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1. INTRODUCTION 

The anaerobic rumen bacterium Vibrio suc- 
cinogenes [l] gains the ATP required for growth 
according to: 

made anaerobic by evacuation and flushing with 
H2 in a stoppered cuvette. The reaction was started 
by adding 1.5 mM benzyl viologen. The unit of ac- 
tivity (U) corresponds to 1 pmol H2 oxidized per 
min. 

H2 + fumarate + succinate (a) 2.3. Purification of hydrogenase 

when grown with HZ and fumarate as sole energy 
sources. Reaction (a) is catalyzed by a membrane- 
bound electron transport chain, the initial part of 
which is a hydrogenase. This enzyme has been 
purified to homogeneity and found to contain 
approximately 1 Ni atom per enzyme molecule. 

The purification was performed under anaero- 
bic conditions at 0°C essentially as described ear- 
lier for formate dehydrogenase [3]. 

2.3.1. Triton extract 

2. MATERIALS AND METHODS 

The cells (2.5 g protein) were lysed and extrac- 
ted with Tween 80 and Triton X-100 as described 
[3], except that the buffers contained 2 mM dithio- 
threitol, and formate, Na2S204 and NaN3 were 
omitted. 

2.1. Growth of V. succinogenes 
l! succinogenes was grown at 37°C in an an- 

aerobic medium containing 80 mM formate, 100 
mM fumarate, 0.57 mM cysteine, 0.68 mM gluta- 
mate, 50 mM Tris, 20 mM K2HP04, 5 mM am- 
monium chloride, 5 mM ammonium sulfate, 1 mM 
MgC12, 0.05 mM CaC12, 0.01% thioglycolate and 
the trace elements used earlier [2]. The pH was ad- 
justed to 7.5 with KOH. The cells were harvested 
in the stationary phase of growth and stored in 
liquid N2. 

2.3.2. Chromatography on hydroxyapatite 
The Triton extract was passed through a hy- 

droxyapatite column, and the hydrogenase eluted 
with a linear K-phosphate gradient (30-350 mM). 
The buffers used were those described earlier [3], 
except that Na2S204 and NaN3 were replaced by 2 
mM dithiothreitol. The fractions containing hydro- 
genase were pooled and concentrated by pressure 
dialysis [3]. 

2.2. Enzymic activity 
Hydrogenase activity was measured photo- 

metrically at 546 nm as the reduction of benzyl 
viologen by HZ, at 37°C (&546 = 9.75 mM-l . 
cm-t). The enzyme, in a solution of 150 mM 
glycine and 1 mM dithiothreitol at pH 9.5, was 

2.3.3. Sucrose gradient centrifugation 
The solution obtained from the preceding step 

was layered onto a buffer containing 0.05% Triton 
X-100,20 mM Tris and 2 mM dithiothreitol pH 7.6 
(buffer I) and a linear sucrose gradient (7.5-25%, 
w/v). Centrifugation for 3 h was done in a VTi 50 
rotor (Beckman Instr.) at 206 000 X g. The frac- 
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tions containing hydrogenase were concentrated 

by pressure dialysis. 

2.3.4. Chromatography on DEAE-Sephadex 
The enzyme (2 mg protein/ml column volume) 

was passed through a DEAE-Sephadex A-25 col- 
umn which was equilibrated with buffer I. The 
pass through contained the hydrogenase and was 
concentrated by pressure dialysis. 

2.3.5. Chromatography on Sephacryl S-300 
The concentrated enzyme (2 ml) was subjected 

to gel filtration. The column (1 m long, inner dia- 
meter 1 cm) was equilibrated with buffer I. The 
flow velocity was 1.5 ml/h. 

2.4. Ni determination 
Ni was determined by counting the radioactivity 

of 63Ni. The specific radioactivity of Ni (86 500 
dpm/nmol) was calculated by measuring the Ni 
content and the radioactivity of a culture super- 
natant on which the bacteria had been grown. Ni 
was extracted from 200 ml medium with 5 ml of 70 
mM 8-hydroxyquinoline in CHC13 and deter- 
mined by atomic absorption [4]. 

2.5. Protein 
Protein was measured by the biuret method with 

KCN [5]. 

3. RESULTS 

3.1. Purification of hydrogenase 
The specific activity of the hydrogenase from V. 

succinogenes, as measured with benzyl viologen, 
was the same in bacteria grown either with H2 or 
with formate as electron donor. This indicates that 
hydrogenase is a constitutive enzyme in K suc- 
cinogenes. After fractionation of the cells, follow- 
ing treatment with EDTA plus lysozyme and os- 
motic shock [3], the activity was found only in the 
membrane fraction of the bacterium. 

The enzyme was solubilized by treatment of the 
membrane fraction with Triton X-100 (table 1). 
The Triton extract was passed through a hydroxy- 
apatite column which absorbed the enzyme. On 
application of a linear phosphate gradient the en- 
zyme eluted as a single band with a peak at about 
0.2 M phosphate. In density gradient centrifuga- 
tion hydrogenase activity was sometimes found in 

Table 1 

Purification of hydrogenase 

Purification step Activity (Hz + benzyl viologen) 

U U/mg 

Cell homogenate 1650 0.7 
Triton extract 1180 1.2 

Chromatography on 
hydroxyapatite 770 6.1 

Density gradient 
centrifugation 470 53 

Chromatography on 
DEAE-Sephadex A-25 190 194 

Chromatography on 
Sephacryl S-300 170 660 

I AA54Gnm = 02 

Migration distance 

Fig.1. SDS-gel electrophoresis of the hydrogenase of V. 
succinogenes. Electrophoresis [3] was carried out with 12 
pg of the enzyme preparation obtained from the experi- 
ment of table 1 according to Neville [6]. The gel was 
stained with Coomassie Blue G-250 and scanned 

photometrically at 546 nm. 
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2 bands. Only the major band was used for further 
purification using DEAE-Sephadex and Seph- 

acryl S-300. The final specific activity of the prepa- 
ration was 660 U/mg in the experiment of table 1, 
indicating nearly a lOOO-fold purification. The 
overall yield was 10%. Chromatography of this 
preparation on phenyl-Sepharose CL4B, hy- 
droxyapatite or DEAE-Sephadex did not give an 
increase of the specific activity of the enzyme. 

The hydrogenase of the minor peak obtained by 
density gradient centrifugation was also purified 
further. The enzyme contained at least 2 more 
peptides in addition to the M, 60 000 and Mr 
30 000 subunits, and catalyzed the reduction of 

As shown by SDS-gel electrophoresis (fig. l), the 

2,3-dimethyl-1,4-naphthoquinone by HZ. This re- 

hydrogenase preparation obtained from the pu- 
rification procedure (table 1) consisted of 2 dif- 
ferent peptides (Mr 60 000 and M, 30 000). The 

action was not catalysed by the hydrogenase con- 

M,-values were determined from the electrophor- 
etic mobilities in comparison with those of pep- 

sisting only of the 2 peptides. It is, therefore, be- 

tides of known molecular weights (not shown). The 
relative molar content of M, 60 000 to M, 30 000 

lieved that the latter enzyme is derived from a 

peptide was estimated as 1:0.6 from the protein 
stain with Coomassie Blue G-250 (tig.1) and 

hydrogenase complex which is characterized by its 

Amido Black 10B (not shown). The ratio remained 
the same during the last 3 steps of the purification 

reaction with quinones. 

procedure. With other preparations ratios up to 
1:0.8 were found. 

3.2. Ni content 
When grown in the presence of 0.6 PM Ni, P’. 

succinogenes (0.25 g protein/l) contained 24 nmol 
Ni/g protein after washing of the cells. More than 
90% of this Ni was separated from the hydrogenase 
activity during fractionation of the cell in the first 
step of the purification procedure (table 1). In each 
of the following chromatographic steps at least 
70% of the Ni eluted coincidently with hydrogen- 
ase activity (not shown). The Ni contents of vari- 
ous hydrogenase preparations which differed by 
the degrees of purity were plotted against the spe- 
cific activity of the enzyme (fig.2). The Ni content 
was a linear function of the specific activity of the 
preparations. From the slope of the line the turn- 
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Fig.2. Correlation of the Ni contents and the specific en- 
zymic activities of various preparations of the hydro- 
genase of V. succinogenes. The preparations analyzed 
were obtained at different steps of the purification 

procedures. 

over number based on the Ni content was calcu- 
lated as 1.2 x 105 min- 1. The purest preparation 
contained 7.9 pmol Ni/g protein. About 80% of 
this preparation consisted of the Mr 60 000 and Mr 
30 000 peptides, as judged from the protein stain 
of the corresponding SDS-gel (not shown). Inspite 

The hydrogenase preparation contained non- 
heme iron and acid-labile sulfur (table 2). The 

of the greater specific activity (970 U/mg protein) 
this preparation appeared to be less pure than that 
obtained in the experiment of table 1. This discre- 
pancy may be explained by partial denaturation of 
the latter enzyme. 

Table 2 

Composition of hydrogenase 

Component Content 
(pmol/g protein) 

Nickel 1.9 
Non-heme iron 90- 160 
Sulfide 62 
Cytochrome c < 0.8 

Cytochrome c [7], non-heme iron and acid labile sulfur 
[8] were determined as described previously 
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content of sulfide was approximately 8 mol/mol by hydrogen and reoxidized by oxygen [ 141. Later 
Ni, while that of the iron varied from 11 to 20 this was also shown to be valid for the hydrogen- 
mol/mol Ni. It is possible that the sulfide content ases of Desulfovibrio gigas [ 15,161 and Chromatium 
is equivalent to the amount of iron-sulfur clusters vinosum [ 171. The enzyme from D. gigas consists of 
in the enzyme and that the excess of iron is an im- 2 different peptides (M, 62 000 and Mr 26 000) 
purity of the preparation. Cytochromes were not and is thus very similar to the enzyme of I’. suc- 
present in the preparation. cinogenes. 

4. DISCUSSION 

From the data presented it is concluded that l! 
succinogenes contains only 1 species of hydrogen- 
ase. The enzyme is involved in electron transport 
from H2 to fumarate and is probably derived from 
a hydrogenase complex which catalyzes the reduc- 
tion by H2 of the menaquinone present in the 
membrane of the bacterium. Reoxidation of the 
reduced menaquinone by fumarate is known to be 
catalyzed by the fumarate reductase complex 
]9,101. 

The activity of uptake hydrogenases was shown 
to be a function of the Ni content of the medium 
with M. thermoautotrophicum [ 131, Alcaligenes eu- 
trophus [ 181, Azotobacter chroococcum [ 191, Rho- 
dopseudomonas capsulata [20] and C. vinosum [ 171. 
This it may be concluded from present knowledge 
that uptake hydrogenases in general are Ni en- 
zymes. 

ACKNOWLEDGEMENTS 

Ni appears to be an essential constituent of the 
hydrogenase. This is concluded from the finding 
that Ni elutes coincidently with the hydrogenase 
activity in the various chromatographic procedures 
used for purification. Furthermore, the specific ac- 
tivity is linearly related to the Ni content of the en- 
zyme preparations obtained at the various pu- 
rification steps. From the measured Ni content (7.9 
pmol/g protein) and the purity of the preparation 
(80%) the minimum molecular weight of the en- 
zyme can be calculated as 100 000. This value is 
close to the molecular weight obtained on the basis 
of the assumption that the enzyme consists of equi- 
molar amounts of the Mr 60 000 and the Mr 30 000 
peptide. The sedimentation coefficient (8 S) deter- 
mined by density gradient centrifugation [ 1 l] is 
consistent with a molecular weight of the func- 
tional enzyme of 100 000. Therefore, the enzyme is 
probably made up of one of each peptide, one of 
which contains 1 mol Ni/mol. 

This work was supported by grants from Deu- 
tsche Forschungsgemeinschaft and from Fonds der 
Chemischen Industrie. 

REFERENCES 

111 

PI 

131 

I41 

The presence of non-heme iron and acid-labile 
sulfur in hydrogenase suggests that the enzyme 
contains iron-sulfur clusters. This is a common 
property of all the hydrogenases investigated so far 
[12]. The sulfide content (8 mol/mol Ni) is suffi- 
cient to account for 2 iron-sulfur centres in the en-, 
zyme. 

The hydrogenase of Methanobacterium ther- 
moautotrophicum (Marburg) was first demon- 
strated to be a Ni enzyme [ 131. The Ni was reduced 

151 

I61 
[71 

PI 

191 

[W 

1111 

1121 

1131 

Wolin, M.J., Wolin, E.A. and Jacobs, N.J. (1961) J. 
Bacterial. 81,911-917. 
Bronder, M., Mell, H., Stupperich, E. and Kroger, 
A. (1982) Arch. Microbial. 131,216-223. 
Krbger, A., Winkler, E., Innerhofer, A., Hacken- 
berg, H. and Schagger, H. (1979) Eur. J. Biochem. 
94, 465-475. 
Kirkbright, G.F. and Sargent, M. (1974) Atomic 
Absorption and Fluorescence Spectroscopy, pp. 
495-497, Academic Press, London, New York. 
Bode, Ch., Goebell, H. and Stabler, E. (1968) Z. 
Klin. Chem. Klin. Biochim. 6,419-422. 
Neville, D.M.( 1971) J. Biol. Chem. 246,6328-6334. 
Kroger, A. and Innerhofer, A. (1976) Eur. J. Bio- 
them. 69,497-506. 
Krbger, A. and Innerhofer, A. (1976) Eur. J. Bio- 
them. 69,487-495. 
Unden, G., Hackenberg, H. and Krbger, A. (1980) 
Biochim. Biophys. Acta 591, 275-288. 
Unden, G. and Kriiger, A. (1981) Eur. J. Biochem. 
120, 577-584. 
Martin, R.G. and Ames, B.N. (1961) J. Biol. Chem. 
236, 1372-1379. 
Adams, M.W., Mortenson, L.E. and Chen, J.-S. 
(1981) Biochim. Biophys. Acta 594, 105-176. 
Graf, E.-G. and Thauer, R.K. (1981) FEBS Lett. 
136, 165-169. 

233 



Volume 145, number 2 FEBSLETTERS August 1982 

[ 141 Albracht, S.P.J., Graf, E.-G. and Thauer, R.K. 
(1982) FEBS Lett. 140,3 1 l-3 13. 

[IS] Le Gall, J., Ljungdahl, P.O., Moura, I., Peck, H.D., 
Xavier, A.V., Moura, J.J., Teixera, M., Huynh, B.H. 
and Der Vartanian, D.V. (1982) Biochem. Biophys. 
Res. Commun. 106,610-616. 

[16] Cammack, R., Patil, D., Aguirre, R. and Hatchi- 
kian, E.C. (1982) FEBS Lett. 142,289-292. 

[ 171 Albracht, S.P.J., Albrecht-Ellmer, K.J., Schmed- 
ding, D.J.M. and Slater, E.C. (1982) Biochim. Bio- 
phys. Acta, in press. 

[ 181 Friedrich, B., Heine, E., Finck, A. and Friedrich, 
C.G. (1981) J. Bacterial. 145, 1144-l 149. 

[ 191 Partridge, C.D.P. and Yates, M.G. (1982) Biochem. 
J. 204, 339-344. 

[20] Takakuwa, S. and Wall, J.D. (1981) FEMS Micro- 
biol. Lett. 12, 359-363. 

234 


