagnetic
site located at a four-bond distance away from the [4Fe-4S] . X
cube, the coupling is expected to be weak. Binding of CO at Pat.'l.’ aqd Shao H. He fqr the growth Gf. sulgaris and for
AR . purification and characterization of the hydrogenase. This work

Fe2 causes a redistribution of the unpaired electron betweenis supported in part by arants from the National Institutes of
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