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The enzyme hydrogenase which catalyses the reaction H 2 ~ 2H+ + 2e- was dis- 
covered in Bacter ium/ormicum by STEPHENSON AND STICKLAND 1 who observed that  
this organism could use molecular hydrogen to reduce a number of quite diverse 
substrates. The enzyme was later found in several autotrophic and heterotrophic 
bacteria 2-6 and in a few algae 7. FARKAS, FARKAS I~,ND YUI)KIN s showed that  the 
hydrogenase of E.coli was capable of catalysing the exchange reaction between 
D20 and molecular hydrogen. This exchange reaction has been studied in detail by 
HOBERMAN AND RITTENBERG 9 and  FARKAS AND FISCHER 3. Hydrogenase appears to 
be involved in all biological reactions which consume, and probably also liberate, 
hydrogen. 

The study of the properties of hydrogenase has been limited to relatively crude 
preparations. Cell-free extracts of the enzyme were prepared from Escherichia coli 1°, 
Rhodospirillum rubrum 5, Azo/obacter vinelandii6, n and Hydrogenomonas /acilis 12. 
Solubilisation of the enzyme was reported from a few organisms. The yield of the 
soluble enzyme and the specific activity of the purified enzyme QbI2 (Methylene 
blue) ---- 30,000/xl per h per mg protein nitrogen) were usually low. 

The present investigation was undertaken during the course of a study of the 
reduction of inorganic sulphate to hydrogen sulphide by the obligate anaerobe, 
Desul/ovibrio desul/uricans. The presence of hydrogenase in sulfate-reducing bacteria 
was first reported by STEPHENSON AND STICKLAND 13 and later by WRIGHT AND 
STARKEY 14, BUTLIN et al. 15, POSTGATE 16, and  GISLER AND ZOBELL 17. These  s tudies  

were made on suspensions of resting cells. Our preliminary studies indicated that  
D. desul/uricans (Hildenborough) was an unusually rich source of the enzyme. Ex- 
traction of acetone dried bacteria was found to give a hydrogenase which was both 
soluble and highly stable. Fractionation of the extract and isolation of hydrogenase 
of high specific activity [-QH2 (methylene blue) = 2.5" 106/xl per mg N] was briefly 
reported in an earlier communication (SANADA AND JAGANNATHANI8). 

SHUG et al. 19 have recently made a notable contribution to the study of the 
hydrogenase of Clostridium pasteurianum. The enzyme was solubilized by sonic 
disruption of the cells and obtained in highly purified form L-QH2 (methylene blue) -- 
7.5' Io5/xl per h per mg N 1 by protamine sulphate. The purified enzyme was shown 
to require flavin dinucleotide, molybdenum and inorganic phosphate for the reduction 
of cytochrome c but not of methylene blue. 
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T h e  p u r i f i c a t i o n  a n d  p r o p e r t i e s  of  h y d r o g e n a s e  f r o m  D. desul/uricaus a re  d e s c r i b e d  in  

t h e  p r e s e n t  c o m m u n i c a t i o n .  T h e  p u r i f i e d  e n z y m e  h a s  b e e n  s h o w n  t o  r e q u i r e  f e r r o u s  

or  f e r r i c  s a l t s  fo r  m a x i m u m  a c t i v i t y .  

MATERIALS AND METHODS 

Desul[ovibrio desul/uricans, strain "Hi ldenborough"  No. NCIB 83o 3, kindly supplied by Dr. 
l~. R. BUTLIN was used in these studies. The organism was maintained in BAARS 20 medium. 
The media used for growth contained : 0.5 g Na2SO~, 0.25 g MgSO4" 7H20, 0.4 g sodium lactate, 
0.08 g K2HPO 4, o.i g yeast  extract  and o.oo~ g FeSO4(NH4)2SO4"2H20 in IOO ml distilled 
water  with other additions as indicated below. For  large scale culture, the medium was supple- 
mented with 0.4% yeast  extract  and 0. 5 % peptone. The media were sterilised by  autoclaving 
at 20 lbs per sq. inch for 3 ° minutes,  the cysteine supplement  of i to T.5 /~mole/ml used in sub- 
culturing being separately added after sterilisation th rough  a bacterial filter. The final p H  of 
the media was 7.4 to 7.6 and the t empera ture  of incubation 34 ° . 

The organism was initially sub-cultured 4 to 5 t imes on 15 ml lots of the above medium 
supplemented with 2o /,moles of cysteine and incubated each t ime for 48 h under  H 2 in an 
anaerobic jar. The inoculum was transferred to ten volumes of the same medium (containing 
about  2oo p.moles cysteine per loo ml) and incubated for 48 h under H 2. The inoculum was now 
transferred to lo to 15 volumes of the large scale culture medium (containing no cysteine) in 
5 liter flasks, which were filled to the top. After incubation for 72 h the cells were harvested 
by centrifugation at o" in the angle head a t t achmen t  of the Internat ional  refrigerated centrifuge 
at 3,5oo r.p.m, for one hour. The cells were suspended in cold o .8% KCI and re-centrifuged. 
The washed cells from to liters of medium were thoroughly  mixed with about  5o ml of o.8 °/' o KCI 
at o-' to form a homogeneous suspension and added with stirring to 15 to 2o volumes of acetone 
at o ~ to 5 °. After 4o minutes  the precipitate was rapidly filtered under  suction and washed 
3 to 4 t imes with ice-cold acetone and dried at o ° in a vacuum desiccator over P20~ and paraffin 
shavings. The material took about  one to two days to dry completely. The average yield was 
25 to 3 ° g of wet bacterial cells giving 5 to 6 g dry material  from io liters of medium. The bacteria 
contained the con taminant  described by POSTGATE 2~ but  it has no hydrogenase activity. No 
a t t empt  was made to separate it off. Whether  this organism has any effect on solubilisation of 
hydrogenase or on its purification has not  been determined. 

Calcium phosphate  gel was prepared according to KEILIN AND HARTREE ~2 and was aged 
for nine months  before use. The following substances were commercial  samples:  DPN*, 85% 
pure (Schwartz Laboratories);  FAD, 8o°,o pure;  FMN (Sigma Chemical Co.); Crystalline bovine 
albumin (Armour & Co.) ; pro tamine  sulphate  (Light & Co.) ; benzyl viologen (Bios Laboratories) ; 
methylene blue (National Aniline) ; yeast  extract  and peptone (Oxo Ltd.). 

Protein was determined by the turbidimetr ic  method of STADTMAN el a/. 28 and by  the micro- 
kjeldahl method.  

All optical measurements  were carried out  in a Beckman model DU spec t rophotometer  in 
3 ml cuvettes or in Thunberg  tubes (i cm light path).  Manometric exper iments  were carried out  
in the conventional Warburg  appara tus  and p H  measurements  were made with the glass electrode. 
(;lass-distilled water  was used in all experiments .  

Enzyme assay 
Enzyme activity was determined manometr ical ly  by measuring hydrogen uptake  at 34 ° with 
methylene blue as hydrogen aeceptor. The main compar tmen t  of a twin-armed Warburg  vessel 
contained, except when otherwise indicated, 16o /~3I TRIS  buffer, 20 / ,3I  cysteine, 1. 5 /~2~i r 
freshly prepared FeC12, 2 mg crystalline bovine albumin** and enzyme in a final volume of 1.5 ml, 
p H  8. 4. One side-arm contained i o / , M  methylene blue in 0.2 ml H20. Alkaline pyrogallol was 
placed in the centre-well (containing a filter paper  strip) and in the second side-arm. After filling 
the flasks with hydrogen and equilibrating in the ba th  for 15 minutes  methylene blue was rapidly 
tipped in and measurements  taken every minute  for five minutes.  The rate  of hydrogen uptake  
remained linear for the first three minutes  and then gradually decreased, possibly due to inacti- 

* The following abbreviat ions have been used in the text :  Diphosphopyridine  nucleotide 
(DPN); Tr iphosphopyridine nucleotide (TPN); Flavin mononucleotide (FMN); Flavin adenine 
dinucleotide (FAD); Tr is (hydroxymethyl)  aminomethane  (TRIS);  Ethylenediaminetetraacet ic  
acid (Versene); N-N-d ihydroxye thy l  glycine (Versene-Fe-3-specific); p-chloromercuribenzoate 
(PCMB). 

** The a m o u n t  of serum albumin for the test  was incorrectly reported in the previous publi- 
cation (SADANA AND JAGANNATHAN TM) as 0.2 nag instead of 2.0 rag. 
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vation of the enzyme by methylene blue. Controls run wi thout  enzyme and wi thout  methylene 
blue respectively gave negligible blanks. All experiments  were carried out in duplicate. The 
amoun t  of enzyme taken for the test was such tha t  the rate of hydrogen uptake  was about  io 
to 3o/ , l  per minute.  Enzyme activity was calculated from the mean of the first three one-minute  
readings and expressed as i d H~ absorbed per hour under  these experimental  conditions. Specific 
activity was expressed in terms of ~H2 (methylene blue) (/d per h per mg protein N). 

RESULTS 

Pur i f i ca t ion  o~ hydrogenase 

The following operations were carried out at o ° to 4 ° unless otherwise indicated. The 
acetone-dried bacterial cells were ground with frozen o .2M phosphate buffer, pH 6.4 
(IO ml for every gram of dried bacteria) and left at room temperature for 20 to 30 
minutes. Cellular debris was then removed by  centrifugation at 15,ooo r.p.m, in the 
high-speed a t t achment  of the Internat ional  centrifuge for one hour. The cell-free 
supernatant  was reddish-brown and contained 70 to 80 % of the hydrogenase act ivi ty 
of the dried bacteria. 

The extract  was heated in a water-bath in 2o ml aliquots with constant  stirring 
so tha t  the tempera ture  of the enzyme solution rose to 6o ° in 2 minutes. After keeping 
for IO minutes at 6o °, it was rapidly cooled to o ° and centrifuged to remove the 
coagulated impurities. 

The supernatant  was adjusted to pH  5.o by  dropwise addition of o . i N  acetic 
acid and centrifuged after an hour. The inactive precipitate was discarded and the 
supernatant  re-heated in a water-bath so that  the temperature rose to 5 °0 in 1.5 
minutes. After maintaining at 5 °° for 2 minutes, the enzyme was cooled to o ° and 
the denatured proteins centrifuged off. A third inactive precipitate was removed by 
adding to the solution with stirring half its volume of acetone at - - i o  ° and centri- 
fuging after 3o minutes. Hydrogenase was precipitated from the supernatant  by the 
addition of 2.3 times its volume of acetone and collected by centrifugation after 
keeping for 6o minutes at - - I O  °. The precipitate was dried overnight at o ° in vacuo 

over P2Oa and paraffin shavings. I t  was then dissolved in o .13I  phosphate buffer, 
pH 6.o, to give all approximate ly  o.I % solution of protein. 

Protamine sulfate (I % solution adjusted to pH  5.o with dilute acetic acid) was 
then added to the enzyme with stirring till no further precipitate was formed. The 
precipitate was centrifuged off and discarded. Calcium phosphate gel was then added 
to the enzyme solution (about I ml of gel containing IO mg dry  weight for I ml 
enzyme), stirred for Io  minutes and then centrifuged. The gel, which contained all 
the hydrogenase, was washed four to five times with water and then eluted with 
o .2M phosphate buffer, pH  7.8 (o.5 ml of buffer for I ml of initial enzyme solution 
before the addition of gel). The elution was then repeated twice in a similar manner.  
The combined eluates contained hydrogenase of maximum purity. Protamine treat- 
ment  and gel adsorption increased the ratio of light absorption at 28o mtx to tha t  at 
26o m/x from about  o.35 to i .oo or more, indicating removal of nucleic acid and other  
coloured impurities. 

The results of a typical  experiment with the above procedure are summarised in 
Table I. The purification was fairly reproducible and the specific act ivi ty of the 
purified enzyme obtained from different batches of bacteria varied from 2.2' lO 6 to 
2.6. lO 6. The final product  with a fifty-fold increase in act ivi ty is the purest specimen 
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of hydrogenase obtained hitherto. The amount of enzyme available was however 
insufficient to attempt further purification or to carry out detailed studies on 

homogeneity. 

T A B L E  I 

PURIFICATION OF D. d e s u l / u r i c a n s  HYDROGENASE 

5 g a c e t o n e - d r i e d  b a c t e r i a l  c e l l s  

Volume o/ Total activity Total protein Specific activity Yield 
Enzyme preparation solution (l~l H2 absorbed I*l Ho per h % 

" ml per hour) mg per mg N 

1. N o n - p r o l i f e r a t i n g  I 5  t o  
w a s h e d  b a c t e r i a l  c e l l s  - - .  20 .  lO 6 - -  - -  

2. A c e t o n e - d r i e d  c e l l s  5o 12. 5 • i o  e 1Boo 4 .2 .  l o  4 I o o  

3. P h o s p h a t e  e x t r a c t ,  
c e n t r i f u g e d  a t  18 ,ooo  g fo r  i h 4 ° 11 .7 .  to6 347  20 .  lO 4 94 

4. E x t r a c t  (3) h e a t e d  
a t  6o ° f o r  i o  m i n u t e s  45 11 .2 .  i o  6 216  31 • l o  4 89 

5. p H  5 .0  s u p e r n a t a n t  
r e h e a t e d  a t  5 o'~ f o r  2 m i n u t e s  9 0  9 . 3 '  l o s  63 92"  I o  4 74 

6. A c e t o n e  p r e c i p i t a t e  5 o 8 . 9 '  IO ¢ 45 118 .  lO 4 7 r 
7. E l u a t e  f r o m  ge l  i o o  8. 3 • lO s 2o 2 3 5 .  i o  ~ 60  

A different procedure, which was described earlier (SAoANA AND JAGANNATHAN TM) 

was found to give enzyme of the same activity. The supernatant obtained after 
precipitation of impurities at pH 5.o was brought to about pH 4.o with dilute acetic 
acid and centrifuged. The precipitate containing hydrogenase was dissolved in o.I M 
TRIS, final pH 5.o, and heated at 5 °° for 2 minutes. The precipitate was centrifuged 
off and discarded and the supernatant treated with protamine sulfate and calcium 
phosphate gel as described above to remove nucleic acid and coloured impurities. 
This method had the disadvantage that the pH at which hydrogenase was completely 
precipitated varied with different extracts. The purified enzyme was also less suitable 
for the activation studies described below, since some of the preparations obtained 
by this procedure failed to show activation by FeCI~, which is discussed in a later 
section. 

Absorption spectrum 
The absorption spectrum of purified hydrogenase with oxidising and reducing agents 
is shown in Fig. I. In air the enzyme showed an absorption maximum at 409 m/,. 
On reduction with hydrogen, an absorption band appeared between 500 to 580 m/x 
with a peak at 555 m/x and the intense 7- or Soret band at 409 m/x was shifted to 
419 m/~. On shaking with air for a few seconds, the spectrum reverted to that of the 
oxidised state with the disappearance of the 555 m/x band and the shift of the band 
at 419 m/, to 409 m/x. Similar results were obtained when reduced hydrogenase was 
oxidised by FMN or methylene blue (Fig. I). In the presence of excess H 2, the spec- 
trum of reduced hydrogenase reappeared when all the FMN or dye had been reduced. 
The absorption bands of the oxidised and reduced enzyme are characteristic of iron- 
porphyrin respiratory enzymes and resemble those of cytochrome c. 

Hydrogenase also showed a decrease in absorption at 450 m/, and 39 ° m~ on 
reduction, which was reversed on oxidation. The difference in absorption of the 
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oxidised and reduced enzyme at these two wavelengths suggests the presence of 
flavin in hydrogenase, as has been previously indicated by SI-IU<; el al. 19 on the basis 
of similar observations with the hydrogen- 
ase of C1. pasteurianurn.  We have, however, 
been unable to confirm their observation 
that the absorption spectrum of the re- 
duced enzyme reverted to that of the oxi- 
dised state when H~ was evacuated from 
the tube, indicating reversibility of flavin 
reduction at low H 2 tensions. Prolonged 
incubation of reduced enzyme from D. 
desul /uricans at room temperature after 
evacuation of H 2 failed to show any change 
in absorption. 

It is uncertain whether the observed 
absorption changes characteristic of a 
cytochrome c-like component are due to 
hydrogenase or to an associated impurity. 
During the purification of hydrogenase 
two other "cytochrome" pigments were 
obtained, which had no hydrogenase activi- 
ty but showed absorption in the oxidised 
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Fig. t. Absorption spectrum of purified hydro- 
genase. 0 - - - 0  A. Enzyme in o.~oM TRIS, 
o.oo7M cysteine, pH 7.4; in air. O -O B. 
As in A, after 24 hours incubation in H= at o .  
x × C. H~ evacuated from B and 0.2 ff31 
FMN added; readings corrected for absorp- 

tion of FMN. 

and reduced states which was identical with that of purified hydrogenase. One 
pigment was isolated by precipitation at pH 2.8 from the supernatant obtained after 
removal of hydrogenase at pH 4.o according to the second procedure for purification. 
This pigment was reduced by cysteine anaerobically and was reoxidised by air. Since 
it was reduced by cysteine, which is necessary for hydrogenase activity, it was not 
possible to determine whether this pigment could be reduced by H 2 and hydrogenase 
and we have not studied its properties further. The second pigment was present in 
the supernatant obtained after adsorption of hydrogenase by gel. This pigment was 
not reduced by cysteine and H 2, but was reduced when it was incubated with cysteine, 
H 2 and a small amount of purified hydrogenase, and was re-oxidised by 02, FMN 
or methylene blue. The pigment was thermostable, since its capacity for reduction 
by H 2 and hydrogenase and re-oxidation by air etc. was unchanged by heating 
at 8o ° for 5 minutes, which destroyed hydrogenase activity completely. Since its 
absorption spectrum was identical with that of hydrogenase in the oxidised and 
reduced states respectively, it is possible that the absorption curves shown in Fig. x 
are due partly or wholly to a residual impurity of this "cytochrome" pigment. The 
ratio of hydrogenase activity (/xlH~ oxidised per hour) to the optical density of the 
enzyme at 4o9 mff (i cm cell, in air) varied considerably for different enzyme prepara- 
tions of the same specific activity. The initial extract had a ratio of about 42,ooo 
while the purified enzyme had a ratio varying from 8o,ooo to 182,ooo indicating the 
presence of a coloured impurity in some of the final preparations. We have not 
attempted further purification of the enzyme and it remains to be determined 
whether hydrogenase can be obtained entirely free of "cytochrome" pigment. 
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General properties 

Hydrogenase solutions could be kept at 0 ° for a week or at - -20 ° for several months 
with no loss in activity. The enzyme was unaffected by repeated freezing and thawing 
or lyophilisation. Unlike the hydrogenase of several other bacteria, which required 
storage under H 2 or anaerobically ~, 24, our preparations retained their activity even 
when kept in contact with air for long periods. If any inactivation of the enzyme 
occurs during storage, the short incubation with cysteine and H 2 during the test is 
probably sufficient for reversing the inhibition. The enzyme could be dialysed at o ° 
for three days against neutral phosphate or TRIS at pH 6.3 to 7.4 with no significant 
loss in activity. The enzyme was not sedimented by centrifugation for one hour at 
80,000 g. Hydrogenase was completely inactivated at pH 2.0 in a few minutes at o ° 
or at pH 6.0 in 5 minutes at 7 °° or in I minute at 80 °. It was however unaffected 
by heating for IO minutes at 60 ° at pH 6.3 to 7.8. The enzyme was also stable when 
heated for 2 minutes at pH 5.0. 

Purified hydrogenase was analysed for lipoic acid by Mr. W. E. RAZZELL through 
the kind courtesy of Dr. I. C. (;UNSALUS and was found to contain II.O millimicro- 
grams of lipoic acid per mg of protein. If the molecular weight of hydrogenase is 
assumed to be IOO,OOO, it should contain at least 2 micrograms of lipoic acid per mg 
protein. Unless the enzyme is still grossly impure and requires a further 2oo-fold 
purification, it may be concluded that hydrogenase is not a lipoie acid enzyme. 
Crude extracts contained FAD and diaphorase but on purification hydrogenase 
contained no diaphorase. 

After dialysis for 72 hours at o ° against TRIS buffer, pH 7.4, hydrogenase 
contained one t~g of iron per mg of protein. But since the enzyme was partially 
resolved into metal and protein, as shown by activation with FeCI2, and contained 
moreover "cytochrome" impurities it is uncertain what fraction of the total iron was 
in combination with hydrogenase. 

Hydrogen acceptors 

The following substances were reduced by hydrogen and hydrogenase: methylene 
blue and benzyl viologen, FAD, FMN and riboflavin, and the "cytochrome" of 
D. desul/uricans. The rate of hydrogen uptake was highest with methylene blue 
and benzyl viologen and several different enzyme preparations showed identical 
activities with equivalent concentrations of the two dyes. The addition of DPN, 
TPN, FMN, FAD, lipoic acid, lipothiamide, coenzyme A or co-carboxylase had no 
effect on enzyme activity with methylene blue. The rate of H 2 uptake was the same 
when the amount of methylene blue was varied between 5 to 2o/xmoles. 

Hydrogen uptake with FMN was 2.2' lO 4 /xl per h per mg protein N, which is 
about one-hundredth of the rate with methylene blue. The reduction of FMN, FAD 
and riboflavin was also measured spectrophotometrically at 45o m/x in Thunberg 
tubes containing o.2/xM flavin (side-arm), 2o/xM cysteine, ioo/~M TRIS, and 
enzyme in a final volume of 3.o ml at pH 7.5. After incubation with H 2 for a few hours, 
the flavin was tipped in and the decrease in optical density at 45o m/~ was determined. 
The rate of reduction of the three flavins was nearly the same, but the optimum rate 
could not be determined owing to the high optical density of the solution at higher 
flavin concentrations. It  was necessary to reduce the enzyme initially with H 2 before 
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the  add i t ion  of flavin to ob ta in  m a x i m u m  rates  of reduct ion,  possibly due to the 
presence of traces of O,. 

Sulfate,  ferr icyanide,  D P N  and TPN were not  reduced by  the enzyme. Cyto- 
chrome c reduct ion  could not  be s tud ied  owing to the  reduct ion  of cy tochrome c by  
cysteine,  which was necessary for hydrogenase  ac t iv i ty .  The reduct ion of the  "cy to -  
chrome"  of D. desul/uricar~s has been descr ibed in a previous section. 

p H  op t imum 

Hydrogenase  showed a broad  p H  op t imum between 7.4 and 8.6 with a m a x i m u m  at 
8. 4 (Fig. 2). The enzyme was inact ive  below p H  5.o or above p H  IO.O. Hydrogenase  
ac t iv i ty  was lower with phospha te  
than  with  T R I S  at  corresponding pH 120 a 
values.  

'/00 

o0 

i~_ 6o 

4o 

2o 

5.0 6.0 "7.0 &O 9.0 "I0.0 '1"1.0 
pH 

Fig. 2. pH activity curve of hydrogenase. (Activity 
expressed as ffl H 2 absorbed in 3 minutes in the 
standard assay system). © - - ©  pH 5.3 to 6.1 in 
acetate buffer, o.ot M; [] -D pH 6.2 to 7.3 in 
phosphate buffer, o.oi M; z~ ~ pH 7.0 to 8.6 
in TRIS-HC1 buffer, o.i ~.~I; (D---C$ pH 8. 4 to IO.O 

m a x i m u m  pur i ty ,  which showed l i t t le  in glycine-NaOH buffer, o.i M. 
or no ac t iv i ty  at  high dilut ions in the  
absence of serum albumin.  Er ra t i c  results  were also ob ta ined  with  purified enzyme 
when alkal ine pyrogal lo l  was omi t t ed  from the W a r b u r g  flasks, since traces of oxygen 
were inhibi tory .  In  the presence of cysteine,  serum a lbumin  and pyrogallol ,  a l inear 
relat ion was ob ta ined  between enzyme concentra t ion and ac t iv i ty .  

Several  samples  of purified hydrogenase  ob ta ined  b y  the second purif icat ion 
procedure  descr ibed previous ly  showed l i t t le  or no ac t iva t ion  by  FeC12 while the 
enzyme obta ined  by  the procedure  out l ined in Table  I showed an increase in ac t iv i ty  
of 30 to 80% when tes ted  with  IO 3M ferrous or ferric chloride. Of several  methods  
t r ied for obta in ing  greater  ac t iva t ion  b y  FeC12 the following gave the  best  results.  
Purif ied hydrogenase  was ad jus ted  to pH 4.5 and left a t  o ° for 24 hours. I t  was then 
p rec ip i t a ted  with  four volumes of acetone at  o ° and  dr ied  in vacuo. Adsorp t ion  on 
calcium phospha te  gel and  elut ion with  phospha te  buffer were repea ted  as descr ibed 
previously.  The recovery of ac t iv i ty  (when tes ted  wi th  FeCI~) was quant i ta t ive ,  bu t  

Activators 

Hydrogenase  was inact ive in the  ab- 
sence cf cysteine,  even when it  was 
incubated  with H 2 for several  hours. 
The ac t iv i ty  was m a x i m u m  when 
cyste ine  concentra t ion  was between 
o .oo2M and o .o2M. Cysteine could be 
replaced b y  glutathione.  Sodium sul- 
fide and hydrosulf i te  were found to 
ac t iva te  crude enzyme prepara t ions ,  
bu t  gave somewhat  lower act ivi t ies  
than  cysteine and were not  rou t ine ly  
used. 

In  the absence of serum albumin,  
enzyme ac t iv i ty  was not  propor t iona l  
to enzyme concentra t ion and fell off 
r ap id ly  at  high dilut ions.  This was 
pa r t i cu la r ly  not iceable  wi th  enzyme of 
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the activation by FeC12 increased from 7 ° to 250°"0. The same increase in activation 
was also observed when benzyl viologen was used in place of methylene blue. FeC12 
could be replaced by FeC13, but  no activation was observed with varying concentra- 

tions of CoC12, CoC13, MoO 3, ammonium molybdate or CuC12. 
The optimum concentration of FeC12 was 1.5 tzM in a total  volume of 1.5 ml 

('fable II) though the actual concentration of Fe ++ was much lower owing to the 
presence of excess of cysteine. No hydrogen uptake was observed with FeC12 or 
FeC13 in the absence of methylene blue. Cysteine forms a complex with the added 
metal and prevents precipitation of the metallic hydroxide. I t  is improbable that  
activation by FeC12 could be due to the action of this ferro-cysteine complex as an 
intelmediate  in methylene blue reduction, since different enzyme preparations with 
the same act ivi ty  in the absence of FeCl~ showed activation varying between 20 to 
200% with FeCl 2. Activation of the enzyme due to removal of traces of oxygen by 
ferro-cysteine is also unlikely since prolonged shaking of the flasks for one or two 
hours to remove 0 2 by cysteine and alkaline pyrogallol resulted in no increase in 
act ivi ty in the absence of FeC12. In a few experiments it was noted that  the initially 
higher rate with FeC12 decreased after two to three minutes to the rate observed 
without activating metal, the reason for which is obscure. 

T A B L E  I [ 

EFFECT OF FERROUS CHLORIDE CONCENTRATION ON HYDROGENASE ACTIVITY 

nydrogenase 
preparation 

I I  

FeCl a added Hydrogenase activity Per cent 
(f*l H2 absorbed 

/*moles per hour) activation 

- -  2040  . .  

o.8  3 9 0 0  91 

1.6 444  ° I I 7  
2.4 444  ° I 17  

- -  1 o 4 o  - -  

0. 4 158o  51 
o.8 3 0 0 0  188 

1.2 3 3 0 0  227  
2 .0  3 2 5 0  212  

Inhibitors 
The effect of inhibitois on hydrogenase was determined with the usual test system, 
unless otherwise indicated in the tables, and the inhibitor was added after pre-incuba- 
tion of the enzyme with cysteine and H 2 to maintain it in the reduced rate. In some 
experiments the inhibitor was incubated in air at 34 ° for 15 minutes with the buffered 
enzyme solution containing serum albumin but  no cysteine, so as to maintain the 
enzyme in the oxidised state, and the act ivi ty was then determined as usual after 
the addition of cysteine. When a lower pH was used for some inhibitors, as shown in 
the tables, the controls were also run at the same pH without the inhibitor. The 
results have been corrected for the blanks, if any, in the absence of enzyme. When 
cyanide was used, the centre-well of the flasks contained pyrogallol-alkali-cyanide 
mixture in which the concentration of free HCN was equal to that  in the reaction 
mixture in order to prevent distillation of HCN into the alkali (KREBS25). 
R e / e r e n c e s  p .  4 5 2 .  
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Sul/hydryl reagents 

The effect of iodoacetate and PCMB, which combine with free SH groups of proteins, 
was tested with different cysteine concentrations (Table III). Inhibition by iodo- 
acetate was low and at a concentration of 4" IO %~t was only 17% even with the 
lowest permissible concentration (2" IO-a3i) of cysteine. PCMB was however strongly 
inhibitory and completely suppressed hydrogenase activity when the concentration 
of cysteine and inhibitor were nearly equal. The inhibition was reversible by the 
addition of excess cysteine or glutathione. The effect of the inhibitor was the same 
whether the enzyme was pre-incubated with PCMB aerobically or in the presence 
of cysteine and H 2. GEST 5 reported that io 331 PCMB does not appreciably inhibit 
crude preparations of hydrogenase from R. rubrum or E. coll. Our results indicate 
the presence of sulfhydryl groups in hydrogenase which are essential for enzymic 
activity. 

T A B L E  I I I  

E F F E C T  OF I O D O A C E T A T E  A N D  p - C H L O R O M E R C U R I B E N Z O A T E  ON H Y D R O G E N A S E  A C T I V I T Y  

Inhib i tor  
Inh ib i tor  concentration Reduc ing  agent 

M 
M 

I o d o a c e t a t e  3 '  i o  2 c y s t e i n e  
4 '  i o  2 c y s t e i n e  
3 ' I O  2 c y s t e i n e  

p -Chloro-  
m e r c u r i b e n z o a t e  

Inhibit ion 
Reducing agent 
concentration Inhibitor mi,~ed Inhibitor mixed 

M in air under hydrogen 
o o 
o o 

2 , 1 0  3 12  13 
2 . 1 o  3 [7 

1 4 .1 o  3 ,~ 

5 " IO 4 c y s t e i n e  2. I0  3 48 
[ . 2 . 1 0  3 c y s t e i n e  2 '  i0  3 9 l  9o 

2 - 1 o  3 c y s t e i n e  2 ' I O  3 98 l o o  
1 .2 -1o  a c y s t e i n e  28.  IO 3 I2 
1 .2"10 3 g l u t a t h i o n e  28, i o  3 S 

Metal complexing agents 

Hydrogenase was inhibited by several metal-binding agents of which cyanide was 
the most active (Table IV). At about Io-3M cyanide the enzyme was completely 
inhibited. Significant inhibition was also observed with a,~'-dipyridyl, 0-phenan- 
throline and 8-hydroxyquinoline. "Versene", "Versene-Fe-3-specific" and azide 
showed only slight inhibition at much higher concentrations, while pyrophosphate had 
no inhibitory activity. Several workers have noted that reduced hydrogenase was 
inhibited less than the oxidised enzyme by cyanide or PCMB (FARKAS AND FISCHER3; 
H O B E R M A N  AND R I T T E N B E R G  9; G R E E N  AND W I L S O N  6; H Y N D M A N  et al. n; A T K I N S O N  

AND McFAI)DEN12; LASCELLES et al.26), while JOKLIK 27 was unable to confirm this 
observation. We have been unable to find any significant difference in inhibition by 
cyanide and PCMB, whether the inhibitor was mixed with hydrogenase aerobically 
or under reducing conditions. The discrepancy between the findings of the different 
workers is possibly due to differences in the purity and source of the enzyme prepa- 
rations which were used. 

Miscdlaneous inhibitors 

Among several other substances which were tested, hydroxylamine, nitrite and 

R e / e r e n c e s  p .  4 5 2 .  
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T A B L E  I V  

E F F E C T  O F  M E T A L  B I N D I N G  A G E N T S  ON H Y D R O G E N A S E  A C T I V I T Y  

Inhibitor 
concentration 

M 

Inhibition 

Inhibitor pH Inhibitor mixed Inhibitor mixed 
in air under hydrogen 

% % 

C y a n i d e  2. 5 • l o  ~ 8. 4 8o 82 
5" IO 4 8. 4 97  95 
I • I O  3 8 .  4 l o o  I O O  

8 - H y d r o x y q u i n o l i n e  4 .o .  t o  a 8. 4 ~ i 
w a ' - D i p y r i d y l  3" lO-a  8. 4 i i 15 

,5" l o - a  8 .4  25 3 ° 

o - l ' h e n a n t h r o l i n e  3 '  i o  3 6. 4 i o _ i 5  
5 " I O  a 6. 4 2o 3 ° 2 5 - 3 5  

" V e r s e n e  ( r e g u l a r ) "  6 .1  o - a  8. 4 i o 

" V e r s e n e - F e - 3 - s p e c i f i c "  4" IO 2 6. 4 12 

S o d i u n l  a z i d e  I • i o  2 7.4 7 5 

P y r o p h o s p h a t e  2 .  IO 2 8. 4 o o 

copper salts were the only 
compounds which showed 
marked inhibition at low con- 
centrations (Table V). Copper 
salts showed extremely high 
inhibition and completely sup- 
pressed hydrogenase activity 
at 5-1o ~M. Fluoride, ure- 
than and arsenite showed 
negligible inhibition. Phos- 
phate and sulfate were inhi- 
bitory at high concentrations 
(o. IM) ,  but we have not de- 
termined whether the effect 
was due to trace metal im- 
purities. 

T A B L E  V " 

E F F E C T  OF I N H I B I T O R S  ON H Y D R O G E N A S E  A C T I V I T Y  

Inhibition 
Inhibitor 

Inhibitor concentration Inhibitor mixed Inhibitor mixed 
M in air under hydrogen 

% % 

H y d r o x y l a m i n e  3"  l O  3 12  

5 " Io--a 33 
2 .  IO 2 42 
4 '  I ° - 2  77 

U r e t h a n  1 • i o -~ o o 

A r s e n i t e  ,5" i o  ~ 5 6 

P o t a s s i u m  n i t r i t e  2- i o  -3 4 ° 
3" IO-3 92 
4 '  1 0 - 3  I O O  

S o d i u m  f l u o r i d e  8 .  i o  2 5 

C u p r i c  c h l o r i d e  5" i o  ~ i o o  i o o  

DISCUSSION 

From studies using cell suspensions and crude extracts a certain amount of indirect 
e v i d e n c e  h a s  a l r e a d y  b e e n  o b t a i n e d  t o  i n d i c a t e  t h a t  h y d r o g e n a s e  i s  a n  i r o n - c o n t a i n i n g  

e n z y m e .  W A R I N G  AND W E R K M A N  28 f o u n d  t h a t  h y d r o g e n a s e  a c t i v i t y  w a s  m a r k e d l y  

r e d u c e d  b y  i r o n  d e f i c i e n c y  i n  A e r o b a c t e r  i n d o l o g e n e s .  I n h i b i t i o n  o f  h y d r o g e n a s e  b y  

c y a n i d e  w h e n  t h e  e n z y m e  is  i n  t h e  o x i d i s e d  s t a t e ,  b y  c a r b o n  m o n o x i d e  ( H O B E R M A N  

A N D  R I T T E N B E R G  9, H Y N D M A N  et al .  11) a n d  b y  n i t r i c  o x i d e  ( K R , s x a  AND R I T T E N B E R G  29) 

suggests the presence of iron as the prosthetic group in the enzyme. 
The finding now described of the inhibition of purified hydrogenase by  metal 

Re/erences p.  452. 
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binding agents and the activation of the enzyme by FeCt 2 provides more direct 
evidence for this view. The activation was specific for iron salts and was observed 
only during the later stages of purification. The increase in activation by  FeCI 2, 
which was observed when the enzyme was reprecipitated at pH 4.5 with acetone and 
adsorbed on gel, indicates partial splitting of metal from enzyme. The actual  activa- 
tion by FeC12 is likely to be higher than the observed value since the test system was 
not entirely free from iron (ca. I /xg  Fe). I t  is considered improbable tha t  the effect 
of FeCle is due to competit ive reversal of inhibition by  trace metals, such as copper, 
since no activation was observed with equivalent or higher amounts  of other metals 
(Mo, Co etc.) or with different concentrations of metaI-eomplexing agents (eysteine, 
ethylenediaminetetra-acetie acid). 

Though there is considerable evidence for the presence of iron in hydrogenase,  
little can be said of the form in which it is present. From the photochemical  reversal 
of CO inhibition of the hydrogenase of P.  vulgaris HOBERIVIAN AND RITTENBERG 9 
postulated the existence of an iron-porphyrin complex in analogy with Warburg ' s  
respiratory ferment. But  other workers were uuable to obtain reversal by  light of 
CO inhibition of hydrogenase from other bacteria (HYNDMAX el al. n ,  F,\RKAS AND 
FISCHER 8, LASCELLES AND STILL 26, JOKLIK 27, WILSON AND \¥1LSON8°). ~VARBURG al 
concluded tha t  the prosthetic group of the hydrogen-liberating ferment of butyric  
acid bacteria, which is probably hydrogenase, contained iron but not haem. The 
presence of cytochrome-like pigments in A.  v inelandi i  (HYNDMAN et al. n) and in 
sulfate-reducing bacteria (PoSTGATEa2,aa; ISHIMOTO etal .  a4) has been previously 
reported. Though these pigments are undoubtedly  important  for electron-transport  
in these organisms, they are devoid of hydrogenase activity. To establish the nature 
of the iron in hydrogenase complete removal  of these pigments  becomes necessary. 

The number  of co-factors required for hydrogen uptake  with hydrogenase is 
dependent  on the oxidant used in the test system, and it is necessary to distinguish 
act ivat ion of hydrogenase from that  of secondary t ransport  systems which link 
hydrogenase with the terminal hydrogen acceptor. The co-factors required for the 
reduction of several different oxidants by H 2 and hydrogenase are indicated below. 
The approximate  oxidation-reduction potentials (E 0 in volts at pH  7.0) of the 
respective hydrogen acceptors are shown in parenthesis (LARD\aS). 

It  is not known at present 
whether hydrogenase catalyses 
both the reactions I (a) and I (b) 
or whether two enzymes are 
involved. I t  is also uncertain 
whether hydrogenase and the 
co-factors indicated above are 
sufficient for reduction of cyto- 
chrome c etc. or whether they 
require, in addition, one or 
more other enzymes. The test 
system ishowever less complex 

t with oxidants of low E 0. Ben- 
zyl viologen has the lowest 
oxidation-reduction potential 

a b 

1. H 2 ~  2 H ~  2H v -]- 2 e  + 

2. H (or e ) :--~ Benzyl viologen ( o.36 ) 
( 0.42) 

Heat stable factor (KORKES a6) 
--+ or --+ DPN ( 0.32 ) 

Benzyl viologen (GEsT 37) 

--+ "Cytochrome" (D. desuIJuricans) (?) ~-~ 

I FAD 
FMN 

<' [ Riboflavin (--o.t9) 

] + (?) -~ Methylene blue (+ O.Oi) 

i ---~- [ FMN 
M o  

f Phosphate Cytochrome c (+ o.26) 
I (SHUG et al. TM) 

Re/erences p. 452. 
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a m o n g  s u b s t a n c e s  w h i c h  a re  r a p i d l y  r e d u c e d  b y  pu r i f i ed  h y d r o g e n a s e  a n d  is l ike ly  

to  r e q u i r e  t h e  l ea s t  n u m b e r  of f a c t o r s  o t h e r  t h a n  h y d r o g e n a s e .  P u r i f i e d  h y d r o g e n a s e  

p r e p a r a t i o n s  s h o w e d  t h e  s a m e  a c t i v i t y  w i t h  b e n z y l  v i o l o g e n  or  m e t h y l e n e  b l u e  a n d  

t h e  degree  of a c t i v a t i o n  b y  FeC12 was  t h e  s a m e  w i t h  e i t h e r  of t h e  dyes.  I t  a p p e a r s  

p r o b a b l e  t h a t  t h e  effect  of FeC12 is due  to  a c t i v a t i o n  of h y d r o g e n a s e  i tself .  I n  v i ew  

of t h e  r e p o r t e d  p r e s e n c e  of f l av in  in h y d r o g e n a s e  (SIIUG ct al. 19) t h e  p o s s i b i l i t y  t h a t  

h y d r o g e n a s e  is a f e r r o - f l a v o p r o t e i n  m e r i t s  f u r t h e r  s t u d y .  I t  w o u l d  a l so  be  d e s i r a b l e  

to  c o n f i r m  t h e  f i nd ings  on  t h e  a c t i v a t i o n  of h y d r o g e n a s e  b y  FeC1, b y  m e a n s  of a 

d i f f e ren t  t e s t  s y s t e m ,  p r e f e r a b l y  t h e  e x c h a n g e  r e a c t i o n  b e t w e e n  H i a n d  D 2 0 ,  w h i c h  

r e q u i r e s  n o  e x t r a n e o u s  h y d r o g e n  a c c e p t o r .  
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SUMMARY 

Hydrogenase from Desul/ovibrio desul/uricans has been purified about fifty-fold. At tile highest  
level of puri ty I mg of protein N catalyses the oxidation of 2.6. Io 6//1 of I-I 2 per hour by methylene 
blue at  34 °. Purified hydrogenase was found to be act ivated by FeC12 or FeCla, the increase in 
activity being the same with benzyl viologen or methylene blue as oxidant. A thermostable  
cytochrome-like component was obtained during the purification, which has no hydrogenase 
activity, but  could be reduced by hydrogen and hydrogenase and reoxidised by 02, methylene 
blue or FMN. 

Methylene blue and benzyl viologen were reduced rapidly and at the same rate by hydrogen 
in the presence of purified hydrogenase; FMN, FAD and riboflavin were reduced at  about  one- 
hundredth  of this rate, while DPN, TPN, sulfate and ferricyanide were not reduced. The opt imunl  
pH for methylene blue reduction was 8.4, cysteine of glutathione was essential for enzyme 
activity and serum albumin had a protective action at  high enzyme dilutions. Hydrogenase was 
inhibited by p-chloromercuribenzoate and the inhibition was reversed by cysteine or glutathione. 
Cyanide and other metal-binding agents, hydroxylamine and nitri te were also inhibitory. 

RI~SUM~ 

L'hydrog6nase de Desul/ovibrio desul/uricans a 6t6 purifi6e environ cinquante lois. Dans l '6tat  
de puret6 le plus 61ev6, I mg d 'N prot6ique catalyse l 'oxydation par  le bleu de m6thyl6ne, /~ 34 °, 
de 2.6. lO 6/~1 d 'H 2 par heure. L'hydrog6nase purifi6e est activ6e par  FeC12 ou FeC13, l 'augmen- 
tat ion d'activit6 6tant  la m6me que l 'oxydant  soit le benzyl violog6ne ou le bleu de m6thyl6ne. 
Au cours de la purification, les auteurs ont obtenu un compos6 thermostahle, analogue aux cyto- 
chromes, qui n 'a  pas d'activit4 hydrogdnasique, mais qui peut  6tre r6duit par l 'hydrog6ne et 
l 'hydrogdnase et r6oxyd6 par 02, le bleu de m6thyl6ne ou le FMN. 

Le bleu de m6thyl6ne et le benzyl violog6ne sont rdduits rapidement  et g la m~me vitesse 
par l 'hydrog6ne en pr6sence d'hydrog6nase purifi6e ; le FMN, le FAD et la riboflavine sont rdduits 

une vitesse environ cent fois inf6rieure, tandis que le DPN, le TPN, le sulfate et le ferricyanure 
ne sont pas r6duits. Le pH opt imum de la r6duction du bleu de m6thyl6ne est de 8. 4. La cyst6ine 
ou le glutathion sont essentiels ~ l 'activit6 enzymatique et la s6rumalbumine poss6de une action 
protectrice sur les fortes dilutions de l 'enzyme. 

L'hydrog6nase est inhib6e par  le p-chloromercuribenzoate et l ' inhibit ion est r6versible en 
prdsence de cyst6ine ou de glutathion. Le cyanure et les autres agents complexants des m6taux, 
'hydroxylamine et le nitri te sont 6galement inhibiteurs. 

Re#fences p. 452. 
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ZUSAMMENFASSUNG 

Aus Desul/ovibrio desul/uricans gewonnene Hydrogenase wurde etwa fiinfzigfach gereinigt. AuI 
dem h6chsten Reinheitsgrade katalysiert  i mg Protein-Stickstoff die Oxydat ion yon 2.6. lO 6/,I 
H2 pro Stunde durch Methylenblau, bei 3 4 .  Es wurde festgestellt, dass gereinigte Hydrogenase 
durch FeCI 2 oder FeCI a aktiviert  wird. ]3enzylviologen oder Methylenblau wurden als Oxydie- 
rungsagenten verwendet:  in beiden F/illen fand nlan die gleiche Aktivit/itssteigerung. W/ihrend 
der Purifikation wurde eine therlnostabile Zytochronl-/thnliche Komponente  erhalten, welche 
keine Hydrogenasetft t igkeit  zeigte, jedoch 1lurch Wasserstoff und Hydrogenase reduziert, und 
durch O~, Methylenblau oder FMN reoxydiert  werden konnte. 

In  Anwesenheit  von gereinigter Hydrogenase,  wurden Methylenblau und Benzylviologen 
schnelt und mit  der gleichen Geschwindigkeit durch Wasserstoff reduziert: FMN, FAD und 
Riboflavin wurden mit  einer ungef/thr hunder tmal  geringeren Geschwindigkeit reduziert, w/ihrend 
DPN, TPN, Sulfat und Ferricyanid nicEt reduziert wurden.  Der optimale pH- W e r t  fiir die 
Methylenblau-Redukt ion war 8. 4. Cystein oder Glutathion waren ffir die enzynlatische T~tigkeit 
unerl/isslich; Serumalbunl in ha t te  bei s tark verd/ innten Enzymen  eine Schutzwirkung. 

Hydrogenase wurde durch p-Chloromerkuribenzoat  gehemmt,  und diese Wirkung konnte  
durch Cystein oder Glutathion riickg~ngig gemacht  werden. Cyanid und andere nletallbindende 
Substanzen, sowie Hydroxylamin  und Nitr i t  wirkten gleichfalls henlnlend. 
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