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SUMMARY 

Hydrogenase of Desulfovibrio desulfuricans was purified. I t  was found that 
highly purified hydrogenase could catalyze the evolution of hydrogen from Na2S~O 4 
in the presence of cytochrome c 3 or methyl viologen and not in the presence of 
ferredoxin, and the reduction by H 2 of ferricytochrome c a or methyl viologen but not 
of ferredoxin, methylene blue or hexacyanoferrate (I I I). Hence, H 2: ferricytochrome c 3 
oxidoreductase is proposed for the systematic name of Desulfovibrio hydrogenase. 
It  could catalyze the H-~H exchange in the absence of added electron carriers. 
Hydrogenase of Clostridium pasteurianum (H 2: ferredoxin oxidoreductase, EC I. 12. I. I) 
was purified and found to be specific to ferredoxin and not to cytochrome c 3 or methyl 
viologen. 

The optimum pH of the Desulfovibrio enzyme was 5-6 (cytochrorne ca-de- 
pendent H 2 evolution), 8- 9 (cytochrome c a reduction by H2) or 6-8 (H-2H exchange 
reaction). Km value was 7-5" lO-5 M for ferrocytochrome c 3 in the H 2 evolution re- 
action. H~ production from Na2S204 in the presence of cytochrome c 3 was irreversibly 
inhibited by CO, but that in the presence of methyl viologen was reversibly inhibited 
by CO. 

INTRODUCTION 

Hydrogenase is an enzyme which catalyzes the production and consumption 
of gaseous H 2 by bacteria. 

H 2 + electron carrier ~ reduced electron carrier 

Methyl viologen has been used as an artificial electron carrier in both forward and 
backward reactions by various hydrogenase preparations. ISHIMOTO, YAGI AND 
SHIRAKI 1 observed the H 2 evolution from Na~SzO ~ or formate in the presence of added 
cytochrome c a or methyl viologen with a crude extract of Desulfovibrio desulfuricans. 
MORTENSON, VALENTINE AND CARNAHAN 2 observed the H 2 production from Na~S204 
or pyruvate in the presence of added ferredoxin or methyl viologen with a cell-free 
extract of Clostridium pasteurianum. These results suggest the difference in the electron 
carrier specificity of hydrogenases of different origins. Specificity studies of purified 
hydrogenase, however, have not yet been reported. 
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In this paper ,  the  electron carrier  specifici ty and some proper t ies  of hydrogenase  
are described.  A pre l iminary  account  of por t ions  of this  work has been previously  
repor ted  ~. 

MATERIALS AND METHODS 

Bacteria 
Desulfovibrio desulfuricans was cul tured  as descr ibed beforO, 5 except  t ha t  the  

cul ture  was bubb led  with  N a at  38°. F rom two 4o-1 cultures,  95 g wet cells were 
harves ted .  

Clostridium pasteurianum W5 was cul tured in a N-free medium used b y  
CARNAHAN et al. 6 except  t ha t  b io t in  and p -aminobenzoa te  were replaced b y  Difco 
yeas t  ex t rac t .  After  several  t ransfers  from a po ta to  medium,  a 2oo-1 cul ture  was grown 
at  37 ° in the N-free medium which was bubbled  with  N a and s t i r red mechanical ly .  
The p H  of the  med ium was ma in ta ined  at  6.5 b y  the occasional  addi t ions  of 5 M 
NaOH.  A t  the end of the  I2-h incubat ion  during which 4750 rnl of the  a lkal i  were 
added,  1.8 kg wet cells were harvested.  

Electron carriers 
Cytochrorne c 3 was isolated from the sonicate of D. desulfuricans by  an Amber -  

l i te X E  64 (NH4+) columnE (NH4)2SO 4 was added  to the  cy tochrome c 3 solut ion thus  
ob ta ined  (up to 9 ° % satura t ion)  and  the con taminan t s  p rec ip i t a ted  were removed  
b y  centr i fugat ion.  The supe rna t an t  was dialyzed.  The cy tochrome was again adsorbed 
on the above column, e luted with o.I  M N H  3 and concen t ra ted  b y  par t i a l  lyophil i -  
zation. Concentra t ion of cy tochrome c 3 was measured  pho tomet r i ca l ly  assuming the 
molar  ex t inc t ion  coefficient of heine of fer rocytochrome c 3 at  553 m/~ (ref. 7) to be 
2.5" Io  *, and expressed in the  heme-molar  concentrat ions .  

Fer redoxin  was p repared  as descr ibed by  MORTENSOX 8. 

Assay of hydrogenase 
The rate of H 2 evolution from a reduced electron carrier 9. A react ion mix ture  con- 

ta ined  hydrogenase  p repara t ion  and 6 - I o  -4 M methy l  viologen (or another  electron 
carr ier  to be tested) in 0.020 M phospha te  buffer (pH 7.0) in 3.0 rnl, and  was placed 
in the main  c o m p a r t m e n t  of a W a r b u r g  vessel. The center  well conta ined  alkal ine 
pyrogal lo l  (0.2 inl). The gas phase was N 2. Anhydrous  Na2SaO 4 (2.4 rag) was added  
from the side arm and the ra te  of H a product ion  de te rmined  at  3 o°. Ac t iv i ty  was 
expressed in units  (~moles H~ produced per  rain). 

Reduction of electron carriers with H a. The react ion mix ture  conta ined  enzyme 
prepara t ion ,  2" IO 5 M electron cartier,  3.3" lO-4 M thioglycola te  and a buffer solution 
of the  desired p H  in 6.0 ml, and  was placed in a Thunberg  tube.  The tube  was evacu- 
ated,  filled wi th  H a (500 m m  Hg) and incuba ted  at  3 o°. The reduct ion of the  electron 
car t ier  was measured  photometr ica l ly ,  and  the ac t i v i t y  in units  (/~moles H a consumed 
per  rain) was calculated.  

Hydrogen-deuterium exchange. The react ion mix ture  conta ined enzyme prepa-  
ra t ion  and a buffer solution of desired p H  in 3.0 ml, and  was placed in a I7o-ml 
vessel. The content  of the vessel was lyophil ized,  dissolved in 2.0 ml aH20 (99.8 
a tom % all),  lyophi l ized again and then dissolved in 3.0 ml aHaO. The vessel was 
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chilled with solid C02-ethanol ,  evacuated and filled with H 2. The contents of the 
vessel were thawed and anhydrous NaaS20~ (2.4 rag) was added from the side arm. 
Then the vessel was immediately chilled with solid CO2-ethanol, evacuated and filled 
with H 2 (500 mm Hg). 

The reaction was carried out by shaking the vessel at I00 rev./min at 3 o°. After 
3 h the gas was analyzed for H2, H2H and 2H a by a mass spectrometer, Type RMU-3B 
(Hitachi), or Type 21-62oA (Consolidated Electrodynamics Corporation). Activity was 
expressed in units (t~moles HZH formed per rain). 

RESULTS 

Purification of hydrogenase of D. desulfuricans 
The bacterial sonicate 5 was centrifuged at 80000 × g for 60 rain. The super- 

natant  was passed through an Amberlite XE 64 column to remove cytochrome c 3 
(see MATERIALS AND METHODS) and used as the crude enzyme. Streptomycin sulfate 
(i.2 g) was added to the crude enzyme (14o ml) and centrifuged. From the supernatant 
fluid (Streptomycin supernatant, I4 °ml)  the enzyme was precipitated with (NHa) 2S04 
(between 30 and 75 % saturation) and dissolved in IO ml distilled water. After cen- 
trifugation at 26000 × g for 20 rain, a dark green solution ((NH4)2S04 fraction, 15 ml) 
was obtained. The solution was applied in 5 portions to a Sephadex G-2oo column 
(2. 7 cm X 65 cm) which had been equilibrated with 0.05 M Tris-HC1 buffer (pH 7.3) 
containing 0.2 M NaC1 at 4 °. By chromatography with the same buffer, the activity 
was eluted in 2 peaks (the first peak, Sephadex Fraction A, from 128 to 168 ml; 
the second peak, Sephadex Fraction B, from 208 to 272 ml; see Fig. I). In earlier 
experiments, the enzyme in the Sephadex Fraction B was precipitatedwith (NH4)aS04, 
dissolved in distilled water and rechromatographed on the same column. The active 
fraction was collected, and the enzyme was precipitated with (NH4)2SO4, dissolved 
in distilled water and dialyzed overnight against distilled water. The supernatant of 
the dialyzed solution was designated as the second Sephadex fraction. The process 
resulted in a 7-fold purification with 2 % recovery of the activity 3. In later experi- 
ments, the Sephadex Fraction B was dialyzed overnight against distilled water (IO l) 
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Fig. i. E lu t i on  p a t t e r n  of Desulfovibr io  hydrogenase  from a Sepbadex  G-2oo column (2. 7 cm × 
65 cm). Condi t ions  of c h r o m a t o g r a p h y  are descr ibed in the  text .  @ I @ ,  the  r a t e  of H 2 evo lu t ion  
from Na2S204 in the  presence of 6. lO -4 M m e t h y l  v iologen;  ~ LID, the  r a t e  of I-I2H fo rmat ion  
in the  exchange  reac t ion;  O - - Q ,  the  ra te  of ~H a fo rmat ion ;  and  - - - ,  absorbance  a t  230 raft* 
of the  effluent. 

* Because  of sens i t iv i ty ,  A ~30 mr* in preference to  A 2s0 my was p lo t ted .  
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and applied to a DEAE-cellulose column (1. 7 cm × 24 cm) in 3 portions. Prior to 
being packed in the column, the DEAE-cellulose was stored overnight in 0.05 M Tr is -  
HC1 (pH 7.3), and after being packed in the column, was washed with IO vol. of 
distilled water. The activity of the hydrogenase was eluted by linear concentration 
gradient technique after the column was washed with 50 ml distilled water. The initial 
solvent in the mixing chamber was 25o ml o.oi M Tris-HC1 (pH 7.3), and that  in 
the reservoir 250 ml 0.o4 M Tris-HCl (pH 7.3) containing 0.075 M NaC1. The activity 
of hydrogenase eluted in a sharp peak between 288 and 352 ml was collected (DEAE 
Fraction BI). I t  was dialyzed overnight against distilled water (IO 1), and rechromato- 
graphed on a DEAE-cellulose column under the same conditions. The active fraction 
from the second chromatography was collected, dialyzed overnight against distilled 
water (IO 1), lyophilized and dissolved in 2.3 ml water (DEAE Fraction B2). The 
preparation had no absorption in the visible region. This procedure apparently re- 
sulted in 8o-fold purification, but as the hydrogenase activity was separated into 
2 fractions by the Sephadex column chromatography, the actual purification was 
I25-fold. The results are summarized in Table I. The activity of the purified prepa- 
ration gradually deteriorated upon repeated freezing and thawings. 

T A B L E  I 

S U M M A R Y  O F  T H E  P U R I F I C A T I O N  P R O C E S S  O F  THt~  D E S U L F O V I B R I O  H Y D R O G E N A S E  

Volume Total Exchange reaction Activity Ratio Total Recovery Specific 
(ml) A28oml* (units/mlenzyme) (units/ml (a/b) activity (%) activity 

enayme) (units) (units/ 
It2H 2H2 (b) A 280 mr,) 
(a) 

C r u d e  e n z y m e  14o 6440 - -  - -  3.77 - -  53 ° i o o  0.08 

S t r e p t o m y c i n  s u p e r n .  14o 141o o.26 o.o96 2.oo o.13 28o 53 o.2o 

(NH~)2SO 4 f r a c t i o n  15 760 2.22 o.66 12.6 o.18 19o 36 0.25 

S e p h a d e x  F r a c t i o n  A 20o 115 0.037 O.Ol 3 o.193 o.19 39 7.3 0.34 

S e p h a d e x  F r a c t i o n  B 320 285 0.039 O.Ol 3 0 .220 o.18 71 13 0.25 

D E A E  F r a c t i o n  B I  192 45 - -  - -  o .147 ~ 28 5.3 o.61 

D E A E  F r a c t i o n  B2 2. 3 1.6 0 .66  o.15 4.44 o.15 io  1.9 6. 3 

Partial purification of hydrogenase of Cl. pasteurianum 
The precipitate obtained by the addition of acetone to the extract of Cl. 

pasteurianum s was lyophilized. The dried precipitate (2.5 g) was extracted with 5o ml 
0.2 M phosphate buffer (pH 7.0) and centrifuged at 260o0 × g for 20 rain. The 
hydrogenase was precipitated from the yellowish supernatant (crude enzyme, 43 ml) 
by  (NH4) ~SO 4 (between 30 and 9 ° % saturation), dissolved in 4.0 ml distilled water, 
and chromatographed on a Sephadex G-Ioo column (3 cm × 45 cm) with 0.05 M 
Tris-HC1 containing o.2 M NaC1. The enzyme was further purified by rechromatog- 
raphy on the same column as in the case of the Desulfovibrio enzyme. The preparation 
obtained was designated as the second Sephadex fraction. This process resulted in 
a 6-fold purification with 32 % recovery of the activity 3. 
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Specifmty 
The crude hydrogenase preparation from D. desulfuricans catalyzed the pro- 

duction of H 2 in the presence of methyl viologen, cytochrome c S or ferredoxin S, 
whereas the partially purified preparation (second Sephadex fraction) catalyzed the 
H2 production in the presence of cytochrome c 3 or methyl viologen and not in the 
presence of ferredoxin (Fig. 2). Possibly, there are two kinds of hydrogenases in 
D. desulfuricans, one specific to cytochrome c 3 or methyl viologen, and the other 
specific to ferredoxin. Therefore, the (NH4)zSO 4 fraction was chromatographed on 
Sephadex G-Ioo column (3-o cm × 45 cm). The effluent was collected in 8-ml fractions 
and each fraction assayed for activity with 6. lO -4 M methy] viologen or 2. lO -5 M 
ferredoxin. Fig. 3 shows that there is no ferredoxin-specific hydrogenase in D. de- 
sulfuricans. 
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Fig. 2. Evo lu t ion  of H 2 by  the  purified hyd rogenase  prepara t ions .  The  ma in  conapar tmen t  of 
a W a r b u r g  vessel con ta ined  the  enzyme,  2nd Sephadex  f ract ion (A: 3.3 A2som~* un i t s  Desulfovibr io  
e n z y m e ;  B: 5.6 A230m a un i t s  Clostridial enzyme) ,  2. io 5 M each electron carrier  ( O - - O ,  cy to-  
c h r o m e  cs; q ) - - G ,  m e t h y l  viologen;  & - - A ,  ferredoxin or O = O ,  control  w i thou t  addi t ion)  
a n d  o.02o M p h o s p h a t e  buffer  (pH 7.o) in 3.0 ml. The  gas  phase  was  N~. The  cen te r  well con ta ined  
o.2 ml  alkal ine pyrogallol .  A n h y d r o u s  Na~S204 (2. 4 mg) was  added  and  the  ra te  of H 2 evolu t ion  
was followed a t  3 o°. 

Fig. 3. E lu t ion  p a t t e r n  of Desulfovibr io  hyd rogenase  f rom a Sephadex  G-Ioo  co lumn  (3.o cm × 
45 cm). Condi t ions  of c h r o m a t o g r a p h y  are described in t he  tex t .  Q - - Q ,  the  ra te  of H 2 evolu t ion  
in the  presence of 6" lO -4 M m e t h y l  viologen;  A - - & ,  in the  presence of 2. lO -5 M fer redoxin ;  
a n d  - - - ,  abso rbance  a t  230 m/z of the  effluent. 

The purified hydrogenase (DEAE Fraction B2) catalyzed the reduction with H~ 
of ferricytochrome c 3 and methyl viologen, but not of ferredoxin, methylene blue or 
hexacyanoferrate (III) ion. 

The crude hydrogenase of Cl. pasteurianum catalyzed the H~ evolution from 
Na2S204 in the presence of ferredoxin, methyl viologen and cytochrome c 3 (ref. 3), 
but the purified preparation (second Sephadex fraction) could catalyze the reaction 
only in the presence of ferredoxin as shown in Fig. 2. The presence of another hydro- 
genase specific to methyl viologen in Cl. pasteurianum was denied by experiments 
similar to those illustrated in Fig. 3. 

Properties of hydrogenase of D. desulfuricans 
The hydrogenase activities measured by H 2 production in the presence of re- 

Biochim. Biophys. Acta, 153 (1968) 699-7o5 



704 T. YAGI, M. HONYA, N. TAMIYA 

duced methyl viologen and those measured by H-2H exchange reaction were com- 
pared. The results are shown in Table I and Fig. I. 

The optimum pH of the cytochrome ca-dependent H 2 evolution was 5-6, that 
of the methyl viologen-dependent H~ evolution, 6- 7 (Fig. 4A), that of the cyto- 
chrome c a reduction by H 2, 8- 9 (Fig. 4 B) and that of H-2H exchange reaction in 
the absence of electron carrier, 6~8 (Fig. 4C). 

Lineweaver-Burk plots for the rate of H 2 evolution and cytochrome c 3 or 
methyl viologen concentration are illustrated in Fig. 5. The Km values for ferrocyto- 
chrome c a and for reduced methyl viologen were calculated to be 7.5" IO-S M (for 
heine concentration) and 1.2. Io -I  M, respectively. 
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Fig. 4. Effects of pH on the rate of hydrogenase reactions. A. H 2 evolution from Na2S204 ill 
the presence of O -O, 6. IO -5 M eytochrome c a or @ - - @ ,  6. Io -4 M methyl  viologen. B. Reduction 
by  H 2 of 2. io s M ferricytochrome c a. C. H2H formation in the exchange reaction between H 2 
and ~H20. The enzyme was the D E A E  Fract ion B2. The buffers were: McIlvaine's Na2HPO 4- 
citric acid (diluted io-fold) below pH 5.o; o.o2o M phosphate  between p H  5.o and 7-7; o.o2o M 
Tris-HC1 between pH 7.7 and 9.o; and Sorensen's N a O H - g l y c i n e  (containing o.o20 M Na +) 
over pH 9.o. 

Fig. 5. L ineweaver -Burk  plots at pH 6.9. C) O, for cytochrome c a and @ - - @ ,  for nlethyl 
viologen. The enzyme was the D E A E  Fract ion B2. V is specific activity (units/A2so m# unit). 

Molecular weight of the hydrogenase was determined to be 6oooo from the 
elution behavior ~° on Sephadex G-2oo column at 4 °. In this determination dextran 
blue (rnol. wt. 20o000o) and (NH4)~SO 4 had been used as external standards and 
yeast cytochrorne c (mol. wt. 12700) and bovine serum albumin (tool. wt. 67000 ) as 
internal standards. 

H~ production in the presence of cytochrome ca was completely inhibited by 
CO and could not be reversed upon replacement of CO by flushing with N 2. H 2 e v o -  

l u t i o n  in the presence of methyl viologen also inhibited by CO (97 % inhibition). 
When CO was replaced by N 2, 55 % of the original activity was recovered. 

The activity measured by H 2 evolution in the presence of methyl viologen was 
not affected by treatment of the enzyme at 5 °0 for io rain. Treatment at 6o °, 7 o°, 
8o °, 9 °° and ioo ° for IO rain caused 30, 37, 69, 99 and IOO % decrease in activity, 
respectively. 
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DISCUSSION 

The enzyme, hydrogenase, is believed to catalyze the following reactions. 

H~ + electron carrier ~ reduced electron carrier 

H o + 2H20 ~- H2H + HO~H 

A discrepancy exists between the relative rates of these activities in different hydro- 
genases of different organismsn, 12, and the electron carrier specificity has never been 
determined with the purified preparations. In this study, Desulfovibrio hydrogenase 
was extensively purified. The purified Desulfovibrio hydrogenase catalyzed the H 2 
evolution from ferrocytochrome c3 or reduced methyl viologen, the reduction of ferri- 
cytochrome c a or methyl viologen by H2, and the H-2H exchange reaction in the 
absence of added electron carriers; but it did not catalyze the H 2 evolution from 
reduced ferredoxin, nor the reduction of ferredoxin, methylene blue or hexacyano- 
ferrate(III)  by H 2. The results shown in Table I also support the theory that  H~ 
evolution from a reduced electron carrier and the H-2H exchange reaction were 
catalyzed by the same enzyme. The hydrogenase of Desulfovibrio desulfuricans is, 
therefore, specific to cytochrome c 3 as natural electron carrier. Hence H~: ferricyto- 
chrome c a oxidoreductase is proposed as the systematic name of Desulfovibrio 
hydrogenase. 

Clostridial hydrogenase (H2:ferredoxin oxidoreductase, EC 1.12.1.1) on the 
other hand, is specific to ferredoxin as an electron carrier, and not to cytochrome c a. 
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