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SUMMARY

The hydrogenase of the sulfate-reducer Desulfovibrio gigas has been
purified to homogeneity. The pure enzyme shows a specific activity of 90 umo-
les Hy evolved/min./mg protein. Its molecular weight is 89,500 and its is
composed of two different subunits (mol. wt. : 62,000 and 26,000) which are
not covalently bound. The absorption spectrum of the enzyme is characteris-
tic of an iron-sulfur protein. The millimolar extinction coefficients of the
hydrogenase are 46.5 and 170 respectively at 400 and 280 nm. It contains
about 12 iron atoms and 12 acid-labile sulfur groups per molecule and the
quantitative extrusion of the Fe-S centers of the hydrogenase indicates the
presence of 3 FeqS, clusters. This hydrogenase has 21 half-cystine residues
per molecule and a preponderance of aromatic amino-acids.

The enzyme hydrogenase is involved in the reversible activation of
molecular H2. It is unique in that its substrate, gaseous HZ’ is the simplest
molecule known,

Extensive purification of hydrogenase from different types of micro-
organisms has been reported in the Tlast few years (1-7). The data reported
have established that hydrogenase is an iron-sulfur protein. Two kinds of hy-
drogenases have been described among the strict anaerobes with different spe-
cificities for the electron carriers, cytochrome <3 (8,9) and ferredoxin (1)
though still another hydrogenase of unknown specificity has been reported (3).

The most complete data on physico-chemical properties of hydrogenase
have been obtained from the study of highly purified preparations of the en-

zyme from Clostridium pastorianum (1, 10). This protein is constituted by a

single chain and contains 12 half-cystine residues, 12 iron atoms and 12
acid-labile sulfide per molecule of molecular weight 60,500.
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In sulfate-reducing bacteria, a soluble hydrogenase has been isola-

ted from Desulfovibrio vulgaris, Hildenborough (2} and D. gigas (9, 11)

whereas a membrane associated enzyme has been purified from D. vulgaris,
Miyazaki (4). The former enzyme has been found to exist in a dimer form of
molecular weight 60,000 containing 3-4 iron and labile sulfide atoms per mole-
cule and the latter has been reported to be composed of two different sub-
units (mol. wt. 28,000 and 59,000) and to contain 8 iron and labile-sulfide
atoms per molecule (mol. wt. 89,000). When compared to the three clusters

(4 Fe- 4 S) containing hydrogenase from C. pastorianum (12) these prepara-
tions contain only 1 or 2 Fe4s4 centers per molecule and exhibit lower spe-
cific activities. It is important to check whether the differences observed
are due to a heterogeneous state of these preparations as it was previously
the case with C. pastorianum enzyme (1, 13) or not. We present here an impro-
ved purification procedure of D. gigas hydrogenase and we report some of its

physico-chemical properties.

MATERIALS AND METHODS

Analytical methods

‘Desulfovibrio gigas was cultivated and harvested as previously
described (14).

Enzyme assay. Hydrogenase activity was routinely measured by the H
evolution essay (15) with 1 mM methy) viologen as the electron carrier and
15 mM NapS904 as the electron donor. The reaction was carried out in Warburg
apparatus at 32° C under Ar. Tris-HC1 buffer at pH 7.6 (0.05 M) was used in
the assay and the preparation of all the reagents which are then degazed and
flushed with Ar. A1l the ingredients except the enzyme were introduced in the
main compartment and the reaction was started by tipping in the enzyme from
the sidearm. The total volume of the reaction mixture was 3.0 ml.

Protein determination. Protein was determined by the Lowry method
(16) using dried bovine serum albumin as standard.

Acrylamide gel electrophoresis. Analytical gel electrophoresis was
performed in 7 per cent polyacryTamide gel with Tris-HC1 glycine buffer at
pH 8.9. Each gel was loaded with 30-50 ug protein and protein bands were
revealed with Coomassie blue.

Determination of molecular weight. The molecular weight of purified
hydrogenase was determined by analytical ultracentrifugation with a Beckman
model E analytical ultracentrifuge. It was estimated at equilibrium sedimen-
tation by meniscus depletion method as developed by Yphantis (17). The par-
tial specific volume was measured using the Paar densitometer. Subunits mo-
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lecular weight was estimated by the method of Weber and Osborn (18). The sam-
ples were incubated at 37° C for 2 hours in 1072 M phosphate buffer, pH 7.0,

1 % in sodium dodecyl sulfate (SDS) in the presence and absence of 1 % B-mer-
captoethanol. The following protein standards were used : bovine serum albu-
min, ovalbumin, chymotrypsinogen A, soybean trypsin inhibitor and cytochrome c.

Spectrophotometric studies. The UV-visible absorption spectra were
measured with a Cary 14 recording spectrophotometer.

Iron and acid-labile sulfide determination. Total iron was determi-
ned by the o-phenanthroline method and by atomic absorption spectrometry
using an Unicam model SP 1900 spectrometer. Labile sulfide was estimated by
the method of Fogo and Popowsky (19) as modified by Suhara et al. (20).

Active site core extrusion. Quantitative extrusion of the FgqSs cores
of the active site of the hydrogenase of D. gigas was carried out anaerobi-
cally in 4 : 1 v/v hexamethylphosphoramide (HMPA)/H,0 medium (50 mM Tris-HC1
pH 8.5) using benzenethiol according to Gillum et al. (12).

Amino acid analysis. Amino-acid analysis were performed on hydroge-
nase samples hydrolyzed for 20 h, 48 h and 70 h at 110° C in 6 M HC1 in eva-
cuated, sealed tubes according to the method of Moore and Stein (21). The
average was calculated from several analysis. The amino-acid composition was
determined with a LKB 3201 amino-acid analyzer. Cysteine and methionine were
analyzed after performic acid oxidation as cysteic acid and methionine sul-
fone, respectively, according to Hirs (22). Tryptophan content was estima-
ted from the ultraviolet absorption spectrum according to Edelhoch (23).

Purification of hydrogenase. The purification of the hydrogenase from
D. gigas was performed under anaerobic conditions at 4° C. Tris-HC1 and phos-
phate buffers pH 7.6 used in this procedure contained 1 mM NasSo04 as descri-
bed by Chen and Mortenson (1). The periplasmic location of D. gigas hydroge-
nase (24) has been utilized to extract the enzyme. Freshly thawed cells of
D. gigas (350 g wet weight) were carefully suspended in 80 ml 50 mM Tris-
HC1 buffer and the bacterial suspension was homogenized with a stirring rod
as already reported for the extraction of cytochrome c3 (14). The suspension
was centrifuged at 35,000 x g for 30 min. and the reddish brown supernatant
was collected. The extraction was repeated once and the cells were frozen.
The wash fraction obtained by combination of the two supernatants was subse-
quently centrifuged at 120,000 x g for 2 hours and passed through a DEAE-
cellulose (DE-52) column (3.5 x 23 cm) equilibrated with 50 mM Tris-HC] buf-
fer. The enzyme which was not retained on DE-52 at this stage was collected
by washing the column with 300 m1 of the same buffer. The active fraction was
passed through a silica gel column (3 x 15 cm) equilibrated with 50 mM Tris-
HC1 buffer allowing the adsorption of a part of cytochrome c3 present in the
wash fraction. Then, the hydrogenase was adsorbed on a DE-52 column (4.3 x
21 cm) equilibrated with 20 mM Tris-HC1 buffer. The column was washed with
150 m1 of the same buffer and the enzyme was eluted by means of a non-Tlinear
gradient of Tris-HC1 buffer (50-200 mM, total volume 600 ml). The active frac-
tion (53 m1) was loaded on a sephacryl column (5 x 100) equilibrated with
20 mM Tris-HC1 buffer and most of the brown band of hydrogenase was separated
from the c3 type cytochrome at this step. The subsequent active fractions
were pooled and adsorbed onto a hydroxylapatite (Bio-Gel HTP) column (2.5 x
9 cm) equilibrated with 10 mM Tris-HC1 buffer. The elution which was achie-
ved by a non-linear gradient of potassium phosphate buffer pH 7.6 (5-150 mM,
total voTume 350 ml) allowed the complete separation of the hydrogenase from
the slight amount of cq type cytochrome still present in the preparation. The
last step of this puri%ication procedure includes a second filtration on a
Sephacryl column. The specific activity of the pure enzyme reached 90 umoles
Ho evolved/min./mg protein. The purification of D. gigas hydrogenase is sum-
marized in Table I.
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TABLE 1

Purification scheme of hydrogenase from Desulfovibrio gigas

STEP VOLUME  PROTEIN  TOTAL ~ SPECIFIC  RECOVERY
(m) (m1) UNITS®  ACTIVITY (%)

Wash fraction 270 36 18,460 1.9 100

After 1st DEAE 250 19 17,500 3.7 94.8
After Silica gel 250 18 14,500 3.2 78.5
After 2nd DEAE 53 27.5 13,356 9.2 72.3
After 1st Sephacryl 94 4.45 9,772 23.4 52.9
After hydroxylapatite 53 2.6 9,116 66.2 49 .4
After 2nd Sephacryl 74 1.3 8,732 90.8 47.3

*one unit = 1 umole hydrogen evolved per minute in the dithionite-methy!l
viologen assay

RESULTS

Purity of the enzyme. Polyacrylamide gel electrophoresis of the pu-

rified enzyme at pH 8.9 and the location of the hydrogenase activity on

in the presence of methy! viologen and H2 indicated that the preparation was
homogeneous. Furthermore, when the purified enzyme was subjected to ultracen-
trifugation in 10 mM Tris-HC1 buffer (pH 7.6) containing 0.1 M NaCl at 4° C,
a single symmetrical boundary was observed.

Motecular weight. The molecular weight of hydrogenase determined by

analytical ultracentrifugation at equilibrium sedimentation (17) was estima-
ted to be 89,500 + 1,880 and the partial specific volume of the enzyme has
been found to be 0.73,. The molecular weight of hydrogenase was also estima-
ted from the molecular weight of its subunits obtained by SDS gel electropho-
resis (18). This procedure revealed the presence of two different subunits :
the molecular weight of the larger component was estimated to be 62,000 and

that of the smaller component, 26,000. These results indicate that the native
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enzyme exists as a dimer constituted by two different subunits which are not
covalently bound since the dissociation occured also in the absence of 2-mer-
capto-ethanol. No hydrogenase activity was detected with the SDS gel elec-
trophoresis.

Absorption spectrum. The UV-visible absorption spectrum of hydroge-

nase is presented on Fig. 1. In its oxidized state, it exhibits a broad ab-
sorption peak around 400 nm with a slight shoulder in the 325 nm region con-
sistent with the non heme iron nature of the enzyme. The millimolar extinc-
tion coefficients of the purified enzyme at 400 and 280 nm were 46.5 and

170 respectively. Thus the ratio A400 nm/A280 nm 18 0.27.

Iron and acid-labile sulfide analysis. Analysis of the hydrogenase pre-

paration for iron indicated the presence of 12 atoms per molecule (average of
four estimations with different preparations). The amount of acid-labile sul-
fide was lower (9-10 atoms) when measured by the method of Fogo and Popowsky
(19), however, the procedure of Suhara et al. {20) allowed to obtain values
close to 12 atoms per molecule.

Extrusion of the Fe-S centers of hydrogenase. Quantitative extrusion

of the Fe-S cores of the active site of hydrogenase has been accomplished

with a benzenethioT/Fe molar ratio of 150:1. The results are presented on Fig. 2
The spectra of the extruded clusters (spectra 2 and 3) exhibiting a peak at

458 nm is consistent with the tetrameric nature of the Fe-S centers of hy-
drogenase. The final A458 value obtained after addition of ferricyanide was

used to estimate the number of F4S4 centers of the enzyme (12). The results
indicate that this preparation of hydrogenase contains 2.8 F4S4 clusters per
molecule since the A458 value corresponds to 93 % of the value for complete
extrusion based on 12 g-atom Fe/mole.

Amino-acid composition. The amino-acid composition of D. gigas hydro-

genase is shown in Table 2 and compared with D. vulgaris , Miyazaki hydroge-
nase. The acidic properties of hydrogenase are explained by the preponderance

of acidic amino-acids. The ratio Asx + Glx/Lys + Arg is about 2.9. It has a
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Figure 1 - Absorption spectra of D. gigas hydrogenase. A 1 cm light path
cuvette was used. A - 1. The oxidized spectrum of the enzyme (under Ar) at
1.3 mg/ml in 20 mM Tris-HC1, pH 7.6 - 2. Solution 1 after reduction with
slight excess of sodium dithionite. B - The UV absorption spectrum of the
enzyme at 0.43 mg/ml in the same buffer.
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Figure 2 - Active site core extrusion of D. gigas hydrogenase in 4:1 v/v
HMPA/H,0 (50 mM Tris-HC1, pH 8.5) under anaerobic conditions (1 =1 cm).

1) 2 m1 of 12.7 uM hydrogenase ; 2) Solution 1 + 6 ul benzenethiol 10 min.
after mixing ; 3) Solution 2 + 3 ul of 29 mM K3Fe(CN)6 10 min. after mixing.

remarkably high content of aromatic residues and hydrophobic amino-acids as
the hydrogenase from 0. vulgaris, Miyazaki. It contains about 21 cysteine re-
sidues and 18 methionine residues for a total content of 876 residues which

is in concordance with the measured molecular weight of 89,500.
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TABLE 2

Amino acid composition of Desulfovibrio hydrogenases

Amino acid composition* Desulfovibrio Desulfovibrio1
gigas vulgaris
T Miyazaki
Lysine 53 44
Histidine 26 24
Arginine 34 26
Tryptophanea 22 27
Aspartic acid 74 76
Threonine 47 49
Serine 28 37
Glutamic acid 93 69
Proline 47 57
Glycine 71 71
Alanine 75 85
Cystine (Half)P 21 19
Valine 100 62
Methionineb 18 11
IsoTeucine 35 37
Leucine 70 54
Tyrosine 33 27
Phenylalanine 29 33
Total residues 876 808

*Moles per mole of protein to the nearest integer

bDetermined spectrophotometrically according to Edelhoch (23)
Cysteine and methionine were determined as cysteic acid and
methionine sulfone after performate oxidation of the protein.
From Yagi et al. (4).
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DISCUSSION

The physico-chemical properties of the hydrogenase from D. gigas were

compared to those of D. vulgaris, Miyazaki and C. pastorianum enzymes (Table 3).

Most of the properties of Desulfovibrio.species hydrogenases are similar,
however, the proteins differ by their specific activity and the content of
iron and labile sulfide. On the other hand, D. gigas enzyme contains an iden-
tical amount of F4S4 clusters as compared to C. pastorianum hydrogenase but
differs from this latter by its specific activity, molecular weight, subunit
structure and amino-acid composition. Furthermore, these enzymes show diffe-
rent specificity for the natural electron carriers in the hydrogen evolution
or absorption reactions : hydrogenase from Desulfovibrio has been found to be
specific to cytochrome Cq {8, 25) whereas C. pastorianum enzyme is specific
to ferredoxin (1). Although D. gigas and D. vulgaris hydrogenases exhibit si-
milar specificity for cytochrome Cgs @ different degree of dependency of its
activity toward this natural electron carrier exists. Indeed, D. vulgaris hy-
drogenase activity in hydrogen evolution assay with methyl viologen is strong-
ly stimulated in the presence of cytochrome Cq (26) whereas we have observed
that D. gigas enzyme activity is unchanged when cytochrome C3s cytochrome ceq
or ferredoxin are added. This could explain the difference observed in the
specific activities of the two proteins since in the case of D. vulgaris,
Miyazaki, hydrogenase activity is about 5-fold enhanced with cytochrome

Cq (26). Thus, the specific activities of the two enzymes are comparable when
measured without natural electron carrier. In addition, in contrast to D. gi-
gas hydrogenase properties, cytochrome 3 is involved in the reduction of
methyl viologen under H2 and for the reduction of hydrogenase itself with a
preparation of D. vulgaris hydrogenase (4, 26). This could be due to diffe-
rences between cytochromes Cq in refation te changes in redox pronerties of
these hemo-proteins (27) which are characterized by extensive differences

in their primary structures (28). The interest of the study of Desulfo

vibrio hydrogenase is in the fact that the catalytic properties of
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TABLE 3
Physico-chemical properties of hydrogenases from Desulfovibrio

and Clostridium

Desulfovibrio Desulfovibm’o1 C1ostr‘id1’um2
gigas vulgaris pastorianum
Specific activity 90.8 610 500
Molecular weight 89,500 89,000 60,500
Polypeptide chains 2 2 1
Iron (atoms/mole) 12 7-9 12
Acide-labile sulfide
(moles/mole) 12 7-8 12
Half-Cystine 21 19 12
Number of F4S4 centers 3 (2) 3
Extinction coefficients
(en”d vl at 400 nm) 46.5 47 2532

%From Yagi et al. (4)
From Chen and Mortenson (1) and Chen et al. (10)

3This value was determined at 400 nm with Hp-reduced hydrogenase (Chen
and Mortenson, 1).

the protein i.e. the dihydrogen activation and its heterolytic cleavage (12)
can be separated from its electron carrying oproperties toward ferredoxin.
and flavodoxin which involve the presence of cytochrome Cq {25). One has to
point out that C. pastorianum hydrogenase is able to transfer its electrons

to ferredoxin when Desulfovibrio hydrogenases cannot, although the two enzymes
have the same number of 4 Fe-4S clusters. It is to be expected that the
catalytic properties of Desulfovibrio hydrogenase that can be followed by the

HD exchange reaction, will be different in the presence or in the absence of
cytochrome C3-

Very recently a purification scheme for a hydrogenase from D. vulga-

ris strain Hildenborough has been pubtished (29). Although this protein has
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an iron and labile sulfide content similar to the D. gigas enzyme, its sta-
bility toward oxygen together with its extremely high specific activity seem

to indicate that it represents a different type of hydrogenase.
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