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Abstract 

The intact hydrogenase from Desulfouibrio oulgaris (Miyazaki) was purified and characterized. The purified hydrogenase 
had a molecular weight of 92.0 kDa, with two different subunits (Mw = 62.5 kDa and 29.5 kDa). The molecular weight of the 
large subunit of the intact hydrogenase was 2 kDa larger than the tryptic digested hydrogenase. The absorption spectrum and 
the EPR spectrum of the intact hydrogenase were identical to those of tryptic digested hydrogenase. Phase separation study 
indicated the detergent solubilized hydrogenase was more hydrophobic than tryptic digested hydrogenase. 
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1. Introduction 

Hydrogenases are the enzymes that catalyze 
reversible oxidation of molecular hydrogen. Three 
classes of hydrogenases, the iron-only hydroge- 
nase (Fe hydrogenase) , nickel containing hydrog- 
enase (NiFe hydrogenase) and nickel selenium 
containing hydrogenase ( NiFeSe hydrogenase) 
have been found in sulfate reducing bacteria [l- 
8 ] . The NiFe hydrogenase has been isolated from 
Desulfovibrio gigas, D. fructosovorans and D. 
vulgaris (Miyazaki) [ 3-51. NiFe hydrogenases 
are generally found to be periplasmic or 
membrane bound enzymes of molecular weight 
of 89 kDa (Mw = 63 kDa and 26 kDa for large 
and small subunit, respectively). 

To purify the membrane bound hydrogenases, 
the detergent and/or the tryptic treatment of cell 
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membranes are needed in advance. D.vuZgaris 
(Miyazaki) hydrogenase has been solubilized 
from membrane with tryptic treatment. In this 
method, however, the isolated hydrogenase is par- 
tially hydrolyzed, and the physicochemical and/ 
or the enzymatic properties are supposed to be 
different from the intact one. In this study, the 
intact hydrogenase from D.vuZgaris (Miyazaki) 
was purified and characterized. 

2. Materials and methods 

Chemicals - Triton X-100 was purchased from 
Boehringer Mannheim GmbH. DEAE Sepharose 
Fast Flow, Sephacryl S-200 HR and Phenyl 
Sepharose Fast Flow were from Pharmacia LKB 
Biotechnology. Other reagents were commer- 
cially available. 
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Cultivation of bacteria - Desulfovibrio vul- 
garis (Miyazaki) was grown in a medium at 30°C 
as reported previously [ 91, and stored at - 80°C 
before use. 

Hydrogenase assay - The hydrogenase activity 
was measured by the hydrogen evolution assay in 
the presence of dithionite-reduced methyl violo- 
gen. One unit of activity was defined as 1 pm01 
H2 evolved per min. 

Protein determination - Protein concentration 
was determined by modified Lowry protein assay 
[ lo] with bovine serum albumin as a standard. 

Purification of the hydrogenase - Hydrogenase 
[ H,:ferricytochrome c3 oxidoreductase, EC 
1.12.2.11 was purified by the following procedure 
at room temperature under aerobic condition 
unless otherwise mentioned. The frozen cells of 
Dmlgaris (Miyazaki) were thawed at room tem- 
perature and suspended in 25 n&I Tris-HCl buf- 
fer, pH 7.4. This cell suspension was sonicated on 
the ice bath (60 W, 0.5 min/g wet cell) followed 
by centrifugation at 203,OOOg for 1 h at 4°C. The 
supernatant was discarded. The particulate frac- 
tion was resuspended in the same buffer contain- 
ing l%( w/v) of Triton X-100. The suspension 
was stirred gently at room temperature to solubi- 
lize hydrogenase. The suspension was centrifuged 
at 203,OOOg for 1 h at 4°C after solubilization. The 
supernatant thus obtained was applied on the fol- 
lowing chromatographic procedures. The buffer 
used in the chromatography was 25 mM Tris-HCl 
buffer, pH 7.4, containing 0.1% (w/v) of Tween 
20 unless otherwise mentioned. The solubilized 
hydrogenase solution was put onto DEAE Sephar- 
ose Fast Flow column (2.5 X 33 cm) which was 
previously equilibrated with the buffer. The 
adsorbed hydrogenase was eluted from the col- 
umn with linear gradient of NaCl concentration in 
the buffer 0 to 1.0 M. The fractions containing 
hydrogenase activity were pooled and were con- 
centrated by ultrafiltration using a Diaflo cell 
(Amicon Corporation) with a PM30 membrane, 
and chromatographed on a Sephacryl S-200 col- 
umn with the buffer containing 0.1 M NaCl. The 
eluent fractions containing the hydrogenase activ- 
ity were diluted twice with the buffer containing 

400 mM ammonium sulfate, and applied onto 
Phenyl Sepharose Fast Flow column ( 1.5 X 25 
cm) pre-equilibrated with the buffer containing 
200 mM ammonium sulfate. The enzymes were 
eluted from the column by decreasing the concen- 
tration of ammonium sulfate in the buffer from 
0.2 to 0 M. The active fraction of the eluent was 
concentrated by ultrafiltration, and chromatogra- 
phed again on Sephacryl S-200 column ( 1.5 x 90 
cm) with the buffer containing 0.1 M NaCl. The 
fractions containing hydrogenase activity were 
directly applied onto DEAE Sepharose Fast Flow 
column( 1.5 X 23 cm). The enzymes were eluted 
from the column with a linear gradient of NaCl 
concentration in the buffer. The tryptic digested 
hydrogenase was purified by the method reported 
previously [ 91. 

Absorption spectra - Optical spectra were 
measured on a Shimadzu UV-265 spectrophotom- 
eter using the cells of 1 cm path length. 

Molecular weight - The molecular weight of 
the enzyme subunit was determined by electro- 
phoresis on SDS-Polyacrylamide gel performed 
by the method of Laemmli [ 111. 

Hydrophobic@ analysis - Phase separation 
was carried out according to the literature [ 121. 

EPR measurement-EPR spectra were recorded 
with JEOL FE3XG spectrophotometer equipped 
with variable temperature cryostat, Air Products 
Heli-tran LTR-3- 110 for controlling sample tem- 
perature. 

Metal analysis - Analysis of metals (iron and 
nickel) was performed with Seiko SPR1500VR 
ICP emission spectrometer. 

3. Results 

3.1. Solubilization of hydrogenuse 

In previous studies, the hydrogenase was solu- 
bilized from the particulate fraction of D.vuZgaris 
by tryptic digestion. In this method, the solubi- 
lized enzyme is partially hydrolyzed, so to obtain 
the intact hydrogenase, the solubilization of the 
enzyme with non-ionic detergents was tried. To 
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Table 1 
Purification scheme of Triton C-100 solubilized hydrogenase from 
D. vulgaris (Miyazaki) 

Step Total Total Specific Yield Purification 
protein activity activity (%) (n-fold) 
(mg) NJ) (U/mg) tt= 

Membrane 3850 4235 1.1 
Crude extract 1153 2882 2.5 
DEAE- 188 1240 6.6 
Sepharose 
Sephacryl S-200 39 468 12 
Phenyl 8.4 252 30 
Sepharose 
Sephactyl S-200 2.2 118 54 
DEAE- 0.5 68 136 
Sepharose 

too 1 
68 2 
29 6 

11 11 
6 21 

3 49 
2 124 

solubilize the hydrogenase, Triton X-100, n-octyl- 
P-D-glucoside, Brij 58 and Tween 20 with various 
concentrations were used. Their solubilization 
ability was compared with that of the tryptic 
digested hydrogenase. 

D.vulgaris (Miyazaki) particulate fraction was 
suspended with 25 mM Tris-HCI, pH 7.4 contain- 
ing above detergents and stirred for 1 h at room 
temperature followed by ultracentrifugation. The 
hydrogenase activity of the supernatant and the 
precipitate were examined. Among the detergents 
examined, Triton X-100 had the highest solubiliz- 
ing ability. Almost all the hydrogenase activity 
was found in the supematant and no hydrogenase 
activity was found in the precipitate when the par- 
ticulate was treated with 1% (w/v) Triton X-100, 
whereas the hydrogenase was solubilized up to 
80% of total hydrogenase in the particulate frac- 
tion when the particulate was treated with trypsin. 
This result indicates the solubilization by non- 
ionic detergent Triton X-100 is more effective 
than tryptic digestion, 

3.2. Purification of hydrogenase 

Table 1 shows the summary of the purification 
of membrane bound hydrogenase from D.vuZgaris 
(Miyazaki) as described in the ‘Materials and 
Methods’. In this experiment, 124-fold purifica- 
tion and 2% recovery over the membrane fraction 
were achieved. When the purified hydrogenase 

was subjected to native polyacrylamide gel, a sin- 
gle protein band was obtained, indicating that the 
hydrogenase is homogeneous. 

3.3. Molecular weight determination 

The Triton X- 100 solubilized hydrogenase 
showed two bands on SDS polyacrylamide gel 
(Fig. 1) . The molecular weight was estimated to 
be 62.5 kDa and 29.5 kDa for large and small 
subunit, respectively. The molecular weight of 
large and small subunit of tryptic digested hydrog- 
enase was estimated to be 60.5 kDa and 29.5 kDa, 
respectively. From the amino acid sequence of 
D.vulguris (Miyazaki) hydrogenase, the molec- 
ular weight of large and small subunit of hydrog- 
enase were reported as 62.495 kDa and 28.763 
kDa, respectively [ 131. The molecular weight of 
Triton X-100 solubilized hydrogenase estimated 

0.2 0.4 0.6 

Rfvalue 

0.6 

Fig. 1. Determination of the subunit molecular weight of D. oulgaris 
(Miyamki ) by SDS-polyacrylamide gel electrophoresis on 10-20% 
polyacrylamide gel. (0) Triton X-100 solubilized hydrogenase; 
( A ) tryptic digested hydrogenase. Marker proteins: 1, rabbit muscle 
phosphorylase (97 kDa) ; 2, bovine serum albumin (66.2 kDa) ; 3, 
hen egg white ovalbumin (45.0 kDa); 4, bovine carbonic anhydrase 
( 3 1 .O kDa) ; 5, soybean trypsin inhibitor (21.5 kDa) ; hen egg white 
lysozyme ( 14.4 kDa) 
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Fig. 2. Absorption spectrum of D. uulgaris (Miyazaki) hydrogenase 
solubilized with Triton X-100 in 25 mM Tris-HCl buffer, pH 7.4. 

by SDS polyacrylamide gel electrophoresis was 
in good agreement with the molecular weight 
deduced from amino acid sequence. These data 
indicate that the Triton X-100 solubilized hydrog- 
enase was intact enzyme as in the membrane, and 
the large subunit of the tryptic digested hydroge- 
nase was partially decomposed by about 2 kDa. 

3.4. Absorption spectrum 

The absorption spectrum of the Triton X-100 
solubilized hydrogenase is presented in Fig. 2. The 
Triton X-100 solubilized hydrogenase showed 
typical ultraviolet-visible spectrum of iron-sulfur 
proteins with a broad absorption band at around 
400 nm, which was very similar to those given by 
tryptic digested hydrogenase [ 91. The extinction 
coefficient (42 mM- ’ cm- ’ at 400 nm) for Triton 
X-100 solubilized hydrogenase was smaller than 
that for tryptic digested hydrogenase (47 mM- ’ 
cm- ‘) [ 91. The smaller value of the extinction 
coefficients of Triton X-100 solubilized hydrog- 
enase is due to the larger molecular weight of 
Triton X-100 solubilized hydrogenase and/or par- 

tial loss of iron-sulfur cluster(s) of hydrogenase 
during the purification. The maximum ratio, Ado,,/ 
AZ*,-,, was 0.25, which is smaller than that reported 
for tryptic digested hydrogenase (AdOJ 
A 280 = 0.29). 

3.5. ESfect of mercurial ion on hydrogenase 
activity 

Triton X-100 solubilized and tryptic digested 
hydrogenase were incubated with Hg (II) at 10 
mM, and their hydrogen evolution activities were 
measured. Effect of incubation time is shown in 
Fig. 3. Both Triton X- 100 solubilized hydrogenase 
and tryptic digested hydrogenase were inhibited 
with Hg( II). The residual activities of Triton X- 
100 solubilized and tryptic digested hydrogenase 
after Hg(I1) treatment for 10 min were ca. 75% 
and 40%, respectively. This indicates the tryptic 
digested hydrogenase is more sensitive to Hg( II) 
treatment than Triton X-100 solubilized hydrog- 
enase. The polypeptide of 2 kDa in Triton X-100 

I , I , , , I , 

0 20 40 

Incubation time / min 

Fig. 3. Effect of Hg(II) ion on hydrogen evolution activity. The 
Triton X-100 solubilized hydrogenase(- 0 -) and tryptic digested 
hydrogenase( - 1, -) were incubated with 10 mM Hg (II) in 25 mM 
Tris-HCl buffer, pH 7.4 and their relative activities were measured 
at the time indicated. 
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Fig. 4. EPR spectrum of D. vulgaris (Miyazaki) hydrogenase. (a) 
Tryptic digested hydrogenase, (b) Triton X-100 solubilized hydrog- 
enase. Temperature 9 K; microwave frequency 9.03 GHz; micro- 
wave power 100 pW; modulation frequency 100 kHz; modulation 
amplitude 0.1 mT. 

solubilized hydrogenase may play an important 
role to disturb the attack of Hg(I1) against the 
active site of hydrogenase. 

3.6. Phase separation 

A phase separation is a technique for separating 
hydrophobic proteins from hydrophilic ones 
based on the low solubility of Triton X-l 14 above 
its cloud point. Hydrophilic proteins are found 
exclusively in an aqueous phase and integral 
membrane proteins with amphiphilic nature are 
recovered in a detergent phase. When this tech- 
nique was applied for the Triton X- 100 solubilized 
and the tryptic digested hydrogenases, Triton X- 
100 solubilized hydrogenase was almost found in 
detergent phase and tryptic digested hydrogenase 
was recovered in aqueous phase. These results 
show that the hydrogenase solubilized with tryp- 
sin is partially hydrolyzed. 

3.7. Metal content 

The Triton X- 100 solubilized hydrogenase con- 
tained 12.4 mol iron and 0.63 mol nickel per mol- 
ecule (Mw = 92 kDa) by ICP emission 
spectrometry, while the tryptic digested hydrog- 
enase contained 12.3 mol iron and 0.68 mol nickel 
per molecule. 

3.8. EPR spectrum 

Fig. 4 shows EPR spectra from D.vuZguris 
(Miyazaki) hydrogenase at low temperature. EPR 
spectra of the Triton X-100 solubilized hydroge- 
nase shows a nearly isotropic signal at g = 2.015. 
This spectrum is attributed to an oxidized [ 3Fe- 
4S] cluster and is identical to that of tryptic 
digested hydrogenase. 

At high temperature ( > 100 K), the Triton X- 
100 solubilized and tryptic digested hydrogenases 
exhibited identical spectrum due to nickel( III) as 
observed in some other nickel-containing hydrog- 
enases. These spectra consist of two superimposed 
signals Ni-A (g = 2.32, 2.24, 2.01) and Ni-B 
(g=2.34,2.10,2.01) [5]. 

The dithionite reduced enzyme showed com- 
plex EPR signal at low temperature ( < 10 K) as 
shown in the EPR spectrum of the tryptic digested 
hydrogenase. This signal has been assigned to the 
reduced [ 4Fe-4S] clusters [ 51. These EPR data 
indicate that the Ni, the [ 3Fe-4S] and [ 4Fe--4S] 
centers in the Triton X-100 solubilized hydroge- 
nase are almost identical to those in tryptic 
digested hydrogenase. 

4. Discussion 

The purification and properties of intact 
hydrogenase from Desulfovibrio vulgaris (Miya- 
zaki) were studied. The molecular weights of Tri- 
ton X-100 solubilized hydrogenase was 62.5 kDa 
and 29.5 kDa as determined by SDS polyacryla- 
mide gel electrophoresis. These values are in good 
agreement with the molecular weight deduced 
from the amino acid sequences [ 131. The large 
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subunit of tryptic digested hydrogenase was par- 
tially hydrolyzed by 2 kDa. These data indicate 
the tryptic digested hydrogenase is a hydrolyzed 
artifact enzyme and the Triton X-100 solubilized 
hydrogenase is a native one. Triton X-100 had a 
higher efficiency for solubilizing hydrogenase 
than trypsin treatment, though the over all recov- 
ery is slightly low. 

The metal contents of Triton X- 100 and tryptic 
digested hydrogenase were almost the same. 
These data and EPR spectra indicate the hydrog- 
enase contained one [ 3Fe-4S], two [4Fe4S] 
and one nickel per molecule, which are similar to 
some other NiFe hydrogenases. The inhibition 
study of hydrogenase with Hg(I1) indicates that 
the Triton X-100 solubilized hydrogenase was 
more stable than the tryptic digested hydrogenase 
on Hg ( II) treatment. 
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