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SUMMA L,,L Y 

The oxidized form of  hydrogen dehydrogena_se (,f H vdrogt'~tzomo~:as rJrJdamtii was in* 
hibi ted by  BAL. cyanide,  di thianite ,  sulfide. ~uifite and thioglycolate. Reduction of 
the dehydrogenase with DPN H or I'I~ resulted in a dindnished effect of  the inhibitors, 
wi th  the exception of  p-chiorome=curibenzoate which inhibited only the reduced 
enzyme.  Informat ion  from kinetic analysis and inhibit(~r studies indicates tha t  the 
enzyme is reduced with H,  to give a proton and that  this i~ followed by the oxidat ion 
of  the  reduced enzyme with  DPN to gi;'e DPN H. The enzyme catalyzes an exchange 
between H~ and  HTO and also between HTO and DPNH, Analysis of DPN enzymic- 
ally reduced with T a shows tha t  1" is in the/ /-posi t ion (,f DPN H. The enzyme actic~n 
has  a lag phase which (~an be el iminated by preincubation with I-I~ or DPNH.  

llgTICt)[~UCTION 

The mechanism of  action of hydrogen act ivat ing en/.yme~ has been investigated 
from the viewpoint of  exchange reactions u,2 the metal comlx)nenO,' and a possible 
flavin comportentr-L Th," hydrogenase of  Desulfovibrio destdfi~rlcav.s has been 
extensively invest igated :.4.~' and RaKI.Is ,x~i) R r ~ E x ~ r t 6  ~ have obtained a highly 
purified preparat ion using the exchange reaction betwL~en deut,:rium oxide am] 
hydrogen as the assay system. The hydrogenase of  D. desulfi,Hcans can aIso re~luce 
benzyl  viologen, methylene  blue and liberate hydrvgen fn)m reduced methyl  vio- 
Iogen*, a. Spectrographic analysis of  this protein showed iro,~ to be the major  metal  
component .  The exchange reaction indicated tha t  the hydrogen;~se reaction can occur 
as a heter(flytic proce.~ resulting in the formation of  an enzyme hydride and a proton ~. 

Hydrogen d e h v d r o g e n a ~  of Hydrogenomonas ruhlandii provides a more amen- 
able system for the s tudy  of  the act ivat ion of  hydrogen and in this report a t ten t ion  
has been focus.ged on inhibitors which cat) react with disulfi~le groups, the u~e of 
i-~otop,~.~ to evaluate the exchange reaction.~ and a kinectic analysis of the hydrogen 
d e h y d r o g e n a ~  reaction. 
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M A T E R I A L S  A N D  M E T H O D S  

T h e  f.)llowing m a t e r i a l s  were  c o m m e r c i a l  p re r~ara t ions :  p i g - h e a r t  ma l ic  d , : h y d r o g e n a s e  
{C F. B o e h r m g e r  a n d  .qohne, M a n n h e i m ,  G e r m a n y ) ,  l i v e r - g l u t a m i c  d e h y d r o g e n a ~  
(Sigma Chemica l  Company ' ) ,  D P N  a n a l o g s  ( P a b s t  L a b o r a t o r i e s ) .  

I l y d r o g e u  d e h y d r o g e n a s e  u sed  w a s  e n z y m e  B a n d  a s s a y e d  as  d e s c r i b e d  in t h e  
a c c o m p a n y i n g  patx:ra°. K i ne t i c  m e a s u r e m e n t s  were  m a d e  using o . x M  T r i s - H ( ' l  
buffer  ( p H  7-8) m t u r a t e d  w i t h  H~ a t  25 °. T h e  so lub i l i t y  o f  H t  in Trig buf fe r  is a.~sumed 
to be  the  s a m e  as  in wa te r .  T h e  t e c h n i q u e  for  t h e  mea .~urement  ~f r e d u c e d  a n a l o g s  
of  I ) P N  is t a k e n  f r o m  t h e  P a b s t  L a b o r a t o r i e s  C i rcu la r  OR-xS .  S a m p l e s  o f  t r i t i a t e d  
m a t e r i a l  were  p i p e t t e d  o n t o  p l a n c h e t t ~  a n d  t h e n  dr ied  d o w n  E a c h  .~ample w a s  
t a k r n  up  in 0.2. ml  of  w a t e r  a n d  e v a p o r a t e d  to  d .r3,ne~g 5 t imes .  R a d i o a c t i v i t y  w a s  
then  m e a ~ x r e d  us ing  a windowle~q gag flow coun te r .  

R E S U L T S  

I nhibdor.s 

T a b l e  I shows the  effect  o f  i nh tb i to r s  on h y d r o g e n  d c h y d r o g e n a s e .  T h e  i n h i b i t o r s  
l isted are  r eagon t s  wh ich  spli t  dis  ."tale b o n d s  n a n d  a]so can,  in the  case  o f  c y a n i d e  
a n d  su thde  r eac t  wi th  a me . taP  a. T h e  r e a c t i o n  o f  c y a n i d e  a n d  .~,ulfide w i t h  t h e  o x i d i z e d  
e n z y m e  i~ a slow reactior ,  a n d  the  m a x i m u m  inh ib i t i on  is a t t a i n e d  on ly  a f t e r  a 
5-rain i n c u b a t i o n  pe r iod  w h e r e a s  sulf i te  r e a c t s  ~ns t an t aneous ly  w i th  the  enz .vme a n d  

T A B I . E  1 

F2FF/~I2T O F  I N I I I B I T O R S  O N  MYDRO4" ,RN D E ~ V D R O G E N A S F .  A C T I V I T Y  

l ' r c ~ n c u b A t ~ d  so lu t ion .~  c o n t n i n e x l  I p ' d r o g e n  d e h y d t o g u n a ~  t~uf f i c i en t  e n z y m e  to  g i v e  a n  t~bsorb -  
a u c y  c h g n g e  a t  34 ° m p  o f  o . z t r n i n  in  t h e  f ina l  v o l u m e ) ,  adt t |  2 o / ~ r n o l e s  Tr ig  | [ C l  b u f f e r  { p H  7.8}. 
F o r  D P N I I  p r e i n c u b a t i o n ,  t h e  m , h n i o n  c o n t a i n e d  e n z y m e .  2 o / ~ r n o l e s  " l ' n s - s u c c i n a t e  ( p H  6 .9 )  
a n d  o o b / c r n o l e  L ) P N H .  In  h y d r ~ g t . n  p r e i n c u b a t i o n  e x p e r i m e n t s ,  h y d r o g e n  ,a a s  Fm,sstx| t h r o u g h  
t h e  s o l u t i o n .  P r c l n c u b a t l o n  w a ~  .5 xnin  a t  z5  ~. v o l u m c  o f  s o l u t i o n  t , .2  m l  a n t i  c o l ~ c e n t r a t i o n  o f  
i n h i b i t o r s  a s  in<licatt~d. S e p h a d c x  t r e a t m e n t ,  a t  t h e  end o f  p r u i n c u l m t i o n ,  t;. 3 m l  o f  s o l u t i o n  
t r e a t u d  w i t h  o. 4 m l  o f  5 e p h a d e x  G - J ~  s u s p e n s i o n  ( z 5 5 g  (v /v )  i n  o . t  M T t i s  I |C1  {p i{  7.8))  f o r  
5 mi]~, t h e n  c e n t r i f u g e d  a n t i  s u p e r n a t a n t  a .~snyed .  T h e  r e a c t i o n  : cos  s t a r t e d  b y  - ' , dd ing  2 .8  m.1 
o f  so tuL i ,m  c o n t a i n i n g  -~8o p m o l e s  T r i s - I I C l  ( p H  7÷8L z / ~ m o l e s  D P N  a n d  g a t u r a t t x i  w i t h  h y d r o g e n ,  

t o  the p r e i n r u b a t t o n  m i x t u r e s .  

.-Iddd'on* Io ptcl,t~cu~ttcp* m i a # ~ ¢  I ~ * h ~ i c ~ n  .4ddt l*ons to  ,~r¢lact~hautwn. mt  ~;ute  i f lJ l |bl$ |0~ t. %~ f % )  

H I (> 

D P N I !  o 
] c  - t  M K C N  ( p H  7.8)  4 ° 
xo - a M  K ( ' K  (1,H 7.8) + l i t  7 
~o "'l M KCIK {pH 6 .9)  g7  
, o - ' M  K C N  {pH 0.9~ + I J I ' N t [  4 ° 
t o  a M  K C N  (pH 7.8)  - -  S e p h a d e : :  44  
5 ' t o  * M N a t S  (I', I 7.8) l o o  
5 . l c - 4 M  N a t S  ( p {  7.8j -..- i'I 4 4(i 
5 t o - 4  M N a t S  ( p H  6.9)  t o o  
5" to" * M N a t S  ( p H  b-9} t DI  ~NH 73 
.5"' t o - 4  M N a t S  ( p H  7.8} -I- S , . , phadex  t o o  

5 " ~o-~ M Ngt .q  ( p H  7.8")  52 
1o +a M N a t S O  a ( p H  7.8)  45  
IO -a  M Nat .SO , ( p H  7.8) + H s o 
5 " ] ° ' s  M N, 'htSsO a 68  
5" t o - i  M N a z S a O ,  4- | ' I s  37 
3 " l o * M  B A L  8a  
3 1o-*  M B A L  ~. I t  e .56 
5 " xo-~ M T h i o g l y c o d a t e  *. 3 
5 • t. i M T r . i o g l y c o l l a t e  4- H s  ~tj 
7 " z ,  - M  t ' C M U  o 
7 " 1 o - ¢  M I ~ C M B  ¢ l |  t 53 

" t o  -a ,'g{ C,.q~C. pfcs~2nt in rcac'~ion n11xtlJru. 

. .  B i o ~ h i m .  F l : o p t D ' s . . - I o t a .  6 7  (1963)  5 ~ 9 - 5 9 8  
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the  r eac t i on  is ~ompLet,.. in 30 ~ec. A t t e m p t s  t(~ reverse  ttJa_~ inh ib i t ions  o f  Nez5 ~_ad 
K C N  b y  (a) d i lu t ion  t h i r t y - f o l d  witl ,  "l'ris buffer  (b) r em, ,va l  o f  i nh ib i t o r  by  5- 'pha~lex 
G-z5  gel ra ider  conditirDns wtfi~-h efftn'Zivelv r e m o v e  sulf ide (Tab le  1) (cl dialyai.~ 
aga ins t  too  vo lume~ o f  o.05 M pota.~sium phosphat t~ ( p i t  7.,~). o.,~oz M E D T A  
o.o~Jqr/M MnCI.  for  z 4 h (d) t reatmer,- :  w i th  t~.ooz 31 ZnSO~ (e) additi,~,n o f  0.03 3I 
ix) lass |urn  sa l t  o f  E I ) T A ,  were  not  ~-ffcctix-~. T h e  on ly  cond i t ion  wh ich  vart i~:l iy re- 
ve r s ed  the  inhib i t i (m o f  sulfide wa.~ the  d i lu t ion  t,t' the  p t e i n c u b a 0 u t a  mix tur ( .  ,v'~eh 
a so lu t ion  ()f (~%5(_; (Tab le  I}. A i ) P N - s u l f i d e  e n z y m e  c o m p l e x  has  I-,~.~.,~ rep..~rt,~d 
a s  t he  m e c h a n i s m  ,~t" inh ib i t ion  o f  !:.,~th: ( lehydrogena ,e~a ;  b u t  in the  case ~f  h y d r o g e n  
d e h y d r t ) g e n a s e  D P N  h a d  r.~ effect  on tlk- inhibi t i , ,n  ~f the  , , ~zyme  b y  2 - z o  ~ M 
NaaS. F u r t h e r ,  D P N  was  f~und  to  h a v e  nc) effect ~,~ ,tnv ()f the  inhibi tor~ e x c e p t  in 
t hose  k n o w n  cu_ses when" ! ) P N  reac t s  d i r ec t l y  wi th  the  irthil)it~)t÷ 

T h e  r eagcn t~  wera  all n-,c,l~- ~fft-~tiv,: wht.l~ tht- inh ib i t~r  wa~ preie~c,~bated ~'~th 
the  e n z y m e  a n d  the  teacti~)n ~ t a r t cd  b y  add ing  I 2 : a n 0  I ) P N  t h a n  when  the  e n z y m e  
w a s  f irst  r e d u c e d  b y  I] z or  D P N H  a n d  the  inhibilt~r then  a d d e d  The  e x t e n t  tn 
,vhich the  p r e t r e a t m a n t  a f f ec t ed  the  inhibitio.~ w..s ( l epende~t  ~,n the  i nh ib i t o r  
(Tab le  I) .  Va r i ab l e  r~-~;ult.~ fo- cynic |de  inh ib i t ion  have  i~.t.n r e p o r t e d  for  hydr~,~enase.~ 
f r o m  a n a e r o b i c  ba~teria~-'~.e.a. ~. T h e  at~thor h~t~, t2~und r~a t  ~i i~ e.~ct~tial to  ~ t a n d a r d -  
ize cond i t io ; : s  ft~r all  i n h i b i t o r  studie. ,  a n d  t h a t  ~l_~t.~-ial ca re  be  g iven  to  the. ox id ized  
r e d u c e d  s t a t e  o f  t h e  enzy 'me,  if  ear | a i s le  rcsult.~ are  to he e l im ina t ed .  

I t  was  poss ib le  to  c a r r y  ~)ut a r e d u c t i o n  of  hyclr~gen d e h y d r o g e n a t e  w i th  a sma l l  
a l n o u n t  o f  H~ (0 .3/~mole)  to  g ive  a n  e n z y m e  which  is i nh ib i t ed  4-F'~'~, b y  5 " x o  ~ M 
Na~S. W h e n  the  e n z y m e  was  tht:n ox id ized  w i t h  3 ~um~)le~ of  I ) P N  a n d  the  nu~:let)tides 
f e i n t ) r e d  w i t h  S e p h a d e x  G-25 gel, a n  , : nzyme  was  obta in t .d  which  is c o m p l e t e l y  in- 
h i b i t e d  b y  sulfide.  

P C M B  inh ib i t i gn  v~tries in the  r , :verse m a n m : r  to  t h a t  o f  ti~e o t h e r  inh ib i to r s .  
t he  r e d u c e d  enzxa~ne be ing  m o r e  sens i t ive  to P('. '~ B (Table  I). A .~imilar effect  was  
n o t i c e d  w i th  glutathi~H~e reducta.,~, which bec'~me~ ~en~itivc t() ~ulth3"dryl r t . agents  
w h e n  r educed  wi th  T P N  II  o r  D P N  H ~. An, ) ther  inhibit,~r .~tu(t~t.d was xo ~ 5I a r s en i t e  
wh ich  i n h i b i t e d  t h e  e n z y m e  ~e"i~ whe the r  the  et~z)'nl~, xwle, ~xidizcd or r educe0 .  
T h e  effects  o f  v a r y i n g  the  c o n c e n t r a t i o n  t)f N a t l .  u rea  and  T r i s - H C l  bufft~r (pI-t 7.Y) 
were  t r i ed  in a r s e n i t e  i nh ib i t i on  e x p e r i m e n t s  us ing enzvmt . s  A a n d  pl~0 a n d  enzvn~e B 
p r e p a r e d  in the  a b . ~ n c e  o f  m a n g a n e s e .  In  n~) case  was  the  i n h i b i t o r y  effect  ()f a r s e n i t e  
|not 'eased.  O x y g e n  was  f o u n d  ~o t  to inhibi t  the  e n z y m e  a n d  nn precaution_~ were  
f o u n d  n e c e . ~ r y  tt~ ens u re  t h e  abe - ,  ~ o f  o x y g e n  du r ing  the  purilicatic)n pr(~cedure t°. 

As  sulf ide m a y  fi)rrn a s t a b l e  c o m p o u n d  wi th  the  e n z y m e ,  the  e n z y m e  (~oo ~g)  
was  i n c u b a t e d  w i th  NaaaaS (o . r / amoh : ,  2 - x o  ~ eount.~;mit~) for  zo rain a t  r o o m  t e m -  
p e r a t u r e .  T h e  sulf ide a n d  e n z y m e  were  s e p a r a t e d  b~" the  add i t i on  o f  suff icient  
.~aturated (NH~). ,qO, st) lut ion t~ b r ing  the  sa tura t i~m to 6o0~. T h e  p r e c i p i t a t e d  
p ro t e in  w a s  w a s h e d  twice  w i t h  6o°~  saturat ,~d (N[I.,)~S() a a n d  i ts  r a d i o a c t i v i t y  then  
m e a s u r e d .  No  t -ad: 'oact ivi ty  was  a s s o c i a t e d  wi th  the  pro te in .  

tginelics of inhibited enzyme 

Tile  e f fec ts  o f  the  inhibitt~rs cyan ide ,  sulf ide :rod ~ulfite were  i n v e s t i g a t e d  b y  
m e a s u r i n g  the  r:Lte-n of  r e ac t i on  in the  p r e ~ m c e  ()f a c o n s t a n t  a m o u n t  of  e n z y m e ,  
i n h i b i t o r  a n d  exce ,~  .~uh~trate, whils t  v a r y i n g  the  c o n c e n t r a t i o n  o f  the  o t h e r  sub-  

Bi.ch~m l~ophys..4ct~. /J7 ('(c)63) 589-598 
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Fig. ]. Effect of cyanide, sulfide and sulfite on hydrogen dehydrogenase. 0.0 4 unit of oxidized 
enzyme preincubat~_~l ~ in Tahle I with ]o -i M KCN (Curve a). to  -a M NaaSO. |Curve 3) and 
z-5 ÷ x o -¢ M Na,S (Curve t)- Reaction started by adding varying amounts of  DPN and H a saturated 

buffer. 

s t r a t e .  T h e  L i n e w e a v e r - B u r k  p lo t  was  used  to  a n a l y z e  t he  resu l t s  (Fig.  t) .  All 
t h r ee  i n h i b i t o r s  were c o m p e t i t i v e  wi th  D P N  a n d  p a r t i a l l y  n o n - c o m p e t i t i v e  w i t h  Ha. 

Kinetics of red,ction of DPN ~_ hydrogen 

A lag p h a s e  w,~Ls . h ~ e r v e d  w h e n  the  e n z y n l e  w a s  a s s a y e d  b y  a d d i n g  D P N  a n d  a 
H~ s a t u r a t e d  buffe~ to tile ~iLzyme. N o  la K pha,se w a s  f o u n d  w h e n  the  e n z y m e  w a s  
p r e i n ~ u b a t e d  w i t h  H s or  D P N H  (Fig. 2). T h e  lag  p h a s e  c o u l d  a lso  be  r e m o v e d  b y  
i nc r ea s ing  t]',e c o n c e n t r a t i o n  of  the  e n z y m e  {Fig. 2). O t h e r  r e a g e n t s  s u c h  as  G S H ,  
c y ~ t e i , e ,  a ~ : o r b a t e  a n d  fe r rous  a m m o n i u m  su l fa t e  were  ine f fec t ive  in r e m o v i n g  t h e  
lag phase .  I t  was  possible  to  increa~e t h e  lag p h a s e  3- fo ld  b y  p r e i n c u b a t i n g  t h e  en-  
z y m e  w i t h  o.x M NaC1, This  effect  was  no t  revers~,d b y  t h e  a d d i t i o n  o f  H a or  D P N I I .  

P l o t s  were  m a d e  a c c o r d i n g  t o  the  m e t h o d  o f  LllqI~w~.AVER-BI2RI~ on  t h e  effect  
o f  D P N  c o n c e n t r a t i o n  on  i ts  r a t e  of  r e d u c t i o n  b y  Ha a n d  t h e  r e su l t s  s h o w n  in F ig .  3 
were  o b t a i n e d  a t  d i f fe ren t  c o n c e n t r a t i o n s  o f  H t. S u c h  k ine t i c s  are  c o n s i s t e n t  w i t h  
the  m e c h a n i s m  for  a two  s u b s t r a t e  s y s t e m  in w h i c h  t h e  e n z y m  ex is t s  in  t w o  d i f f e r en t  
s t a t e s  (ox id ized  a n d  r educed)  a n d  the  s u b s t r a t e  can  give  o n e  o f  t h e  p r o d u c t s  w h e n  
r e a c t i n g  w i t h  a p a r t i c u l a r  f o r m  of  t h e  e n z y m e t L  E q n s .  z a n d  z r e p r e s e n t  s u c h  a 
m e c h a n i s m .  ~VINFI~LI) 17 ha s  p r o p o s e d  E q n .  z for  t h e  m e c h a n i s m  o f  h y d r o g e n a s e ,  

E + l [ l ~  EI|a~-~ E H -  "t- ! !  ÷ (I) 

EH~ + DPN+ W El i"  DPN r~t E + DPNH ('~) 

B i ~ . k i m .  B ~ o p l y s .  At:a ,  f,7 (z963)  5 8 9 - 5 9 8  
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Fig .  2. E f f e c t  -ff e n z y m e  c o n c e n t r a t t l ~ n .  I ) | ' N [ !  ,aT~(I 1-Jj ~bt, l a g  pho-~'-~ t ) f  t l e h y d r o g ~ - l ~ a s e  r e a c t i o n .  
F o r  C - u r g e  I ,  o o 5 u t ~ i t  o f  e n _ ' y m t ,  p r c i n c u l J a t e r l  - . v i . h  c . i t h t , r  [ ) P ~ ' q H  o r  H =  a~; d e s c r i b e d  i n  T a b l e  L. 
F o r  C u r e r :  ~, th t~  s a m e  ~-'~ C u r v e  z e x c e p t  n o  D I ' N } I  (~r II  z a d d e d  re) p r t . i n c ~ , h , . l i o n  m i x t , r e  Fc ,  r 

C u r v e  ~, u ÷ - ' . $  , n i t  t ) f  et~z~,-r~le a n d  C u r v e  -I~ (~ z 5 ~lni~ z f  e n z y m e  w ~ r e  , . ~ d .  

taking a.~ his mc~(tel catah-tic hydrogt.nati,,n and the rt~ults Hf K ttA.~NA A.~D RITTEN- 
i ~ E R G  It. The rate equation fiw thi~ m(,ch:ttaism i~ Eqn. 3 

|'m,,,du " -  t 1- h ' , ~ t | l ~  - . . I C t ~ . , ; / D | ) N  (3) 

whece v is initial velocit.v, l-",,~ m a x i m u m  vel,~citv, Kuz,  Kr)p.,; cc, nstartts and H~. 
D P N  molar cortcen~ration of  [I~ and DPN.  When the LINEWEAVF.R-I~URK pl0t is 
made  with equ im, lar  concentrations o f  sub.~tra'.~.~ which are varied s imultaneously.  

f : | I I, 

eot.- 

3 4 5 

I / D P N X  I O ' S M  

[~'iK. 3 .  l : f f ¢ c t  n f  |)lJ.%l a n d  |11  c o n c e a t : a t i t m  o n  t h e  r a [ e  o f  h y d r o g e n  d e h y d r o s e n a s e  r e ; x c t i o t ] .  F o r  
C u , v e  ] .  t . 6  m l  o f  H t s a t u [ a t e d  b u f f e r ;  C u r v e  z,  z . z  n d  o f  I - l ~  s a t u r a t e d  I ) u t f e r ;  C u r v e  3,  2 . 8  m l  
o f  H s - ' ~ t t u r a t e d  b u f f e r  ~vc re  u s e d .  R e a c t i o n  . , , t a r t c d  b y  ~ . d d i n g  0 . 0 3  u n i t  o f  e n z y m e  t o  u..~ay 

m i x t u r e .  

Eqn. 3 r e d u c ~  to  a linear relation between the reciprocals o f  initial ve loci ty  and 
substrate concentratio2~ (F~g. "1! Other typ~ : ,~f meehani.~m for two  substrates would  
give a non-linear plot i°. 
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~ 0  I I I 
3 5 ? 

I / D P N  X I C ' - S M  

F i g  4 .  R f f , ' c ' ,  o f  e q ~ i m o t a (  c t ~ n c c - n t r a t . i o n . . ,  o f  ] ) I ~ N  isn¢] H l i ) n  t h e  r a t e  ~ f  h y d r o g e n  d e h y d r o g e n a s c .  
l l ~  s a t u r a t e , !  b u f f e r  c o n t a i n e 0  7 . z  • z o - *  M I ) [ ' N  a t  ~ 5  ° .  

Reduction of  D P N  a~mlogx bx, I'.)'drogen 

T a b l e  II  g ives  t he  r t , la t ive  r ides  o f  r t~ luc t ion  o f  D P N  ana logs .  T h e r e  is i t  high  
d e g r e e  o f  s l ~ i f i c i t y  ¢~f r t-action as  t he  on ly  anah*g r e d u c e d  was  d e a m i n o - D P N .  

E.¥clm~g~: re.actions ~,'.ith tril iated water 

W h e n  the  dchydr(~gen:t~t~ wa~ i n c u h a t e d  w i t h  t r i t i a t e d  w a t e r  a n d  s h a k e n  t r ade r  
H z - H e  (zo : 8,~) f~)r 3o mit! and  :~ .~Unl)I(: r)f gas  t h e n  w i t h d r a w n  thr.:)ugh a CaC] s 

] 'AI~I .F  II 

I ( I ' .AC'I ' I ()N i l l :  ..',,~.~I £Jr;~ err' [ ) l J . ~  ~.~.'ITI'! I, IY'IIK{]~;I,, ;~ I) I , ;HY'DNUGI-'NASI.-:  

E n z y m e  a a ~ a ) ' t . d  u n 0 c . r  .~ t an  d a  r, I ( ,  ,t)~li t i~}ns )* u s i n g  g - 1 o -~  ,M c o n c c n t r a t i ( m s  ,~f n u c l e , ~ t i d e s .  

.r [,~, t i l l  i w ~ ¢  
¢',~J 

] ) ] ~ N  [ '..)O 
:$ -A~ t ' t .v  I p y  t't~ li t ) t ' -  I )1 ' N  o 
3" A c I ' t  y l  IW r i 0 i  n e - t l c a m i n o -  I ) I ' N  t> 
| ] t ' a m l n t ~ - l ) l ~ N  9 - 3  
3 [ ' y r i < l l n c a h l t ' l l  }'t i t :-  I )  | ) N  o 
J - I  ' ¥ r s t  |" r~t.-ixl(h:ll y d  c-< I ~ .  i t ) i l tO-  I ) i ".~ O 

t ube .  a l iquid  N z t r a p  and  c,)unt~:d, a ~mali a m o u n t  o f  r a d i o a c t i v i t y  wa-~ f o u n d  in t h e  
gas  sample .  No  q u a n t i t ; t t i v c  d a t a  ~:an h~ g iv en  ()wing to  t h e  l i m i t a t i o n s  o f  t h e  r ad io -  
: tc t ive  c o u n t e r  a nd  () ther  e q u i p m e n t .  

U n d e r  c o n d i t i o n s  dt..~(:rihed in T a b l e  l l I ,  t r i t i u m  ions  e x c h a n g e  w i t h  a n o n -  
volati]t~ ( : o m V ~ m d  a s s u m e d  tt~ | n  D Y N i t .  T h e  r a t e s  t>f e x c h a n g e  a re  a p p r o x i m a t e l y  

lJi,chim lJiupl~ys. , ' I o t a ,  6, 7 ( J ( ~ ' 3 )  5 8 9  - 5 9  I"1 
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"I'A IJL,L I l l  

" r l ( l T l L t b l  | t ~ C O ~ ' O R A T I O . ~  l+ 'R+++, t  ~ l F . . t ) r t ; l ~ l  

The in~:ub~ttion ::~ixture ct,ntnin,,d, in it , ' ,duroc of 3 o m l .  : / ,mo le s  IJI~NH or z ffmolt~ I)PN and 
the reaction mixture+" stalur~tt('<l with ll~: o : unit. of d t r h v d r t ~ g e l l a . . u e ;  j oo l amole l  Trin-][Ci buffer 
I p t [  7.~) nr 3ool~moh~ Tri.~ .~uccinatc (ptl  (~-OI; t i T ( )  tt~ ~4iV¢ a final specifxc actzvity of t.3" zo* 
counts / ra in /a tom H arid, when ad(ltvd, 3/ tmolcs  ~odiut.1 .,rmnitt'. r c ac t i tm  run ~t z5 ° for ,~o mitt 
and ~topp~:d by ht.~ting nt~ ,,~lauchettc.~ Spz~-azi¢: at:tivity ~ : t l c u l a t ( . t |  .from c~+ncentration of I )PNH 

as <tetcrmincd f r o m  a lz~rhnncy a.t .14o mla. 

lir+ndhtv+n+ ",+~,'¢i;'i¢ a~ftv, ' ly 
• ,+" +1 t,t +"II 1+.,I IpI i I I  ~' i I i I ¢ I ~  | I 

t l .  + l+l*N (pll  7"~} ~ z 5 u , >  
DL'NIL (pt l  7 .+4 t ,  ',-,> 
I > [ ' N l l  ( p l l  I+.<+) i l +1oo 
l i t ' N i l  ItJil 7..~) .+ .r,.+~.,,it,- i-' Io-  

t h e  .~ame w h e t i l e r  D P N  F{ i~ ; lddt ,d - r  g e n o r a t o ,  t f,+-m I'Ia a n d  D P N .  Al.~t+nite h a s  
n o  e f fec t  <m tht" e x t ' h n n g e ,  w h i c h  i n d i c a t e s  th : t t  t h e  s m a l l  n iaph,~r : t se  , : , , n t a m i n ' m t  i.~ 
n o t  c a t a l y z i n g  the c x c h : m g t r  re : t t : t i ,m.  

lCeactions in d~ftevium ,.ride 

T h e  hydr~+gen d e h y d r o g t . n a . ~ '  t+t+a~:tttm wa.~ t-;trrit 'd o u t  in t h e  p r e s e n c e  o f  90'~h 

l )aO.  T h e  r a t e  o f  t h e  f o r w a r d  r e : t c t i lm  w a s  f o u n d  t o  be  t h e  s a m e  a+~ in wat t . r .  "I'ht~ 

r e v e r s e  r e a c t i o n ,  on  t h e  - th , .~  h a n d ,  wit~. afft.~-:t.d l)y the. presenct~ . f  I)~() {|rig. 5). 

T h e  r , , t i o  o f  i n i t i a l  xe luc i t i c~  (["n~o]Vt+.+o} f - r  9o" , ,  D.+O is z..t5. 

1~ o . 0  I~- 

l p -  

o.o oe 
e,,.. 
0 

4 

0 

* ! I I 

! I I 

4 0  laO 

% D~O 
-t"l~ * 5. Effect c,f deutt, rium oxide c~n rcvcr~. ~er~Ctttm of hydrogen dchydrogen~,sc, tite~¢tion 
m:'xturu c<~ntainc'd o. -+ t~mnle I )PNII .  t<m #+moles "l'ris su ,c tnate  (pit  ~,+9} and 4 units of enzyme 

in a tectal vohlrnc of l.o ml+ 

.Nt~eochemistry of reaction 

T h e  i s o t o p e  u ~ d  t o  d e t e r m i n e  t h e  s t e r e o c h e m i s t r y  o f  h y d r o g e n  d e h y d r o g e n a - s e  

r e a c t i o n  w a s  T~ gas .  A f t e r  t h e  T2 h a d  e n z y m i c a l l y  r e d u c e d  D P N .  D P N T  w a s  o x i d i z e d  

w i t h  g l u t a m i c  d e h y d r o g e n a s e ,  a f l - s t e r e o s p e c i f i c  e n z y m e  m, a n d  m a l i c  d e h y d r o g e n a - + e ,  

Bv,~h#m H,,pkys..'Jfta, "7 (*9~3) 5S9~598 
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2 ml of solut ion con ta in ing  5 uni ts  of hydtx>gen dehydrogenaae.  6/~nat~l<~ D e N  a n d  2 o / , m o k s  
"u'ris-HCI bufl'~.r (pH 7.H) wt,re placer| ()n top of the gl&~.q .~ca[ of the via] which con ta ined  approx.  
o.<~ l~,nolv t r i t i um Ka~ (50 m('} in a.o ml. Tht: r~..-~t of the con ta ine r  was tiushed with hel ium and  
thc:~ ~ua lcd  with a gta.~.~ stopper.  R~-~ct i t )n  staJrte,i by breaking v i a l  sea l  and  incuba ted  for t o  rain. 
C(*tst*.nt~ w~.rt: r*,mt*w-*~, plac,~cl in a tuht~ conta in ing 4 ° / , m o l e s  D e N t |  and  then  heated to go e for 

rain. rt.~Lt~tion m i x ~ r ~  ¢oolt.d and  centrifoge<l. Supernataknt lyophilised, realis.~o:w,d in w,~ter 
:lu~d uat'd a~ st~ur~t~ uf DENT. The mali~- tlehydrogcna.,;e system eontainecl in t .o ml malic dehy-  
drogenast ' .  4 t ,molt~ r~t'N'['. 50/~mOIL'S Tr is -HCI (pH 7.8) anti oxalaceta~t~: atltle(i a~q 3 × .5- 
/~moles ali<lttots React ion was completed in , n  rain as determint 'd  ~t 34 ° ml~. For ~tnalysts of 
pro<lucts. ] o  i~mt~lcs ])l~N a t t d  1o i~mt)les malate  were &dried to the react ion mixture ,  cooled a nd  
prote in  pret'ipitatect I)y adding l lCIO,  to a final conccntrat iot t  of o.-z M. Mixtttrt: wa~ cent r i fuged 
anti the su~>ernatant was neutra l ized with [ l~l KOI{. After the KCIO, had prec ip i ta ted ,  the  sul~cr- 
nttt;znt w;ts ttlplit~l t~ a 7 x 0.9 curt t:oh~mn of Dowex-t  formate  |t and  the co lumn wa~ then  
wa,qht,tl with 50 ml of ~-att,r, D e N  a.~tl th,, acitl ~'ere ehltc~l with a l inear  g rad ien t  b~vtween 5o m|  
xt . ' ; t t t~r  *Xtltl  5<) t l ' t |  3 .~l f~ ) r r t~ j t "  a t ' i ~ . l ;  2 -111]  f r ; t ( : t i o n s  w e r e  eollectett. The g lu tamie  d t ~ t y t l r t ~ g e n a s e  

re-'tzti(|f~ t~t'tixtur(: contaltxe<t in "..o mt: glutatnic  dg~ydrogenase.  15 ~molcs  o -kc tog lu ta ra ta .  
15 /~rnolt,-~ NIl ,C| . .5o/*molcs  l 'ris liCt (p | i  7 8) and  4/~mole~ DPNT.  React ion ran  to comple t ion  
in zo un|, l  to/~rrtole,~ ghttamtc aci~l and  s o / ~ m o l e s  DPN were then  added.  Dt~N anti g iu tamic  

a~'i,I x',.,t.'~.c ~:t'l)~.rittt-d as dc.~crit,t-~l ft~r mal icdt ,  hydrogenar, c. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.~lfah¢ drltv.lrogr';~¢¢ GIlt.fork- d¢~vdrolr¢'qa~ 

.I ,f a J.q~'~* ! ) !  ' .%" (':1 t, l s  m ~tl~" I)/~.%* 

II ad ic ~,-.¢ t tvi t v -t 

a(~ u-.~teret~l>U-¢:ili<: e n z y m e  TM. l t ~ t d i o : i c t i v i t y  w;t.~ f o t m d  in  g l u t a m i c  a c i d  a n d  in  D P N  
p r o d u c ( ' d  i n  t h e  m a l i c  d e h y d r o g e n a s e  r e a c t i o n  { T a b l e  IV)  -vh ich  m e a n s  t h a t  h y d r o g e n  

d e h y d r ~ g e n a ~ s e  ha.', f l -s t t~reospecif ici t3; .  T h i s  m e | h i n d  (>f u s i n g  a -  a n d  f l - s t e r e o s p e c i f i c  
er~z's'me.~ to  d e t e r m i n e  t h e  . , , tereo.~pecificity o f  a d d i t i o n  o f  h y d r o g e n  t o  T P N  h a s  b e e n  
a p p l i e d  to  se~'ura] e ~ u z ) ' m ~  :a t-°. 

I)I~CUS.~ION 

( ~ y a n i d c  h a s  htx.n t i le  <>nix- i i ih i t>i tor  ~)f h y d r o g e n a s e s  w h i c h  h a s  b e e n  s t u d i e d  b y  

. ~ v , . r a l  wa)rk~,rst.2.a.0.n*, za, C y a n i d e  h a s  b e e n  s h o w n  t o  i n h i b i t  t h e  e x c h a n g e  r e a c t i o n  
o f  t h e  h~'drogenat.~t: o f  Pro|errs ",,ulgaris b u t  o n l y  w h e n  t h e  e n z y m e  is  o x i d i z e d  I-*. 
.%.imilarly, tht :  oxitt iz~:d f~)rm t~f . .|¢olobacler t,i~lelapndii h y d r o g e n a s t :  is i n h i b i t e d  b ~  
t~v,anid~ z~. ~.%"ith h i g h l y  p u r i f i o d  p r t ' p a r a t i o n s  o f  h y d r o g e , t a s e  f roJn  / ) .  des td fu~ ' icans  
thq~r~ t'xist.~ ~t tti.-,crel)~mt: ~- i n  t h e  e f fec t s  o f  c y a n i d e S ,  t*. T h e s e  d i f f e r e n c e s  c o u l d  b e  
i t t t r i b u t e d  to  tht ,  d i f f e r e n t  a.,;.~a.~,, co l ,d . i t ions .  (a) E x c h a n g e  ~ ' , :ac t ion a t  p H  6 . 7 :  
c y a n i d e  (xo a M) i n h i b i t s  the_ o x i d i z e d  fo rn l  25' ot,.o (see ref.  2). (b) M e t h y l e n e  b l u e  a s  
av, h y d r o g e n  a c c e p t o r  , , t  p H  2~.4: t :y~tnide (zo  -a M) i n h i b i t s  zoo~)~,, i t , d e p t ; , , d e n t  o f  
t h e  s t a t e  or" t h e  e n z y m e ,  i . .  (*×ittizcd t)r r e d u c e d  it. 

"l'ht, m ~ r e  d e t a i l e d  .',tudie.n w i t h  c y a n i d e  a n d  o t h e r  i n h i b i t o r . ~  o n  h y c h - o g e n  
d e h y d r o g e n a s e  c,Y H.  r:~hlan~tii ( ' l 'a t f le  I) i nd i c . a t e  t h a t  t h e i r  e f f ec t  is  l i k e l y  to  b e  d u e  
t<~ t h e  .~pl i t t ing  c>f e i t h e r  :x d i s u l f i d e  b o n d  o r  p e r h a p s  a m e t a l  s u l f u r  b r i d g e  s u c h  a s  
is  i x > s t u l a t e d  for  x a n t h i x e  o x i d a s e  t~. T h a t  Jr'on is  p a r t  o f  t h e  m e c h a n i s m  o f  h y d r o g e n  
a c t i v a t i n g  e n z y ' m e s  h a s  br, en i n d i c a t e d  b y  t h e  pre .~ence  o f  i r o n  i n  a h i g h l y  p u r i f i e d  
p r e p a r a t i o a  (.f h y d r o g e n a s e  ~)f D.  desulfu~ica~t.s ¢ a n d  b y  a r e q u i r e m e n t  f o r  f e r r o u s  

B~ach~tn Biopkys..4<to. 67 1u9~3} 589-598  
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iron for m a x i m u m  a c t i v i t y  of  the  enzvme~, f rom Clostridium tn~tylicu,n e a n d  D. 
destdfuricans a. Fer rous  i ron is al.~o i m p l i c a t e d  in s y s t e m s  r educ ing  D P N  5.zn.m. W o r k  
cJn t%e~domonas saccharoflhila sugges t s  t h a t  iron is l inked to  t h e  p ro t e in  b y  a. th iol  
g r o u p  ~s. A ful ler  do.~rription of  the  b o n d  b,.-i~lg spl i t  will r equ i re  dat,n f r o m  quan t i -  
t a t i v e  studie.~. 

O n  r e d u c t i o n  o f  h y d r o g e n  dehydrogetla.-~e ~f H. r~¢hlandii ~,,-ith II~ (~r D P N H ,  
the  b o n d  is spl i t  and  prt ,duce~ a PCMD ~ ' n s i t i v e  third ~rnup(s}. "[he lack of  inhibiti~m 
b y  a r sen i t e  .~uggcsts t h a t  a vicinial  d i th io l  i.~ n(Jt l)r( ,duced on redt lc t ion  <~f the  e n z y m e .  
T h e  r e d u c e d  b o n d  is a s s n m e d  to  reac t  with. D P N  to give D P N H ,  wllich would  be  in 
a cco rd  wi th  cyan i de ,  sulf ide a n d  sulfxtt. :wting as ~ 'ompet i t ive  inh ib i to r s  o f  I ) I ' N  
(Fig.  z). K ine t i c  ana ly s i s  al-¢.o s u p p ~ r t s  th is  t y p e  of m e c h a n i s m  inw) lv ing  the  reduc-  
t i on - -ox ida t ion  o f  r. su l fu r  b r idge  and  has  been  f<~rmulated as  F.qns. x a n d  2. 

Th i s  m e c h a n i s m  cou ld  e:q)lain t he  inhibit<~r,," :t(-tion of  o x y g e n  on h y d r o g e n a s e b  
o f  a n a e r o b i c  b a c t e r i a  wh ich  ha~ p rev ious ly  be~:n i n t e r p r e t e d  as  o x y g e n a t i o n  and  
o x i d a t i o n  of  the  enzywne2L O x y g e n a t i o n  inhibiti,~n was  foui ,d  t',J he r eve r s ed  on 
r e m o v a l  o f  ( ,xygen  t7 a n d  Off:, inh ib i t ion  can  ntJw t),. a c c o u n t e d  for  as the  ox ida t io : l  
o f  th io i  g r o u p l  s) w h i c h  axe g e n e r a t e d  on reduct i ( )n  ()f t he  e n z y m e  by  H.~. 

T h e r e  is an  anal¢~gou~ e n z y m e ,  the  fla~-opr~,t,-~t d i h y d r o l i p o y l  d e h y d r o g e n a t e ,  
w h i c h  sho~vs the  s~me  k ine t i c s  ~ as  Fig_ 3 fi~r h y d r o g e n  d e h y d r o g e n a s e  a n d  has  a 
di~ulfidexlithiol g r o u p  as  an i n t e r m e d i a t e  ~.n~. Th i s  f l a v o p r o t e i n  aL,~o c a t a l y z e s  an  
e x c h a n g e  r e a c t i o n  b e t w e e n  I ) P N H  anti  d , : u t e r imn  oxide  ~.  Severa l  o f  the  f lavo-  
p r o t e i n  d e h y d m g e n a - , ~ s  show v a r y i n g  e x c h a n g e  r a t e s  2~.~2.m a n d  in one case  C~ere ~s 
no  e x c h a n g e  za. F l a v o p r o t e i n s  a re  not  un ique  in pr~)moting an  exchanT~'c • b e t w e e n  a 
r e d u c e d  s u b ,  i r a t e  a n d  wa te r .  T h e  l |y t l rogena~e ~f D. des~tlfuricaits car r ies  ou t  an  
excha r tge  b e t w e e n  the  e n z y m e  h y d r i d e  a n d  d e u t e r i u m  oxide,  c~)ncurrent ly  wi th  the  
r eve r sa l  n f  a r eac t i on  like Eqn .  ~. Th i s  resu l t s  in the  a p p e a r a n c e  o f  t w o  species  o f  
h y d r o g e n  i,~. D D  a n d  H D  a n d  the  re la t ive  ratt. {)f f i~rmation o f  D D  t(~ H D  is x.x 
{~e  ref.  2}. T h e  expe. ' - iments  w i t h  t r i t i u m  isot{)pe a n d  h y d r o g e n  d e h y d r o g e n a s e  do  
n o t  d i s t i ngu i sh  b e t w e e n  reac t i~n  x a n d  the  e x c h a n g e  b e t w e e n  the  e n z y m e  a n d  wa te r .  
As t r i t i u m  is i n c o r p o r a t e d  r a p i d l y  in to  D P N H  f rom H T O ,  it can  be c(~ncludeti f r o m  
the  appeara~ace (ff labe l l ing  o n l y  in the/q- l~)s i t ion o f  I ) P N  H, t h a t  t he  s t e reospec i f i c i ty  
o f  t h e  e x c h a n g e  a n d  dehydrogena.~. ,  r eac t ion~  arc  the  same .  

T h e  r e m o v a l  (~f t h e  lag ph0se  b y  p r e i n c u b a t i n g  the  enzxa'~e wi th  14: or  D P N  H 
c o u l d  lm e x p l a i n e d  b y  the  e x i s t e n c e  o f  t w o  e ~ z y m i c  t 'orms, one  being i n a c t i v e  which  
is in e q u i l i b r i u m  wi th  t he  a c t i v e  form.  On reductit,~a o f  the  a c t i v e  form,  the  i n a c t i v e  
f o r m  is s lowly  c o n v e r t e d  in to  the  a c t i v e  form.  Thi~ lag pha_ee c o n t r a s t s  wi th  tit~,t 
d e s c r i b e d  b y  ~VIT'I'E?:BERC, AND R~.r,,~SKE ~s for e x t r a c t s  o f  H. eulropha which  re- 
d u c e d  I ) l ' Y  w i t h  H t a m i  h a d  a lag phase  t h a t  wa:" no t  a f fec ted  b y  D P N H  or  Hz. 
T h e  effect  o f  ~ulfide alsn d i s t ingu i shes  the  I ) P N  red , Ic ing  .~.,stem:; in hi. eutr~pha 
a n d  H. ruhla~tdii where  in lht '  f,~rmer sulfide a t i r r~ la te~  a c t i v i t y  3e a n d  in t h e  l a t t e r  
is a s t r ong  inhi l , i tor  (Tab le  II .  
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Thi s  work  wa~ s u p p o r t e d  b~ g r a n t s  f r o m  the  N a t i o n a l  I n s t i t u t e s  ~,f H e a l t h  a n d  the  
N a t i o n a l  .%cience Foundat ion; .  T h e  a u t h o r  wishe~ to t h a n k  Mr. A. ]~OSENBERG o f  t h e  
Chemis t ry .  D e p a r t m e n t .  Ya le  U n i v e r s i t y  f , r  the  a~..~ay o f  t r i t i u m  gas  i~t the  e x c h a n g e  
e x p e r i m e n t  w i t h  t r i t i a t e d  wate r .  
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