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S u m m a r y  

Stoichiometric amounts of chloroplast thylakoids photophosphorylate 
free AMP to tightly bound ADP. Free ADP is a poor competitor for this AMP 
photoreaction, which saturates below 16/~M AMP. The inhibitor, diadenosine 
pentaphosphate, abolishes AMP photophosphorylation, and inhibits dark ADP 
binding. Taken together, these data imply that this photoreaction involves the 
high affinity nucleotide binding site(s} of chloroplast coupling factor CF1, 
and that little mixing with free nucleotides occurs. 

Introduction 

Several observations indicate that chloroplasts can photophosphorylate 
AMP to ADP. Roy and Moudrianakis [1] isolated CFl-bound [3H]ADP after 
incubation of substrate amounts of energized thylakoids with /3H/AMP and 
Pi. Similarly [32P]ADP has been found after short illumination (5--100 ms} of 
substrate amounts of thylakoids with either 32P i [2] or with 32P i + ADP [3,4]. 
Furthermore, AMP + Pi inhibits electron flow with catalytic amounts of chloro- 
plasts to the same extent as ADP alone [5]. 

The chemical pathway of AMP photophosphorylation remains unclear, and 
a number of questions might be asked about it. (1) Does the ADP synthesized 
from AMP first appear in the medium and then bind to CF1, or does its syn- 
thesis and binding take place directly on CFI? (2) Which nucleotide binding 
site(s) of CF1 are involved? (3) Is the phosphate donor for AMP photophos- 
phorylation free ATP, Pi itself or CF~-bound ATP? (4} What is the functional 
role of AMP photophosphorylation? The present experiments partially answer 
the first three questions. Photophosphorylation of AMP results in thylakoid- 

Abbrebiations: (Ado)2P s , diadenosine pentaphosphate Ado(5r)Ps(5')Ado; CF I ,coupling factor I; Tricine, 
N-tris(hydroxymethyl)methylglycine;  Hepes, N-2ohydroxyethylpiperazine-N'-2-ethanesulfonic acid. 
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bound ADP, apparently without prior passage of the ADP through the medium. 
At least one of the tight nucleotide binding sites of CF1 is involved. The phos- 
phate donor for AMP photophosphorylation is uncertain, and present data do 
not differentiate between Pi and ATP as possible donors. 

Methods and Materials 

Spinach chloroplasts were isolated [5], washed first with grinding medium 
[5], then with 60--80 ml of 2 mM Tricine buffer (pH 7.8) containing 50 mM 
NaC1. Before both washes, chloroplasts were gently dispursed using a glass 
homogenizer. After the second wash, chloroplasts were resuspended to about 
2 mg chlorophyll/ml for storage at 2°C in a medium containing 0.2 M sucrose, 
5mM Hepes, pH 7.6, 4 mM MgC12, 0.05% fatty acid-free bovine serum 
albumin. Chlorophyll content was determined [6], and photophosphorylation 
measured [5], as described earlier. [3H]ADP binding studies were essentially 
performed as described by Strotmann and Bickel-Sandkotter [7]. Reaction 
mixtures contained hexokinase + glucose as a trap for free ATP. After 10 or 
15 s illumination with white light [5], reaction mixtures in glass centrifuge 
tubes were quickly sedimented by centrifugation in the dark for 2 min at 
15 000 ×g  and 3°C to remove unbound nucleotides from the thylakoids. 
The sedimented thylakoids were washed twice with 5-ml portions of cold 
50 mM NaC1 containing 25 mM Tricine buffer, pH 7.8. Each time the pellet 
was gently homogenized. The final pellet was rinsed (without suspension) with 
0.5 ml of water to minimize the amounts of salts, and then suspended in water 
to about 0.5--0.8mg chlorophyll/ml. To release the bound nucleotides, 
0.50 ml of labeled thylakoids + 0.50 ml of 1 mM EDTA, pH 7.6, were heated 
in a boiling water bath for 5 min. EDTA was added to minimize adenylate 
kinase activity [8]. After the denatured thylakoids were sedimented by centri- 
fugation, the supernatant containing the nucleotides was saved and the pellet 
was washed once with 0.5 ml containing 0.8 mM ATP, 0.8 mM ADP and 
0.4 mM AMP. A 0.1 ml aliquot of the combined supernatants was counted to 
determine the total amount of bound nucleotides/mg chlorophyll. The 
remainder was lyophilized and the residues dissolved in 0.05 ml of water. 
Nucleotides were separated on a polyethylene imine-impregnated cellulose 
plate with a solvent mixture containing 2 M HCOOH and 0.5 M LiC1, eluted 
with 0.5 N HC1 overnight at 2°C, then concentration and counts were deter- 
mined as described earlier [5]. Hexokinase was freed of (NH4)~SO4 [9]. The 
activity of (NH4)2SO4-free hexokinase [10] and the protein concentration were 
determined spectrophotometrically [ 11 ]. 

The extinction coefficient of (Ado)2Ps was assumed to be 30.8 • 103 at 259 
nm (two adenosine molecules/one (Ado)2Ps molecule); sodium salts of AMP, 
ADP, ATP and hexokinase (e.g. 400 U/mg) were purchased from Sigma; [3H]- 
AMP and [3H] ADP from New England Nuclear; (Ado)2Ps from PL Biochemicals; 
precoated plastic sheets, CEL 300 polyethylene imine-impregnated cellulose, 
from Brinkmann Instruments; freshly harvested spinach from local markets. 

Results 

Fig. 1. shows that light increases AMP binding to thylakoids. The light- 
induced portion of AMP binding saturates below 16 #M AMP. In contrast, the 
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Fig .  I .  I A g b t - d e p e n d e n t  b i n d i n g  o f  [ 3 H ] A M P  t o  t h y l a k o i d s .  R e a c t i o n  m i x t u r e s  c o n t a i n e d :  1 3  m M  Tr ic ine  
b u f f e r ,  p H  7 . 5 ,  4 m M  NaCI,  1 .7  m M  MgCI2 ,  7 . 2 9  • 106  c p m  of  [ 3 H ] A M P  a t  e a c h  A M P  c o n c e n t r a t i o n ,  
0 . 8  m M  Pi* 1 ,5  u n i t s  o f  ( N H 4 ) 2 S O 4 - f r e e  h e x o k i n a s e ,  3 m M  g lucose ,  0 . 0 5  m M  N - m e t h y l  p h e n a z o n i n m  
m e t h o s u l f a t e  a n d  0 . 8 4  m g  o f  c h l o r o p h y l l  in  a f ina l  v o l u m e  o f  1 .2  m L  T h e  r e a c t i o n s  we re  i l l u m i n a t e d  
a t  2 2 ° C  f o r  1 5  s, a n d  i m m e d i a t e l y  c e n t r i f u g e d  in  t he  d a r k  t o  pe l l e t  t h e  t h y l a k o i d s .  T h y l a k o i d - b o u n d  
n u e l e o t i d e s  w e r e  m e a s u r e d  as  d e s c r i b e d  in  M e t h o d s  a n d  Mater ia l s .  

dark binding of  AMP saturates above 80/~M AMP. Nucleotide binding was 
measured in presence of  0.7 mM Pi and hexokinase plus glucose to regenerate 
free ADP from any free ATP which might have been generated during incuba- 
tion. Table I shows that both the dark and the light-induced AMP binding are 
relatively independent of  pH from pH 7.2 to 8, with slight inhibition at pH 8.5. 
This broad pH profile is similar to that for ATP binding [12] and for ADP 

T A B L E  I 

p H  O P T I M U M  F O R  [ 3 H ] A M P  B I N D I N G  T O  T H Y L A K O I D S  

R e a c t i o n  c o n d i t i o n s  w e r e  as  d e s c r i b e d  in  Fig .  1.  H e p e s  b u f f e r  w a s  u s e d  a t  p H  7 .2 ;  Tr ie ine  b u f f e r  a t  all  
o t h e r  p H  values .  [ 3 H ] A M P  w a s  a d j u s t e d  t o  2 .9  - 1 0  5 c p m / n m o l .  T h e  f ina l  v o l u m e  o f  1 .5  m l  c o n t a i n e d  
0 . 7 5  m g  o f  s p i n a c h  e b i o r o p l a s t s  a n d  1 . 5  u n i t s  o f  h e x o l d n a s e .  T h e  r e a c t i o n s  w e r e  e x p o s e d  t o  l igh t  fo r  10  s. 
T h y l a k o i d - b o u n d  n u c l e o t i d e s  w e r e  m e a s u r e d  a s  d e s c r i b e d  in  Matezia ls  a n d  M e t h o d s .  

Condi t io lxs  A d d i t i o n  o f [ 3 H ] A M P  
( p H )  ( n m o l  f1 .5  m l )  

B o u n d  n u e l e o t i d e s  ( n m o l l m g  c h l o r o p h y l l )  

T o t a l  L i g h t - - d a r k  

TJ~ht  ( 7 . 2 )  2 0  0 . 3 7 0  0 . 2 4 0  
D a r k  ( 7 . 2 )  2 0  0 . 1 5 4  

IAght  ( 7 . 5 )  2 0  0 . 3 8 7  0 . 2 6 7  
D a r k  ( 7 . 5 )  2 0  0 . 1 2 0  

IAgbt  ( 8 . 0 )  2 0  0 . 3 8 7  0 . 2 5 7  
D a r k  ( 8 . 0 )  2 0  0 . 1 3 0  

I ~.~ht ( 8 . 5 )  2 0  0 . 2 8 5  0 . 1 7 5  

D a r k  ( 8 . 5 )  2 0  0 . 1 1 0  



13 

T A B L E  II 

E F F E C T  O F  H E X O K I N A S E  O N  [ 3 H ] A M P  A N D  [ 3 H ] A D P  B I N D I N G  T O  T H Y L A K O I D S  

E a c h  r e a c t i o n  m i x t u r e  c o n t a i n e d  2 6  m M  Tr l c ine  b u f f e r ,  p H  7 .8 ,  6 m M  NaCI,  2 .6  m M  MgCI2,  0 .7  m M  Pi, 
0 . 0 5  m M  N - m e t h y l  p h e n a z o n i u m  m e t h o s u l f a t e ,  0 . 3 0 4  m g  c h l o r o p h y l l  a n d  o t h e r  c o m p o n e n t s  as  i n d i c a t e d  
in  a f i na l  v o l u m e  o f  1 .5  ml .  [ 3 H ] A M P  w a s  1 . 5 8  • 1 0  s c p m ] n m o l ,  a n d  [ 3 H ] A D P  w a s  1 . 5 6  • 1 0  $ e p m ] n m a L  
I l l u m i n a t i o n  w a s  1 0  s. W a s h e d  t h y l a k o i d s  w e r e  s u s p e n d e d  in  1 m l  H 2 0 .  A n  a l i q u o t  (0 .2  m l )  o f  e a c h  w a s  
s u p p l e m e n t e d  w i t h  0 . 6  m l  H 2 0 ,  0 .1  m l  o f  3 5 %  H C 1 0 4  a n d  0 .1  m l  o f  I 0  m M  A D P .  The  p r e c i p i t a t e  w a s  
r e m o v e d  b y  c e n t r i f u g a t i o n  a n d  t h e  s u p e r n a t a n t  w a s  c o u n t e d .  The  b o i l i n g  p r o c e d u r e  d e s c r i b e d  in  Mater ia l s  
a n d  M e t h o d s  gave  a l m o s t  i d e n t i c a l  resu l t s .  

A d d i t i o n s  B o u n d  n u c l e o t i d e s  
( n m o l / m g  c h l o r o p h y l l )  

H e x o -  G l u c o s e  [ 3 H ] A M P  [ 3 H ] A D P  
k inase  ( # t o o l /  ( n m o l /  ( n m o l ]  
( u n i t s /  1 .5  m l )  1 .5  ml )  1 .5  m l )  
1 .5  m l )  

T o t a l  Light--dsLrk 

L i g h t  2 8 . 8  0 . 8 2  0 . 6 4  
D a r k  2 8 . 8  0 . 1 8  

L i g h t  8 .9  I 0  2 8 . 8  0 . 4 7  0 . 2 9  
D a r k  8 .9  1 0  2 8 . 8  0 . 1 9  

L i g h t  2 8 . 7  1 .65  1 . 1 9  
D a r k  28 .7  0 . 4 6  

L i g h t  8 .9  10  28 .7  1 .89  1 .04  
D a r k  8 .9  1 0  28 .7  0 . 8 5  

photophosphorylation at a low ADP concentration: 10 pM [12].  Photophos- 
phorylation at higher ADP concentrations is strongly dependent on pH over 
this pH range [12].  

McCarty observed that hexokinase inhibited AMP binding [13].  Table II 
shows that hexokinase inhibits light-induced AMP binding by about 50% with- 

T A B L E  III  

E F F E C T  O F  H E X O K I N A S E  O N  [ 3 H ] A M P  B I N D I N G  T O  T H Y L A K O I D S  

E a c h  r e a c t i o n  m i x t u r e  c o n t a i n e d  2 6  m M  Tr ic ine  b u f f e r ,  p H  7 .8 ,  6 m M  NaCI,  2 .6  m M  MgCI2,  0 .7  m M  Pi, 
0 . 0 5  m M  N - m e t h y l  p h e n a z o n i u m  m e t h o s u l f a t e ,  1 9 . 2  # M  AMP,  0 . 4 5  m g  c h l o r o p h y l l ,  a n d  o t h e r  c o m p o -  
n e n t s  as  i n d i c a t e d ,  in  a f ina l  v o l u m e  o f  1 .5  m L  [ 3 H ] A M P  w a s  2 . 5  • 105  c p m / n m o l .  S ince  s u c r o s e  con -  
r a i n e d  sma l l  a m o u n t s  o f  g lucose ,  a b o u t  19  n m o l  g lucose  w a s  a lso  p r e s e n t  in  e a c h  1 .5  m l  r e a c t i o n .  A f t e r  a 
1 0  s i l l u m i n a t i o n ,  c h l o r o p l a s t s  w e r e  w a s h e d  t h r e e  t i m e s  a n d  [ 3 H ] A M P  b i n d i n g  m e a s u r e d .  

A d d i t i o n s  B o u n d  n u c l e o t i d e s  
( n m o l / m g  c h l o r o p h y l l )  

G l u c o s e - f r e e  h e x o k i n a s e  G l u c o s e  
( u n i t s / 1 . 5  m l )  ( # t o o l / 1 . 5  m l )  T o t a l  L i g h t - - d a r k  

L i g h t  3 .2  1 0  0 . 2 5  0 . 1 7  
D a r k  3 .2  1 0  0 . 0 7 6  

L i g h t  1 2 . 9  1 0  0 . 2 5  0 . 2 0  
Dark 12.9 10 0.048 

L igh t  25.8 10 0.38 0.31 
D a r k  2 5 . 8  1 0  0 . 0 6 6  

L i g h t  2 5 . 8  0 0 . 3 7  0 .31  
D a r k  25 .  8 0 0 . 0 6 1  
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out  affecting dark AMP binding. Hexokinase had only a slight effect  on light- 
induced ADP binding, but  increased dark ADP binding by nearly a factor of  
two. 

Table III shows that hexokinase addition up to 25.8 units did not  abolish 
AMP binding, and in fact enhanced it. This enhancement  was not  due to 
contaminating adenylate kinase, since no adenylate kinase activity could be 
detected spectrophotometr ical ly over a 4 min interval in 8 units of  hexokinase 
(sensitivity about  0.2 nmol NADPH/min).  Hexokinase also enhanced AMP- 
d e p e n d e n t  32p i photoincorporat ion into organic phosphates, as shown in 
Table IV. No AMP-dependent 32P i uptake was observed in absence of hexo- 
kinase (Expt. 2), or in presence of  21.8 units of  hexokinase without  glucose 
(Expt. 1). Clearly these chloroplast preparations formed little or no free ADP 
from added AMP and 32P i in a 10 s illumination period. Increasing amounts of 
hexokinase increasingly stimulated AMP-dependent 32P i photoincorporat ion.  
Hexokinase also stimulated 32P i incorporation into organic phosphates in 
absence of  added AMP, bu t  to a lesser extent  (Expt. 1). Stimulation by hexo- 
kinase of  AMP-dependent 32P i photoincorporat ion into organic phosphates 
suggests that  ADP (bound or free) is turning over, and that AMP is causing 
enrichment of  the ADP pool. Large amounts  of  hexokinase failed to abolish 
the AMP contr ibut ion to this ADP pool. 

T A B L E  IV 

E F F E C T  O F  H E X O K I N A S E  O N  A M P - D E P E N D E N T  3 2 p  i U P T A K E  

React ion  c o n d i t i o n s  w e r e  as d e s c r i b e d  in  T a b l e  III .  In  E x p t .  1,  3 2 p  i w a s  1 .3  • 106  c p m / b t m o l ,  c h l o r o p h y l l  
w a s  0 ,3  m g / m l .  T h y l a k o i d s  w a s h e d  four t imes  (fi t~t w a s h  w i t h  g r i n d i n g  m e d i u m ) .  In  E x p t .  2,  3 2 p  i w a s  
6 .3  • 1 0 5  c p m / b t m o l ,  c h l o r o p h y l l  w a s  0 . 4  m g / m L  T h y l a k o i d s  w a s h e d  tw ice ,  as in  Ma te r i a l s  a n d  M e t h o d s .  
C h l o r o p l a s t s  for these  e x p e r i m e n t s  were  r e s u s p e ~ d e d  in  t h e  w ~ d n _ g  m e d i u m ,  w h i c h  exc ludes  s u c r o s e ,  
H e p e s ,  MgCI 2 a n d  b o v i n e  s e r u m  a l b u m i n .  T i m e  o f  i l l u m i n a t i o n  w a s  1 0  s. T h e  r e a c t i o n s  w e r e  i n a c t i v a t e d  
b y  a d d i t i o n  o f  0 .1  m l  o f  3 5 %  H C I O 4  a n d  0 . 5  /~mol A D P .  3 2 P  i w a s  q u a n t i t a t i v e l y  p r e c i p i t a t e d  w i t h  1 . 1 5  
m l  m o l y b d a t e  r e a g e n t  [ 5 ] .  A f t e r  c e n t r i f u g a t i o n ,  1 ~ m o l  Pi w a s  a d d e d  t o  e a c h  t u b e .  The  r e s u l t a n t  precipi- 
tate w a s  r e m o v e d  b y  c e n t r i f u g a t l o n  a n d  0 . 5  m l  a l i q u o t s  o f  c l ea r  s u p e r n a t a n t  w e r e  c o u n t e d  in  a sc int i l la-  
t i o n  c o u n t e r .  

A d d i t i o n s  

Glucose-free  Glucose  AMP 
h e x o k i n a s e  ( t t m o l / 1 . 5  m l )  ( n m o l / 1 . 5  m l )  
( u n i t s / 1 . 5  m l )  

B o u n d  n u c l e o t i d e s  ( 3 2 p  i i nco r -  
p o r a t e d  into  organic phosphates )  
( n m o l / m g  c h l o r o p h y n  p e r  I 0  s) 

L i g h t  D a r k  L i s h t - - d a r k  

E x p t .  1 2 .4  1 0  2 8 . 8  9 .9  5 .5  4 .5  
( f o u r  w a s h e s )  7 .3  1 0  2 8 . 8  1 2 . 4  5 .4  7 .0  

12 .1  1 0  2 8 . 8  1 3 . 9  5 .2  8 .7  
16 .9  10  28 .8  15 .0  5.1 9.9 
21 .8  10 28 .8  16 .0  5.2 10 .8  
2 1 . 8  0 2 8 . 8  6 .3  6 . 4  --4).1 
2 1 . 8  1 0  0 1 1 . 6  5 .4  6 .2  

2 .4  1 0  0 1 1 . 9  5 .7  6 .2  

E x p t .  2 0 1 0  2 8 . 8  14 .9  1 5 . 7  - - 0 . 8  
( t w o  w a s h e s )  2 .2  1 0  2 8 . 8  2 1 . 5  1 4 . 8  6 .7  

6 .7  1 0  2 8 . 8  27 .1  14 .9  1 2 . 2  
13 .2  10  2 8 , 8  28 .9  14.9  1 4 . 0  
2 6 . 3  1 0  2 8 . 8  3 2 . 3  14 .8  17 .5  
2 6 . 3  0 2 8 . 8  1 6 . 0  15 .7  0 .3  

0 1 0  0 15 .5  1 5 . 4  0 .1  
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With Swiss chard chloroplasts (200 #g/ml, 2.3 units hexokinase/ml) AMP- 
dependent 32P i uptake was 2--4 times faster than with spinach chloroplasts, 
although 33P i uptake in absence of AMP was 5--10 times slower. This observa- 
tion may suggest that the bound nucleotide content of Swiss chard thylakoids 
is small compared to spinach thylakoids. The pH optima, on the other hand, 
were similar for both reactions in both systems: pH 7.1--7.5. 

Pi slightly increased AMP binding, and more ADP was bound than AMP. The 
small Pi requirement might indicate that the thylakoids were not entirely free 
of bound Pi- 

Table V shows that at equimolar concentrations, unlabeled AMP inhibits 
a larger portion of light-induced [3H]ADP binding than unlabeled ADP inhibits 
of the light-induced [3H]AMP binding. In various experiments equimolar 
unlabeled ADP reduced [3H]AMP binding from 5 to 30%, while in most cases 
unlabeled AMP inhibited [3H]ADP binding from 40 to 75%. Unlabeled ADP 
appeared to have an even smaller effect on [3H]AMP binding with 9 units of 
hexokinase than with 1.5 units. In the majority of experiments, AMP binding 
was about half of the ADP binding. We observed, however, on two occasions, 
large amounts of ADP binding (above 1 nmol/mg chlorophyll), and only 
0.2--0.3 nmol/mg chlorophyll of AMP binding. In one such experiment, 
unlabeled AMP inhibited [3H]ADP binding by only 20%. 50--70% inhibition 
by AMP was more typical. The light-induced ADP binding saturates at 
20--30 pM [9,12,14], while light-induced AMP binding saturates below 16 pM 
(Fig. 1). Similarly, the apparent Km for release of ATP-induced inhibition of 
electron transport is 6 pM AMP + arsenate [14]. 

Since AMP itself binds only loosely to CF,, or to thylakoids [8,15], we 
tested the possibility that [3H]AMP binds in light as the photophosphorylated 
derivative, [3H]ADP. Table VI shows this is the case. After chromatographic 
separation of bound nucleotides, nearly all the [3H]AMP bound due to light 
was recorded as [3H]ADP. The inhibitor, (Ado)2Ps (2.8 • 10 -6 M) caused 92% 

TABLE V 

EFFECT OF AMP ON [3H]ADP BINDING 

R e a c t i o n  c o n d i t i o n s  w e r e  as descr ibed  in Fig. 1, b u t  at pH 8.0, [3H]AMP was 4.17 • 105 cpm/nmol ;  
[3H]ADP was 4.69 • 105 cpm/nmol ;  hexokinase,  1.6 units ;  sp inach  ch loroplas ts ,  0 . 7 5  m g  and the  f ins /  
v o l u m e  1.5 ml. The reac t ion s  w e r e  e x p o s e d  t o  Hght for  10 s. T h y l a k o i d - b o u n d  n u c l e o t i d e s  w e r e  m e a s u r e d  
as descr ibed  in Materials  and Methods .  

A d d i t i o n s  B o u n d  n u c l e o t i d e s  Percentage  
(nmol/1.5 ml) (nmol /mg c h l o r o p h y l l )  inh ib i t ion  by  

unlabe led  
[3H] AMP ADP [3H]ADP AMP Total Light--dark ADP or AMP 

Light  
Dark 

Light 
Dark  

Light  
Dark 

Light 
Dark 

0 0 25 0 0.551 0.27 
0 0 25 0 0.281 

0 0 25 25 0.404 0.074 

0 0 25 25 0.330 

25 0 0 0 0.394 0.19 

25 0 0 0 0.203 

25 25 0 0 0.314 0.14 

25 25 0 0 0.175 

69 

26 
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inhibition of  AMP phosphorylation and binding in absence of  added ADP and 
81% if ADP was added (Table VI). Lower concentrations of  (AdohPs 
(1.1 • 10 -6 M) inhibited AMP phosphorylation 64% when no ADP was present. 
Muscle adenylate kinase on the other hand was inhibited 94% by 3 • 10-TM 
(Ado):Ps which contained 0.2 mM ADP. 

In contrast to AMP, Table VII shows that (Ado)2Ps did not inhibit light- 
induced binding of  [3H]ADP, but reduced dark [3H]ADP binding from 25 to 
50%. The inhibition of photoinduced [3H]ADP binding by unlabeled AMP was 
completely released by (Ado)2Ps. The near absence of  bound [3H]ATP may have 
been due to either postillumination exchange between free [3H]ADP and 
bound [3H]ATP [12,16], or to ATPase action [12]. 

T A B L E  VI 

I N H I B I T I O N  O F  [ 3 H ] A M P  B I N D I N G  T O  T H Y L A K O I D S  BY ( A d o ) 2 P  5 

R e a c t i o n  c o n d i t i o n s  w e r e  as  d e sc r ib e d  in Fig.  1,  e x c e p t  a t  p H  7 .8 .  Also  0 . 5 0  m g  o f  s p i n a c h  c h l o r o p l a s t s  
w e r e  added  t o  t h e  r e a c t i o n  m i x t t t r e  p r i o r  t o  t h e  a d d i t i o n  o f  A M P  o r  A D P  so as t o  a l l o w  ( A d o ) 2 P  5 t o  i n t e r -  
a c t  w i t h  t h e  t h y l a k o i d s .  A f t e r  2 o r  3 r a in  t h e  r e m a i n d e r  o f  t h e  c o m p o n e n t s  w e r e  a dded  as s h o w n :  2 . 7 8  • 
105  c p m / n m o l  o f  [ 3 H ] A M P ,  A D P ,  3 .0  u n i t s  o f  h e x o k i n a s e  a n d  N - m e t h y l  p h e n a z o n i u m  m e t h o s u l f a t e  t o  
a f ina l  v o l u m e  o f  1 .5  ml .  A f t e r  1 0  s e x p o s u r e  t o  l ight ,  t h y l a k o i d - h o u n d  n u c l e o t i d e s  w e r e  m e a s u r e d  as  
descr ibed  in Materials  and M e t h o d s .  

E x p t .  A d d i t i o n s  ( n m o l / l . 5  ml )  B o u n d  n u c l e o t i d e s  A m o u n t  o f  L i g h t - -  
No .  ( n m o l / m g  e h l o r o -  [ 3 H ] A M P  b o u n d  d a r k  

[ 3 H ] A M P  A D P  ( A d o ) 2 P  s p h y l l )  as A T P ,  A D P  o r  
AMP ( n m o l / m g  

T o t a l  L i g h t - - d a r k  c h l o r o p h y l l )  

1. L i g h t  2 5  0 0 0 . 6 8  0 . 4 9  A T P  0 . 0 1 4  0 . 0 0 2  
A D P  0 . 5 0 6  0 . 4 4 4  
A M P  0 . 0 2 3  - - 0 . 0 0 6  

D a r k  2 5  0 0 0 . 1 9  A T P  0 . 0 1 2  
A D P  0 . 0 6 2  
AMP 0 . 0 2 9  

2. L i g h t  2 5  0 4 . 2 5  0 . 1 7  0 . 0 4  A T P  0 . 0 0 7  0 . 0 0 2  
ADP 0.033 0.012 

AMP 0.011 --0.001 

Dark 25 0 4.25 0.13 ATP 0.005 

ADP 0.021 

AMP 0 . 0 1 2  

3. L i g h t  2 5  2 5  0 0 . 5 4  0 . 3 6  A T P  0 . 0 1 3  0 . 0 0 9  
A D P  0 . 3 9 1  0 . 3 3 3  
AMP 0 . 0 2 3  0 . 0 0 0  

D a r k  2 5  2 5  0 0 . 1 8  A T P  0 . 0 0 4  
A D P  0 . 0 5 8  
AMP 0 . 0 2 3  

4.  L i g h t  2 5  2 5  4 . 2 5  0 . 2 0  0 . 0 7  A T P  0 . 0 0 9  0 . 0 0 6  
A D P  0 . 0 5 1  0 . 0 3 2  
A M P  0 . 0 2 8  0 . 0 0 4  

D a r k  2 5  2 5  4 . 2 5  0 . 1 3  A T P  0 . 0 0 3  
A D P  0 . 0 1 9  
AMP 0 . 0 2 2  
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T A B L E  VII  

E F F E C T  O F  ( A d o ) 2 P  $ O N  [ 3 H ] A D P  B I N D I N G  T O  T H Y L A K O I D S  

The e x p e r i m e n t s  w e r e  p e r f o r m e d  as descr ibed  in Table  IV.  The a m o u n t  o f  ch loroplas t s  per  1.5  m l  wa s  
0 . 5 0  m g ;  [ 3 H ] A D P ,  3 . 1 7  • 1 0  $ c p m / n m o l  and h e x o k i n a s e ,  3 units .  

Expt .  A d d i t i o n s  ( n m o l / 1 . 5  ml )  Bound n u c l e o t i d e s  A m o u n t  o f  L i g h t - -  
No .  ( n m o l / m g  c h l o r o -  [ 3 H ] A D P  b o u n d  dark 

[ 3 H ] A D P  A M P  ( A d o ) 2 P  $ p h y l l )  as ATP ,  A D P  or 
AMP ( n m o l / m g  

Tota l  L ight - -dark  c h l o r o p h y l l )  

1. L igh t  2 5  0 0 1 .06  

D a r k  2 5  0 0 0 . 4 0  

2. L i g h t  2 5  0 4 . 2 5  0 , 9 8  

D a r k  2 5  0 4 . 2 5  0 . 2 8  

3. L i g h t  2 5  2 5  0 0 . 5 9  

D a r k  2 5  2 5  0 0 . 3 6  

4 .  L i g h t  2 5  2 5  4 . 2 5  1 .09  

Dark 25 25 4.25 0.34 

0 . 6 6  A T P  0 . 0 1 9  - - 0 . 0 0 5  
A D P  0 . 8 4 4  0 . 5 3 8  
AMP - -  
A T P  0 . 0 2 4  
A D P  0 . 3 0 6  
AMP 0 . 0 2 6  

0 . 7 0  A T P  0 . 0 3 5  0 . 0 1 8  
A D P  0 . 9 8 3  0 . 7 5 7  
AMP 0 . 0 5 3  0 . 0 0 2  
A T P  0 . 0 1 7  
A D P  0 . 2 2 6  
AMP 0 . 0 5 1  

0 . 2 3  A T P  0 . 0 1 1  0 . 0 1 5  
A D P  0 . 4 4 4  0 . 2 1 3  
AMP 0 . 0 5 2  0 . 0 1 7  
A T P  0 . 0 2 6  
A D P  0 . 2 3 1  
AMP 0 . 0 3 5  

0 . 7 5  A T P  0 . 0 2 7  - -  
A D P  1 . 0 2 9  0 . 8 6 2  
A M P  0 . 0 6 5  0 . 0 2 3  
A T P  
A D P  0 . 1 6 7  
AMP 0 . 0 4 2  

Discussion 

Competition between AMP and ADP for the thylakoid nucleotide binding 
sites indicates that the [3H]ADP photoproduced from [3H]AMP and Pi does not 
mix with free ADP in the medium (Tables V and VI). Hexokinase was included 
in all the reaction mixtures to exclude any free ATP. Hexokinase up to 25.8 
units did not abolish AMP photophosphorylation and binding. The extremely 
low concentrations of  AMP which saturate AMP photophosphorylation 
(Fig. 1), and the inhibition by ADP of  [3H]AMP photophosphorylation and 
binding (Table V), suggest that this photoreaction occurs on one or both of the 
two high-affinity ADP (ATP) binding sites of chloroplast coupling factor, CF1. 
This suggestion is supported by the earlier observation that the AMP + 
Pi-induced inhibition of  electron transport is abolished by the antibody to CFI 
[5]. Furthermore, (Ado}2Ps increases light<lependent binding of  [3H]ADP both 
in presence and absence of  added AMP. Thus this effect of  (Ado):av5 cannot be 
explained in terms of  isotope dilution of  [3H]ADP by unlabeled AMP 
(mediated by adenylate kinase). 
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Taken together, these various observations seem to eliminate soluble chloro- 
plast adenylate kinase as a possible catalyst of this AMP reaction. In order for 
adenylate kinase to mediate [3H]AMP photophosphorylation and binding, 
the enzyme would have to be directly associated with membrane-bound CF,, 
mediating phosphate transfers only between nucleotides bound to CF1. Other- 
wise, we must invoke an intramembrane pool of nucleotides [17] which is 
not accessible to hexokinase. The concept of close association between CF, and 
adenylate kinase could explain our observation that the added hexokinase did 
not trap the hypothetical ATP intermediate. 

The simplest interpretation of our data might be that AMP can be a substrate 
for CF~ in spite of the fact that AMP itself does not measurably bind to the 
coupling factor [15]. Nevertheless, at least one of the two tight nucleotide 
binding sites of the energized CF~ may have a greater affinity for AMP phos- 
phorylation than for ADP binding (Table V). Since thylakoids bind more ADP 
than AMP (Table V), perhaps only one of the energized high-affinity sites can 
mediate AMP phosphorylation. The role of high-affinity nucleotide binding 
sites in photosynthetic phosphorylation remains unclear. 

One possible hypothesis is that CF, directly catalyses photophosphorylation 
of free AMP to tightly bound ADP, utilizing a different mechanism (and dif- 
ferent nucleotide binding sites) from those which mediate ADP photophos- 
phorylation at high ADP concentrations [18]. This interpretation is consistent 
with two other observations: (1) relative lack of pH dependence in AMP 
photophosphorylation and binding (Table I) as compared to ADP photo- 
phosphorylation at saturating ADP concentrations [12], and (2) inhibition of 
AMP photophosphorylation by (Ado)2Ps concentrations which stimulate ADP 
photophosphorylation (Table VI and unpublished results). 

McCarty [13] found that large amounts of hexokinase prevented ADP and 
ATP accumulation in the medium from added AMP. We found that hexo- 
kinase did indeed inhibit AMP phosphorylation and binding (Table II). How- 
ever, even 25.8units hexokinase/1.5 ml reaction did not inhibit all AMP 
phosphorylation and binding (Table III). Furthermore, 21.8 units hexokinase 
did not abolish AMP enhancement of 32P i incorporation into organic phos- 
phates (Table IV). The difference between McCarty's results and ours might be 
due to the different pH ranges at which the reactions were performed: pH 8.3 
in McCarty's work as versus pH 7.5--7.8 in our experiments. The rate of AMP 
phosphorylation and binding diminished above pH 8 (Table I). We have noted a 
similar pH effect on AMP-dependent 32P i exchange with ATP, above pH 8. 
In addition, the pH optimum of AMP-dependent 32p i incorporation into 
organic phosphate is between pH 7.1 and 7.5. 

It is interesting that hexokinase stimulates three reactions studied here: 
(1) AMP photophosphorylation and binding; (2) AMP-dependent 32P i photo- 
incorporation into organic phosphates, and (3) dark ADP binding. These three 
observations might suggest that hexokinase, in addition to removing medium 
ATP, may also pull tightly bound ATP from CF~. This would produce empty 
sites on CF1, which then could bind ADP in the dark. These hypothetical 
empty sites might also photophosphorylate and bind AMP. 

The 32p i exchange into bound nucleotides, described by Harris and Slater 
[8] and AMP-dependent photoincorporation of 32P i into organic phosphates 
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appear to be related. The pH optima of both reactions are between 7.1 and 
7.5, and both reactions are enhanced by hexokinase. These two reactions are 
probably also related to the rapid 32P 1 photoincorporation into thylakoid- 
bound ADP [2--4]. Dark absorption or binding of both AMP and ADP is con- 
siderable (Fig. 1, Tables V--VII; Ref. 12). AMP does not inhibit dark ADP 
binding (Table VII). 

The source of phosphate for AMP photophosphorylation is unknown. It is 
unlikely that free ATP donates phosphate for the reaction because an ATP 
trap does not inhibit, and because little mixing occurs with free nucleotides 
(Table V). The inhibition of (Ado)2Ps suggests that AMP photophosphorylation 
may involve transphosphorylation. Such transphosphorylation could be 
mediated either by CF~ itself or by adenylate kinase specifically associated with 
CF~. (Ado)2Ps was previously considered a specific inhibitor of adenylate kinase 
[19]. Inhibition of adenylate kinase would be an explanation for the (Ado)2Ps 
inhibition of AMP phosphorylation, except for observations which eliminate 
conventional adenylate kinase as a mediator. 

Three observations indicate that (Ado)2Ps interacts with CFI: (1) (Ado)2Ps 
inhibits dark binding of ADP (Table VII); (2) (Ado)2Ps stimulates photophos- 
phorylation of ADP to ATP (unpublished observations), and (3) (Ado)2Ps 
enhances light-induced H ÷ uptake in chloroplasts (unpublished observations). 
The differential inhibition by (Ado)2Ps of phosphorylation and binding of AMP, 
as versus ADP, could reflect an (Ado)2Ps affinity for CF1 Which is intermediate 
between the affinities of AMP and ADP for CF1. 

The overall rate of AMP photophosphorylation to free ADP is very slow, 
but has nevertheless been observed with catalytic amounts of chloroplasts [5]. 
This reaction, though, might be a composite of several steps, where one of 
them is limiting. If AMP phosphorylation yields only tightly bound ADP 
(as our data indicates) then the steady-state rate of this phosphorylation, after 
the first round, might be limited by a very slow release of the bound ADP [6]. 
That the intrinsic rate of AMP phosphorylation might be fast is indicated by 
rapid light and AMP-induced ATP-32Pi exchange [5], as well as by occasional 
observation of more rapid 32P i labeling of bound ADP than of ATP [2,4]. 
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