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SUMMARY 

E n z y m e  s y s t e m s  respons ib le  for t h e  o x i d a t i o n  of f o r m a t e  a n d  H 2 b y  f u m a r a t e  and  
O z h a v e  been  d e m o n s t r a t e d  a n d  p a r t i a l l y  c h a r a c t e r i z e d  in cell-free e x t r a c t s  of t he  
c y t o c h r o m e  c o n t a i n i n g  anae rob ic  vibrio,  Vibrio succinoge~es. The  formic  d e h y d r o -  
genase  a n d  h y d r o g e n a s e  a re  s imi la r  to  those  found  in Escherichia coll. Oxidase  and  
pe rox idase  s y s t e m s  invo lv ing  f o r m a t e  a n d  H a were  d e m o n s t r a t e d .  P y r i d i n e  nuc leo t ides  
are  no t  i n v o l v e d  in a n y  of these  sys t ems .  D u r i n g  t he  o x i d a t i o n  of f o r m a t e  b y  O z, 
sma l l  a m o u n t s  of  H , O  a are  formed.  

Cytoc iaromes  of t h e  b a n d  c t y p e s  are  shown  to  be p r e s e n t  in cells grown wi th  
f o r m a t e  as an  e n e r g y  source  a n d  e i the r  f u m a r a t e  or  n i t r a t e  0_s an e lec t ron  acceptor .  
Some of t h e  chemica l  cha rac t e r i s t i c s  of the  c y t o c h r o m e s  were d e t e r m i n e d .  The  pro to-  
he ine  of t h e  c y t o c h r o m e  of t h e  b t y p e  was  i so la t ed  a n d  ident i f ied.  The  c y t o c h r o m e  of 
t he  c t y p e  was  p a r t i a l l y  r e d u c e d  b y  ascorba te .  Bo th  c y t o c h r o m e s  could be r educed  
b y  H ,  or  f o r m a t e  a n d  t h e  c y t o c h r o m e  of t he  b t y p e  could  be ox id ized  b y  f u m a r a t e  
sugges t ing  a c a t a l y t i c  role for th is  c y t o c h r o m e  in f u m a r a t e  r educ t ion .  B o t h  cy to -  
ch rome s  were  p a r t i a l l y  r e d u c e d  b y  succ ina te .  

INTRODUCTION 

T h e  i so la t ion  a n d  desc r ip t ion  of an  anaerob ic ,  c y t o c h r o m e  c o n t a i n i n g  vibrio,  Vibrio 
su¢¢inogenes, h a v e  been  r e c e n t l y  r e p o r t e d  x. The  o rgan i sm gains  e n e r g y  for anaerob ic  
g r o w t h  b y  coup l ing  t h e  ox ida t ion  of H a or f o r m a t e  to  t he  r educ t i on  of e lec t ron  ac- 
cep to r s  such  as f u m a r a t e  or n i t r a t e .  The  o rgan i sm is c apab l e  of l imi ted  g r o w t h  wi th  
O~ as a n  e lec t ron  a c c e p t o r  on ly  if t h e  0 2  c o n c e n t r a t i o n  is kep t  be low 4 % in t he  g a  ~-, 
phase .  V. succinogencs con ta in s  c y t o c h r o m e s  s p e c t r a l l y  s imi la r  to  those  of t he  b a n d  c 
t y p e s ,  a n d  res t ing  cells h a v e  been shown to  reduce  f u m a r a t e  and  n i t r a t e  wi th  H., 
as  t h e  e l ec t ron  d o n o r  1. I t  was of i n t e r e s t  to  cha rac t e r i ze  t h e  e l e c t r o n - t r a n s p o r t  s y s t e m s  
in t h i s  o r g a n i s m  in o rde r  to  be able  to  ou t l ine  t he  role of t h e  c y t o c h r o m e s  in t he se  
a n a e r o b i c  o x i d a t i o n - r e d u c t i o n  reac t ions .  

T h e  p r e s e n t  c o m m u n i c a t i o n  r ep o r t s  t he  p a r t i a l  c h a r a c t e r i z a t i o n  of t he  enzym.e 
s y s t e m s  which  oxidize fo rm a te  an d  H~ a n d  reduce  f u m a r a t e ,  N O a -  a n d  02.  T h e  

° Present address: American :~teat Institute Foundation, Chicago, ill. (U.S.A.). 

Biochim. Biophys. Aaa,  69 ~1963) i8-28 



V.  succinogenes ELECTRON-TRANSPORT ENZYMES 19 

c y t o c h r o m e s  are  also p a r t i a l l y  cha rac te r i zed ,  b o t h  wi th  r ega rd  to  some of t he i r  
chemica l  cha rac te r i s t i c s  a n d  wi th  r e g a r d  to  some of t h e  s u b s t r a t e - l i n k e d  o x i d a t i o n -  
r e duc t i on  reac t ions  in which t h e y  are  able  to  pa r t i c i pa t e .  

M E T H O D S  A N D  M A T E R I A L S  

The  g r o w t h  m e d i u m  used  in t he se  s tud ies  has  been  p r e v i o u s l y  descr ibed  t a n d  c o n t a i n e d  
f o r m a t e  as an e n e r g y  source,  f u m a r a t e  as an  e lec t ron  accep to r  a n d  t h iog lyco l a t e  
as  a r educ ing  agent .  Fo r  t h e  s tud ie s  in wh ich  t he  c y t o c h r o m e  c o n t e n t  of t he  e x t r a c t s  
was  q u a n t i t a t i v e l y  d e t e r m i n e d ;  t h e  m e d i u m  was  modif ied  b y  increas ing  t he  level  of 
f o r m a t e  to  0.6 % a n d  K u H P O  4 to i %. W h e n  K N O  a was  u sed  as an  e lec t ron  accep to r ,  
it was  s u b s t i t u t e d  for f u m a r a t e  a t  a level  of o. x5 %.  Cells were o b t a i n e d  b y  inocu la t ing  
20 1 of m e d i u m ,  which  c o n t a i n e d  e i the r  f u m a r a t e  or  N O  a- as  an  e l ec t ron  accep to r ,  
wi th  a x-I cu l tu re  which  h a d  been  g rown in an  iden t i ca l  m e d i u m  for x2 h. A t t e m p t s  
were m a d e  to keep  t h e  c o n c e n t r a t i o n  of Os a t  a m i n i m u m  b y  p lac ing  th i s  m e d i u m  in 
an  a l m o s t  c o m p l e t e l y  filled ca rboy .  Af t e r  x3 h,  t h e  2o 1 were  cen t r i f uged  in a Sha rp le s  
cen t r i fuge  a n d  w a s h e d  twice  w i th  o .o i  % f l -mercap toe thano l .  The  cells were  s u s p e n d e d  
in 2o-40  ml  of o .oI  % f l - m e r c a p t o e t h a n o l  a n d  exposed  to  sonic osci l la t ion for 3o -45  rain  
in a :o -kc  R a y t h e o n  sonic osci l la tor .  D u r i n g  sonic  osci l la t ion,  t he  cells were  k e p t  in 
a H a a t t n o s p h e r e  a t  a t e m p e r a t u r e  of x-5  °. T h e  b r o k e n  cells were  c e n t r i f u g e d  a t  
8ooo × g for 2o -3o  rain  t o  r e m o v e  r e m a i n i n g  whole  cells a n d  some of t he  large debris .  
The  s u p e r n a t a n t  e x t r a c t  was used  in t h e  e x p e r i m e n t s  to  be  desc r ibed  un less  o the rwise  
men t ioned .  

H 2 and  0 2 c o n s u m p t i o n  a n d  CO S evo lu t i on  were a s s a y e d  b y  c o n v e n t i o n a l  m a n o -  
me t r i c  m e t h o d s .  H~O~ was  a s s a y e d  b y  t h e  m e t h o d  of PATRICK A N D  W A G N E R  2 as 
modif ied  b y  DOLIN a. P r o t e i n  was  d e t e r m i n e d  b y  t h e  m e t h o d  of LOWRY et al. 4. 

S p e c t r a  were  o b t a i n e d  ,vith a C~.ry a u t o m a t i c - r e c o r d i n g  s p e c t r o p h o t o m e t e r .  An- 
aerobic  s p e c t r o p h o t o r n e t r i c  e x p e r i m e n t s  were  c o n d u c t e d  in c u v e t t e s  which  h a d  been 
fused wi th  s idea rms  f rom T h u n b e r g  t u b e s  a n d  which  were  e v a c u a t e d  a n d  f lushed 
wi th  h e l i u m  a t  l eas t  twice  t o  r e m o v e  oxygen .  

T he  m e t h o d  used  for the  e x t r a c t i o n  a n d  c h a r a c t e r i z a t i o n  of t he  h e m e  of t he  cy to -  
ch rome  of t he  b t y p e  was  a c o m b i n a t i o n  a n d  modi f i ca t ion  of t h e  m e t h o d s  of BAS- 
FORD et al. 5 a n d  RAWLINSON AND HALE 6 a n d  is s imi la r  to  t he  m e t h o d  desc r ibed  b y  
MossL E x t r a c t s  of cells g rown on f u m a r a t e  or  n i t r a t e  c o n t a i n i n g  76 m g  of e x t r a c t  
p ro te in  were  lyophi l i zed  a n d  t h e  p o w d e r  was  q u a n t i t a t i v e l y  t r a n s f e r r e d  to  cen t r i fuge  
t u b e s  w i th  4 ° ml  of cold ace to n e  (o°). A f t e r  c en t r i f uga t i on ,  t he  p r e c i p i t a t e d  p ro t e in  
was  w a s h e d  wi th  4o ml  of a cold  so lu t ion  of ch lo ro fo rm a n d  m e t h a n o l  (2: x, v[v) a n d  
aga in  wi th  4 ° ml  of cold  ace tone .  T h e  p r o t o h e m e  was  e x t r a c t e d  f rom t h e w a s h e d  
p ro te in  b y  mix ing  w i th  4 ° ml  of cold  ace tone  c o n t a i n i n g  x % of 2.4 N HCI. Th i s  
e x t r a c t i o n  was  r e p e a t e d  twice,  a n d  t h e  poo led  a c i d - a c e t o n e  e x t r a c t  was  c o n c e n t r a t e d  
u n d e r  v a c u u m  to  a v o l u m e  of a b o u t  2o ml.  Th i s  c o n c e n t r a t e  was  e x t r a c t e d  first  
w i th  25 ml  a n d  t h e n  w i t h  : o  ml  of acidic  e t h e r  (x vol.  1.5 N HC1, 4 vol.  e ther)  to 
pu r i fy  t he  e the r - so lub le  p r o t o h e m e .  Th~ e t h e r  l aye r s  were  c o m b i n e d  a n d  w a s h e d  
first w i th  30 ml  a n d  t h e n  wi th  2o ml  of 0.5 N HC1 a n d  f ina l ly  w i t h  20 ml  of 3 % NaCI. 
T h e  e t h e r  was  r e m o v e d  u n d e r  v a c u u m  a n d  t h e  res idue  was  s u s p e n d e d  in 3-5 ml  o f  
py r id ine  a n d  3.5 ml  of o.2 N K O H .  I t  was  n e c e s s a r y  to  cen t r i fuge  some p r e p a r a t i o n s  
a t  th i s  po in t  to  r e m o v e  a sma l l  a m o u n t  of wh i t e  p r e c i p i t a t e  wh ich  fo rmed  a f t e r  t h e  
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addi t ion  of K O H .  This  a c i d - a c e t o n e  ex t rac t ion  m e t h o d  m a y  be useful  in examin ing  
ex t r ac t s  of o the r  mic roorgmdsms  especial ly  when  it is desi rable  to de tec t  a small  
a m o u n t  of c y t o c h r o m e  b which is masked  b y  the  presence of a large a m o u n t  of cyto-  
ch rome  c. 

In  o rder  to  examine  the  cv toch rome  con t en t  of the  res idue remain ing  a f te r  a c i d -  
ace tone  ex t rac t ion ,  t h e  pro te in  was suspended  in 15 ml of a solut ion of equal  vo lumes  
of p~-ridine and  o.2 N K O H  by  gr ind ing  in a t issue homogenizer .  

R E S U L T S  

H a oxidation by methylene blue, benzyl viologen, fumarate and nitrate 

Table  I i l lus t ra tes  t he  ra te  of Ha o m d a t i o n  by  cell-free ex t r ac t s  wi th  var ious  
e lec t ron  acceptors .  The  ab i l i ty  of m e t h y l e n e  blue and benzy l  viologen to  serve as 
acceptors  for the  u p t a k e  of H e d e m o n s t r a t e s  the  presence of the  enzyme  hydrogenase .  

T A B L E  I 

R A T E  O F  H 2 A N D  F O R M A T E  O X I D A T I O N  W I T H  V A R I O U S  E L E C T R O N  A C C E P T O R S  

T h e  H z o x i d a t i o n  r a t e  is m e a s u r e d  a s  p l  H 2 u p t a k e / r a i n / r a g  p r o t e i n  a t  37 °. W a r b u r g  c u p s  c o n t a i n e d  
47  m-Mr K ~ H P O  4 { p H  7.o) ,  o. I5  m g  . ~ - m e r c a p t o e t h a n o l ,  e x t r a c t  o f  f u m a r a t e - g r o w n  cel ls ,  a n d  
6 .3  m-ad m e t h y l e n e  b l u e ,  f u m a r a t e  o r  n i t r a t e  o r  3 . z  m,~Ir b e n z y l  v i o l o g e n  i n  a t o t a l  v o l u m e  o f  
3 .15  m l .  T h e  g a s  p h a s e  w a s  H 2. T h e  f o r m a t e  o x i d a t i o n  r a t e  is m e a s u r e d  a s /~ I  CO~ produced/rain/rag 
p r o t e i n .  C o n d i t i o n s  a s  a b o v e  e x c e p t  3 .3  m ~ /  f o r m a t e ,  I I i m M  K a H P O  4 ( p H  6 .2)  a n d  a N z g a s  

p h a s e  w a s  u s e d .  

.4cceptor H ,  o x i d a t i o n  F o r m a t ¢  o x i d a t i o n  
rate  rage 

None o o.o 
M e t h y l e n e  b l u e  33z  2 ,9  
B e n z y l  v i o l o g e n  17 x .5 
Fumarat e 7 7 I. 5 
N i t r a t e  o o .o  

The  presence of a n o t h e r  enz3mae, f u m a r a t e  reduc tase ,  and  the  ab i l i ty  of these  ex t r ac t s  
to  couple t he  h y d ro g en ase  to the  f u m a r a t e  r educ ta se  is ind ica ted  b y  the  use of 
f u m a r a t e  as accepter .  Prev ious  work  m has  shown t h a t  f u m a r a t e  is q u a n t i t a t i v e l y  
r educed  to  succ ina te  in whole cells. A l though  in whole cells H s reduced  NOR- to  
N H  a (see ref. I),  a t t e m p t s  to  p repa re  sonic e x t r a c t s  which could ca ta lyze  NO 3- 
reduc t ion  wi th  H 2 were unsuccessful .  If ca t a ly t i c  quan t i t i e s  of benzy l  viologen were 
a d d e d  to  these  ex t rac t s ,  NO3- did serve as accep t e r  d e m o n s t r a t i n g  t h a t  no t  t he  NO3- 
r educ ta se  b u t  some i n t e r m e d i a t e  site was d e s t r o y e d  dur ing  p repa ra t ion  of ex t rac t s .  
A p p a r e n t l y ,  benzy l  viologen can s u b s t i t u t e  for this  d e s t r o y e d  site. The  addi t ion  
of FeSO4, Na2MoO,,  m en ad io n e  bisulfite, A T P  or flavin mono-  or d inucleot ide  did 
no t  res tore  t he  couple  be tween  H z and  NOR-. H2 did no t  reduce  D P N  or T P N .  
D P N H  or T P N H  were no t  oxidized by  f u m a r a t e  or NO~-. 

Formate oxidation by methylene blue, benzyl viologen and fumarate 

The  r a t e  of CO a evolut ion  from fo rmate  in the  presence of e lec t ron accep te r s  
is also shown in Tab le  I .  A formic dehydrogenase ,  s imilar  to  t he  one found in E. cell 
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by  PECK et al. a, is indicated by  the use of benzyl  viologen and  me thy lene  blue as 
accepters.  A couple between the formic dehydrogenase  and the fumara te  reductase  
is demons t r a t ed  by  the use of fumara te  as accepter.  The lack of gas evolut ion in the  
absence of an electron accepter  demons t ra tes  a lack of a hydrogenlyase  sys tem.  
Hydrogenlyase ,  therefore,  is no t  required for the couple between formate  and  
fumara te .  D P N  is not reduced with formate  as substra te .  

Oxidation o f  form.ate with 0 2 as accepter 

Forma te  can also be oxidized b y  O a in the presence of these extracts .  I t  has been 
observed t ha t  appreciable amoun t s  of HzO2 are formed during this react ion a l though 
no stoichiometric relat ionship between H i e  z product ion and O a consumpt ion  could 
be obtained.  In several exper iments  wi th  different extracts ,  the a m o u n t  of HzO~ 
which could be de tec ted  following the complet ion of O t  consumpt ion  var ied between 
0.056 and 0 .22/ ,moles  of HaO a produced p e r / , m o l e  of 0 2 consumed.  These values  
for H20~ m a y  be somewhat  low since reducing agents  which can react  x~dth HsO , 
such as f l -mercaptoethanol  were present  in the Warbu rg  cups. 09  consumpt ion  and  
H ,Oa  product ion with formate  as subs t ra te  will be more fully deta i led in the following 
paper.  

Since much  less than  I / , m o l e  of HzO a was formed p e r / , m o l e  of Oz r consumed,  
the possibility was considered t h a t  a mechan ism for disposal of HsO i, such as a 
peroxidat ive  enzyme sys tem,  was present  in ex t rac ts  of this organism. Table  I I  
shows t h a t  a re la t ively  weak sys t em for the  peroxidat ive  oxidat ion of formate  does 
exist in these extracts .  I t  is probable  t h a t  the ra te  of the  H ,O2-dependen t  CO,  
evolution from formate  shown in Table I I  does not  represent  the  m a x i m u m  ra te  of 
the  peroxidase sys tem since separa te  s tudies have  shown t h a t  the  fo~-lnic dehydro-  
genase,  which is p robab ly  a required enzyme for the  operat ion of the  peroxidase 
sys tem,  is par t ia l ly  inhibi ted by  the amoun t s  of HaO,  added as subs t ra te  for th is  
system.  One fur ther  s t a t emen t  should be made  with  regard  to the possible mechan i sm 
of the  peroxidat ive decomposi t ion of formate.  Al though  the  typica l  cata lase  which 
is found in most  aerobic cells is known to catalyze this  reaction °, ca ta lase  cannot  
be demons t ra t ed  e i ther  in the  cells 1 or in ex t rac t s  of this organism. This l a t t e r  fact  
is shown in Table I i  where no appreciable gas is evolved from H , O ,  unless formate  
is also present .  The gas evolved in the presence of both  H , O ,  and formate  is com- 
ple te ly  absorbed b y  K O H .  

TABLE; II 

PEROXIDATIVE OXIDATION OF FORMATE 

Warburg cups contained 50 mM KaHPO 4 (pH 6.o), o.I5 mg fl-mercaptoethanol, 3.3 mM formate, 
I. 3 m~i H20 ,. I7. 5 mg extract protein from fumarate-grown cells in a total volume of 3.o ml. 
Formate and/or H,O 2 were added from the sidearm to start the reaction. Reaction was m e a s u r e d  

a t  37 ° w i t h  N 2 as  g a s  p h a s e .  B o i l e d  e x t r a c t  w a s  p r e p a r e d  b y  h e a t i n g  f o r  i o  m i n  a t  IOO*. 

C O t  evolved 
A d d i t i o n s  ' ( i d l z o  rain)  

Extract + formate 6 
Extract + H i e  2 9 
Extract + formate + Hue s 60 
Boiled extract + formate + H202 x o  
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Oxidation of H~ with 0 z as acceptor 

T h e  K n a l l g a s  r e a c t i o n  w a s  a l so  d e m o n s t r a b l e  in t h e s e  ex'-tracts. W h e n  a r e a c t i o n  
m i x t u r e ,  s i m i l a r  t o  t h e  one  t!ged_ too a s s a y  f o r m a t e  o x i d a t i o n  d e s c r i b e d  in T a b l e  I 
( w i t h o u t  f o r m a t e  or  e l e c t r o n  a c c e p t o r ) ,  wa_~ p l a c e d  in a W a r b u r g  c u p  a n d  g a s s e d  w i t h  
a m i x t u r e  of 86 % H a a n d  20 % air ,  gas  w a s  t a k e n  up  a t  t h e  r a t e  of  I . o 6  # l / m i n ] m g  
e x t r a c t  p r o t e i n .  I f  H 2 a lone ,  or  a i r  a lone  w a s  t h e  ga s  p h a s e ,  n o  a p p r e c i a b l e  a m o u n t  
of  gas  w a s  c o n s u m e d .  I t  w a s  a lso  poss ib le  t o  d e m o n s t r a t e  t h e  p e r o x i d a t i v e  o x i d a t i o n  
of  H 2. W h e n  a r e a c t i o n  m i x t u r e  s i m i l a r  to  t h a t  s h o w n  in  T a b l e  I I  ( m i n u s  f~aaaate)  
was  e q u i l i b r a t e d  u n d e r  H a, n o  gas  wa s  c o n s u m e d  u n t i l  3-5 # m o l e s  of  HzO ~ w e r e  a d d e d  
f r o m  t h e  s i d e a r m .  H a w a s  t h e n  c o n s u m e d  a t  t h e  r a t e  of  0.32 # I / m i n / m g  e x t r a c t  
p r o t e i n .  N o  ga s  w a s  c o n s u m e d  if t h e  e x t r a c t  w a s  bo i l ed  for  I o  ra in .  A p e r o x i d a t i v e  
o x i d a t i o n  of  H z  h a s  b e e n  d e m o n s t r a t e d  in A cetobacter peroxydans (see refs .  IO a n d  i i ) .  

W'e w e r e  n o t  ab l e  t o  d e m o n s t r a t e  t h e  o x i d a t i o n  of  D P N H  or  T P N H  b y  O z w i t h  
t h e s e  e x t r a c t s .  

Succinic dehydrogenase activity of extracts 

Since  t h e  r e d u c t i o n  of  f u m a r a t e  i n d i c a t e d  t h e  p r e s e n c e  of a f u m a r a t e  r e d u c t a s e ,  
i t  w a s  of  i n t e r e s t  t o  see  w h e t h e r  succ in ic  d e h y d r o g e n a s e  a c t i v i t y  c o u l d  be  d e m o n -  
s t r a t e d .  A t t e m p t s  t o  d e m o n s t r a t e  O z u p t a k e  in t h e  p r e s e n c e  of  s u c c i n a t e  a n d  p h e n a z i n e  
m e t h o s u l f a t e  o r  t h e  r e d u c t i o n  of  f e r r i c y a n i d e  b y  s u c c i n a t e  w e r e  u n s u c c e s s f u l .  T h e s e  
e x t r a c t s  were ,  h o w e v e r ,  ab l e  t o  r a p i d l y  r e d u c e  n i t r o -b luE  t e t r a z o l i u m  a n d  n e o - t e t r a -  
z o l i u m  s a l t s  w i t h  s u c c i n a t e  as  s u b s t r a t e .  S ince  t h e  p r i m a r y  f u n c t i o n  of  t h i s  e n z y m e  
in t h i s  o r g a n i s m  is t o  r e d u c e  f u m a r a t e ,  a n d  s ince  we were  u n a b l e  t o  d e m o n s t r a t e  
s u c c i n a t e  o x i d a t i o n  b y  t h e  u s u a l  a c c e p t o r s  s u c h  as  p h e n a z i n e  m e t h o s u l f a t e  a n d  
f e r r i c y a n i d e ,  t h i s  e n z y r a e  w o u l d  a p p e a r  to  be  s i m i l a r  t o  t h e  " ' a n a e r o b i c "  t y p e  of  suc-  
c inic  d e h y d r o g e n a s e  s u c h  as  t h e  one  f o u n d  in Micrococcus lactilyticus b y  PECK et al. 12. 

Localization of enzymes 

I n  an  a t t e m p t  t o  d e t e r m i n e  w h e t h e r  t h e  h y d r o g e n a s e  a n d  t h e  e n z y m e  s y s t e m  
w h i c h  ca r r i e s  o u t  t h e  r e d u c t i o n  of  f u m a r a t e  b y  H a were  l o c a t e d  on h e a v y  p a r t i c l e s ,  
a n  e x t r a c t  w a s  c e n t r i f u g e d  a t  1 4 4 o o o  × g for I h a n d  t h e  pe l l e t  was  s u s p e n d e d  in 
a v o l u m e  of  o.ox % ~ - m e r c a p t o e t h a n o l  e q u a l  t o  t h e  v o l u m e  of  e x t r a c t  f r o m  w h i c h  
i t  h a d  b e e n  o b t a i n e d .  T h e  p~l le t  a n d  t h e  s u p e r n a t a n t  s o l u t i o n  c o n t a i n e d  a b o u t  e q u a l  
m o u n t s  of  h y d r o g e n a s e  a c t i v i t y  as  a s s a y e d  w i t h  m e t h y l e n e  b lue  u n d e r  c o n d i t i o n s  
s i m i l a r  t o  t h o s e  d e s c r i b e d  in T a b l e  I. T h e  pe l l e t  c o n t a i n e d  m o r e  t h a n  3 t i m e s  t h e  
a c t i v i t y  of  t h e  e n z y m e  s y s t e m  w h i c h  c o u p l e d  H a  t o  f u m a r a t e ,  as  t h e  s u p e r n a t a n t  
s o l u t i o n ,  s u g g e s t i n g  t h a t  t h e  e n z y m e  s y s t e m  r e s p o n s i b l e  for  f u m a r a t e  r e d u c t i o n  is 
m o s t l y  l o c a t e d  o n  l a rge  pa r t i c l e s .  T h i s  l a t t e r  s_':stem is a i so  l o c a t e d  on  l a rge  p a r t i c l e s  
in  E. coli (see ref .  I3) .  

Cytochrome content of extracts of fum~rate- anal nitrate-grown cells 

Fig .  I i l l u s t r a t e s  s p e c t r a  c.f e x t r a c t s  of  cel ls  g r o w n  on  f u m a r a t e  o r  N O a -  w h i c h  
w e r e  o b t a i n e d  b y  p l a c i n g  e q u a l  a m o u n t s  of  a e r a t e d  e x t r a c t  in t w o  c u v e t t e s  a n d  
r e d u c i n g  t h e  s a m p l e  c u v e t t e  w i t h  a few c r y s t a l s  of  h y d r o s u l f i t e ,  u s i n g  t h e  o t h e r  
c u v e t t e  as  a b l a n k .  A s e p a r a t e  e x p e r i m e n t  s h o w e d  t h a t  w i t h o u t  t h e  a d d i t i o n  of  
h y d r o s u l f i t e ,  t h e  c y t o c h r o m c s  were  in t h e  o x i d i z e d  fo rm s ince  n o  r e d u c e d  cy*~ochrome 
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peaks Were visible when the  spec t rum was recorded wi thout  hydrosu!fite,  using a 
cuve t te  containing H=O as the  blank.  As seen in Fig. r, ex t rac t s  of fumara te-grown 
cells exhibit  peaks in the visible region a t  552 and  523 m/t, indicat ive of a cytochrome 
of the  c type.  Shoulders on these peaks at  approx.  560 and  529 m/t indicate a cyto- 
chrome of the  b type  wi th  spectra l  propert ies  similar to the  cy tochrome b 1 of 
Escherichia coil The large peak in the  Soret region is undoub ted ly  a composite of 
the  peaks due to both  cytochromes b and  c. The  presence of addi t ional  cytochromes 
cannot  be de tec ted  in these  spectra.  In cont ras t  to the  ex t rac t  of fumara te-grown cells, 
the  ex t rac t  of n i t ra te-grown cells exhibits  g rea te r  absorpt ion in the  regions typical  
of cytochrome c, bu t  does not  exhibit  obvious shoulders  in the regions typica l  of 
cytochrome b. Using the  ext inct ion coefficients suggested by CHANC~ 14 for mammal i an  
cytochromes,  we ca lcula ted  t h a t  there  were 1.6 t~moles of cy tochrome c and  r.z 
/~moles of cytochrome b per  g ram protein in the  ex t rac t  of fumara te -grown cells 
and  3.9/zmoles of cytochrome c per  g ram protein in the  ex t rac t  of n i t ra te -grown cells. 

The inabil i ty to establish the  presence of cytochrome b in ex t rac t s  of n i t ra te -  
grown cells was of special in teres t  for two reasons. Exper imen t s  repor ted  below 
demons t ra t e  t ha t  reduced cytochrome b is act ively oxidized by  fumara te  in the  
presence of ex t rac t s  of fumara te-grown cells. I t  has  also been found t h a t  resting-cell 
suspensions and  ex t rac t s  of cells grown ,m n i t ra te  act ively  reduce fumaxate wi th  H=. 
These observat ions suggested t h a t  a more crit ical t es t  for t he  presence or absence 
of c3rtochrome b in ex t rac t s  of n i t ra te -grown cells should be applied in order to assess 
t!:e role of cytochrome b in electron t r anspor t  to  fumara te  in V. succinogenes. There-  
t~.re, ex t rac ts  of fumara te-  and  n i t ra te -grown cells were ex t rac ted  wi th  a c i d - a c e t o n e  
by the  procedure described under  METHODS AND MATERIALS i n  order to ex t rac t  any  
protoheme,  the  typical  ether-soluble pros thet ic  group of cytochrome b. This procedure 
would not  be expected to ex t rac t  any  heme of the  type  associated wi th  cytochrome c. 

The  result ing spec t rum of the  pyridine hemochromogen of t he  a c i d - a c e t o n e  
ex t rac tab le  heine of the  n i t ra te -grown cells is shown in Fig. 2 and  is compared to the  
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F i g .  J. D i f f e r e n c e  s p e c t r a  of  e x t r a c t s  of  f u m a -  
r a t e - g r o w n  a n d  N O s - - g r o w n  cei ls .  C u v e t t e s  
c o n t a i n e d  4 .3  m g  o f  f u m a r a t e  o r  N O  n-  e x t r a c t  
p r o t e i n  p e r  m l  a n d  7I  m M  K s H P O  4 ( p H  7 . t )  
in  a t o t a l  v o l u m e  o f  3 m l. T h e  e x t r a c t s  w e r e  
r e d u c e d  w i t h  a f ew c r y s t a l s  of  s o d i u m  h y d r o -  
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F i g .  2. T h e  p y r i d i n e  h e m o c h r o m o g e n  o f  t h e  
a c i d - a c e t o n e  e x t r a c t a b l e  p i g m e n t .  T h e s e  s p e c -  
t r a  w e r e  o b t a i n e d  b y  e x t r a c t i n g  t i l e  h e i n e  f r o m  
76 m g  o f  e x t r a c t  p r o t e i n  f r o m  ce l l s  g r o w n  o n  
N O  s -  a n d  d i s s o l v i n g  t h e  h e m e  i n  7 .o  m l  o f  
p y r i d i n e  p l u s  K O H  as  d e s c r i b e d  in  METHODS 
AND MATERIALS. T h e  h e m o c h r o m o g e n  w a s  

r e d u c e d  w i t h  a f e w  c r y s t a l s  o f  h y d r o s u l f i t e .  
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p y r i d i n e  h e m o c h r c m o g e n  of p r o t o h e m e  wh ich  was  i so l a t ed  f rom t h e  c y t o c h r o m e  b 
of  Corynebacteriurn diptheriae b y  RAWLINSON AND HALE 6. All  s p e c t r a  h a v e  p e a k s  
a t  556 a n d  524 mt* in t h e  v is ib le  region.  A n  iden t i ca l  s p e c t r u m  was  o b t a i n e d  w h e n  
an  e q u a l  a m o u n t  of e x t r a c t  p,_'3tein f rom f u m a r a t e - g r o w n  cells was  a n a l y z e d .  

T h e  c y t o c h r o m e  c o n t e n t  of d~e p r o t e i n  r e s idue  r e m a i n i n g  a f t e r  a c i d - a c e t o n e  
e x t r a c t i o n  was  e x a m i n e d  b y  s u s p e n d i n g  t he  r e s idue  in p y r i d i n e  a n d  K O H  as  de-  
s c r i bed  u n d e r  METHODS AND MATERIALS a n d  r eco rd ing  t h e  d i f ference  s p e c t r a  w i t h  t h e  
s a m p l e  c u v e t t e  r e d u c e d  w i t h  a fev¢ cry : ; ta l s  of hyd rosu l f i t e .  T h e  r e s u l t i n g  s p e c t r a  of  
t h e  e x t r a c t s  of f u m a x a t e -  a n d  n i t r a t e - g r o w n  cells  a re  shown  in Fig.  3- T h e  s p e c t r a  
r e s e m b l e  t h o s e  u s u a l l y  f o u n d  for t h e  p y r i d i n e  h e m o c h r o m o g e n  of a c y t o c h r o m e  of  
t h e  c t y p e ,  w i t h  p e a k s  in t h e  vis ib le  a t  549 a n d  514 mt , .  I t  will  be  n o t e d  t h a t  t h e  e x t r a c t  
of  n i t r a t e - g r o w n  cells c o n t a i n s  a b o u t  3 t i m e s  as m u c h  of t h i s  p y r i d i n e  h e m o c h r o m o g e n  
as  t h e  e .x t rac t  of f u m a r a t e - g r o w n  cells.  A p p l y i n g  t h e  e x t i n c t i o n  coeff icients  s u g g e s t e d  
b y  BASFORD et al. 5 for t h e  p y r i d i n e  h e m o c h r o m o g e n s  t o  t he  d a t a  in Figs .  2 a n d  3, 

Fig. 3- P~.~ridine hemochromogen difference ~, 
spectra of residues after acetone extracti~m. The z 
residues remaining after extracting 76 rag of m 
extract protein from cells grown on fuma,.-ate or o o~ 
NOs- with acid-acetone were suspended ix, 15 ml ~ 02 
pyridine plus KOH as described in mETHODS AND O. ! 
M A T e R i A L S .  O n e  3 - m l  c u v e t t e  w a s  used  as b l a n k  o¢ 
and the other was reduced with a few crystals of 

" - O ¢  hydrosulfite. 
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t h e r e  is o . 5 I / ~ m o t e  of  c y t o c h r o m e  b a nd  0.84 t tmo le  of c y t o c h r o m e  c p e r  g r a m  p r o t e i n  
in t h e  e x t r a c t  of f u m a r a t e - g r o w n  cel ls  a n d  0 . 5 5 / z m o l e  of c y t o c h r o m e  b a n d  2. 4 p m o l e s  
of  c y t o c h r o m e  c p e r  g r a m  p r o t e i n  of t h e  e x t r a c t  of n i t r a t e - g r o w n  cells. T h u s ,  t h e  
e x t r a c t  of n i t r a t e - g r o w n  cel ls  c o n t a i n s  a p p r o x i m a t e l y  t h e  s a m e  a m o u n t  of cy to -  
c h r o m e  b as  t h e  e x t r a c t  of f u m a r a t e - g r o w n  cells.  

Other properties of the cytochromes 

T h e  c y t o c h r o m e  p i g m e n t s  a re  n o t  a d s o r b e d  on t h e  N H 4  + fo rm of IRC-5o  res in  
b y  p r o c e d u r e s  w h i c h  h a v e  b e e n  u s e d  to  a d s o r b  c y t o e h r o m e  c p r e p a r e d  f rom h e a r t  
musc le .  T h e  e x t r a c t s  of  cel ls  g rown  on f u m a r a t e  were  e x a m i n e d  for t h e  p re sence  of 
a n y  c a r b o n  m o n o x i d e - b i n d i n g  p i g m e n t s  b y  r e d u c i n g  t h e  e x t r a c t  in t w o  c u v e t t e s  
w i t h  a few c r y s t a l s  of  h y d r o s u l f i t e  mad b u b b l i n g  CO s lowly  t h r o u g h  one  c u v e t t e  for 
I man. W h e n  d i f fe rence  s p e c t r a  were  r e c o r d e d  us ing  t h e  c u v e t t e  w i t h o u t  CO as  t h e  
b l a n k ,  n o  p e a k s  were  d e t e c t a b l e .  Th i s  r e su l t  was  i n t e r p r e t e d  to  i n d i c a t e  t h a t  no  ap-  
p r e c i a b l e  a m o u n t s  of  C O - b i n d l n g  p i ~ a e n t s  such  as  c y t o e h r o m e s  a x, a a, a a, o r  o were  
p r e s e n t  in t h i s  e x t r a c t .  

A n  a t t e m p t  w a s  m a d e  to  d e t e r m i n e  w h e t h e r  or  n o t  t h e  c y t o c h r o m e s  were  as- 
s o c i a t e d  v~.'th pa r t i c l e s  in t h e s e  e x t r a c t s .  A s u s p e n s i o n  of  ceils  was  d i s r u p t e d  b y  sonic  
osc i l l a t ion  fo r  15 ra in  a n d  t h e  e x t r a c t  was  t h e n  c e n t r i f u g e d  a t  8000 × g for  x5 min  
to  r e m o v e  r e m a i n i n g  who l e  cells a n d  t h e  l a rges t  debr is .  A s p e c t r u m  was  t h e n  r e c o r d e d  
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using a cuvet te  containing H 2 0  as a blank.  This ex t rac t  was then centrifuged at  
144ooo x g for I h in the Spinco ul t racentr i fuge and  a spec t rum of the  s u p e r n a t a n t  
solution was recorded. I t  was found t ha t  centr i fugat ion a t  144 ooo x g had sed imented  
a little more than  half  of the absorpt ion due to the b and c peaks.  The pellet  af ter  
this centr ifugation was  of a deep red color. These results indicate t ha t  at  least  half  of 
the cytochromes of the b and  c type  are associated with heavy  particles.  Whe the r  
the  cytochromes remaining in the  supe rna tan t  solution are t ru ly  soluble, or are 
mere ly  associated with smaller  part icles which cannot  be sedimented  at  144ooo x g 
for I h, is a quest ion which cannot  be answered at  this t ime.  

Extraction of cytochrome c from acetone-dried cells 

If  fumara te -grown cells were acetone-dried according to the procedure suggested 
by  GONSALUS 15 and were then  allowed to s tand  a t  4 ° in 0.5 % KzHPO4 (pH 7.o) 
for 4 h, the  supe rna tan t  solution following centr i fugat ion for z h a t  xSOOO x g 
exhibi ted  absorpt ion m a x i m a  at  approx.  552, 523 and  418 m/z, indicat ing t h a t  cyto-  
chrome c had  been at  least par t ia l ly  ex t rac ted  from the  acetone-dried cells b y  this 
procedure.  This prepara t ion  of cy tochrome c was shown to be free from cy tochrome b 
since no pro toheme could be ex t rac ted  f rom this prepara t ion  b y  the a c i d - a c e t o n e  
ext rac t ion  procedure described previously.  

None of this  prepara t ion  of cy tochrome c was prec ip i ta ted  b y  centr i fugat ion a t  
144ooo x g for 3 h in the  Spinco ul t racentr i fuge.  The cy tochrome was not  adsorbed 
on the NH4 + form of IRC 50. If  2o ,umoles of ascorbate  were subs t i tu t ed  for hydro-  
sulfite as reducing agent  for this prepara t ion,  the posit ions of the  reduced peaks  were 
identical,  bu t  the to ta l  absorpt ion at  the peaks was only  35-40 % of t h a t  obta ined 
with  hydrosulfi te.  The spectra  were de te rmined  in anaerobic cuvet tes  wi th  ascorbate  
added  from the s idearm to prevent  a n y  reoxidat ion of reduced cy tochrome b y  O a. 
Under  these conditions, ascorbate  gave near ly  complete  reduct ion of m a m m a l i a n  
cy tochrome c. The fact t h a t  only par t ia l  reduct ion is ob ta ined  with  the  vibrio cyto-  
chrome c would indicate ei ther  t h a t  the vibrio cy tochrome c does not  have  as high 
an O-R potent ia l  as m a m m a l i a n  cy tochrome c, or t h a t  there  are more  t h a n  one 
cy tochrome  c p igments  in this prepara t ion  which differ in O-R potent ia l ,  bu t  not  
in absorpt ion spectra.  We have  not  inves t iga ted  ei ther  of these possibilities any  
further.  If  all of the cytochrom~ c of this  organism were of a similar  low O-R potent ia l  

desulf.urica.ns as t h a t  found for the  cy tochrome c a of Desuljovibrio (see ref. i6),  one 
would  expect  no reduction by ascorbate.  

Enzymic reductio~ and oxidation of the cytochromes 

Fig. 4 shows a difference spec t rum obta ined upon reduct ion of ex t rac t s  with 
H~ ill anaerobic cuvettes .  This spec t rum is similar to  the  spec t rum obta ined by  re- 
duct ion  with  hydrosulf i te  both  with  regard  to  position and  height  of peaks.  Fig. 4 
also demons t ra tes  t h a t  the addi t ion of fumara t e  f rom the  s idearm of the  anaerobic 
cuve t te  to the  ex t rac t  reduced with  H z causes the  peaks due to reduced cytochrome b 
to a lmost  comple te ly  disappear  leaving a spec t rum in which only the  reduced cyto- 
chrome c is evident .  The addi t ion of H i O  ins tead of fumara te  from the s iderarm does 
not  cause any  spectral  change. The fact  t h a t  cy tochrome b can be reduced b y  H a 
and oxidized by  fumara te  suggests a possible ca ta ly t ic  role of cy tochrome b as an 
electron carrier between the  hydrogenase  and  the  fumara te  reductase.  
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A similar spec t rum to t ha t  obtained with H 2 can also be obta ined if r o  it•moles 
of formate  are added as reductant .  When  the anaerobic cuvet tes  in which the  cyto- 
chromes have been reduced by  Hz or a small  amoun t  of formate  are aerated,  the 
peaks due to reduced cytochromes disappear,  indicating t h a t  aeration causes an 
oxidation of the reduced cytochromes.  
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F i g .  4- D i f f e r e n c e  s p e c t r a  o f  c y t o c h r o m e s  r e -  
d u c e d  • ~-ith H 2 a n d  o x i d i z e d  ~ i t h  f u m a r a t e .  
C u v e t t e s  contained 9I  m M  K 2 H P O  4 (pH 7.2), 
x.z  m l  of  e x t r a c t  f r o m  f u m a r a t e - g r o w n  cel ls ,  
a n d  I-I=O t o  3-3 ml .  T h e  c u v e t t e  w a s  a m o d i f i e d  
T h u n b e r g  c u v e t t e  w i t h  a s i d e a r m .  H a g a s  w a s  
b u b b l e d  s l o w l y  t h r o u g h  t h e  c u v e t t e  f o r  i o  ra in .  
T h e  s i d e a r m  ( c o n t a i n i n g  0 .3  m l  o [  0 .02  ,M f u m a -  
r a t e )  w a s  t h e n  c o n n e c t e d ,  a n d  t h e  c u v e t t e  w a s  

F ig .  5- R e d u c t i o n  o f  c y t o c h r o m e s  b y  s u c c i n a t e  
a n d  h v d r o s u l f i t e .  R e a c t i o n  m i x t u r e s  a n d  t h e  
b l a n k  a r e  t h e  s a m e  a s  in  F i g .  4. 6 / t m o l e s  of  
s u c c i n a t e  w e r e  a d d e d  f r o m  s i d e a r m  o f  c u v e t t e  
w h i c h  h a d  b e e n  p r e v i o u s l y  e v a c u a t e d  a n d  r e -  
g a s s e d  w i t h  h e l i u m  t h r e e  t i m e s .  A f e w  c r y s t a l s  
o f  h v d r o s u l f i t e  w e r e  a d d e d  t o  o b t a i n  t h e  h y d r o -  

s u l f i t e - r e d u c e d  s p e c t r u m .  

e v a c u a t e d ,  f i l led w i t h  H 2 a n d  e v a c u a t e d  a g a i n .  T h e  g a s s i n g  a n d  e v a c u a t i o n  p r o c e s s  w a s  r e p e a t e d .  
S p e c t r a  w e r e  t h e n  r e c o r d e d  w i t h  a n  o p e n  c u v e t t e  w i t h  a n  i d e n t i c a l  r e a c t i o n  m i x t u r e  a s  a b l a n k .  
If  h e l i u m  w a s  u s e d  i n s t e a d  of  H z t o  g a s  t h e  c u v e t t e s ,  t h e  c y t o c h r o m e s  w e r e  n o t  r e d u c e d .  A f t e r  
r e c o r d i n g  t h e  r e d u c e d  s p e c t r u m ,  t h e  s i d e a r m  c o n t a i n i n g  t h e  f u m a r a t e  w a s  t i p p e d ,  a n d  t h e  

s p e c t r u m  r e r e c o r d e d .  

The reduct ion of cytochromes  by  succinate and hydrosulfi te  is sho;~m in Fig. 5- 
I t  can be seen t ha t  succinate gives only about  3o-4 o % reduction of cytochrome b 
and  5o-60 % reduct ion of cytochrome c as compared with hydrosulfi te.  The addition 
of 4 ° / , m o l e s  of succinate does not  increase the  amoun t  of cytochrome reduction.  
The reason for this incomplete  reduction by  succinate is not  apparent ,  but  the fact 
t h a t  the  cytochrome c is more ful ly reduced than  the cytochrome b suggests tha t  
the c is of a higher O-R potent ia l  t han  the b. The fact t ha t  both  cvtochromes are some- 
wha t  reduced by  succinate suggests tha t  nei ther  cvtochrome has an O-R potent ia l  far 
below t h a t  of the  f u m a r a t e - s u c c i n a t e  system. 

We have not  been able to demonst ra te  the reduction of cytochromes by D P N H  
under  anaerobic conditions.  

D I S C U S S I O N  

F r o m  the  characterist ics of the formic dehydrcgenase  and the hydrogenase which 
have  been described, it would appear  tha t  these two enzymes are similar to enzymes 
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which  h a v e  been  p rev ious ly  found  in Escherichia colt (see ref. 8) a n d  ce r t a in  o the r  
m i c r o o r g a n i s m s  1~. A l t h o u g h  t h e  r e d u c t i o n  of fumaxa te  by  H 3 has  been  p rev ious ly  
r e p o r t e d  in E. colt (see ref. I8),  the  r educ t ion  of f u m a r a t e  by  f o r m a t e  has  a p p a r e n t l y  
n o t  been  p rev ious ly  d e m o n s t r a t e d  in a m i c r o o r g a n i s m  which  does  n o t  con ta in  t h e  
formic  h y d r o g e n l y a s e  sys t em.  Indeed ,  it has  been  p o s t u l a t e d  t h a t  in E. colt th i s  
l a t t e r  reac t ion  is m e d i a t e d  b y  t h e  h y d r o g e n l y a s e  s y s t e m  xg. 

P y r i d i n e  nuc leo t ides  wou ld  a p p e a r  to  p l a y  no  p a r t  in t h e  e n z y m e  s y s t e m s  
oxid iz ing  f o r m a t e  or H 2 or r e d u c i n g  f u m a r a t e ,  c y t o c h r o m e s  or  O 3 s ince we h a v e  n o t  
been  able  to  d e m o n s t r a t e  e i t he r  the i r  r educ t ion  or  ox ida t ion  b y  these  s u b s t r a t e s .  

A l t h o u g h  th i s  o r g a n i s m  has  been  d e s i g n a t e d  as  an  a n a e r o b e  due  t o  i ts  inab i l i ty  
t o  g row in air  a n d  because  it exh ib i t s  m a x i m u m  g r o w t h  u n d e r  anae rob ic  cond i t ions  
in t h e  p resence  of an  e lec t ron  a c c e p t o r  such as  f u m a r a t e ,  i ts  c y t o c h r o m e  c o m p o n e n t s  
a p p e a r  to  be s imi lar  to  those  u s u a l l y  found  in aerobic  forms  of life. T h e  c y t o c h r o m e  b 
of th is  o r g a n i s m  has  the  same  p ros the t i c  g r o u p  as the  c y t o c h r o m e  b of m a m m a l i a n  
t issue.  The  O - R  p o t e n t i a l  of t h e  c y t o c h r o m e s  b a n d  c w o u l d  a p p e a r  to  be close to  t he  
p o t e n t i a l  of these  c y t o c h r o m e s  in m a m m a l i a n  t i ssues .  T h e r e  is no  d o u b t  t h a t  t h e  
m a j o r i t y  of t h e  c y t o c h r o m e  c p i g m e n t  of th i s  o r g a n i s m  is of a m u c h  h ighe r  O - R  
p o t e n t i a l  t h a n  t h e  low p o t e n t i a l  c y t o c h r o m e  c 3 of t h e  a n a e r o b e  D. desulfurica~s 
(see ref. 16). No app rec i ab l e  a m o u n t s  of c y t o c h r o m e s  of t h e  a 1, a t ,  a a ,  or o t y p e  w h i c h  
are  usua l ly  a s soc ia t ed  wi th  ox idase  a c t i v i t y  could  be  d e t e c t e d  e i t h e r  in dif ference 
s p e c t r a  or b y  ana lys is  for CO-b ind ing  p i g m e n t s .  H o w e v e r ,  t h e  poss ib i l i ty  c a n n o t  be  
exc luded  t h a t  t h e  m e t h o d s  used for t h e  de t ec t i on  of these  p i g m e n t s  were  n o t  suf- 
f icient ly sens i t ive .  

VVith r e g a r d  to  t h e  phys io logica l  role  of t h e  c y t o c h r o m e s  in f u m a r a t e  r educ t ion ,  
t h e  w o r k  p r e s e n t e d  in th is  p a p e r  i nd ica t e s  t h a t  c y t o c h r o m e  b m a y  be  i n v o l v e d  as  
an  e lec t ron  car r ie r  b e t w e e n  t h e  h y d r o g e n a s e  a n d  t h e  f u m a r a t e  r e d u c t a s e  s ince t h e  
c y t o c h r o m e  is r e d u c e d  by  H 2 or f o r m a t e  a n d  ox id ized  b y  f u m a r a t e .  F u r t h e r  ev idence  
will be p r e s e n t e d  in t h e  fol lowing p a p e r  which  is also cons i s t en t  w i t h  t h e  sugges t ion  
t h a t  c y t o c h r o m e  b is a q u a n t i t a t i v e l y  i m p o r t a n t  ca r r ie r  in f u m a r a t e  r e d u c t i o n  in 
th is  o rgan i sm.  C y t o c h r o m e  c, or  a t  least  t h e  m a j o r i t y  of t h e  c y t o c h r o m e  p i g m e n t  
a b s o r b i n g  in t h e  region t y p i c a l  of c y t o c h r o m e  c, a p p e a r s  n o t  to  be i n v o l v e d  in f u m a r a t e  
r educ t ion  since it  is n o t  a p p r e c i a b l y  oxid ized  by  f u m a r a t e .  

L i t t l e  can  be said r e g a r d i n g  t h e  role of t h e  c y t o c h r o m e s  in NO a-  r e d u c t i o n  since 
we were  u n a b l e  to  p r e p a r e  cell-free e x t r a c t s  which  cou ld  r educe  NOa- .  T h e  fact  t h a t  
cells g rown w i t h  NO a- as a c c e p t o r  h a v e  a m u c h  h ighe r  c y t o c h r o m e  c c o n t e n t  t h a n  
cells g rown  on f u m a r a t e  m i g h t  reflect a phys io logica l  role for  c y t o c h r o m e  c in N O a -  
r educ t ion  such as has  becn  s u g g e s t e d  for t h e  c y t o c h r o m e  c of Achromobacter flscheri 
(see ref. 20). 

T h e  ab i l i ty  of t hese  e x t r a c t s  to  oxidize f o r m a t e  a n d  H a wi th  O3 as  t e r m i n a l  
accep tor ,  t h e  fo rma t ion  of an  app rec i ab l e  a m o u n t  of H z O  z d u r i n g  t h e  ox ida t ion  of 
f o r m a t e  a n d  the  p resence  of a p e r o x i d a t i v e  m e c h a n i s m  for t h e  o x i d a t i o n  of f o r m a t e  
a n d  H ,  sugges t  t h a t  t he  m e c h a n i s m  for t h e  o x i d a t i o n  of f o r m a t e  ( and  p e r h a p s  also H2) 
m a y  be a c o m b i n a t i o n  of an  ox idase  s y s t e m  which  fo rms  H~03,  a n d  a pe rox idase  
s y s t e m  which  des t roys  HaO2. F u r t h e r  ev idence  of t h e  ex i s t ence  of th is  o x i d a s e -  
pe rox idase  sys t em,  for a role of t he  c y t o c h r o m e s  in th is  s y s t e m  a n d  for t h e  i m p o r t a n c e  
of th is  s y s t e m  in t h e  r e sp i ra t ion  of th is  o rgan i sm,  will  be p r e s e n t e d  in t h e  fol lowing 
paper .  
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