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T h e  rate  o f  A T P - s y n t h e s i s  as  a f u n c t i o n  o f  d p H  and/l t/catalyzed b y  the  
a c t i v e ,  r e d u c e d  H + - m T P a s e  f r o m  c h l o r o p l a s t s  
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T h e  H + - A T P a s e  f r o m  c h l o r o p l a s t s  w a s  b r o u g h t  in to  the  active, reduced  state.  T h e n ,  an  e l ec t rochemica |  po ten t ia l  difference o f  p r o t o n s  ac ross  the  
t hy l ako id  m e m b r a n e s  w a s  F_,cnerated b~ ,in a c i d - b a s e  t r ans i t ion ,  ~lpH, c o m b i n e d  wi th  a K* /va l i nomyc in  d i f fus ion  potent ia l .  ~ .  T h e  initial ra te  
o f  A T P  syn thes i s  w a s  m e a s u r e d  wi th  a r a p i d - m i x i n g  q u e n c h e d - f l o w  a p p a r a t u s  in the t ime- range  be tween  20-150  ms.  T h e  ra te  o f  A T P  sy mh es i s  
d e p e n d s  in a s igmoida l  w a y  o n  ,dpH. I n c r e a s i n g  d i f fus ion  po ten t ia l s  shif ts  the  ApH-dcpendcnc ie s  to  ~ower ~ p H  values.  Ana lys i s  o f  the da t a  indicate 
t ha t  the ra te  o f  A T P  syn thesss  d e p e n d s  on  the  e lec t rochemica l  po ten t i a l  d i f fcrenoe o f  p r o t o n s  i r respect ive o f  the  relative c o n t r i b u t i o n  o f  A p H  and  

C h ! o r o p l a s t ;  H~-ATPase ;  Enzyme-k ine t i c s  

1. I N T R O D U C T I O N  

U p o n  i l luminat ion ,  c h l o r o p l a s t s  c a n  synthes i ze  A T P  
f r o m  A D P  and  p h o s p h a t e .  A c c o r d i n g  to  the  
c h e m i o s m o t i c  t h e o r y  [1,2] the  l ight -dr iven  e lec tron  
t ransport  leads  to  the  g e n e r a t i o n  o f  a t r a n s m e m b r a n e  
electric  p o t e n t i a l  d i f ference ,  A ~ ,  a n d  a t r a n s m e m b r a n e  
p H  di f ference ,  z lpH.  T h i s  e l e c t r o c h e m i c a l  po tent ia l  dif-  
f erence  o f  p r o t o n s ,  ~x+ .  gives  rise t o  a p r o t o n  flux 
a c r o s s  the  membra .ne ,  a n d  the  m e m b r a n e - b o u n d  H +- 
A T P a s e  c a n  u se  t h e  e n e r g y  f r o n t  t h i s  " d o w n - h i l l "  p r o t o n  
f l ux  fo r  s y n t h e s i s  o f  A T E  

A T P  s y n t h e s i s  in  c h l o r o p l a s t s  c a n  b e  d r i v e n  b y  a n  
artif icially g e n e r a t e d  A p H  ( a c i d - b a s e - t r a n s i t i o n  [3]7 a n d  
d r /  ( ex tenta l  e lectric  field [4]). In this  w o r k .  w e  inves-  
t igated  q u a n t i t a t i v e l y  t h e  i n f l u e n c e  o f  A p H  a n d  A ~  o n  
t h e  r a t e  o f  A T P - s y n t h e s i s .  

T h e  H + - A T P a s e  w a s  b r o u g h t  i n t o  t h e  a c t i v e ,  r e d u c e d  
s t a t e .  E~ ~'d, b y  i l l u m i n a t i o n  i n  t h e  p r e s e n c e  o f  d i t h i o -  

t h r e i t o l .  T h e n ,  t h y l a k o i d s  w e r e  i n c u b a t e d  i n  a n  a c i d i c  
m e d i u m  u n t i l  a l l  i o n s  w e r e  c o m p l e t e l y  e q u i l i b r a t e d  
a c r o s s  t h e  m e m b r a n e .  R a p i d  m i x i n g  w i t h  a s e c o n d  
( b a s i c )  m e d i u m  c h a n g e d  t h e  e x t e r n a l  c o n c e n t r a t i o n s  
r a p i d l y ,  w h e r e a s  t h e  i n t e r n a l  c o n c e n t r a t i o n s  r e m a i n e d  
c o n s t a n t  f o r  a s h o r t  t i m e .  T h e r e f o r e ,  p H o , ,  a n d  p H i n  c a n  
b e  m e a s u r e d  b y  g l a s s  e l e c t r o d e s  a n d  z ~  c a n  b e  c a l c u -  
l a t e d  f r o m  t h e  w e l l - k n o w n  i o n i c  c o m p o s i t i o n  o f  t h e  i n -  
t e r n a l  a n d  e x t e r n a l  p h a s e .  T h e  o n l y  p r o b l e m  i s  t h a t  A T P  
s y n t h e s i s  m u s t  b e  m e a s u r e d  i n  a s h o r t  t i m e  i n t e r v a l  a f t e r  
m i x i n g  s o  t h a t  t h e  i n i t i a l  c o n d i t i o n s  r e m a i n  c o n s t a n t  
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(49)  (7 ! 1) 685 3500. 

d u r i n g  t h e  r e a c t i o n  t i me .  H e r e ,  we  m e a s u r e d  t h e  i n i t i a l  
r a t e  of" A T P  s y n t h e s i s  w i t h  a r a p i d - m i x i n g  q u e n c h e d -  
f l ow  a p p a r a t u s  [5]. P r e l i m i n a r y  r e s u l t s  w e r e  r e p o r t e d  in  
[6]. 

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

Cla s s  I! c h l o r o p l a s t s  were  p r e p a r e d  f r o m  sp inach  as descr ibed else- 
w h e r e  [5l. R e d u c t i o n  o f  the  e n z y m e  was  p e r f o r m e d  as fol lows:  the 
c h l o r o p l a s t s  were  i l luminated  for  5 rain at  p H  g.2 in a m e d i u m  which  
c o n t a i n e d  4.6 m M  tricine. 5 m M  NaH2PO4.  2 m M  MgCI : .  10 m M  
di th io thre i to l .  100 ~ M  methy lv io logen ,  135/~M ch lo rophy l l .  8.5 m M  
K O H ,  51.5 m M  KC1 ( reac t ion  cond i t i on  A,  see be lowt ,  in  o r d e r  t o  
obtair ,  l ower  K ~ - c o n c e n t r a t i o n s  ( reac t ion  cond i t i ons  B a n d  C)  the  
r educ t ion  m e d i u m  c o n t a i n e d  ins tead  o f  K O H  a n d  KCI ,  8.5 m M  
N a O H  a n d  10 m M  sorb i to ! .  

I m m e d i a t e l y  af te r  i l lumina t ion ,  when  the e nzy me  is m the fo rm 
E,  "~, c h l o r o p l a s t s  were  subjected to  an a c i d - b a s e  t rans i t ion .  C o m -  
b ina t i on  o f  an  a c i d - b a s e  t r ans i t ion  wi th  a change  in K" c o n c e n t r a t i o n  
(in the  p resence  o f  va l inomyc in )  leads to  the genera t ion  o f  d p H  a n d  

w h i c h  b o t h  c a n  be  varied independen t ly  f r o m  each o the r .  T h e  
thy lako id  m e m b r a n e s  were  subjec ted  to  the acid base  t r ans i t ion  a s  
fol lows:  

(a)  Acidic stage:  250 /zl reduced c h l o r o p l a s t s  in the  r educ t ion  
m e d i u m  were  mixed  wi th  the  s a m e  v o l u m e  o f  the  acidic m e d i u m  a n d  
i n c u b a t e d  for  30-40 s. T h e  c o m p o s i t i o n  o f  the  so lu t i on  a f te r  mix ing  
wi th  the  r educ t ion  m e d i u m  is given in Table  I fo r  reac t ion  c o n d i t i o n s  
A .  El a n d  C. "[he p H  in the  acidic s tage w a s  v a n e d  be tween  4.7 a n d  
8 .0 .  

(b) Basic stage:  a f te r  the  acidic s tage  the  c h l o r o p l a s t s  were  mixed  
wi th  a n  equa l  v o l u m e  o f  the  basic  m e d i u m .  T h e  c o m p o s i t i o n  o f  the  
s o l u t i o n s  d u r i n g  the  basic  s tage  is given in T a b l e  I. T h e  p H  w-,~ 
ad jus t ed  so  t h a t  a f te r  m i x i n g  wi th  the  acidic m e d i u m  the  final p H  w a s  
a l w a y s  8.2 +-- 0.05. T h e  reac t ion  w a s  s t o p p e d  by the  add i t i on  o f  a n  
equa l  v o l u m e  o f  4 ~  t r i ch loroace t ic  acid. 

S h o r t  reac t ion  t imes  ( 2 0 - I  50 m s )  were  achieved wi th  a r a p i d - m i x i n g  
q u e n c h e d - f l o w  sys t em ( D u r r u m  D 133) as  descr ibed ear l ier  [5]. A T P  
w a s  m e a s u r e d  b y  lucifer in/ luciferase [5]. 

T h e  A T P  c o n c e n t r a t i o n  at  r eac t ion- t ime  zero,  ATPo. resul ted f r o m  
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T a b l e  1 

C o m p o s i t i o n  o f  the  m e d i a  d u r i n g  ac id ic  i n c u b a t i o n  a n d  d u r i n g  t he  
bas ic  s t age  fo r  r eac t io~  ~ondi t ion~  A ,  B a n d  C 

R e a c t i o n  c o n d i t i o n  (ac id ic /bas ic )  

A B C 

T r : ' :  i n e  ( r n M )  1 . 5 t l  0 0 . 8  1 . 5 / 1 0 0 . 8  1 . 5 / 1 0 0 . 8  

D T T  ( r a M )  3.3/ ! .7 3 . 3 /  1.7 3.31 1.7 
M V ( , u M )  33.3/  16.7 33.3/  16.7 3 3 . 3 /  16.7 
Va l i no rnyc in  ( /aM) 0.7/  0.3 0 .7 /  0.3 0 .7/  0.3 
D C M U  (/JM) 10.0/ 1O.0 10.0/ 10.0 10.0/ 10.0 
C h l o r o p h y l l  ( ~ M )  44 / 22 46  / 23 50 i 25 

Sorb i to l  ( r a M )  - t - 3 .3/  1.7 3 .3 /  1.7 
Succ in i c  ac id  ( m M )  20 .0 /  10.0 6 .7 /  3_3 6.7/  3.3 
N a O H  ( r a M )  - / 2 3 - 1 0  8 - 1 8 /  6 ~ l  8 - 1 8 /  6 - 4  
K O H  ( r a M )  1 2 ~ 3 /  56 -72  - / 6 0 - 5 8  - / 6 0 - 5 8  
K C I  ( m M )  8 8 - 5 7 /  4 4 - 2 8  6 .0 /  3 - 5  0 .6 /  0 . 3 - 2 . 3  

M g C l ,  ( r a M )  2.0~ 2.0 2 .0 /  2 .0  2.0• 2.0 
N a H z P O  4 ( r aM)  5.0/ 5.0 5 .0/  5.0 5.0/ 5.0 
K - A D P  (#tM) - /100 - /100 - /100 
A T P o  ( n M )  -- /118_+32 - / 1 1 8 + 3 0  - / 1 2 1 + 3 2  

A T P  p r e s e n t  in t he  c h l o r o p l a s t s  a n d  A T P  p r e s e n t  in c o m m e r c i a l l y  
a v a i l a b l e  A D P .  

U s u a l l y ,  t he  r a t e  o f  A T P  s y n t h e s i s  is b a s e d  o n  t h e  c h l o r o p h y l l  
c o n c e n t r a t i o n .  H o w e v e r .  t h e  c o n c e n t r a t i o n  o f  t he  H ~ - A T P a s e ,  CFoF~,  
is r e l evan t  fo r  A ' r P  s y n t h e s i s ,  a n d  t he  r a t i o  c h l o r o p h y l l / C F o F ~  c a n  
v a r y  c o n s i d e r a b l y  17]. I n  o r d e r  t o  a l l o w  a b e t t e r  c o m p a r i s o n  b e t w e e n  
d i f f e r en t  c h l o r o p l a s t  p r e p a r a t i o n s ,  t h e  r a t i o  ch l o rophy l l / C F oF~  w a s  
d e t e r m i n e d  by  r o c k e t  i m m u n e  e l e c t r o p h o r c s i s  [7] a n d  all  t h e  d a t a  in  
th i s  w o r k  were  b a s e d  o n  t he  c o n c e n t r a t i o n  o f  C F o F  t. T h e  r a t io  o f  

c h l o r o p h y l l / C F o F  ] v a r i e d  b e t w e e n  600  a n d  1200. Al l  r a e a s u r e m e n t s  
we re  c a r r i e d  o u t  a t  r o o m  t e m p e r a t u r e .  

3 .  R E S U L T S  

F i g .  1 s h o w s  t h e  A T P  y i e l d  a s  a f u n c t i o n  o f  t h e  r e a c -  
t i o n  t i m e  a f t e r  a n  a c i d - b a s e  t r a n s i t i o n .  M e a s u r e m e n t s  
w e r e  c a r r i e d  o u t  i n  t h e  t i m e  r a n g e  b e t w e e n  2 0  a n d  1 5 0  
m s  w h e r e  a l i n e a r  i n c r e a s e  o f  t h e  a m o u n t  o f  s y n t h e s i z e d  
A T P  w i t h  t h e  r e a c t i o n  t i m e  i s  o b s e r v e d .  D u r i n g  t h i s  
t i m e  t h e  A p H  a n d  LIq/ r e m a i n  c o n s t a n t .  T h e  s l o p e s  g i v e  
d i r e c t l y  t h e  r a t e  o f  A T P  s y n t h e s i s  a n d  t h e  n u m b e r s  a t  
t h e  s l o p e s  g i v e  t h e  r a t e  i n  A T P / ( C F o F 1 - s ) .  T h e  c u r v e s  
a r e  d i s p l a c e d  a r b i t r a r i l y  a l o n g  t h e  o r d i n a t e  f o r  a c l e a r e r  
p r e s e n t a t i o n  o f  t h e  d a t a .  A c t u a l l y ,  t h e y  a l l  s t a r t  a t  t h e  
s a m e  i n i t i a l  A T P  c o n c e n t r a t i o n  ( A T P 0 ,  s e e  T a b l e  I ) .  I n  
F i g .  I A ,  m e a s u r e m e n t s  a t  d i f f e r e n t  d p H  v a l u e s  a r e  
s h o w n  f o r  r e a c t i o n  c o n d i t i o n  A ,  i . e .  w h e n  a n y  d i f f u s i o n  
p o t e n t i a l  i s  e l i m i n a t e d  b y  h i g h  i n t e r n a l  a n d  e x t e r n a l  
K + - c o n o e n t r a t i o n s  i n  t h e  p r e s e n c e  o f  v a l i n o m y c i n .  F i g .  
I B a n d  C s h o w  m e a s u r e m e n t s  a t  d i f f e r e n t  d p H  v a l u e s  
f o r  r e a c t i o n  c o n d i t i o n s  B a n d  C ,  r e s p e c t i v e l y ,  w h e n  
d i f f u s i o n  p o t e n t i a l s  o f  a b o u t  5 5  m V  o r  9 0  m V ,  r e s p e c -  
t i v e l y  ( s e e  b e l o w )  w e r e  s u p e r i m p o s e d .  

F i g .  2 s h o w s  t h e  r a t e  o f  A T P  s y n t h e s i s  a s  a f u n c t i o n  
o f  A p H  f o r  d i f f e r e n t  d i f f u s i o n  p o t e n t i a l s  ( d a t a  f r o m  F i g .  
1 a n d  a d d i t i o n a l  s e t s  o f  e x p e r i m e n t s ) .  I n  a l l  t h r e e  c a s e s  
a s i g m o i d a l  d e p e n d e n c e  o f  t h e  r a t e  o f  A T P  s y n t h e s i s  o n  
A p H  i s  o b s e r v e d .  T h e  m a x i m a l  r a t e  o f  A T P  s y n t h e s i s  i s  
( 3 8 0  _+ 2 0 )  A T P / ( C F o F I - s  ) a n d  t h e  s a m e  r a t e  i s  o b s e r v e d  
f o r  a l l  t h r e e  d i f f u s i o n  p o t e n t i a l s .  H o w e v e r ,  t h e  a d d i -  
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Fig .  !.  A T P  y ie ld  a s  a f u n c t i o n  o f  t h e  re, a c t i o n  t ime ,  T h e  e n z y m e  w a s  b r o u g h t  i n to  t h e  ac t ive ,  r e d u c e d  s t a t e  a n d  t h e n  a n  a c i d - b a s e  j u m p  w a s  c a r r i e d  
o u t ,  f o l l o w e d  b y  d e n a t u r a t i o n  w i t h  t r i ch l o roaoe t i c  ac id  a f t e r  t h e  t i m e  i n t e r v a l s  i n d i c a t e d  in t h e  f igure .  T h e  p H ~ t  w ~  a l w a y s  8 .2  4- 0 .05 ,  t h e  i n t e r n a l  
p H  w a s  c h a n g e d  a n d  t h e  r e s u l t i n g  zJpH is g i v e n  in  t h e  f igure .  T h e  n u m b e r s  a t  t h e  s l o p e  g ive  t h e  r a t e  o f  A T P  s y n t h e s i s  in  A m P  p e r  C F o F ,  p e r  s. 

( P a n e l  A)  R e a c t i o n  c o n d i t i o n s  A ( n o  ~ ) ;  ( P a n e l  13) r e a c t i o n  c o n d i t i o n s  B (zlV - - 5 5  roW); ( P a n e l  C )  r e a c t i o n  c o n d i t i o n s  C (z~pr ==90 m V ) .  
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A p H  

F i g .  2 .  T h e  r a t e  o f  A T P  s y n t h e s i s  a s  f u n c t i o n  o f  , 4 p H  a t  d i f f e r e n t  
s u p e r i m p o s e d  d i f f u s i o n  p o t e n t i a l s .  D a t a  w a s  t a k e n  f r o m  F i g .  I a n d  

a d d i t i o n a l  s e t s  o f  e x p e r i m e n t s .  

a 

t i o n a l  d i f f u s i o n  p o t e n t i a l  s h i f t s  t h e  c u r v e  t o  a l o w e r  ~JpH 
v a l u e .  T h e  h a l f - m a x i m a l  r a t e  o f  A T P  s y n t h e s i s  is 
r e a c h e d  f o r  r e a c t i o n  c o n d i t i o n  A a t  . 4 p H = 2 . 7 ,  f o r  r e a c -  
t i o n  c o n d i t i o n  B a t  zlpH----1.8 a n d  f o r  r e a c t i o n  c o n d i t i o n  
C a t  A p H = I . I .  T h e  d a t a  f o r  c o n d i t i o n s  A - C  c a n  b e  
f i t t e d  w i t h  t he  s a m e  f u n c t i o n  i f  i t  is  d i s p l a c e d  a l o n g  t h e  
A p H  a x , s  b y  a c e r t a i n  v a l u e .  T h e s e  v a l u e s  a r e  l i s t ed  in 
T a b l e  l I  ( c o l u m n  4) .  

S i n c e  t h e  d i f f u s i o n  p o t e n t i a l  u n d e r  r e a c t i o n  c o n d i t i o n  
A is a b o u t  z e r o ,  w e  c a n  c a l c u l a t e  e x p e r i m e n t a l  v a l u e s  
f o r  t h e  d i f f u s i o n  p o t e n t i a l s  f r o m  t h e  A p H  d i s p l a c e m e n t  
o f t h e c u r v e s  B a n d  C .  W i t h  59 m V  f o r  1 p H  u n i t  ( T = 2 9 8  
K ) ,  w e  o b t a i n  f o r  r e a c t i o n  c o n d i t i o n  B z l ~ x p = 5 3  m V  
a n d  f o r  r e a c t i o n  c o n d i t i o n  C A ~ c , p = 9 5  m V .  

W i t h  ~ c a l c u l a t e d  f r o m  t h e  G o l d m a n  e q u a t i o n  as  
d e s c r i b e d  in  [5], a n d  t h e  e x p e r i m e n t a l  zapH, t h e  e l ec -  
t r o c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  o f  p r o t o n s ,  4t~R +, is 
c a l c u l a t e d .  T h e  d a t a  f r o m  F i g .  2 a r e  r e p l o t t e d  a s  a f u n c -  
t i o n  ofzl /~u+ a n d  o f  t h e  p r o t o n  m o t i v e  f o r c e ,  P = z~rn+/F 
( F  = F a r a d a y  c o n s t a n t )  ( F i g .  3). A l l  t h e  d a t a  c a n  n o w  
b e  d e s c r i b e d  b y  a s i n g l e  f u n c t i o n .  T h i s  r e s u l t  s h o w s  t h a t  
f o r  t h e  p r e s e n t  c o n d i t i o n s  z l p H  a n d  A q / a r e  k i n e t i c a l l y  
e q u i v a l e n t  in  d r i v i n g  A T P  s y n t h e s i s ,  i .e. a c h a n g e  o f  
, d p H  b y  1 u n i t  c h a n g e s  t h e  r a t e  b y  t h e  s a m e  f a c t o r  a s  a 
c h a n g e  o f  59 m V  in  AW'. T h e  s m a l l e s t  r a t e  w h i c h  c a n  b e  

Table l l  
Calculated diffusion potentials for the reaction conditions A, B and 

C. and experimental data from Fig. 2 

Reaction condition ~ (mY) 

N e m s t  G o l d m a n n  F r o m  ,JIpH shift 

A 0 0 0 (0) 
B 59 55 53 (0.9)  
C 118 90 95 (1.6) 

Figures in parentheses indicate shift in O H .  

m e a s u r e d  r e l i a b l y  in t h e  t i m e  r a n g e  o f  o u r  e x p e r i m e n t s  
is a b o u t  10--20 A T P / ( C F o F n - s ) .  T h e r e f o r e ,  t h e  c u r v e s  is 
F ig s .  2 a n d  3 b e l o w  th i s  v a l u e  a r e  d a s h e d .  

4. D I S C U S S I O N  

T h e  d a t a  p r e s e n t e d  h e r e  s h o w  t h a t  al l  r a t e  m e a s u r e -  
m e n t s  c a n  b e  d e s c r i b e d  by  a s ing l e  f u n c t i o n  w h e n  the  
d a t a  fo r  r e a c t i o n  c o n d i t i o n s  B a n d  C a r e  s h i f t e d  by  a 
c o n s t a n t  z l p H  v a l u e .  F o r  a q u a n t i t a t i v e  e v a l u a t i o n  the  
a b s o l u t e  v a l u e  m u s t  b e  k n o w n .  W h e r e a s  ~ p H  c a n  be  
e a s i l y  m e a s u r e d  w i t h  a g l a s s  e l e c t r o d e ,  t h e  m a g n i t u d e  o f  
z J q / m u s t  b e  c a l c u l a t e d  f r o m  t h e  i o n i c  c o m p o s i t i c , n  o f  t h e  
i n t e r n a l  a n d  e x t e r n a l  a q u e o u s  p h a s e .  T h e  c o n c e n t r a t i o n  
o f  t h e  d i f f e r e n t  s u b s t a n c e s  in  t h e  a c i d i c  a n d  t h e  b a s i c  
s t a g e  a r e  l i s t ed  in T a b l e  I. W e  a s s u m e  t h a t  d u r i n g  a c i d i c  
i n c u b a t i o n  a c o m p l e t e  e q u i l i b r a t i o n  a c r o s s  t he  m e m -  
b r a n e  is r e a c h e d .  T h e  e x t e r n a l  c o n c e n t r a t i o n s  a r i s e  f r o m  
t h e  m i x i n g  o f  t h e  a c i d i c  a n d  b a s i c  m e d i u m .  

In  a f i rs t  a p p r o x i m a t i o n  ~I~ w a s  c a l c u l a t e d  f r o m  t h e  
N e r n s t  e q u a t i o n ,  i.e. i t  w a s  a s s u m e d  t h a t  t h e  m e m b r a n e  
is  s e m i p e r m e a b l e  f o r  g +. T h e  r e s u l t i n g  .49, is l i s t ed  in 
T a b l e  I I .  In  a s e c o n d  a p p r o x i m a t i o n ,  z lV /was  c a l c u l a t e d  
f r o m  t h e  G o l d m a n n  e q d a t i o n  u s i n g  t h e  s a m e  p e r m e a -  
b i l i t y  c o e f f i c i e n t s  as  d e s c r i b e d  e a r l i e r  [5]. In  t h i s  a p -  
p r o x i m a t i o n  o n l y  H +, N a %  C I -  a n d  t h e  K ÷ / v a l i n o m y c i n  
c o m p l e x  a r e  t a k e n  i n t o  a c c o u n t .  T h e  i n f l u e n c e  o f  o t h e r  
m o n o v a l e n t  i o n s  a n d  o f  al l  d i v a l e n t  i o n s  is  n e g l e c t e d .  
F u r t h e r m o r e ,  n e i t h e r  t he  p h o s p h o r y l a t i o n - c o u p l e d  
p r o t o n  f lux  n o r  t h e  e f f e c t  o f  s u r f a c e  p o t e n t i a l s  is t a k e n  
i n t o  a c c o u n t .  T h e  r e s u l t i n g  z ~  is l i s t ed  in  T a b l e  l I .  

F o r  t h e  c o m p a r i s o n  o f  t h e  c a l c u l a t e d  d i f f u s i o n  p o t e n -  
t i a l s  w i t h  t h e  e x p e r i m e n t a l  d a t a  ( a s  e s t i m a t e d  f r o m  t h e  
h p H  sh i f t ,  see  T a b l e  I I )  w e  c a n  d r a w  t h e  f o l l o w i n g  
c o n c l u s i o n s :  ( I )  b e l o w  55 m V  t h e r e  is n o  s i g n i f i c a n t  
d i f f e r e n c e  b e t w e e n  t h e  z ~  f r o m  t h e  A p H  sh i f t  a n d  t h a t  
c a l c u l a t e d  f r o m  N e r n s t  o r  G o l d m a n n  e q u a t i o n ;  (2) a t  
h i g h e r  Aq/ t h e  N e r n s t  p o t e n t i a l  is s i g n i f i c a n t l y  h i g h e r  
t h a n  t h e  G o l d m a n n  p o t e n t i a l ,  h o w e v e r ,  t h e  G o l d m a n n  
p o t e n t i a l  a g r e e s  w i t h  t h e  e x p e r i m e n t a l  ~q,- f r o m  t h e  , d p H  

t~ . -  p H o ~  t = 8 . 2  + 0 . 0 5  

• - o  a 
Ix .  [ -  

g 
' ~" = Z  

~ ° 

o p r o t o n r n o t i v e  f o r c e ,  m V  

Fig. 3. The rate of  ATP synthesis as a function of the  p r o t o n  motive 
force  (bottom scale) a n d  the  eloctro~ernicat potential difference of  

p r o t o n s  ( t o p  scale). Data was taken from Fig. 2. 
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shif t .  T h e r e f o r e .  t he  G o l 0 m a n n  e q u a t i o n  g i v e s  a n  a p -  
p r o p r i a t e  d e s c r i p t i o n  fo r  t he  d i f f u s i o n  p o t e n t i a l  a t  t h y -  
[ a k o i d  m e m b r a n e s  u n d e r  t h e s e  c o n d i t i o n s ;  (3) w i t h i n  t he  
l i m i t s  o f  t h i s  a p p r o x i m a t i o n ,  we  c a n  c o n c l , l d e  t h a t  ~ p H  
a n d  d~#" a r e  k i n c t i c a l l y  e q u i v a l e n t ,  i.e. a c h a n g e  o f  p H  
b y  i u n i t  c h a n g e s  t h e  r a t e  o f  A T P  s y n t h e s i s  b y  the  s a m e  
f a c t o r  a s  a c h a n g e  o f  do t  b y  59 i n V .  

T h e  e n e r g e t i c  e q u i v a l e n c e  o f  ,4pH a n d  , 4~  a t  e q u i l i b -  
r i u m  is a n  e s s e n t i a l  f e a t u r e  o f  t h e  c h e m i o s m o t i c  t h e o r y  
[! .2] .  T h e  k i n e t i c  e q u i v a l e n c e  f a r  f r o m  e q u i l i b r i u m  is n o t  
r e q u i r e d  b y  t h e  c h e m i o s m o t i c  t h e o r y .  T h e r e  a r e  s e v e r a l  
m e c h a n i s m s  b y  w h i c h  t h e  e n z y m e  c a n  s e n s e  t h e  t r a n s -  
m e m b r a n e  f ie ld  a n d  w h i c h  c a n  g ive  r i se  t o  a k i n e t i c  
e q u i v a l e n c e  o f  ,4pH a n d  ,4~.  

( l ) T h e  t r a n s m e m b r a n e  ,aV/is c o n v e r t e d  i n t o  a n  i n t r a -  
m c l n b r a n c  , a p H  b y  a p r o t o n  wel l  [8]. T h i s  r e q u i r e s  a n  
e l e c t r o c h e m i c a l  e q u i l i b r i u m  b e t w e e n  p r o t o n s  in  t he  i n -  
t e r n a l  a q u e o u s  b u l k  p h a s e  a n d  p r o t o n s  in  t h e  F o - p a r t  
o f  the  e n z y m e .  A d d i t i o n a l l y .  t he  F 0 - p a r t  m u s t  b e  se lec-  
t i ve ly  p e r m e a b l e  f o r  p r o t o n s .  

(2) O n e  o f  t h e  r a t e  c o n s t a n t s  in  the  r e a c t i o n  cyc le  o f  
the  e n z y m e  c a n  b e  c h a n g e d  b y  ,fief a c c o r d i n g  t o  t he  
B u t l e r - V o l m e r  e q u a t i o n  [9]. T h e  k i n e t i c  e q u i v a l e n c e  o f  
, a ~  a n d  / I p H  i m p o s e s  s o m e  r e s t r i c t i o n s  fo r  t h e  m o d e l s  
a n d  t he  r a t e  c o n s t a n t s  [10,11].  T h e  c o n d i t i o n s  u n d e r  
w h i c h  k i n e t i c  e q u i v a l e n c e  b e t w e e n  zapH a n d  z~/f c a n  be  
o b s e r v e d  w e r e  d i s c u s s e d  b y  H a n s e n  e t  al .  [10]. T h i s  
b e h a v i o u r  is e x p e c t e d  w h e n  t h e  r a t e  c o n s t a n t s  f o r  
c h a r g e  t r a n s l o c a t i o n  a n d  fo r  p r o t o n a t i o n  a r e  m u c h  
l a r g e r  t h a n  t h o s e  o f  t h e  o t h e r  s t e p s  o f  t h e  cyc le .  

(3)  T h e  t r a n s m e m b r a n e  e l ec t r i c  f ield c a n  a l s o  i n t e r a c t  
d i r e c t l y  w i t h  the  d i p o l e  m o m e n t  o f  t h e  m e m b r a n e -  
b o u n d  e n z y m e  t h e r e b y  c h a n g i n g  a t  l ea s t  o n e  r a t e  c o n -  
s t a n t  i n  t h e  r e a c t i o n  cyc le  ( ' c l e c t r o c o n f o r m a t i o n a l  cou= 
p l i n g '  [12,13]).  

A s  d i s c u s s e d  in  a p r e v i o u s  p a p e r  [6] m e a s u r e m e n t s  o f  
t he  r a t e  o f  A T P  s y n t h e s i s  i m m e d i a t e l y  a f t e r  g e n e r a t i o n  
o f  the  ac t ive ,  r e d u c e d  e n z y m e ,  Eo r*d. a r e  n o t  k i n e t i c a i ! y  
c o n t r o l l e d  b y  a p r e c e d i n g  a c t i v a t i o n  p roces s .  T h e  c u r v e s  
in  F igs .  2 a n d  3 ref lec t ,  t h e r e f o r e ,  t h e  d e p e n d e n c e  o f  t he  
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c a t a l y t i c  r e a c t i o n  o n  ,a/~H +. i .e.  t h e  d a t a  i n d i c a t e  a k i n e t i c  
e q u i v a l e n c e  o f  L l p n  a n d  ,,l~r fo r  d r i v i n g  A T P  s y n t h e s i s .  

A l s o ,  w h e n  t he  e n z y m e  is, a t  t h e  b e g i n n i n g  o f  t h e  r a t e  
m e a s u r e m e n t s  (i .e.  b e f o r e  t h e  a c i d - b a s e  t r a n s i t i o n ) ,  i n  
t h e  s t a t e  Ei °~, k i n e t i c  e q u i v a l e n c e  o f  d p H  a n d  ~ w a s  
f o u n d  [5]. H o w e v e r ,  t he se  c u r v e s  ref lec t  m a i n l y  t h e  pre= 
c e d i n g  a c t i v a t i o n  p r o c e s s  o f  t h e  e n z y m e .  T h e r e f o r e ,  o n e  
m u s t  c o n c l u d e  t h a t  z l p H  a n d  ,~¢r a r e  e q ~ d v a l e n t  f o r  t h e  
c a t a l y t i c  r e a c t i o n  a s  wel l  a s  f o r  t h e  a c t i v a t i o n  p r o c e s s .  

F o r  A T P  s y n t h e s i s  i n  c h r o m a t o p h o r e s  f r o m  Rhodo- 
spirillum capsulatus d r i v e n  b y  a r t i f i c i a l l y  i n d u c e d  i o n  
g r a d i e n t s ,  a k i n e t i c  e q u i v a l e n c e  b e t w e e n  z i p H  a n d  za~e, 
w a s  f o u n d  [14]. I n  a d d i t i o n  s u c h  a k i n e t i c  e q u i v a l e n c e  
f o r  t h e  H + = A T P a s e  f r o m  Rhodospirillura rubrum, r e c o n -  
s t i t u t e d  i n t o  a s o l e c t i n  l i p o s o m e s ,  w a s  r e p o r t e d  [I 5]. 
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