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ABSTRACT A purification procedure for the periplasmic
hydrogenase from Desulfovibrio vulgaris (Hildenborough, Na-
tional Collection of Industrial Bacteria 8303) is reported. The
purified hydrogenase has a specific activity of 4800 units per
mg of protein. Plasma emission studies reveal that this highly
active hydrogenase is free of nickel and contains 11 (+1) non-
heme iron atoms per molecule. A combined EPR and Méss-
bauer study indicates that the majority of the iron atoms are
bound in the form of iron-sulfur clusters. Two ferredoxin-
type [4Fe—4S] clusters have been identified that exhibit nor-
mal EPR and Méssbauer parameters; however, no trace of
3Fe cluster is detected by the Mdssbauer measurement. In the
presence of oxidants, cytochrome c;, and CO, anomalous EPR
and Mossbauer spectra indicative of atypical nonheme iron
centers are observed.

The periplasmic hydrogenase from Desulfovibrio vulgaris is
composed of a single polypeptide chain, M, 50,000, contains
12 nonheme irons, and exhibits a high specific activity in the
hydrogen evolution assay from reduced methyl viologen (1).
In these respects, it appears to be more comparable to the
hydrogenases of Clostridium pasteurianum (2) and Mega-
sphaera elsdenii (3) than the nickel-containing periplasmic
hydrogenase from Desulfovibrio gigas (4, 5) and Desulfovi-
brio desulfuricans (6), which have two subunits and exhibit a
low specific activity in the evolution assay (6, 7). It has re-
cently been reported that the hydrogenase of D. vulgaris
contains variable amounts of diamagnetic nickel (0.3-0.8 at-
oms per molecule of enzyme) and that the 12 nonheme irons
are arranged in three [4Fe—4S] clusters of the bacterial ferre-
doxin-type, based on EPR and core extrusion studies (8).

In this communication, we report the preparation of hy-
drogenase from D. vulgaris free of nickel and anomalous
EPR and Mossbauer spectra that are indicative of two novel
states of nonheme iron centers.

MATERIALS AND METHODS

Growth of Organisms and Preparation of Crude Extract.
57Fe-labeled D. vulgaris (Hildenborough, NCIB 8303) was
grown for 38 hr in lactate/sulfate medium containing the fol-
lowing components per liter: sodium lactate (60%), 12.5 ml;
NH,CI, 2 g; MgS0,4-7H,0, 2 g; K,HPO,, 0.5 g; Na,SO0,, 4 g;
CaCl,'2H,0, 0.035 g; Na,S-9H,0, 0.25 g; *’Fe (enrichment,
95%), 1 mg; EDTA, 2 mg; cysteine hydrochloride, 0.125 g;
mineral solution (9), 1 ml. The pH of the medium was 7.2
after autoclaving. Cells (407 g) from 200 liters were harvest-
ed and then suspended in 400 m! of 10 mM Tris-HCI (pH 7.6)
and frozen at —80°C for 2 days. The cells were then slowly
defrosted for about 20 hr and were centrifuged at 19,000 X g
for 45 min. The supernatant was called crude extract.
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Purification of Hydrogenase. All purification procedures
were carried out in air, at 4°C, and the pH of the buffers was
7.6 (measured at 5°C). A summary of the results of a typical
purification is presented in Table 1.

First DEAE-Bio-Gel column. The crude extract was
placed on a DEAE Bio-Gel column (6 X 32.5 cm) and
washed with 500 ml of 0.01 M Tris-HCI buffer, and the pro-
teins were eluted with two Tris-HCI linear gradients (1.25
liters of 0.01 M Tris-HCI and 1.25 liters of 0.2 M Tris-HCl,
1.25 liters of 0.2 M Tris-HCI and 1.25 liters of 0.4 M
Tris-HCI). The hydrogenase was collected in approximately
10-ml fractions between 2.2 and 3 liters.

Hydroxylapatite column. The collected hydrogenase-con-
taining fractions were loaded onto a hydroxylapatite (Bio-
Rad) column (4.5 x 24.5 cm) and the column was washed
with 100 ml of 1 mM potassium phosphate (KP) buffer at a
flow rate of 40 ml per hour. The protein was then eluted by
two phosphate linear gradients (1.25 liters of 1 mM KP buff-
er and 1.25 liters of 0.2 M KP buffer, 625 ml of 0.2 M KP
buffer and 625 ml of 0.3 M KP buffer). The hydrogenase
activity was detected between 1650 ml and 2390 ml and the
volume concentrated to 15 ml by using a diaflow apparatus
with a YM 30 membrane.

Second DEAE-Bio-Gel column. The concentrated protein
solution was diluted 1:10 with 10 mM Tris-HCI and then ap-
plied to the second DEAE-Bio-Gel column (4.5 x 22.5 cm).
The column was washed with 200 ml of 0.01 M Tris-HCI,
and then a linear gradient was constructed (750 ml of 0.01 M
Tris+HCI and 750 ml of 0.2 M Tris-HCI). The hydrogenase
was collected between 1200 and 1330 ml and the volume was
concentrated to 14 ml.

Sephacryl §-200 column. The protein was loaded on a
Sephacryl S-200 column (5.4 X 85 cm) and eluted with 0.05
M KP buffer at a flow rate of 20 ml/hr. The protein was
collected in 5 ml-fractions between 650 and 700 ml. Purity of
the hydrogenase was established by polyacrylamide disc
electrophoresis (10) as well as NaDodSO,/acrylamide elec-
trophoresis (11). The purified hydrogenase had a specific ac-
tivity of 4800 umol of H,/min per mg of protein and an
A400 nm/A280 nm ratio of 0.36.

Assays and Metal Determination. Hydrogenase activity
was determined by the H, evolution assay (12). Hydrogen
was determined by means of a Varian 4600 gas chromato-
graph (4) and protein, by the Bradford method (13) using bo-
vine serum albumin as a reference standard. Metal content
was determined by plasma emission spectroscopy using a
Jarrell-Ash model 750 atomcomp.

EPR and Mossbauer Methods. EPR measurements were
made with a Varian E-109 spectrometer. The Mossbauer
spectrometer is of the constant-acceleration type. Both spec-
trometers have been described (14). The centroid of room
temperature Mossbauer spectra of a metallic iron foil was
taken as zero velocity.

Abbreviation: DCIP, dichlorophenolindophenol.
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Table 1. Purification of hydrogenase from D. vulgaris )
Activity
Total, umol Specific, umol
Fraction Vol, ml Protein, mg H,/min H,/min per mg Recovery, %

Crude extract 455 1.45 x 10* 1.20 x 10° 83 100
1st DEAE-Bio-Gel column 785 4.04 x 10° 9.95 x 10° 246 83
Hydroxylapatite column 660 516 6.04 x 10° 1.45 x 10° 50
2nd DEAE-Bio-Gel column 14.0 99 3.92 x 10° 3.95 x 10° 33
Sephacryl S-200 column 1.9 54 2.39 x 10° 4.80 x 10° 20

RESULTS Hydrogen-reduced hydrogenase. When D. vulgaris hy-

Metal Content. Plasma emission spectroscopy was used to
determine the metal content of three different hydrogenase
preparations. An iron concentration of 11 (+1) iron atoms
per mol of purified hydrogenase was found; however, no
nickel was detected above blank values. The nickel/iron ra-
tio (by weight) was <0.01. In addition, EPR spectroscopy at
temperatures between 10 and 100 K did not reveal any EPR
resonances that could be attributed to a paramagnetic form
of nickel.

EPR and Maissbauer Studies. Native hydrogenase. A
Mossbauer spectrum of native D. vulgaris hydrogenase (as
purified) is shown in Fig. 1. The data were recorded at 4.2 K
with a magnetic field of 500 G applied parallel to the y-beam.
The spectrum consists of a broad quadrupole doublet. The
apparent quadrupole splitting (AEq = 1.25 mm/s), the iso-
mer shift (8 = 0.42 mmy/s), and the shape of the spectrum are
typical of [4Fe—4S]** clusters. For comparison, a theoretical
spectrum of Bacillus stearothermophilus ferredoxin (15) is
also shown in Fig. 1. The close resemblance between spectra
A and B in Fig. 1 suggests that the majority of the iron atoms
in purified D. vulgaris hydrogenase are organized in the form
of [4Fe-4S)?* clusters.

Purified hydrogenase exhibits a weak isotropic EPR signal
at g = 2.02 that is similar to that found with a 3Fe cluster.
Spin quantitation of this signal in various isolated native hy-
drogenases indicates recoveries ranging from 0.05 to 0.15
spin per molecule of hydrogenase. However, the Méssbauer
spectrum of the native enzyme shows no trace of a 3Fe clus-
ter. This observation suggests that either the amount of 3Fe
cluster present in the Mossbauer sample is insignificant or
the isotropic EPR signal has a different origin.

drogenase is kept under a hydrogen atmosphere for several
(12-24) hours, a complex EPR spectrum appears. At tem-
peratures lower than 20 K, a typical “g = 1.94” type EPR
signal, indicative of a reduced ferredoxin iron-sulfur cluster,
dominates the spectrum with approximate g values of 2.05,
1.93, and 1.90. In addition an axial EPR signal with g, =
2.06, g. = g, = 2.00 is observed (Fig. 2, spectrum A). At
higher temperatures (e.g., 77 K), only the axial signal is ob-
served (Fig. 3). For convenience, the paramagnetic species
that yields the axial EPR signal is termed the g = 2.06 spe-
cies. Double integration of the hydrogen-reduced EPR spec-
trum against a Cu(II)EDTA standard yields a spin recovery
of approximately 1.4 spins per molecule for the g = 1.94 spe-
cies and approximately 0.03 spin per molecule for the g =
2.06 species.

The g values of the axial EPR signal, and the fact that the
signal could still be observed above 77 K, are rather unusual
parameters for an iron-sulfur cluster. Also, the intensity of
this g = 2.06 signal could be increased by treating the re-
duced enzyme with CO (unpublished results; also see be-
low). The EPR spectra of hydrogen-reduced *’Fe-enriched
hydrogenase and of unenriched hydrogenase at 77 K after
the exposure to CO are compared in Fig. 3. The EPR spec-
trum of the ’Fe-enriched hydrogenase relative to that of the
unenriched hydrogenase shows a broadened g = 2.06 signal.
The extent of broadening in the g = 2.00 region is 12 G. This
observed broadening unequivocally proves that the g = 2.06
EPR signal is derived from an iron-containing complex.

Dichlorophenolindophenol-oxidized hydrogenase. The in-
tensity of the ¢ = 2.06 EPR signal could be increased by
about 10-fold if the hydrogen-reduced enzyme was allowed
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FiG. 1. Mbéssbauer spectrum of *’Fe-enriched
hydrogenase purified from D. vulgaris. The spec-
— trum (trace B) was recorded at 4.2 K with a magnetic
field of 500 G applied parallel to the y-beam. The
solid line (trace A) is a simulated spectrum of oxi-
1 dized ferredoxin from B. stearothermophilus, which

VELOCITY (mm/s)

contains a [4Fe—4S]?* cluster. The parameters used
for the simulation were taken from ref. 15.
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FiG. 2. EPR spectra of ’Fe-enriched hydrogenase from D. vul-
garis. The sample was 1.25 mM in protein in 50 mM potassium phos-
phate buffer (pH 7.6) and was contained in a combination EPR/
Mossbauer holder that can be studied in both EPR and Méssbauer
spectrometers. Spectra: A, sample reduced with H, for 48 hr; B, the
hydrogen-reduced sample was treated with CO for 5 hr; C, the hy-
drogen-reduced sample was treated with 21 mM dichlorophenol-
indophenol. EPR conditions: microwave power, 20 uW; microwave
frequency, 9.160 GHz; modulation amplitude, 10 G; temperature, 10
K; time constant, 0.1 s; scanning rate, 400 G/min.

to react with dichlorophenolindophenol (DCIP) or with cyto-
chrome c;, its physiological electron carrier. To study this g
= 2.06 species in more detail, we have prepared a DCIP-
oxidized Mossbauer/EPR sample that can be studied in both
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Fic. 3. Effect of 'Fe isotopic substitution on EPR spectra of
hydrogenase from D. vulgaris. °Fe hydrogenase or ’Fe-enriched
hydrogenase was reduced with H, for 16 hr and then treated with
CO for 30 min. The **Fe hydrogenase was 89 uM in protein in 50
mM potassium phosphate buffer (pH 7.6) while the *’Fe-enriched
hydrogenase was 103 uM in protein and in the same buffer system.
EPR conditions: microwave power, 10 mW; microwave frequency,
9.163 GHz; modulation amplitude, S G; temperature, 77 K; time
constant, 0.1 s; scanning rate, 125 G/min.

Mossbauer and EPR spectrometers (since cytochrome c; is
EPR active and complicates the spectroscopic analysis, we
chose DCIP for this study). The EPR spectrum is shown in
Fig. 2 as trace C. The data were recorded at 10 K. Only the g
= 2.06 signal was detected. Spin quantitation of this signal
yields approximately 0.3 spin per molecule. The complete
disappearance of the g = 1.94 signal suggests oxidation of
some of the [4Fe-4S]'* clusters to an EPR-silent, presum-
ably [4Fe-4S)** state.

The Mossbauer spectra of the DCIP-oxidized enzyme are
shown in Fig. 4. The data were recorded at 4.2 K with a
magnetic field of 500 G applied parallel and perpendicular,
respectively, to the y-beam. Both spectra have at least two
subspectral components: an intense quadrupole doublet at
the center and a paramagnetic component (component M,)
extended from —1.7 mm/s to 2.5 mm/s. The doublet ac-
counts for approximately 80% of the total iron resonance ab-
sorption. Its Méssbauer parameters (AEqg and é) are identical
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FIG. 4. Maéssbauer spectra of DCIP-oxidized S’Fe-en-
riched hydrogenase from D. vulgaris. Data were recorded
at 4.2 K with a magnetic field of 500 G applied parallel
(trace A) and perpendicular (trace B) to the yradiation. The
EPR spectrum of this sample is shown in Fig. 2 (trace C).

VELOCITY (mm/s)

The bracket indicates the outer-most resonance absorption
of component M,.
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to that of the native hydrogenase—i.e., typical for EPR-si-
lent [4Fe-4S)** clusters.

Comparison of spectra A and B in Fig. 4 indicates that
component M, exhibits an absorption pattern that is depen-
dent on the direction of the applied magnetic field. It has
been shown that a paramagnetic species that yields field-di-
rection-dependent Mdssbauer spectra should also be EPR
active (16). Since the DCIP-oxidized sample -exhibits only
the ¢ = 2.06 EPR signal, component M, can only be attribut-
ed to the g = 2.06 species. Also, at higher temperatures (77
K), component M, remains magnetic, indicating that its
electronic relaxation time is comparable with and longer
than the nuclear precession time (=10 ns). This property is in
agreement with the fact that the g = 2.06 EPR signal can be
observed at 77 K.

The magnetic splitting of component M, is about 4.2
mm/s, which corresponds to a hyperfine field of 130 kG at
the Fe nucleus and an equivalent 12.6 G at the electron. A
broadening of 12 G was observed in the EPR signal of an
STFe-enriched sample (see above). The observed magnetic
splitting of component M is similar to that of a paramagnet-
ic 4Fe cluster (15, 17) but smaller than that of an oxidized
3Fe cluster (6, 18, 19). A rough estimate reveals that compo-
nent M4 could account for 10-15% of the total iron absorp-
tion. Assuming that the enzyme contains 12 iron atoms per
molecule and that the g = 2.06 species is a cluster containing
four Fe atoms, then 10-15% of the total absorption should
yield 0.3-0.4 spin per molecule, in reasonable agreement
with the EPR findings.

Taken together, the aforementioned observations and the
fact that DCIP &@nd cytochrome c; are electron acceptors, we
tentatively consider the g = 2.06 species to be an atypical
[4Fe-4S)’" cluster. However, considering the uncertainties
in estimating the percentage iron resonance absorption, the
iron content, and the spin concentration, such an assignment
has to be viewed as provisional. Also, in view of the unusual
g values and the electronic relaxation properties, we do not
exclude the possibility that the g = 2.06 species may be a
novel iron cluster.

CO-treated hydrogenase. When the hydrogen-reduced en-
zyme was allowed to react with CO, the g = 2.06 signal was
observed to increase to the same intensity as found with cy-
tochrome c¢; or DCIP treatment of hydrogen-reduced en-
zyme. However, in some cases the g = 1.94 signal was still
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detectable, although its intensity was much reduced in com-
parison with that of hydrogen-reduced enzyme. Again, for
more detailed studies, a Mossbauer/EPR sample of CO-
treated hydrogenase was prepared. The EPR spectrum is
shown in Fig. 2 (trace B) and the Mossbauer spectrum is
shown in Fig. 5. The M6ssbauer spectrum shows the familiar
central quadrupole doublet with parameters similar to those
of an [4Fe—-4S]?* cluster. The peaks at —1.7 mm/s and +2.5
mm/s represent absorptions originating from the g = 2.06
species. In addition, a novel paramagnetic component (com-
ponent Mp) is observed with resonance absorption extended
from —4 mm/s to +6 mm/s. Such a large magnetic splitting
is unusual for an Fe-S cluster. Moreover, component Mg
exhibits no field-direction dependence, indicating that the
electronic state associated with component Mg should yield
no EPR resonance. This unique electronic property can be
explained by an electronic system of half-integral spin (S =
3/2) with a negative zero-field-splitting parameter D. For
iron clusters, such an electronic system has been detected
only for the oxidized P cluster in nitrogenase (20). Thus, in
addition to the g = 2.06 species, there is yet another atypical
cluster in hydrogenase, which is represented by component
Mg. Since component My appears only in CO-treated hy-
drogenase, it is likely that component Mg may represent a
CO-bound iron cluster.

DISCUSSION

The present studies establish that the hydrogenase from D.
vulgaris contains no detectable nickel and that the majority
of the iron atoms in D. vulgaris hydrogenase are bound in the
form of iron—sulfur clusters. In the enzyme as prepared, two
ferredoxin-type [4Fe-4S] clusters have been identified that
exhibit normal EPR and Mdssbauer parameters. In addition,
two novel states for iron clusters were discovered in this en-
zyme. One is the species that yields the magnetic Mossbauer
component Mg, presumably a CO-bound species; the other
is the g = 2.06 species, which is enhanced by reaction of
cytochrome c3, DCIP, or CO with the reduced hydrogenase
and exhibits temperature characteristics unique for an iron-
sulfur cluster.

On the basis of function, hydrogenases have been catego-
rized into two types, “uptake” and “evolution,” and it has
been suggested that uptake hydrogenases can be character-
ized as containing nickel (21). Our results show conclusively
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FiG. 5. Mossbauer spectrum of 3’Fe-enriched
hydrogenase from D. vulgaris after CO treatment.
Data were recorded at 4.2 K with a 500-G parallel
field. The EPR spectrum of this sample is shown in
1 l Fig. 2 (trace B). The bracket indicates the extent of
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that the periplasmic hydrogenases and uptake hydrogenases
found in bacteria belonging to the genus Desulfovibrio are of
two types—the nickel- and 3Fe cluster-containing hydro-
genases found in D. gigas (4) and D. desulfuricans (6) and
the hydrogenase lacking nickel and the 3Fe cluster found in
D. vulgaris that is similar to the evolution hydrogenases of
C. pasteurianum and M. elsdenii.

The g = 2.06, 2.00 EPR signal has been observed in hy-
drogenase purified from C. pasteurianum after the reduced
enzyme had been allowed to react with CO (22). EPR inves-
tigation using 90% enriched *CO to replace *CO induced a
slight broadening of the g = 2.06 signal. Based on this obser-
vation, Erbes et al. (22) suggested that the g = 2.06 signal
represents a CO-bound iron-sulfur cluster. We have made
EPR measurements on *CO-treated hydrogenase of D. vul-
garis. A broadening of 1.3 G was detected at the g = 2.00
region for the g = 2.06, 2.00 signal; however, this slight
broadening may well be within the experimental limitation of
our equipment. The present studies show that this signal
does appear in the absence of CO; thus, the signal is ob-
served in hydrogen-reduced hydrogenase, and its intensity
can be increased to about ten-fold by allowing the reduced
enzyme to react with either DCIP or oxidized cytochrome
c;. Consequently, this signal cannot represent a CO-bound
species.

Van Dijk et al. (23) have reported the presence of the g =
2.06 species in the purified hydrogenase (reduced) from M.
elsdenii and suggested that the g = 2.06 signal is due to irre-
versible inactivated enzyme. In the following, we list some
observations suggesting that the g = 2.06 signal may have
physiological significance and not represent oxidatively
damaged protein. The g = 2.06 signal is commonly observed
in hydrogenase. It has previously been observed in hydro-
genases purified from C. pasteurianum (22) and M. elsdenii
(23), and now it has been observed in D. vulgaris. In the case
of D. vulgaris hydrogenase, this signal is observed in the hy-
drogen-reduced enzyme, in the CO-treated enzyme, and in
the presence of cytochrome cs, the natural electron carrier
for this hydrogenase (24). It should be noted that cyto-
chrome c¢; does not inhibit hydrogenase and that inhibition
by CO of the hydrogen-evolution activity is completely re-
versible.

Grande et al. (8) have reported that their hydrogenase pur-
ified from D. vulgaris contained three [4Fe—4S}]**1* clus-
ters of the bacterial ferredoxin type; however, one of the
clusters was not stable to redox cycling with ferricyanide
and dithionite and was termed a “special cluster.” It is not
yet clear whether there exists any relationship between this
special cluster and the observations presented in this com-
munication. The structure and function of these abnormal
iron—sulfur clusters are being further investigated.
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