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SUMMARY 

The l ight  ac t iva t ion  of the  hydrogenase  of  Proteus vulgar, s previous ly  observed 
in whole cells has been demons t r a t ed  in cell-free ex t rac t s  and  in the  pa r t i cu la te  
hydrogenase  ob ta ined  from such ex t rac t s  The par t i cu la te  hydrogenase  was solubihzed 
b y  t r ea t ing  i t  wi th  deoxychola te  at  p H  8 o and  was fur ther  purif ied b y  (NH4)~SO 4 
f rac t lonat lon ,  b y  hea t ing  at  60 ° and  b y  Sephadex  c h r o m a t o g r a p h y  This procedure  
afforded a 65-fold purif icat ion,  and  all f ract ions exhib i ted  hght  ac t iva t ion  of  the  
hydrogenase ,  suggest ing t ha t  l ight  d i rec t ly  affects the  hydrogenase  A compar ison of  
the  h g h t - a c t l v a t e d  purified enzyme and  the one act ive  in the  da rk  showed tha t  there  
was no difference in the  molecular  weight  (115 ooo), in the  mechanism of hydrogen  
ac t iva t ion  or in the  Km for hydrogen,  while Vmax was grea ter  for the  hgh t - ac t l va t ed  
enzyme  The mechanism of hght  ac t iva t ion  is discussed m re ims  of these findings. 

INTRODUCTION 

The hydrogenase  ac t iv i ty  in whole cells of  Proteus vulgams is m a r k e d l y  increased 
b y  i r r ad ia t ing  the  cells wi th  visible or u l t rav io le t  l ight  of  2537 A (refs I ,  2) This  act i -  
va t ion  is Irreversible and persis ts  even af ter  the  I r rad ia t ion  is t e rmina t ed  or af ter  the  
cells are exposed to air  and  p robab ly  d i rec t ly  affects the  hydrogenase  since it is observed 
m the absence of  hydrogen  acceptors  The  present  inves t iga t ion  was unde r t aken  to 
e lucidate  the  mechanism of  the  l ight  ac t iva t ion  Since the  hydrogenase  of  P vulgams 
IS pa r tmula te  3, the  enzyme was solubIhzed and  fur ther  purified. The purif ied soluble 
hydrogenase  was ac t i va t ed  b y  hght  and  the  h g h t - a c t i v a t e d  enzyme differed from 
the one act ive in the  da rk  only  in the  value  of  Vmax 
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MATERIALS AND METHODS 

The experimental details were similar to those previously descrlbedl, 2 Hydro- 
genase activity was measured by the deuterium exchange assay a with IO% 2H20 or 
the tritium exchange assay 5 with I mC/ml of 3HHO in o 15 M of phosphate buffer 
(pH 7 o) at 37 ° The hydrogenase was deoxygenated by adding sodium hydrosulfite 
(5 mg/ml) 6, and bovine albumin (o 3 mg/ml) was added to prevent denaturation of the 
enzyme during the assay I unit of hydrogenase activity is defined as the quantity of 
enzyme necessary to catalyze an exchange rate of I mV/h in the tritium exchange 
assay or o 51 °/o deuterium per h in the deuterium exchange assay 5 

Light activation was periormed with visible hght as previously described 1 The 
light Intensity at the reaction flask was 15 ooo if-candles The protein concentration 
was determined using the procedure of LowRY et al 7 or spectrophotometrlcally at 280 
and 260 m# (ref 8) Approximate molecular weights were determined using sucrose 
gradient centrlfugatlon 9 in a linear 5-20% gradient in a o 007 M phosphate buffer 
(pH 7 o) with hemoglobin and catalase as markers All fractions obtained during the 
purification procedure were analyzed using disc gel electrophoresls and were stained 
for both protein and hydrogenasel°, 11 

Pur,ficat,on of hydrogenase 
P vulgar~s cells were grown on a complex medium 4 and were stored frozen as 

a cell paste until used For the preparation of particulate hydrogenase, cells were 
suspended in a o.15 M phosphate buffer (pH 7.o) and were disrupted by sonic oscillation 
at I o kcycles for 20 ram. The hydrogenase was isolated using differential centrlfugatlon 3 

Soluble hydrogenase was Isolated using a modification of the procedure of 
KONDO et al 12. Cells of P. vulgar*s were suspended in 3 volumes of 3% sodium deoxy- 
cholate in a o 007 M phosphate buffer (pH 7 o) and were disrupted by somc oscillation 
at IO kcycles for 20 mm After removing the cell debris by centrlfugatlon at 12 ooo × g 
for 20 rain, the supernatant was diluted with 2 vol. of a o 007 M phosphate buffer 
(pH 7 o), and the pH of the solution was adjusted to 8 o by adding i M NaOH and 
then was incubated for I h at 37 ° The pH was readjusted to 7 o with I M HC1 before 
saturated (NH4)zSO a was added to o 3 saturation The precipitate conf in ing  most of 
the deoxycholate was removed by centrifugatlon at 12 ooo x g for 20 mm and was 
discarded The supernatant then was brought to o 6 saturation with (NH4)2SO 4 and 
the precipitate containing the hydrogenase was collected by centrlfugatlon at 12 ooo x 
g for 20 rain The precipitate was dissolved in a o 007 M phosphate buffer (pH 7 o) and 
was centrifuged for 9 ° rain at IOO ooo × g The supernatant from this high speed 
centrlfugatlon contained the hydrogenase activity in a soluble form This solublhzatyon 
procedure recovered 35 ~/o of the starting cell-free hydrogenase and had a specific 
activity of 7 umts/mg protein The procedure described by KONDO et al 12 utilizes 
trypsin digestion at pH 8 o in the presence of deoxycholate to solubillze the hydro- 
genase We found that trypsin digestion did not increase the yield of soluble hydro- 
genase from P vulgar~s over that obtamed by incubation at pH 8 o alone. 

Further purification of the soluble hydrogenase was achieved by heating at 
60 ° for IO rain followed by precipitating the enzyme at o 4 saturation with (NHa)2SO ~. 
The precipitate was dissolved in a o 007 M phosphate buffer (pH 7 o) and was centri- 
fuged at IOO ooo × g for 9 ° mm The supernatant was concentrated to 4 mg protein 
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per  ml (corresponding to an ac t i v i t y  of  7 ° unl ts /ml)  b y  d ia lyz ing  i t  agains t  20 volumes 
of  a 3o% solut ion of  po lye thy lene  glycol,  2o ooo (Fisher  Scientific Co ) in a o 007 M 
phospha te  buffer a t  p H  7 o The  concen t ra ted  enzyme solut ion was ch roma tog raphed  
on a Sephadex  G-2oo column with  a o oo 7 M phospha te  buffer (pH 7 o) as the  e luant  
The elutaon p a t t e r n  of  the  hydrogenase  is shown m Fig i This final ma te r i a l  was 
purif ied 65-fold over  the  original  cell-free ex t rac t  
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F i g  I E l u t i o n  p a t t e r n  of  h y d r o g e n a s e  f r o m  S e p h a d e x  ta-2oo The  c o n c e n t r a t e d  e n z y m e  s o l u t i o n  
(4 m g / m l )  in  a v o l u m e  of  2 m l  w a s  a p p l i e d  t o  a c o l u m n  (27 5 c m  × 2 2 cm)  a n d  w a s  e l u t e d  w i t h  
o 0o 7 M p h o s p h a t e  buf fe r  (pH 7 o) a t  a f low r a t e  of  IO m l / h  2 5 m l - f r a c t l o n s  w e r e  c o l l e c t e d  a n d  
a s s a y e d  for  p r o t e i n  ( a b s o r b a n c e  a t  280 m/2) a n d  a c t i v i t y  A c t l w t y  is e x p r e s s e d  as  m V / h  in  t h e  
t r i t i u m  e x c h a n g e  a s s a y  T h e  v o i d  v o l u m e ,  d e t e r m i n e d  w i t h  b l u e  d e x t r a n ,  w a s  33 ml  

F i g  2 S t a b i h t y  of  so lub l e  h y d r o g e n a s e  a t  v a r i o u s  t e m p e r a t u r e s  The  so lub le  e n z y m e  p r e p a r a t i o n  
w a s  h e l d  a t  t h e  i n d i c a t e d  t e m p e r a t u r e s  for  15 m m  a n d  t h e n  w a s  coo led  to  o ° A s s a y s  w e r e  con-  
d u c t e d  a t  37 ° 

RESULTS AND DISCUSSION 

Aside from the hght  ac t iva t ion  of  the  hydrogenase  of P vulgar,sl, 2, the  o n b  
o ther  repor t  of  such ac t iva t ion  is in the  pho tosyn the t i c  bac te r ium,  Rhodospmllum 
rubrum, in which the hght  effect was shown to be due to an increased pe rmeab i l i t y  of 
the  cell to the  substratea3,14 To show tha t  the l ight  ac t iva t ion  of  P vulgar,s is due to 
a direct  effect on the  hydrogenase  and not  to an increased permeabi l i ty ,  the  ac t iva t ion  
was demons t r a t ed  in cell-flee systems.  Table  I shows t ha t  hydrogenase  in a cell-free 
ex t rac t  exhibi ts  the  same ac t iva t ion  in l ight  as whole cells The  hydrogenase  in th is  
organism is par tzeu la tO,  the  ac t iv i ty  is sed imented  at  IOO ooo × g and the  pa r t i cu la te  
hydrogenase  is a c t i va t ed  b y  l ight  (Table I) Since the  par t ic les  are complex  s t ructures ,  
one cannot  be cer ta in  t ha t  the  l ight  d i rec t ly  affects the  hydrogenase  ra the r  than  
al ters  the  s t ruc ture  of  the  par t ic le  in some manner  which mcreaseb the hydrogenabe 
a c t i v i t y  The hydrogenase  was, therefore,  solublhzed and fur ther  purified 

By  t r ea t ing  at wi th  deoxychola te  and incuba t ing  i t  at  p H  8 o, more than  80°,0 
of  the  recovered hydrogenase  was solublhzed This soluble hydrogenase  showed the 
same light ac t iva t ion  as whole cells and  par t ic les  (see Table  II)  The s t ab i l i ty  of  the  
soluble hydrogenase  at  var ious  e leva ted  t empera tu res  IS shown an F ig  2 Even  at  75 ° 
for 15 man, more than  50% of  the  a c t i v i t y  was recovered For  purif icat ion,  the  enzyme 
p repara t ion  was hea ted  at  60 ° for IO m m  and then was p rec ip i t a t ed  with (NH4)2SO 4 
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TABLE I 

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

The sonic extract  was obtained by  centrafugatmn at  13 ooo × g of cells disrupted by sonic oscflla- 
t i n  This extract  was then centrifuged for 9o mm at  ioo ooo × g Specific act ivi ty is expressed 
as units per mg protein The hght  act ivat ion as the ratio of the  exchange act lwty in the hght  to 
the exchange act ivi ty an the dark 

Fractwn Specific % of L*ght 
actw*ty t o t a l  actzwtaon 

actw*ty 

Whole cells I 47 ioo i 34 
Sonic extract  from 13 ooo × g 2 22 91 i 39 
Supernatant  from ioo ooo × g o 38 7 --" 
Remdue from ioo ooo × g i 99 51 i 38 

A f t e r  h e a t i n g ,  t h e  h y d r o g e n a s e  w as  p r e c i p i t a t e d  a t  o 4 s a t u r a t i o n ,  an c o n t r a s t ,  b e f o r e  

h e a t i n g ,  i t  p r e c i p i t a t e d  a t  o 6 s a t u r a t i o n  T h i s  s t e p  a f fo rded  a 3- fo ld  p u r i f i c a t i o n ,  a n d  

t h e  e n z y m e  e x h i b i t e d  t h e  s a m e  l i g h t  a c t i v a t i o n  T h e  m a t e r i a l  was  t h e n  c h r o m a t o -  

g r a p h e d  o n  S e p h a d e x  G-2oo  (Fig. i )  a n d  s h o w e d  t h e  o r i g i n a l  l i gh t  a c t i v a t i o n  T h e  

p u r i f i c a t i o n  p r o c e d u r e  y i e l d i n g  a 65- fo ld  p u r i f i c a t i o n  a n d  t h e  l i gh t  a c t i v a t i o n  o f  e a c h  

f r a c t i o n  as s u m m a r i z e d  In T a b l e  I I  T h e  f a c t  t h a t  l i g h t  a c t i v a t i o n  w a s  o b s e r v e d  in  all 

a c t i v e  f r a c t i o n s  d u r m g  t h e  p u r i f i c a t i o n  s u g g e s t s  t h a t  l i g h t  d i r e c t l y  a f fec t s  t h e  h y d r o -  

g e n a s e  a c t i v i t y  

Al l  f r a c h o n s  l i s t e d  an T a b l e  I I  were  s u b j e c t e d  to  p o l y a c r y l a m l d e  disc  gel  e l ec t ro -  

p h o r e s i s  E x c e p t  for  t h e  l a s t  f r a c t i o n ,  t h e y  al l  s h o w e d  t w o  b a n d s  of  h y d r o g e n a s e  

a c t i v i t y  w h i c h  d i f f e red  o n l y  s l i g h t l y  f r o m  e a c h  o t h e r  In m o b l h t y  a n d  h a d  R F  v a l u e s  

n e a r  o 5 ACKRELL et al 10 also o b s e r v e d  t w o  h y d r o g e n a s e  b a n d s  f r o m  P vulgams T h e  

e n z y m e  f r a c t i o n  a f t e r  S e p h a d e x  c h r o m a t o g r a p h y  o n l y  s h o w e d  one  v e r y  i n t e n s e  b a n d  

of  h y d r o g e n a s e  a c t i v i t y  W h e n  t h e  gels  we re  s t a i n e d  for  p r o t e i n ,  t h e  c h r o m a t o g r a p h e d  

f r a c t i o n  s h o w e d  t h e  loss  of  a n u m b e l  o f  f a s t  m o v i n g  p r o t e i n  b a n d s  w h i c h  we re  p r e s e n t  

in  t h e  o t h e r  f r a c t i o n s  

T o  e l u c i d a t e  t h e  m e c h a n i s m  of  l i g h t  a c t i v a t i o n ,  t h e  p r o p e r t i e s  of  t h e  e n z y m e  

a c t i v e  in  t h e  d a r k  a n d  t h e  l i g h t - a c t i v a t e d  one  we re  c o m p a r e d  I f  t h e  a c t i v a t i o n  w a s  

d u e  to  a n  a s s o c i a t i o n  or  d i s s o c i a t i o n  o f  s u b u m t s  or  to  a l a rge  c h a n g e  in  s h a p e ,  c h a n g e s  

m t h e  a p p a r e n t  m o l e c u l a r  w e i g h t  w o u l d  b e  e x p e c t e d  a f t e r  i l l u m i n a t i o n  T h e r e  was  n o  

TABLE II 

P U R I F I C A T I O N  O F  H Y D R O G E N A S E  

The purification procedure is described in MATERIALS AND METHODS 

Fract*on Specific % of L*ght 
actwzty t o t a l  actwat~on 

actwzty 

i Somc extract  I 2 I 0 0  I 3 ° 

2 ioo ooo × g supernatant  from 
60% (NH4)~SO ~ 6 6 33 I 4 ° 

3 IOO ooo × g supernatant  after 
heating and 4o% (NH4)2SO 4 18 5 18 i 4 ° 

4 Sephadex G-2oo chromatography 8o o 9 I 39 
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difference in the  molecular  weight (es t imated  using sucrose dens i ty  centr l fugat lon)  
be tween the hgh t - ac t l va t ed  enzyme and the  one act ive m the  dark,  bo th  of  which had  
molecular  weights  of  abou t  115 ooo This  molecular  weight  is r a the r  large when 
compared  to  the  value  of IO ooo o b t a m e d  for the  soluble hydrogenase  of Desulfowbr, o 
desulfur,cans 15 and m a y  suggest  t ha t  the  Proteus  hydrogenase  is not  a t ru ly  soluble 
pro te in  bu t  r a the r  is a large f ragment  of  the  original  par t ic le  I t  is possible t ha t  the  
hydrogenase  of P vulgarm is much larger  than  t ha t  of  D desulfurzcans since the  
hydrogenase  of Clostr,d,um pasteurzanum has been repor ted  to have  a molecular  
weight  of 56 ooo (ref 16) 

The mechamsm of hydrogen  cleavage m P vulgar, s was shown17, is to be a 
heterolyt lc  sp l i t t ing  of H 2, resul t ing m the  format ion  of an enzyme hydr ide  and pro ton  
When  the  exchange reac t ion  was s tud ied  m lOO% 2H20, the  ra te  of  the  appearance  
of 2HH was five t imes  t ha t  of the appearance  of *H 2 whether  the  reac t ion  was ca ta lyzed  
b y  the enzyme act ive  In the  da rk  or the  l igh t -ac t iva ted  one Therefore,  the  mechanism 
of  ac t ion  of hydrogenase  is not  affected b y  l ight  

There was no difference in the  Km values ,  for hydrogen  the l igh t -ac t iva ted  
enzyme had  a Km of  2 46.  IO -4 M, and the one act ive in the  da rk  had  a K m  of 2 55 IO-4 
M The Vmax was grea ter  for the  l igh t -ac t iva ted  hydrogenase  than  for tha t  act ive in the  
dark,  and  therefore  the  observed ra te  of exchange was greater  m the l ight 

A n y  exp lana t ion  of  the  l ight  ac t iva t ion  of  the  hydrogenase  of  P vulgar, s mus t  
account  for the  observa t ion  tha t  the  only difference between the  two forms of the  
enzyme is in the  value  of  the  m a x i m u m  veloc i ty ,  the  molecular  weight,  Kin, and 
mechanism of hydrogen  ac t iva t ion  are the  same One possibi l i ty ,  consis tent  wi th  these 
findings, is t ha t  a f ract ion of  the  hydrogenase  is inac t ive  in the  da rk  and is conver ted  
to the  act ive form b y  l ight Since the  hgh t - ac t l va t ed  enzyme is the  same as the  enzyme 
normal ly  act ive in the  dark,  the  resul t  of I r radia t ion  is to increase the  q u a n t i t y  of 
act ive enzyme,  increasing the  m a x i m u m  veloci ty  bu t  not  changing the o ther  proper t ies  
A similar  resul t  would be ob ta ined  if  a f ract ion of the  hydrogenase  in the  da rk  were 
inhib i ted  b y  the presence of an unknown inhib i tor  and  if hght  in some manner  de- 
s t royed  the inhib i tor  t he reby  effectively mcreasmg the  concent ra t ion  of  act ive enzyme 

A th i rd  poss lb lh ty  is t ha t  l ight  induces a conformat lona l  change in the  enzyme 
act ive In the  dark,  thus  conver t ing  it to a more act ive form However  in this  case one 
might  expect ,  in addi t ion  to an increased Vmax, a change in Kin, which is not  observed 
At  present ,  the  avai lable  evidence does not  permi t  one to choose between these 
posslblht les  
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