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The specificity of a diphosphopyridine nucleotide-linked hydrogenase* 

A d iphosphopyr id ine  nucleot ide  (DPN)- l inked hyd rogenase  I which  appears  to be a m a n g a n n -  
f lavoprote in  was  purified from Hydrogenomnas ruhlandii 2. The  reduc t ion  of D P N  by  molecular  
h y d r o g e n  depended  on t he  presence of ca ta ly t ic  a m o u n t s  of MnCI2, cysteine,  and  f lavin mono-  
nucleot ide  (FMN), and  was  s t i m u l a t e d  by  inorganic  p h o s p h a t e  a. W i t h  c rude  hyd rogenase  prepa-  
ra t ions ,  a va r i e ty  of c o m p o u n d s  such as m e t h y l e n e  b lue  (MB), 2 ,6-dichlorophenol  indophenol ,  
phenosa f ran in ,  benzylv io logen (BV), r iboflavin,  FMN, f lavin aden ine  dinucleot ide,  cy toch rome  c, 
and  oxygen,  b u t  no t  t r i phosphopy r i d i ne  nucleot ide  (TPN), could readi ly  serve as H-accep to r s  in 
addi t ion  to DPN.  The  pur i f ica t ion  of hyd rogenase  wi th  respect  to i ts  abi l i ty  to effect the  reaction,  

H 2 + D P N ~ - D P N  + H + (I) 

resu l ted  in a progress ive  loss in abi l i ty  to ca ta lyze  t he  r educ t ion  of all t he  o ther  H-acceptors .  H ighes t  
pu r i t y  p repa ra t i on  ca ta lyzed  only  D P N  reduc t ion  and  the  D 2 0  exchange  reac t ion  * *. Reac t ion  (1) 
was  shown to be reversible by  d e m o n s t r a t i n g  m a n o m e t r i c a l l y  H 2 evo lu t ion  f rom reduced  DPN,  
which was genera ted  by  coupl ing  purif ied h y d r o g e n a s e  to g lucose -6-phospha te  and  glucose-6-  
p h o s p h a t e  dehydrogenase*** .  Thus ,  it  is possible  t h a t  the  D20  exchange  reac t ion  observed  m a y  
s imp ly  be a consequence  of the  reverse  reac t ion  t a k i n g  place. The  place of t he  p ro ton  l iberated in 
solut ion upon  D P N  reduc t ion  be ing  t a k e n  by  the  D + of D20,  resu l t ing  in H D  format ion .  

The  low 28o m/~/26o m/~ absorp t ion  ra t ios  ob ta ined  f rom spec t ropho tome t r i c  p ro te in  de te rmi -  
na t i ons  du r ing  pur i f icat ion of the  e n z y m e  sugges ted  t h a t  some  D P N  m a y  have  r ema ined  a t t a ched  
to t he  enzyme .  I n c u b a t i o n  of a par t ia l ly  purified h y d r o g e n a s e  p repa ra t ion  unde r  H 2 showed an 
increased  absorp t ion  a t  34 ° m[,  f rom which  it  was  ca lcula ted  t h a t  a t  least  2 moles  of DPN/1oo ,ooo  g 
p ro te in  were present .  Th i s  same  par t ia l ly  purif ied p r epa ra t i on  could ca ta lyze  a slow reduc t ion  of 
BV b u t  no oxygen  reduct ion ,  unde r  condi t ions  w h e n  D P N  reduc t ion  proceeded rap id ly  (Fig. i). 
The  add i t ion  of a ca ta ly t ic  a m o u n t  of DPN,  b u t  no t  T P N,  could spa rk  t he  ra te  of r educ t ion  of these  
c o m p o u n d s  (not shown  for O2), sugges t ing  t h a t  the i r  r educ t ion  was  m e d i a t e d  by  the  pr ior  pyr id ine  
nucleot ide  reduc t ion .  The  r educ t ion  of O 2 by  th i s  meta l lo- f lavopro te in  m a y  be s imi lar  to D P N H  
oxidase,  wh ich  has  been shown  able to ca r ry  out  t he  react ion,  

D P N H  + t/. 2 0 2  ---> D P N  + + H 2 0  (2} 

w i t h o u t  requi r ing  add i t iona l  e n z y m e s  4. 
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Fig. i. The  inf luence of D P N  on t he  r educ t ion  of 
benzylv io logen by  H~. The  reac t ion  m i x t u r e  (3.o 
ml) in ~vVarburg flasks con ta ined  45 ° / tM tr is  
(hydroxy)  a m i n o m e t h a n e  buffer  a t  p H  7.6, 3 / , M  
cysteine,  5 I LM MnC12, 0.005 / t3// FMN, o.I 7 m g  
hyd rogenase  p repara t ion ,  t he  add i t ions  shown  
(io HM D P N  and  BV as H-accep to r s  and  o.i  HM  
D P N  when  used cata lyt ical ly) ,  and  an a t mos -  

phere  of IOO O//o H~ at  29 ° C. 
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Fig. 2. The  inf luence of nucleot ide  pyrophos -  
p h a t a s e  and  D P N  on m e t h y l e n e  blue reduc t ion  
by  H 2. The  reac t ion  m i x t u r e  (2.o ml) in \Va rbu rg  
flasks con ta ined  1.6 m g  hyd rogenase  p repara t ion ,  
3 o / t M  p h o s p h a t e  buffer  at  p H  7.5, i HM COC12, 
I o # M  MB, o.~ m g  N P P  and  o.5l ,  M D P N  as 
indicated,  and  an a t m o s p h e r e  of lOO% H 2 a t  
3 °0 C. The  center-wells  con ta ined  2oo FM K O H .  

The  reduc t ion  of T P N  could be shown  wi th  a par t ia l ly  purif ied h y d r o g e n a s e  p repa ra t ion  if a 
ca ta ly t ic  a m o u n t  of BV was  added.  Th i s  effect ha s  been p rev ious ly  repor ted  by  PECK AND GEST 
for a soluble h y d r o g e n a s e  f rom Clostridium pasleuranium. The  reduc t ion  of T P N  u n d e r  our  condi t ions  

* Th i s  inves t iga t ion  was suppor t ed  in pa r t  by  a g r a n t  f rom the  Na t iona l  Science F o u n d a t i o n .  
** Carr ied ou t  wi th  Dr. ALVIN KRASNA and  Dr. DAVID RITTENBERG. 

*** K ind ly  suppl ied  by  Dr. ARTHUR KORNBERG. 
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m a y  be t i le  resul t  of a non-enzymic  ele~ tron t ransfer  from reduced DPN to TI 'X via HV. This con- 
t en , ion  is fur ther  suppor ted  t)y t i le  observa t ion  t h a t  ca t a ly t i c  amoun t s  of HV do not  s t i m u l a t e  
the  rate  of I )PN reduct ion.  

F u r t h e r  suppor t  for the  con ten t ion  t h a t  a py r id ine  nucleot ide  media tes  a secondary  reduct ion  
of these (,tiler H-accep te rs  is g iven by the effect of nuc leo t ide  p y r o p h o s p h a t a s e  (NPP)* on the 
reduc t ion  of MB by a crude hydrogenase  p r e p a r a t i o n  (l:ig. "). This crude enzyme  p repa ra t ion  
ca ta lyzes  a rap id  MB reduct ion.  The add i t ion  of XPI  ) m a r k e d l y  inh ib i ted  t i le  ra te  of dye reduct ion,  
and the  inh ib i t ion  was reversed l)v a ca t a ly t i c  a m o u n t  of DI 'N.  
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Isolation and properties of succinic dehydrogenase* 

In p rev ious  c ,munun ica t ions  t i le  au tho r s  have  descr ibed the  solubi l izat ion,  assay, and pa r t i a l  
pur i f ica t ion  of succinic dehydrogenase  I a. The purpose  of t i le  p resen t  note  is to out l ine  the p repara t ion  
of the enzyme in an e s s e n t i a l l y  h o m o g e n e o u s  s ta te  and to des igna te  its sa l i ent  propert ies .  This  enzyme 
is the p r i m a r y  dehydrogenase  in the  chain of p ro te ins  which l ink  the  ox ida t ion  of succinate  to the 
re(lucti ,m of cv tochrome  c ill m i tochondr i a l  or purif ied pa r t i cu l a t e  p r epa ra t i ons  4. Since th i s  de- 
hydrogenase  c a t a l y z e s  the  one-step ox ida t i on  of succ ina te  to f u m a r a t e  in the  presence of a suital)le 
(lye (phenazine m e t h o s u l f a t e )  and shares  all the  i m p o r t a n t  charac te r i s t i cs  usua l ly  associa ted with 
succinic dehydrogenase  action,  the  demons t r a t i (m t h a t  th is  reac t ion  is ca t a lyzed  by  a single, discrete  
pro te in  molecule  pe rmi t s  the iden t i t i ca t ion  of th is  pro te in  its succinic dehydrogenase .  A corol lary 
of th is  conclusion is t h a t  t i le  o ther  componen t s  (protein or otherwise)  which func t iona l ly  l ink  the  
~xidat i (m ~f succ ina te  to ferr icyanide,  cytochronle ,  me thy l ene  blue, el(. are members  of an electron 
t r anspor t  cha in  in t i le  or iginal  par t ic le .  

The enzyme has  been isoluted from beef hear t  ln i tochondr iu l  acetone powders  1,2, l ;ol lowing 
ex t r ac t i on  with o.o~)M tr is(hydr~)xymetl ,  y l ) a m i n o m e t h a n e  lmffer, pH  8.9 and the remova l  of 
impur i t i e s  by  p r ec ip i t a t i on  with p r o , a m i n e  sulfate, the  enzyme  was p rec ip i t a t ed  by o. 5 sa tura ted  
(NH4)~SO 4. After  a brief d ia lys i s  t i le  p r o t a m i n e  and (NI-I4)2504 p rec ip i t a t ion  s teps  were repea ted ;  
t i le  enzyme was aga in  dialyzed,  and then subjec ted  to two cycles ()f t ' ract ionution w i t h  calc ium 
phospha t e  gel. The p rec ip i t a t e  ob ta ined  be tween o. 3 and o.M~ sa tu r a t ed  (Ntla)2504 was u l t ra  
cent r i fuged for 4 hours a t  t44,ooo • ,~* and the brown pel le t  was di luted,  y ie ld ing  a clear, amber  
solut ion of the dehydrogenase .  

E x a m i n a t i o n  in the ana ly t i ca l  u l t racen 
t r i fuge revealed the presence of a s ingle com- 
ponent  (Fig. ,). l ' ; lectrophoret ic  ana lys i s  a t  
pH 7.~) confirmed the above conclusion : only 
a trace  of i m p u r i t y  was detec table .  The sedi- 
m e n t a t i o n  ve loc i ty  (.S'2~ -- ~.5 S, de t e rmined  
a t  several  pro te in  concent ra t ions)  ul ld  u pre- 
l im inu ry  e s t ima t ion  of the diffusion c o n s t a n t  
ind ica te  a molecular  we igh t  of t i le c~rder of 
t to ,ooo  to I4O,ooo. The q)()2 of the best  prc- 
parat i(ms,  i sola ted from fresh acet(me pew- 
tiers, is 14,oOO u n d e r  the  condi t ions  of assay 
(mtline(I elsewhere a, and such p repa ra t i ons  
conta in  two a toms  of I:e per  mole of enzyme 
(i a tom l=e per 68,o0o g protein) .  On the o ther  
| l a n d  a , lunll)er ()f p r epa ra t i ons  have  l)een 
ob ta ined  from s o m e w h a t  older acetone pew 
ders wi th  a (?o2 of 7,5oo and con ta in ing  r a tom 

* Suppor ted  by a research g run t  from the  

2 r 

l:ig. t. 5e t l in len ta t ion  pa t t e rn  of suecinic dehydro-  
g e n a s e  i,1 the  u l t racent r i fuge .  Protein concent ra t ion ,  
9. '  mg per ml;  buffer, o.I 31 NaC1 0.005 . l l  phos- 
phate ,  p H  7.6; t empera tu re ,  4.()5 ; speed, 59,77'  
r .p.m. ; bar  angle, 45' .  Cen t r i fuga l | on  was cont inued  
un t i l  the  s ed imen t ing  peak  reached t i le  bo t tom of 
the  ceil. Each ()f t i le four exposures  was spaced l0  

m i nu t e s  apar t .  
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