
v e t .  25  (1957) PRF.LIMINARY NOTES 447  

Pathways involved in cytochrome c reduction in Mycobacterium phlei" 
It  has  r e c e n t l y  b e e n  s h o w n  x t h a t  c o u p l e d  o x i d a t i v e  p h o s p h o r y l a t i o n  in s o n i c a l l y - d i s r u p t e d  . l l w . -  

h a c l e r i u m  phlei cel ls  r e q u i r e d  s o l u b l e  s u p e r n a t a n t  f a c t o r s  in a d d i t i o n  to  t h e  b a c t e r i a l  p a r t i c l e s .  
I t  w a s  a l so  d e m o n s t r a t e d  t h a t  d u r i n g  f r a e t i o n a t i o n  p r o c e d u r e s  o f  t h e  s u p e r n a t a n t ,  the f r a c t i o n s  
w h i c h  g a v e  o p t i m a l  P I e  r a t i o s  w h e n  a d d e d  t o  t h e  b a c t e r i a l  p a r t i c l e s  a l w a y s  c o n t a i n e d  m e n a d i o n e  
r e d u c t a s e  a c t i v i t y .  O n  t h e  b a s i s  o f  t i le r e p o r t  b y  WOSTLAtT aND NASON ~ o n  t h e  d i n i t r o p h e n o l -  
s e n s i t i v i t y  o f  m e n a d i o n e  r e d u c t a s e  f r o m  F.. coli, a n d  t h e  s u g g e s t e d  i n v o l v e m e n t  of  v i t a m i n  K 
in o x i d a t i v e  p h o s p h o r y l a t i o n  b y  .MARTIUS a, it w a s  o f  i n t e r e s t  to  s t u d y  t h i s  a n d  o t h e r  e l e c t r o n  
t r a n s p o r t  e n z y m e  s y s t e m s  whic 'h  m i g h t  be  i n v o h ' e d  in o x i d a t i v e  a n d  p h o s p h o r y l a t i v e  a c t i v i t i e s  
m .ll. phlei. 

.'ks c a n  be  seen  iu Fig. i . \ ,  c o m p a r i n g  c u r v e s  l a n d  I I ,  w h e n  m e n a d i o n e  wan  a d d e d  t o  t h e  
c r u d e  l i p i d - f r e e  a n t i  p a r t i c l e - f r e e  n u p e r n a t a n t ,  t h e r e  w a s  a m a r k e d  s t i m u l a t i o n  in t h e  r a t e  of  
c v t o c h r o m e  c r e d u c t i o n .  D i a l y s i s  o f  t h e  c r u d e  s u p e r n a t e  o r  f r a c t i o n a t i o n  w i t h  a m m o n i u m  s u l f a t e  
w i t h  s u b s e q u e n t  d i a l y s i s  r e s u l t e d  in a p r e p a r a t i o n  w h i c h  d id  n o t  c a t a l y z e  t h e  r e d u c t i o n  of  exo -  
g e n n u s  c y t o c h r o m e  c. As  s een  in c u r v e  111, a d d i t i o n  o f  m e n a d i o n e  r e s t o r e d  t h e  a b i l i t y  o[ t h e  
e n z y m e  to  c a t a l y z e  t h i s  r e d u c t i o n .  "I'he e s s e n t i a l i t y  o f  r e d u c e d  d i p h o s p h o p y r i d i n e  n u e l e o t i d e  
( 1 ) P N t l }  in t h e  r e a c t i o n  is s h o w n  in c u r v e  IV .  R e d u c e d  t r i p h o n t ) h o p y r i d i n e  n u c l e o t i d e  w o u l d  
n o t  n e r v e  its e l e c t r o n  d o n o r  in t h e  re, a c t i o n .  

. \ t t e m p t s  to r e a c t i v a t e  t i le  c v t o e h r o m e  c r e d u c t a s e ,  in a f r a e t h m a t e d  e n z v u l e  p r e p a r a t i o n .  
b y  t h e  a d d i t i o n  of  a c r u d e  bo i l ed  e x t r a c t  r e v e a l e d  the. p r e s e n c e  o f  a r e l a t i v e l y  h e a t - s t a b l e  e n z y m e .  
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Fig.  I. T h e  e t f e c t  of  m e n a { l i o n e  a n d  f l av inn  on  
c v t { l c h r o n l e  ~ r e d u c t i ( m . . V  The r e a c t i o n  m i x -  
t u r e s  i n d i c a t e d  b y  t h e  c u r v e s  c o n t a i n e d  5oo  
t, Lmoles  K p h o n p l l a t e ,  p H  el. i ,  o . -  ml  i . o %  
c y t o c h r o m e  c ( S i g m a ) ,  a n d  t h e  f o l l o w i n g  in a 
t o t a l  v o l m n e  of  3 .o  ml.  ( ' u r v e  I: o. 4 / , m o l e  
I ) P N l t ,  l .o  y m o l e  t u e n a d i o n c  s o d i u m  lf isulf i te ,  
an t i  o .o  5 ml  c r u d e  e n z y m e .  ( ' t l r v e  I l : n a m e  c o n -  
c e n t r a t i ( m  of  I ) t ) N l l  a n d  e n z y m e ,  b u t  n o  
m e n a d i o n e .  ( ' u r v e  I I I :  (5. 4 y m o l e  I ) P N H ,  a n d  
o .o  5 ml  of  c r u d e  d i a l y z e d  e n z y m e ;  l . o / , m o l e  
m e n a d i o n e  a d d e d  a t  t h e  il.rro'w. ( ' l l r v e  I V :  I.O 
H n l o l e  n l e l l a d i t ) n e ,  a n d  t h e  s a n l 0  CllZVnl(2 an ill 
I11;  <5., t H m o l e  I ) P N I I  a d d e d  a t  t i le a r r o w .  : \ l l  

r e a c t i o n s  w e r e  s t a r t e d  w i t h  e n z v n l e .  P1. All r e a c t i o n  m i x t u r e s ,  in a t o t a l  v o l u m e  of  3.0 nil,  
c o n t a i n e d  t h e  s a m e  c o n c e n t r a t i o n s  of  p h o s p h a t e  a n d  c v t o c h r t , m e  c as  in FiR. 1.\ .  o. 4 y m o l e  I ) I ' N H ,  
o .o0  ml  c r u d e  d i a l y z e d  e n z y m e ,  a n d  a s  n o t e d  o n  t h e  c u r v e s  No  A d d i t i o n ,  a n d  o .o  3 / , m o l e  of  e . i ther  
m e n a d i o n e ,  I, 'MN, o r  I :AI) .  o. 3 p m o l e  p ( ' M B  w a s  u sed  as  i n d i c a t e d . . \ l l  r e a c t i o n s  w e r e  s t a r t e d  
w i t h  I ) P N H  a f t e r  a 5 r a in  i n c u b a t i o n  p e r i o d  of  e n z y m e  w i t h  e i t h e r  m e n a d i o n e ,  1.'..\I), F M N .  o r  

p ( ' M B  ~ I. 'MN. 

A f t e r  h e a t i n g  a t  l o o "  (" fo r  5 a n d  l 2 ra in ,  95 an t i  5{5 % of  t h e  a c t i v i t y  r e m a i n e d .  I t  w a s  s u b s e q u e n t l y  
f l m n d  t h a t  t h e  h e a t - s t a b l e  p r o p e r t y  r e s i d e d  in t i le " m e n a d i o n e - d e p e n d e n t  c y t o c h r o m e  c r e d u c t a s e " .  

( ' a t a l y s i s  o f  c y t o c h r o m e  c r e d u c t i o n  b y  t h e  c r u d e  e x t r a c t ,  w h i c h  d o e s  n o t  r e q u i r e  b u t  is 
s t i m u l a t e d  b y  m e n a d i o n e ,  w a s  i n h i b i t e d  w i t h  lo  ~,11 p - c h l o r o m e r c u r i b e n z o a t e  (1K'MB).  T h e  
a d d i t i o n  of  m e n a d i o n c  r e v e r s e d  t h i s  i n h i b i t i o n .  I t  w a s  t h e r e f o r e  s u g g e s t i v e  t h a t  t w o  e n z y m e s  
w e r e  i n v o l v e d  in c a t a l y z i n g  t h e  r e d u c t i o n  o f  c v t o c h r o m e  ~. : \ s  s h o w n  in l"ig. J l:~, a d ia lyzed .  
l i p id - f r ee  c r u d e  S U l m r n a t a n t  p r e p a r a t i o n  p o s s e s s e d  n e g l i g i b l e  c y t o c h r o m e  c r e d u c . t a s e  a c t i v i t y  in 
t h e  a b s e n c e  o f  m e n a d i o n e  its i n d i c a t e d  b y  t h e  c u r v e  " N o  . . \ r id ." .  A l t h o u g h  f l av in  m o l m n u c l e o t i d e  
( F M N )  w a s  m o r e  e t t e c t i v e  t h a n  f l a v i n  a d e n i n e  d i n u c l e o t i d e  ( F A I l )  in r e p l a c i n g  m e n a d i o n e  for  
r e s t o r a t i o n  o f  c v t o c h r o i n e  r e d u c t a s e  a c t i v i t y ,  i t  w a s  i n h i b i t e d  b y  t W M B .  T h e  r e a c t i v a t i o n  b y  
m e n a d i o n e ,  o n  t h e  c o n t r a r y ,  w a s  n o t  i n h i b i t e d .  A l t h o u g h  n o t  i n d i c a t e d  in t h e  f igure ,  r i b o f l a v i n  
c o u l d  n o t  r e p l a c e  F M N  o r  F A I l  in t h e  r e a c t i o n .  T h e s e  r e s u l t s  c o n l i r m  t h e  p r e s e n c e  of  t w o  e n z y m e s  
c a p a b l e  of  c a t a l y z i n g  t i le  r e d u c t i o n  of  c y t o c h r o m e  c: a n  F M N  c v t o c h r o m e  r r e d u c t a s e ,  a n d  a 
" m e n a d i o n e - ( t e p e n d e n t  c v t o c h r o m e  c r e d u c t a s e " .  T h e  r e a c t i o n  i n v o l v i n g  nlt, n a d i o n e  for  t h e  
r e d u c t i o n  o f  c v t o c h r o m e  ¢ c a n  be  e x p r e s s e d  a s  fo l l ows :  

( t)  D P N H  k H ~ k m e n a d i o n e  ~ I ) P N "  ~ m e n a d i o n e  11~ 
(2) m e n a d i o n e  H 2 + "2 c y t .  c Fe  +*+ --+ m e n a d i o n e  }- , c v t .  c l"e '  " i . ! t l "  

N e t :  I ) P N I t  + 2 c v l .  c l " e ' ' '  * l ) l ' N "  .} -' c v t . ~  l"e ; '  4. 14~ 

• Th in  i n v e s t i g a t i o n  w a s  a i d e d  b y  a g r a n t  f r o m  t h e  M i l t o n  F u n d  of  H a r v a r d  l : n i v e r s i t y ,  and 
b y  ( ; r a n t  1";-827 (( '2) f r o m  t h e  N a t i o n a l  .Mic rob io log ica l  I n s t i t u t e  of  t h e  N a t i o n a l  I n s t i t u t e s  of  
H e a l t h ,  U n i t e d  S t a t e s  P u b l i c  H e a l t h  S e r v i c e .  



4 4 8  PRELIMINARY NOTES VOL. 2S  (1957) 

Reac t ion  (1) is p r e s u m a b l y  ca ta lyzed  by  a f lavoprotein,  s ince d iaphorase  ac t iv i ty ,  and  t he  t rans fe r  
react ion 4 (which involves  a t ransfer  of e lectrons f rom D P N H  to the  3-acetyl  pyr id ine  ana log  
of DPN)  can be d e m o n s t r a t e d  in the  a m m o n i u m  sul fa te  f rac t iona ted  and  dialyzed ex t rac ts .  At  
p resen t  it  is no t  known whe t he r  react ion (2) is enzymic  or non-enzymic  in na ture .  Al though,  
in soluble prepara t ions ,  it  is p robab ly  non-enzymic ,  the  recent  d e m o n s t r a t i o n  by  COLPA-BOONSTRA. 
AND SLATER s of  a reduced menad ione  oxidase  offers an  a l t e rna t ive  possibil i ty.  If react ion (2) 
proves  to be non-enzymic ,  t hen  the  menad ione  reduc tase  (reaction (I)) like S t r aub ' s  d iaphorase ,  
ca ta lyzes  t he  reduct ion  of menadione ,  which in t u rn  reduces cy toch rome  c e. 

The  possible role of these  soluble enzymes  in coupled ox ida t ive  phosphory la t ion  in th is  
o rgan i sm will be discussed in a more  detai led paper  to follow. 
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The role of vitamin K t in coupled oxidative phosphorylation* 

Roles  for v i t amin  K ana logues  in electron t ranspor t t ,2 ,  s and  in ox ida t ive  phosphoryla t ion4,5 ,  e 
have  been sugges ted .  Ev idence  will be p resen ted  in th i s  c o m m u n i c a t i o n  t h a t  v i t a m i n  K 1 is an  
essent ia l  coenzyme  necessary  for coupled ox ida t ive  phosphory l a t i on  in ex t r ac t s  of Mycobacterium 
phlei. The  bacterial  s y s t e m  requires  act ive  subcel lu lar  particlesLS and  t he  soluble e n z y m e s  of 
the  s u p e r n a t a n t  which  include menad i one  reduc tase  s. 

Ev idence  t h a t  v i t ami n  K 1 p lays  an  essent ia l  role as a physiological  e lectron carrier ,  and  is 
a key  c o m p o u n d  in ox ida t ive  phosphory la t ion ,  now has  been ob ta ined  in several  ways :  (1) resto-  
ra t ion of ox ida t ive  phosphory la t ion  in l igh t - inac t iva ted  p repa ra t ions  by  the  addi t ion  of v i t a m i n  
Kx; (2) the  r econs t i tu t ion  of coupled phosphory l a t i on  by  add ing  K 1 af te r  ex tens ive  f rac t iona t ion  
of the  s u p e r n a t a n t ;  and  (3) t he  specific r equ i r emen t  for cer ta in  conf igura t ions  which occur  in 
v i t a m i n  K1, bu t  no t  in related compounds .  

Exposu re  of isolated par t ic les  and  ac t ive  s u p e r n a t a n t  to l ight  emi t t ed  a t  36o0 A (Gates  
R a y m a s t e r  Lamp ,  tube  B) resul ts  in a comple te  loss of ox ida t ion  and  phosphory la t ion .  Addi t ion  
of v i t a m i n  K 1 suspended  in the  inact ive  lipids ob ta ined  f rom ex t r ac t s  a f te r  cen t r i fuga t ion  s 
comple te ly  res tores  bo th  oxida t ion  and  coupled phosphory la t ion  (Table I). 

Exposu re  of t he  l ip id-K 1 suspens ion  to l ight  a t  36oo A resul ts  in comple te  inac t iva t ion .  
L ip id -ex t rac tab le  mater ia l  ob ta ined  f rom u n t r e a t e d  (active) s u p e r n a t a n t s  has  an  absorp t ion  
s p e c t r u m  similar  to t h a t  of the  K-like compounds .  F u r t he rmore ,  th i s  exposure  to l ight  a l te rs  in 
a s imi lar  m a n n e r  the  charac ter i s t ic  absorp t ion  s p e c t r u m  of t he  l ip id-ext rac table  mater ia l  f rom 
s u p e r n a t a n t  and  of v i t ami n  K 1. 

This  r equ i r emen t  for v i t a m i n  K 1 can also be d e m o n s t r a t e d  in the  presence of e n z y m e s  
ob ta ined  by  a m m o n i u m  sul fa te  f rac t ionat ion  and  in which  res tora t ion  of ac t iv i ty  previous ly  
required the  addi t ion  of hea ted  crude  s u p e r n a t a n t .  Both  oxida t ion  and  p h o s p h a t e  esterif icat ion 
are  res tored by  the  addi t ion  of v i t ami n  K t. 

Af ter  exposure  of bo th  part icle  and  s u p e r n a t a n t  to light,  t he  bacter ia l  s y s t e m  exhib i t s  a 
specific dependence  on v i t ami n  K 1 for coupled ox ida t ive  phosphory la t ion .  Lapachol  m e t h y l  es te r  
a n d  v i t amin  K x d iaceta te ,  c o m p o u n d s  which closely resemble  v i t a m i n  K x in the  R t and  R 3 
posi t ion of t he  n a p h t h o q u i n o n e ,  show some  ac t iv i ty .  V i t a m i n  K2, menadione ,  menad ione  di- 
phospha te ,  d ime thy l  n a p h t h o q u i n o n e ,  phthicol ,  lapachol,  qu inone  and  a- tocopherol  are inact ive.  
The  s y s t e m  reac t iva ted  wi th  v i t ami n  K 1 is uncoup led  by  d in i t rophenol  and  d icumaro l ;  it  is no t  
affected by a n t i m y c i n  A. Addi t ion  of r iboflavin m o n o p h o s p h a t e  (FMN) to the  l igh t - t rea ted  
par t ic les  and  s u p e r n a t a n t  restores  ox ida t ion  b u t  no t  t he  abi l i ty  to es ter i fy  inorganic  phospha te .  

* This  inves t iga t ion  was  suppor t ed  by  Research  Gran t  E-827 f rom the  Nat iona l  Microbiological 
Ins t i tu te ,  Na t iona l  I n s t i t u t e s  of Hea l th ,  U.S.  Public  Hea l th  Service, and  also by a g r a n t  f rom 
the  Milton F u n d  of H a r v a r d  Univers i ty .  


