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A n  H y p o t h e s i s  for  O x i d a t i v e  P h o s p h o r y l a t i o n  z, 

The  m y r i a d  of obscure  chemica l  processes  w h e r e b y  P i  
e v e n t u a l l y  c o m b i n e s  w i t h  A D P  to  y ie ld  A T P  c o n c o m i t a n t  
w i t h  t h e  o x i d a t i o n  of r educed  r e s p i r a t o r y  c o m p o n e n t s  
s u c h  as  d i p h o s p h o p y r i d i n e  nuc leo t ide ,  f l a v o p r o t e i n  a n d  
c y t o c h r o m e  h a v e  b e e n  e n c o m p a s s e d  b y  t h e  t e r m  oxidative 
phosphorylation s. T h e  o b s e r v e d  P / O  r a t i o s  h a v e  b e e n  
idea l ized  as  3, 2, a n d  1 a n d  a re  r e l a t ed  to  t h e  pos i t ions  in  
t h e  r e s p i r a t o r y  c h a i n  occupied  .by t h e  s t a r t i n g  r e d u c e d  
c o e n z y m e  a n d  t h e  f ina l  ox id iz ing  a g e n t  4. T h e  e x p e r i m e n t a l  
d a t a  h a s  f r e q u e n t l y  b e e n  s u m m a r i z e d  in  a symbo l i c  f a sh ion  
as  t h e  i n t e r m e d i a t e s  a re  as  y e t  u n k n o w n .  I n  t h i s  p a p e r  a 
w o r k i n g  h y p o t h e s i s  b a s e d  o n  c h e m i c a l  p r inc ip les  will be  
p roposed .  

T h e  1, 4 a d d i t i o n  of P i  ( ac t ing  as  a nuc leophi le )  t o  a n  
u n s a t u r a t e d  c a r b o n y l  sys t em,  fol lowed b y  d e h y d r o g e n a t i o n  

wou ld  y ie ld  t h e  m o i e t y  H ~ O 3 P - O - C = C - C = O  in  w h i c h  
p h o s p h o r u s  is suscep t ib le  to  nuc leoph i l i c  a t t a c k .  Such  
suscep t ib i l i t y  is a r equ i s i t e  for  a p h o s p h o r y l a t i n g  a g e n t  s. 
Th i s  sequence  is r e m i n i s c e n t  of t h e  1, 2 a d d i t i o n  of P i  to  
t he  c a r b o n y l  g roup  fol lowed b y  d e h y d r o g e n a t i o n  w h i c h  
occurs  in  t h e  t r a n s f o r m a t i o n  of 3 - p h o s p h o g l y c e r a l d e h y d e  
to  t h e  e f fec t ive  p h o s p h o r y l a t i n g  a g e n t  1, 3 -d iphospho-  
glyceric  ac id  e. 
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T h e  p a s t  7 a n d  c u r r e n t  s emphas i s  on  t h e  p a r t i c i p a t i o n  
of q u i n o n e s  in  ce l lu lar  r e sp i r a t i on  sugges ted  t h e  se lec t ion  
of t h e  v i n y l  c a r b o n y l  s y s t e m  of a q u i n o n e  to  be  p a r t  of t h e  
m e c h a n i s m  of o x i d a t i v e  p h o s p h o r y l a t i o n .  T h e  m e c h a n i s m  
(Fig.) h a s  b e e n  o r i e n t a t e d  to  s t a r t  w i t h  D P N H ,  as is 
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DPNH and ~/2 02 represent appropriate reduced and oxidized portions of the respiratory chain. 
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c u s t o m a r y  in such  discussions.  T h e  r a t i o n a l i z a t i o n  will  
begin,  however ,  w i t h  Pi  a c t i n g  as a nuc leophi le .  

T h e  t r a n s f o r m a t i o n  of V t o  V I  is t h e  recognized  1, 4 
a d d i t i o n  of a n  ac id  to  a qu inone% T h e  h y d r o q u i n o n e  V I I ,  
a t a u t o m e r  of VI ,  is t h e n  ox id ized  to  t h e  q u i n o n e  V I I I .  
I n  V I I I  p h o s p h o r u s  is suscep t ib le  to  nuc teophi l ic  a t t a c k .  
Th i s  s t r u c t u r e  is ana logous  to  k n o w n  m e t a b o l i c  phos -  
p h 0 r y l a t i n g  a g e n t s  s ince V I I I  m a y  b e  cons idered  as  e i t h e r  
a n  enol  p h o s p h a t e  or  a m i x e d  a n h y d r i d e  of p h o s p h o r i c  
acid w i t h  a v i n y l o g u e  of a c a r b o x y l i c  acid.  T he  s t r u c t u r e  I 
is o b t a i n e d  as a consequence  of t h e  p h o s p h o r y l a t i o n  of 
A D P .  As I c o n v e r t e d  to  V ( p r e s u m a b l y  t h r o u g h  t a u t o m e r s  
s u c h  as 1I a n d  III) t h e  h y d r o x y l  g roup  is e l imina t ed  b y  a 
s equence  of r e d u c t i o n  a n d  d e h y d r a t i o n .  Th i s  t y p e  of re-  
a c t i o n  a n d  t a u t o m e r i s m  h a s  r e c e n t l y  been  desc r ibed  a n d  
discussed.  ~0-~2. S t r u c t u r e s  I I  a n d  I I I  a re  r easonab le  i n t e r -  
med ia t e s ,  s ince  D P N H  m a y  be  cons ide red  as t h e  source  of  
t h e  h y d r i d e a n i o n ,  w h i c h  b e h a v e s  as a nuc leophi le  a n d  
p a r t i c i p a t e s  in  1, 4 a d d i t i o n  to  I ~3.14. 

T h e  h y d r o x y h y d r o q u i n o n e  1V, w h i c h  is t a u t o m e r i c  w i t h  
I I  a n d  I l i ,  is a n  a l t e r n a t i v e  r e d u c t i o n  p r o d u c t  of I. Re-  
o x i d a t i o n  of I V  would  y ie ld  I. T h e  sequence  I, I I ,  I I I ,  V, 
VI ,  V I I ,  V I I I ,  I is a cycl ic  m e c h a n i s m  wh ich  a c c o u n t s  for  
o x i d a t i v e  p h o s p h o r # l a t i o n  w i t h  a P / O  r a t i o  of 116 T h e  
s equence  I,  I I  or  I I I ,  IV ,  I i nvo lves  oxygen  u p t a k e  w i t h -  
o u t  c o n c o m i t a n t  u p t a k e  of Pi.  T h e  e n h a n c e d  f o r m a t i o n  of  
t h e  t a u t o m e r  I V  f r o m  11 or  I I1  cou ld  a c c o u n t  for t h e  u n -  
coup l ing  of 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  a n  a g e n t  such  
as D N P  1~. I n  v iew of t h e  p a r t i c i p a t i o n  of e n z y m e  su lph-  
h y d r y l  g roups  d u r i n g  t h e  convers ion  of 3 -phospho-  
g lyce r a ldehyde  to  1, 3 -d iphosphog lycer ic  ac id  x7 t h e  t r a n s -  
f o r m a t i o n  of  V to  V I I I  m a y  be  m e d i a t e d  t h r o u g h  I X ,  X ,  
a n d  X I  r a t h e r  t h a n  t h r o u g h  V I  a n d  V I I .  

T h e  n a t u r e  a n d  degree  of  s u b s t i t u e n t s  a n d  n u m b e r  of  
a r o m a t i c  r ings  m a r k e d l y  in f luence :  (a) t h e  o x i d a t i o n -  
r e d u c t i o n  p o t e n t i a l  of a q u i n o n e  is, (b) t h e  ke to -eno l  
t a u t o m e r i s m  of a h y d r o x y h y d r o q u i n o n e  1., (c) t h e  ease of 
t h e  r e d u c t i v e  e l i m i n a t i o n  of a h y d r o x y l  g r o u p  f rom a 
h y d r o x y q u i n o n e  ~*.The ex i s tence  of s e m i q u i n o n e s  x, p e r m i t  
t h e  va r i ous  o x i d a t i o n - r e d u c t i o n  s t eps  o u t l i n e d  in  t h e  
F i g u r e  t o  t a k e  p lace  e i t h e r  t h r o u g h  a s ingle  t w o  e l ec t ron  
t r a n s f e r  or  t h r o u g h  a sequence  of t w o  t r ans fe r s ,  e a c h  of 
one  e lec t ron .  T h u s  a p p r o p r i a t e  q u i n o n e s  m a y  m e s h  w i t h  
va r ious  o x i d a t i o n - r e d u c t i o n  processes  in  t h e  r e s p i r a t o r y  
c h a i n  i nc lud ing  those  i n v o l v i n g  free radicles2°,2L 

Some s t r i k i n g  a g r e e m e n t  w i t h  t h e  h y p o t h e s i s  m a y  be  
f o u n d  in t h e  e x p e r i m e n t a l  l i t e r a tu re .  COHEN *¢ a n d  
BORER 2s d e m o n s t r a t e d  t h a t  a n  o x y g e n  a t o m  f r o m  Pi  
e n d e d  u p  in  w a t e r  d u r i n g  o x i d a t i v e  p h o s p h o r y l a t i o n .  I n  
t h e  p r o p o s e d  s c h e m e  A D P  is a nuc leoph i l e  a c t i n g  o n  V I I I ,  
h e n c e  one  of t h e  o x y g e n  a t o m s  d e r i v e d  f rom Pi  r e m a i n s  
w i t h  1 a n d  ends  u p  in  wa te r .  BOYER'S s y m b o l i s m  za w h i c h  
s u m m a r i z e s  m u c h  d a t a ,  m a y  be  r e l a t ed  to  t h e  a b o v e  
s t r u c t u r e s  as fol lows:  Y is V, YOPO~ is VII, Y'O ~PO~ 
is viii ,  Y ' O H  is I. BOYER also r e a s o n e d  ' if  D N P  ac t s  b y  
p r e v e n t i n g  t h e  in i t i a l  p h o s p h a t e  u p t a k e  t h e n  i ts  a c t i o n  is 
in  some  m a n n e r  to  a l low d i s s ipa t i on  of t h e  e n e r g y  of 
o x i d a t i o n  p r i o r  to  f o r m a t i o n  of a c o m p o u n d  or  s t a t e  t h a t  
o the rwi se  would  r e a c t  w i t h  Pi ' .  T h e  p r o p o s a l  t h a t  D N P  
fac i l i t a t es  t h e  c o n v e r s i o n  of 1I or  l I I  to  I V  confo rms  w i t h  
t h i s  view. T h e  f o r m a t i o n  of V is c o n s i s t e n t  w i t h  t h e  d a t a  
w h i c h  PINCHOT 2. o b t a i n e d  w i t h  a b a c t e r i a l  p a r t i c u l a t e  
sys tem.  S u b s e q u e n t  to  t h e  ac t ion  of D P N H  PINCHOT 
f o u n d  a so luble  a c c e p t o r  of  P i  whose  a c c e p t o r  a c t i v i t y  was  
n o t  d i m i n i s h e d  b y  D N P .  T h e  inc lus ion  of D N P  d u r i n g  t he  
t r e a t m e n t  w i t h  D P N H  y ie lded  v a r i a b l e  a m o u n t s  of t h e  
p h o s p h a t e  accep tor .  T h e  i n h i b i t i o n  of e l ec t ron  t r a n s p o r t  
b y  t h e  lack  of A D P  a n d  Pi  is in  a g r e e m e n t  w i t h  t h e  h y p o -  
thes i s  *a. The  i so la t ion  f rom n a t u r a l  sources  of t h e  1,4-di-  

ke to  t a u t o m e r  of 1, 4, 5 - t r i h y d r o x y - 7 - m e t h y l n a p h t h a -  
lene ~-22 s u p p o r t s  t h e  s igni f icance  asc r ibed  to  t a u t o m e r i s m  
in t h e  h y p o t h e t i c a l  scheme.  

T h e  m e c h a n i s m ,  sugges t s  t h e  sea rch  for  q u i n o n e s  a n d  
v i n y l  c a r b o n y l  c o m p o u n d s  u n s u b s t i t u t e d  in  a d i s t a l  v i n y l  
pos i t ion .  I n  v iew of t h e  l ab i l i t y  of s u b s t i t u e n t s  on  a 
q u i n o n e  nucleus ,  especia l ly  u n d e r  ox id iz ing  cond i t i ons  ~9,*°, 
t h i s  m e c h a n i s m ,  w i t h  s u i t a b l e  modi f i ca t ion ,  m a y  b e  used  
to  r a t iona l i ze  t h e  m o d e  of a c t i o n  of s u b s t i t u t e d  q u i n o n e s  
e.g. c o e n z y m e  Q10 a n d  c o m p o u n d s  such  as v i t a m i n s  K a n d  
E a n d  d icoumaro l .  The  i so la t ion  of h y d r o x y q u i n o n e s  f rom 
o r g a n i s m s  w i t h  t he  c a p a c i t y  for r ap id  m e t a b o l i s m  e.g. ,  
p a r a s i t i c  fungi ,  seeds  a n d  eggs at a n d  also as a m e t a b o l i t e  
f rom a ca rc inogen ic  p o l y n u c l e a r  h y d r o c a r b o n  92 is of 
c o g e n t  in te res t .  

Rdsumd. P r 6 s e n t a t i o n  d ' u n e  h y p o t h ~ s e  p o u r  la  p h o s p h o -  
r y l a t i o n  o x i d a t i v e  qu i  c o m p r e n d  des  s u b s t a n c e s  v i n y l  
c a rbony l ,  su iv ie  d ' u n e  esquisse  d ' u n  sys t~me  cycl ique  
u t i l i s a n t  des qu inones ,  h y d r o x y q u i n o n e s ,  h y d r o x y - h y d r o -  
q u i n o n e s  e t  leurs  d6riv6s phosphor i l a t6s .  
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