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ON THE ACTIVE SITE OF HYDROGENASE FROM CHROMATIUM VINOSUM
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Isotope substitution of ’Fe (/=1/2) for **Fe has a pronounced effect on the two EPR signals of
hydrogenase of Chromatium vinosum. It is proposed that signal 1, the intensity of which is increased
several-fold by a deoxygenation-oxygenation cycle with a simultaneous increase of a signal from Fe3™ , is due
to a [3Fe- xS] cluster. It is further proposed that signal 2 is caused by a magnetic interaction of a [4Fe-4S]3*
cluster with an unidentified paramagnet. The addition of 10 pM Ni to the culture medium (already
containing 1 p M Ni) increased the enzyme activity 3—6-fold, without effect on the growth of the bacterium.
Addition of $'Ni (/=3/2) to the medium did not change the EPR spectrum of hydrogenase. From a
comparison of the EPR signal intensities and the enzyme activities it is concluded that, in the hydrogenase
preparation as isolated, molecules containing a [3Fe-xS) cluster are not active, and that active molecules have
a [4Fe-4S]3* 3+ 2 cluster plus an as yet unidentified paramagnetic redox component. The latter is thought
to be the primary site of interaction of the enzyme with H,. Ni is considered as a possible candidate for this

component.

At present three classes of hydrogenase (hydro-
gen:(acceptor) oxidoreductase, EC 1.12.-.-) are
known [1-3]: (i) enzymes containing four Fe and
four acid-labile S atoms per molecule, presumably
arranged in a single [4Fe-4S] cluster; (ii) enzymes
containing 12 Fe and 12 S atoms, arranged in three
[4Fe-4S] clusters; (iil): enzymes with 12 Fe and
12 S atoms as well as flavin, but where, in contrast
to the second class, two 2Fe and two 4Fe clusters
seem to be present [4]. Hydrogenase from Chro-
matium vinosum belongs to the first class. The
EPR spectrum of the oxidized enzyme has been
considered as indicative for a [4Fe-4S]?*G+.2%)
cluster [5,6]. A previous report from this labora-
tory [7] demonstrated the presence of a second
signal that does not behave like an § = 1/2 signal.
In addition, it was observed that the reduced
enzyme can transfer two reducing equivalents to
ferricytochrome ¢, suggesting the presence of a
second redox component in the enzyme [7].
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In this report we have further characterized the
EPR signals of the enzyme and describe the rela-
tion of these signals to the enzymic activity.

C. vinosum, strain DSM 185, was grown as
described by Hendley [8] with Na,S,0, as electron
donor. Growth on ®'Ni (I =3 /2, final concentra-
tion 10 uM, final enrichment 80%) and ’Fe (I =
1/2, final concentration 15 pM, final enrichment
92%) was carried out in 20-1 bottles. Both isotopes
were obtained from Rohstoff-Einfuhr GmbH,
F.R.G. Hydrogenase was purified, by a modifica-
tion of the previously described method [7], to a
stage where the EPR spectrum in the g 2 region
consisted only of signals due to the enzyme. Metal
concentrations were determined by atomic absorp-
tion spectrometry, working either with a flame
(Perkin Elmer 305) or with a graphite furnace
(Perkin Elmer 560). EPR measurements were per-
formed on a Varian E-9 EPR spectrometer as
before [7]. Enzyme activity was measured ampero-



metrically [9] at 30°C in 50 mM Tris-HCl buffer
(pH 8.0), 1 mM EDTA with either 2 mM methyl
viologen plus 50 mM Na,S,0, (H, production), or
5 mM benzyl viologen (H, uptake) in the presence
of glucose (80 mM) plus glucose oxidase (0.4
mg/ml) to remove oxygen.

It was recently proposed [10] that Ni might be a
constituent of hydrogenase in ‘Knallgas’ bacteria.
The soluble hydrogenase from Methanobacterium
thermoautotrophicum contains one Ni atom per
molecule [11]. Since Ni ions can be paramagnetic
in all their valency states and since we have previ-
ously found [7] that 75% of the Fe-S clusters in
hydrogenase of Chromatium are EPR undetectable
in the enzyme as isolated, possibly by magnetic
interaction with another paramagnet, Ni is an
attractive candidate for the second redox group in
the enzyme. We have observed that when Chro-
matium is cultured in a mineral medium, contain-
ing 1 uM Ni as contaminant, further addition of
Ni (10 pM) has no effect on the growth, but
increases the hydrogenase activity 3-4-fold. Also,
no extra Ni is needed for growth under H, and in
this case Ni addition raises the hydrogenase con-
tents of the cells 5—6-fold. This suggests that Ni is
involved in the synthesis of the enzyme. Similar
results have recently been reported for Rhodop-
seudomonas capsulata [12].

In Fig.1, EPR spectra of hydrogenase from
Chromatium cultured in media containing either
>"Fe, ®!Ni or natural isotopes can be compared. As
seen in trace B, $'Ni has no apparent effect on the
line width of the two signals in the spectrum. In
contrast, >'Fe has a marked effect (trace C). The
effect of >'Fe on signals 1 and 2 is displayed in
Figs. 2 and 3, respectively. The effect of isotope
substitution of >’ Fe for **Fe (Fig. 2) proves for the
first time that signal 1 is indeed due to an Fe-con-
taining paramagnet. One nucleus gives rise to a
hyperfine splitting in the x-y region (1.5 mT) that
is exceptionally large for an Fe-S cluster [13]. The
increase in apparent line width reflects weak inter-
action with one or more additional Fe nuclei. The
EPR properties of the signal are those of a [4Fe-
4S]** or a [3Fe-xS] cluster [14]. The second signal
(Fig. 3) also shows a clear broadening, proving the
involvement of Fe. This strengthens one of the
possibilities mentioned previously [7], namely that
the second signal arises from a magnetic interac-
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Fig. 1. EPR spectra of hydrogenase from Chromatium cells
grown in media containing different isotopes. (A) Natural
abundance (15 pM Fe and 1.2 uM Ni). (B) ¢'Ni (15 uM Fe
and 10 pM Ni, 80% enriched in 5! Ni). (C) ’Fe (15 pM Fe, 92%
enriched in *'Fe, and 1.2 pM Ni). The specific H, production
activities of the preparations used for A, B and C were 3.4, 1.2
and 0.3 pmol/min per mg, respectively. The spectra are pre-
sented with the same amplitude. EPR conditions: microwave
frequency, 9256.3 MHz; temperature, 13 K; microwave power,
2.2 mW; modulation amplitude, 0.63 mT.

tion between an Fe-S cluster and another para-
magnet. Although Ni(III) would be a component
very well suited as the missing paramagnet, the
lack of detectable hyperfine splitting of the 7 =3 /2
nucleus (Fig. 1) does not allow any conclusion on
the possible involvement of Ni in signal 2.

We have previously reported that the second
signal disappears on removal of oxygen from the
enzyme preparation and that, on subsequent con-
tact with air, signal 1, that is not changed during
deoxygenation, increases to an intensity equal to
one spin per molecule. We have now found that a
signal at g 4.3 increases in intensity concomitantly
with the Fe-S signal (Fig.4). Since conversion of
4Fe clusters to 3 Fe clusters has recently been
reported to take place under oxidizing conditions
[15] and since a g 4.3 signal is given by Fe3*
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Fig. 2. Effect of ’Fe on the line shape of signal 1. (A) EPR line
shape of a normal enzyme after contact with 2mM 2-
mercaptoethanol for 4 h at 0°C. (B) Line shape of an enzyme
containing 92% >"Fe after the same treatment. The shoulder at
g 2.00 is caused by a small interfering radical signal. (C) Line
shape of an enzyme that would contain 100% >’Fe. This was
constructed as a difference B minus (f XA), such that the
signal intensity of (f X A) was 8% of that of B. EPR conditions
as in Fig. 1. (D) Simulation of C. The parameters to fit trace A
(g(x,y,2) 2.0183, 2.01639, 2.001 and width (x,y,z)=0.68,
1.1, 1.05 mT) were identical to those reported ecarlier {7] except
for the g(z) value, which was 0.0009 greater in Ref. 7. Trace C
was fitted with these g values and width (x,y,2)=1.0, 1.2, 1.9
mT and a I =1/2 splitting with 4 (x,y,z)=1.5, 1.5, 2.0 mT.
Spectra are presented with the same amplitude. The g value
scale is in divisions of 0.01.

(S =5/2, rhombic environment), we suggest that
the appearance of the two signals (Fig. 4) reflects
such a conversion and that signal 1 is due to a
[3Fe-xS] cluster. A corollary of this conclusion is
that most of the enzyme molecules contain a [4Fe-
4S] cluster that as such cannot be detected in EPR
spectra of either the oxidized or the reduced en-
Zyme.

We also noticed that the extent of the increase
of signal 1 after the deoxygenation-oxygenation
cycle as in Fig.4 is preparation dependent and
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Fig. 3. Effect of >’Fe on the line shape of signal 2. (A) EPR line
shape of a normal enzyme. (B) Enzyme containing 92% *Fe.
The traces are difference spectra obtained via subtraction of
line shapes, as in Fig. 2, from those displayed in Fig. 1. EPR
conditions: microwave frequency, 9257.9 MHz; temperature,
13 K; microwave power, 2.2 mW; modulation amplitude, 1.25
mT. Spectra are presented with the same amplitude.

that the enzymatic activity is not related to the
intensity of signal 1 in the enzyme as isolated, but
rather to the concentration of the EPR-undetecta-
ble [4Fe-4S] cluster (TableI). Thus, protein mole-
cules exhibiting the [3Fe-xS] signal seem to be
enzymatically inactive. Although we consider it
highly unlikely that the proposed [4Fe-45] cluster
in catalytically active molecules can, on its own,
function as the active site and would be capable of
taking up two reducing equivalents, these ques-
tions remain to be answered.

Very recently, experimental proof has been pre-
sented that Ni in the hydrogenase from M. thermo-
autotrophicum is reduced from Ni(III) to Ni(II) by
H, [16]. In this case no EPR signals due to Fe-S
clusters could be detected under any conditions.
This indicate that the presence of an Fe-S cluster
is not necessarily essential for hydrogenase activ-
1ty.

CO i1s a competitive inhibitor of hydrogenase
[3], but has no effect on the EPR spectrum of the
Chromatium enzyme [6,7]. Also, NO has been re-
ported to inhibit hydrogenase activity [17]. We
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Fig. 4. Effect of a deoxygenation-oxygenation cycle on the EPR
spectrum of hydrogenase. (A) Hydrogenase (preparation No. 3
from TableI) was six times evacuated and gassed with He.
After 18 h at 4°C under He, a spectrum was recorded. (B)
After thawing, the preparation was six times evacuated and
gassed with air. After 1 h at 20°C under air a spectrum was
recorded. (C) Spectrum after thawing and a further 1.5h at
20°C. There was no further change in the signal amplitudes on
additional contact with air for 1 h. The line at g 6 represents
contaminating high-spin heme. EPR conditions: microwave
frequency, 9259 MHz; temperature, 13 K; microwave power,
71 mW for the g 4 region and 2.2 mW for the g 2 region;
modulation amplitude, 1.25 mT. The traces A1-Cl are dis-
played at a 5.6-times higher gain than the traces A2-C2.

333

found that the paramagnetic NO destroys the Fe-S
cluster and forms an Fe?'-NO compound (S =
3/2) with a characteristic signal with g(x,y) 4 and
g(2) 2 as described earlier with other systems [18].
No signals were observed pointing to a possible
reaction with Ni.

Summarizing, we propose that the active en-
zyme molecules as isolated contain a [4Fe-4S}**
cluster that magnetically interacts with another
spin non-integer redox component, giving rise to
signal 2. Oxygen removal apparently affects the
spin state of this system and renders it EPR unde-
tectable. The additional redox component is con-
sidered to be responsible for the primary reaction
with H,. Although our preparation always contain
Ni (TableI) and under certain conditions show a
very small EPR signal similar to that from hydro-
genase in Methanobacterium [16}], further investiga-
tions are needed to obtain direct experimental
evidence for a possible involvement of Ni in the
active cycle of the enzyme from C. vinosum.
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to publication. We also thank Dr. J. Kragten and
Mr. R. van Bennekom for their kind help with the
Ni analysis. Part of this research was supported by
the Netherlands Organization for the Advance-

TABLEI
HYDROGEN PRODUCTION BY HYDROGENASE IN RELATION TO THE STATE AND AMOUNT OF THE Fe-S
CLUSTER
Preparation Specific activity [3Fe-xS]) Turnover number (X 1073) mol H, /mol cluster Ni per
(pmol /min per mg) contents per min calculated on basis of [4Fe-4S]
(%)? (mol /mol)
[3Fe-xS] [3Fe-xS] [4Fe-4S] €
after deoxy-
genation-
oxygenation ©
1 0.3 53 1.8 0.9 20 7.0
2 0.4 36 6.0 22 34 9.0
3 1.2 14 24.0 34 40 30
44 425 25 10.0 25 34 -

® Intensity of the EPR signal in the enzyme as isolated, relative to that of the enzyme after a deoxygenation-oxygenation cycle.
b Cluster concentration computed from the maximal EPR signal intensity after a deoxygenation-oxygenation cycle as in Fig. 4.
¢ Amount of EPR-undetectable [4Fe-4S] cluster that can be converted to a [3Fe-x§] cluster by deoxygenation-oxygenation.

9 Calculated from data of Ref. 7 for the pure enzyme.
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ment of Pure Research (Z.W.0.) under the auspices

of

the Netherlands Foundation for Chemical Re-

search (5.0.N.).
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