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Summary 

1. Photophosphorylat ion was studied in spinach chloroplasts on illumina- 
tion, from the dark state, with saturating short ("single turnover")  flashes of  
light. 

2. At rapid flash rates (100 Hz), phosphorylat ion began within the first five 
flashes. The ATPase inhibitor protein appeared to be displaced from its inhib- 
i tory site on the ATPase also within five flashes, as deduced from the flash- 
induced ATPase activity. 

3. At slower flash rates, or if the rate of  electron transfer were reduced with 
3-(3,4<lichlorophenyl)-l , l~limethyl urea (DCMU), phosphorylat ion began only 
after a larger number  (50--60) of  flashes. The displacement of  the ATPase 
inhibitor protein was similarly delayed. 

4. Partial displacement of  the inhibitor protein from its inhibitory site on the 
ATPase (by pretreatment  with dithioerythritol)  allowed phosphorylat ion to 
proceed wi thout  a perceptible lag, even in the presence of  DCMU. It was con- 
cluded that  the ATPase inhibitor protein must be displaced on the ATPase 
before phosphorylat ion can begin, and that this process is energy dependent.  

5. During the flash regime used, release of  inhibitor from its inhibitory site 
seemed to be governed largely by the membrane potential.  The light-induced 
pH gradient seemed to have little effect  under these conditions. Our results are 
not  compatible with a direct conformational  interaction between the electron 
transfer chain and the ATPase causing displacement of  the inhibitor. 

Abbreviat ions:  DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethyl urea; Tricine, N-tris(hydroxymethyl). 
methylglycine. 
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6. The maximal rate of photophosphorylat ion induced by less than 200 
flashes was 0.12--4).15 mol ATP made/mol  ATPase per flash. This rate seemed 
to be limited not  by the supply of  energy to the ATPase molecules, nor by the 
maximal turnover capacity of  the ATP synthesising system, but  by the number 
of  ATPase molecules which were active in synthesis, i.e., which lacked the 
inhibitor protein. 

7. The bound nucleotides of the coupling ATPase exchanged with added 
nucleotides during single turnover flashes. At high flash rates, exchange began 
within 5 flashes. The average amount  of nucleotide exchanged per flash over 
100 flashes was about  one tenth the amount  of  ATP synthesised in each flash. 

8. It is concluded that, during phosphorylation,  a steady state level of active 
coupling ATPases is set up. The energy-dependent displacement of the inhibitor 
protein, and its (energy-independent) relaxation back on to the inhibitory site 
are the two opposing factors involved in this steady state. 

Introduct ion 

It has been shown by several workers that  photophosphoryla t ion in chloro- 
plasts is preceded by a lag phase. This is true for phosphorylat ion induced by 
light flashes [1], an acid-base transition [2] or continuous light [3,4].  This lag 
is about  5 ms under conditions capable of producing high rates of  phosphoryla- 
tion [2,4].  On a simple model  of  phosphorylat ion where ATP synthesis and 
hydrolysis are at equilibrium, and only the position of  equilibrium is altered by 
energy input, no lag would be expected (see ref. 5). 

SchrSder et al. [6], and Gr~iber and Witt [7] have shown that a lag in the 
onset of phosphorylat ion would be expected if two pathways exist for dissipa- 
tion of the energy "current" ;  one via the ATP synthase mechanism and one 
via a " leak"  pathway,  provided that the synthase pathway is of  higher order in 
the current carrier than is the "leak".  For  example, if the current carrier were 
protons,  the leakage rate might be proportional to (H*) n and the synthase rate 
to (H+) n+l . Subsequently,  however, Oft  et al. [8] have shown that if the energy 
current is carried by  protons,  then the lag in phosphorylat ion in chloroplasts 
cannot  be explained by this t reatment or, conversely, if this t reatment holds, 
then the high energy state is not  a proton gradient. 

We have considered the possibility that  the lag in photophosphoryla t ion 
might be due to a regulatory process. The ATPase of  chloroplasts and mito- 
chondria bears a small subunit,  the ATPase inhibitor protein, which inhibits 
ATPase activity [9,10] but  does not  appear to inhibit phosphorylation.  It is 
generally assumed that ATP synthesis and hydrolysis are at equilibrium during 
phosphorylation via the ATPase site, and it would therefore be surprising if 
this protein did not  inhibit phosphorylation.  It has been shown, however, that 
under the conditions for steady state phosphorylat ion,  the inhibitor protein 
shifts from its inhibitory site to a non-inhibitory site on, or close to the ATPase 
[11,12].  Whether this shift was sufficiently fast to precede phosphorylat ion 
remained undetermined. 

The data presented here show that inhibitor displacement from the ATPase 
is sufficiently fast to precede phosphorylation,  and that the bound inhibitor 
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protein does inhibit phosphorylation. During phosphorylation induced by mul- 
tiple flashes, the rate of ATP synthesis is limited by the number of uninhibited 
ATPase molecules rather than by energy input or the rate of ATPase turnover. 

Because the inhibitor protein must be displaced from its inhibitory site on 
the ATPase before phosphorylation can begin, and because this displacement 
is energy dependent, several flashes were required to initiate phosphorylation. 
The number of flashes required is higher at low rates of energy input. The 
energy-dependent lag seen before phosphorylation in continuous light [3,4], 
and the lag which precedes acid-base-induced phosphorylation [2] may well be 
expressions of the same phenomenon. 

In agreement with Gr/iber and Witt [7], we find that multiple flashes rapidly 
induce a membrane potential in chloroplasts, while a pH gradient does not 
develop significantly for many flashes. It appears, therefore, that release of the 
inhibitor preceding flash-induced phosphorylation is dependent largely on the 
membrane potential. This is in agreement with the conclusions of Good and 
co-workers [4,8] who observed that, during phosphorylation induced by con- 
tinuous light, the lag was dependent on membrane potential rather than on the 
pH gradient. 

The bound nucleotides of the chloroplast ATPase [13] exchange against 
added nucleotides during energisation by flashes. No lag (less than 5 flashes) 
was observed in the exchange at high energy input rates, and the exchange 
proceeded to more than one nucleotide exchanged per ATPase molecule. An 
interpretation of this finding, with regard to the involvement of the bound 
nucleotides in phosphorylation, is given. 

Methods 

Class II chloroplasts (lacking an outer membrane) were prepared in dim 
light from spinach, and washed to remove the pool of free nucleotide. The 
procedure used was that described previously (Mg 2+-containing medium) [ 13], 
except that KC1 was omitted from the buffers. Chloroplasts prepared by this 
method were shown to be low in adenylate kinase activity [14]. The steady- 
state of phosphorylation by these chloroplasts, measured using 32P i incorpora- 
tion [13], was typically 1.5--2 pmol • min -1 • mg chlorophyll -1, about 33--50% 
of that observed in chloroplasts made in buffers containing KC1. The decay of 
the flash-induced absorption change at 515 nm (see below} was also somewhat 
(4--5×) faster in the chloroplasts prepared in media free of K ÷. 

ATPase activity was measured using a recording pH meter in a buffer con- 
taining 50 mM NaC1/4 mM dithioerythritol/2 mM Tricine/2 mM Mg-ATP/1 mM 
MgC12/0.1 mM EDTA brought to pH 7.8 with NaOH [11]. H ÷ uptake was 
measured similarly, except in 100 mM NaCl/1 mM MgCl: (pH 6.6--6.8) equil- 
ibrated with air. The concentration of chlorophyll in these experiments was 
20--50 pg/ml and illumination was provided by a flashlamp external to the 
transparent measuring cuvette. The absorbance change of chloroplasts at 515 
nm was measured as described previously [15]. 

Flash-induced phosphorylation was measured as follows. Chloroplasts (200-- 
300 ~g chlorophyll/ml) were mixed with reagents (ADP, Pi, DCMU, etc.} in the 
dark and drawn into a concentric cylindrical cell (2.5 cm ihternal diameter) 
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Fig. 1. Apparatus  used  for f lash- induced P h o s p h o r y l a t i o n ,  a, as v i e w e d  f r o m  above;  b, as v i e w e d  f r o m  side 
(cross section). X, Xenon flash tube  (Wingent ,  Cambridge, 200 W linear); IW, inner wall of glass cylindri- 
cal cell; OW, outer  wall of glass cylindrical cell; IP, inlet and outlet  port  for react ion  mixture;  S, syringe. 

with a 2 mm gap between the walls and a total volume of about  8 ml (Fig. 1). 
The suspension was held in place by suction from the syringe (S). Illumination 
was provided by brief (about  10 Us at half height) flashes from a xenon flash 
tube mounted centrally along the long axis of the cylinder (Fig. 1). With this 
arrangement, saturating flashes could be given to a large amount  of  chloroplasts 
at one time, thus eliminating the need found by other workers [4,7,8] to apply 
repeated flash groups separated by long dark periods for measurable incorpora- 
tion of  label. 

Immediately after illumination, the chloroplasts were expelled from the cell 
through the inlet/outlet  tube by downward pressure on the syringe, into either 
perchloric acid (final concentration 4%) for studies on 3~P i incorporation, or 
ammonium chloride solution (pH 7.8) (final concentration 10 mM) for studies 
on the bound nucleotides. 32P-Label incorporation into total nucleotide, and 
incorporation into the bound nucleotide were measured as previously [13]. 

The time between mixing the reagents and quenching the reaction mixture 
was about  15 s. During this time, the incorporation of  32P i into ATP in the dark 
was less than 0.5 mol/mol  ATPase {less than 0.1 mol/mol  ATPase in most prep- 
arations). This is corrected for in the data presented. 

Chloroplasts, with part of the inhibitor protein stably displaced from its 
inhibitory site, were prepared by illumination with dithioerythritol  in the 
absence of  Mg ~+ [11]. This gave a preparation with an enhanced membrane 
ATPase activity which persisted for several hours after illumination. 
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Results 

Flash-induced A TPase activity 
The ATPase activity of  class II chloroplasts is normally very low or undetect- 

able unless the chloroplasts are activated by pretreatment with trypsin, or light 
in the presence of  a dithiol reagent [16,17].  These procedures act by displac- 
ing or removing the ATPase inhibitor from the ATPase [9,11]. 

It is shown in Figs. 2 and 3 that the ATPase activity of  chloroplasts was 
induced by very short periods of flash illumination. At 100 Hz, the activity was 
stimulated in a very small number of flashes (~3). At lower flash rates (Fig. 2) 
or in the presence of DCMU (Fig. 3) a considerable number of  flashes was 
required (20--30) before much stimulation occurred. 

Table I shows that the light-induced ATPase was stimulated by an uncoupler 
(here Na*-nigericin) as previously shown by Crofts [18] and Carmeli [19]. At 
low levels of activation of  the ATPase, little stimulation was observed, while at 
higher levels, the stimulation was as much as 10-fold. This is presumably 
because, at low levels of  activation, ATPase activity was limited by the number 
of  active ATPase molecules present, while at higher levels by the dissipation of 
the energy produced during hydrolysis. Only the dissipation would be speeded 
up by uncouplers. 

At low levels of  activation of  the ATPase at least, therefore, measurement of  
the light-induced ATPase activity gives us information about  the fraction of  
active ATPase molecules present, i.e., about  the relative number of  ATPase 
molecules with their inhibitor protein displaced to a non-inhibitory site. Figs. 2 
and 3 thus show that, at low energy input rates, a considerable number of 
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Fig.  2. ATPase  i n d u c t i o n  by  mu l t i p l e  f lashes;  e f f e c t  o f  flash rate.  Chloroplas ts  (20  jug ch lo rophy l l )  were  

incubated  in 0 .89  ml  of  so lu t ion  c o n t a i n i n g  50 m M  NaC1/2 raM Tr ic ine /1  m M  MgC12/0.1 raM E D T A /  

4 m M  d i t h i o e r y t h r i t o l / 4  m M  M g - A T P / 1 0  ~g p y o c y a n i n e  brought  to  p H  7.8 w i t h  N a O H .  The ATPase  
ac t iv i ty  was m o n i t o r e d ,  b e f o r e  and  a f t e r  a g iven  nuraber o f  f lashes,  by  r a o n i t o r i n g  H + release w i t h  a 
recording  p H  m e t e r .  A x e n o n  f lash l a m p  (Osra ra  X E 1 2 0 0 )  w i t h  an o range  c u t - o f f  f i l te r  was  used  to  
provide  the  f lashes,  each  o f  w h i c h  discharged 4 J w i t h  a width  at ha l f  h e i g h t  o f  15 ~s. S a t u r a t i o n  by  the  
flash was  c h e c k e d  by  v a r y i n g  the  ch loroplas t  c o n c e n t r a t i o n  (in this and  all s u b s e q u e n t  e x p e r i m e n t s ) .  

X X, 100 Hz; o o 12.5  Hz. The  resul t s  are e x p r e s s e d  as % s t i m u l a t i o n  o b t a i n e d  w i t h  con t in -  
uous  i l lu ra ina t ion .  
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Fig. 3. ATPase  i nduc t i on  by  mul t ip le  flashes; e f fec t  of  DCMU. Flash- induced  ATPase  ac t iv i ty  was 
m e a s u r e d  as in Fig. 2, excep t  t ha t  5 pM DCMU was  p re sen t  wh e re  ind ica ted .  Th e  flash ra te  was  100 Hz.  
X X, No addition; a o, + 5 ~M DCMU. 

flashes was required before the inhibitor protein is displaced from its inhibitory 
site on the ATPase. It is noteworthy that the inhibitor displacement depended 
on the extent and frequency of  turnover of  the photosynthetic apparatus 
rather than simply on the number of  electrons transferred or on the total expo- 
sure to light. It is also seen (Figs. 2 and 3 and Table I) that repeated flashes do 
not induce as high an ATPase as continuous light and, thus, that less inhibitor 
protein can be displaced by repeated flashes than by continuous light. 

Flash-induced phosphory lation 
Fig. 4 shows that,  at rapid flash rates (100 Hz) phosphorylat ion began within 

the first few flashes. Omission of ADP from the reaction medium abolished 
phosphorylation,  even though 1 mol ADP is tightly bound to the chloroplasts 
per mol ATPase. This is in agreement with the results of Smith et al. [2], who 
showed that, in phosphorylat ion induced by an acid-base jump, added ADP is 
necessary before bound ADP can be phosphorylated.  During longer periods of 
continuous illumination (>3 s), however, it has been shown that phosphoryla- 
tion of bound ADP by  32P i can occur in the absence of  added ADP [13,20].  

T A B L E  I 

E F F E C T  OF U N C O U P L E R  ON T H E  F L A S H - I N D U C E D  ATPase  

The  ATPase  was  induced  by  light flashes in the  presence  of  d i t h ioe ry th r i t o l  and ATP,  and m e a s u r e d  as 
descr ibed  in Fig. 2. Af t e r  each  group  of  flashes, ATP  hydro lys i s  was a l lowed to p ro ceed  for a b o u t  30  s 
and 10 pl 2 m g / m l  nigericin added  as an uncoup le r .  The  initial ra te  of  hydro lys i s  a f te r  the  addi t ion  of  un- 
coup le r  was t h e n  measu red  (since in the  p resence  of  u n c o u p l e r ,  the  ac t iv i ty  falls in t ime) .  

No. of flashes ATP hydrolysis Uncoupled 

ATP hydrolysis 

(nmol/min per  m g  ch lo rophy l l )  

Stimulation by  uncoupler 

0 35  65 1.9 
3 4 0  89  2.3 
7 60  178 3.0 

11 64  190 2.9 
39  8 5  4 8 0  5 .7  
Con t inuous  l ight 154 1200  8.5 
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Fig. 4. Requirement of added ADP for photophosphorylation. Washed, class II chloroplasts were illumi- 
nated by saturating light flashes of 10 /zs (half height) duration in the cell described in Methods. The chlo- 
rophyll concentration was approx. 300 /zg/ml, and the flash frequency 100 Hz, each flash discharging 4 J. 
The suspension medium comprised 5 ml of 50 mM NaCI/2 mM Tricine/1 mM MgCl 2/10 /~M pyocyanine/ 
2 mM 32P i (2500 cpm/nmol) brought to pH 7.8 with NaOH. 200/~M ADP was added as indicated. After a 
number of flashes, the chloroplasts were denatured with 4% HCIO 4 and organic 32p-label (bound + free 
labelled nucleotidc) was determined. (Inclusion of glucose (20 raM) and hexokinase (5 U/ml) did not 
af fec t  the  p h o s p h o r y l a t i o n  observed  (no t  shown)  and  was o m i t t e d  in subsequen t  m e a s u r e m e n t s . )  • • ,  
No ADP added ;  X X, 200  #M ADP added .  

10 8 

YJ 
ATPas~ L • ~ / ~  

2 x x 

x 
0 

0 20 40 60 80 100 
Fig. 5. Effec t  of  flash sPacing on p h o t o p h o s p h o r y l a t i o n .  F lash- induced  p h o s p h o r y l a t i o n  was m e a s u r e d  as 
in Fig. 4 ,  e x c e p t  that  2 0 0  ~M A D P  was  present  in e a c h  case.  The  dark level  o f  no n-ex tra c ta b le  p h o s p h a t e  
(see Fig. 4)  was s u b t r a c t e d  f r o m  the  readings  ob t a ined  to express  the  values  as Light-induced phosphory la -  
t ion ,  and  the  values  expressed  as m o l  ATP  label led pe r  tool  ATPase  using a value of  1.3 m n o l  A T P a s e / m g  
ch lo rophy l l  [21]  in this  and  s u b s e q u e n t  figures.  X X, Flash ra te  100  Hz;  • --, flash ra te  25 Hz; 
o---------~, flash ra te  12 .5  Hz. 
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Fig. 5 shows that, as the flash rate was decreased, phosphorylation did not 
begin until after several flashes had occurred. This delay in the onset of phos- 
phorylation is hereafter referred to as a lag. At 50 Hz (not shown) the time 
course of phosphorylation was indistinguishable from that at 100 Hz, while at 
25 Hz a short lag (about 8 flashes) seemed to occur, and at 12.5 Hz this lag was 
pronounced. This was not associated with a lag in electron transfer, as was 
shown by measurement of the absorption change at 515 nm (see below). 

Under these conditions the electron transfer mediator, pyocyanine, medi- 
ates the turnover of  Photosystem II in addition to Photosystem I since it is 
to some extent auto-oxidisable. Fig. 6 (lowest curve) shows that decreasing the 
energy input per flash, by blocking Photosystem II with DCMU, produced a lag 
in phosphorylation comparable (in number of flashes) to that occurring when 
the flash frequency was decreased. 

The lags seen in phosphorylation at lower rates of energy input are reminis- 
cent of those observed in displacement of the ATPase inhibitor protein at low 
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Fig.  6. P h o s p h o r y l a t i o n  in  ch lo rop la s t s  p r e t r e a t e d  by  i l l umina t i on  in the  p resence  o f  d i t h i o e r y t h r i t o l .  

Resu l t s  o f  t w o  e x p e r i m e n t s  us ing  a small  (B) or la rger  (A)  n u m b e r  of  f lashes.  Ch lo rop las t s  wi th  a s table  
inc reased  ATPase  ac t iv i ty  were  p r e p a r e d  as in  ref .  11 e x c e p t  t h a t  the  ch lo rop la s t s  were  i l l u m i n a t e d  at 
1 0 0 - - 2 0 0  pg  c h l o r o p h y l l / m l  us ing  a 1 0 0 0  W qua r t z -ha logen  l a m p  a t  a d i s t ance  of  25 cm.  The  ch lo rop las t s  
were  m a i n t a i n e d  at  10°C and  s t i r red  du r ing  the  5 m i n  i l l umina t i on  per iod .  T h e y  were  t h e n  spun  d o w n  and  
w a s h e d  to r e m o v e  d i t h i o e r y t h r i t o l  by  c e n t r i f u g a t i o n  t h r o u g h  a m e d i u m  c o n t a i n i n g  50 m M  NaC1/2 m M  
T r i c i n e / 0 . 5  m M  E D T A  w h i c h  h a d  b e e n  b r o u g h t  to  p H  7.8 w i t h  N a O H ,  and  k e p t  in th i s  b u f f e r  a t  0°C in 
the  da rk .  The  con t ro l  par t ic les  were  t r e a t ed  in  the  same  m a n n e r ,  e x c e p t  t h a t  i l l umina t i on  was  o m i t t e d  and  

d i t h i o e r y t h r i t o l  and  p y o c y a n i n e  were  n o t  added .  P h o t o p h o s p h o r y l a t i o n  was  m e a s u r e d  in the  p resence  and  
in the  absence  of  D C M U  (5 pM) as desc r ibed  (f lash ra te  100  Hz) ,  e x c e p t  t h a t  the  r e a c t i o n  m i x t u r e  was  
m a d e  up in 50 m M  NaCl /2  m M  T r i c i n e / 0 . 5  m M  E D T A  (pH 7.8)  and  1 m M  free Mg 2+ added  (as MgCI 2 ) only  
i m m e d i a t e l y  p r io r  to  f lashing.  Th i s  m i n i m i s e s  " d e c a y "  of  the  ch lo rop la s t s  b a c k  to the  i nh ib i t ed  s ta te .  

Where  i n d i c a t e d  ( the  p o i n t  A) MgC12 was  a d d e d  to  the  b u f f e r  + ch lo rop las t s  10 m i n  p r io r  to  the  a d d i t i o n  
of  the  o t h e r  r e a g e n t s  and  i l l umina t ion ,  u D Con t ro l  ch lo rop las t s  i l l umina t ed  w i t h  5 pM D C M U ;  
A ~ ,  p r e t r e a t e d  ch lo rop la s t s  i l l u m i n a t e d  w i t h  5 pM D C M U ;  X ×, c on t ro l  ch lo rop la s t s  i l lumi- 
na t ed  w i t h o u t  DCMU.  
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rates of energy input. (Figs. 2 and 3). It therefore seemed that  the cause of the 
lag in phosphorylation might be the slow displacement of the inhibitor protein 
under conditions of low energy input. (That the lengths of the lags were not  
identical is attributed to the different conditions in the two incubations. In 
particular, the presence of dithiols in the ATPase assay would tend to stimu- 
late release of the inhibitor protein even in the absence of energy input.) 

To test this hypothesis, chloroplasts were prepared in which part of the 
inhibitor protein had been displaced from its inhibitory site. Chloroplasts were 
illuminated in the presence of an electron transfer mediator and dithioerythri- 
tol, and the preparation freed of dithioerythritol  by repeated centrifugation in 
the dark. These chloroplasts had a stimulated ATPase activity stable for several 
hours in the absence of Mg 2÷ [11]. 

It is shown in Fig. 6 that  chloroplasts thus treated synthesised significant 
amounts of ATP at low rates of energy input without  the requirement for 
multiple flashes seen with untreated chloroplasts. The results of two experi- 
ments, involving a small (Fig. 6B) or larger (Fig. 6A)number of flashes, are given. 
It can also be seen that pretreatment had little effect on chloroplasts illuminated 
in the absence of DCMU, where no lag occurred even without  preincubation. The 
abolition of the lag was not complete, probably because displacement of the 
inhibitor protein was only partial, and also because some decay to the inhibited 
state is unavoidable prior to phosphorylation. When this decay was accelerated, 
by the addition of Mg 2+ [11], phosphorylation fell towards the level seen in 
untreated chloroplasts (Fig. 6A and B). We conclude, therefore, that the lag in 
flash-induced phosphorylation observed at low rates of energy input is a conse- 
quence of interaction between the ATPase and its inhibitor. 

In all these experiments, rates of phosphorylation were less than 0.15 mol 
ATP/mol ATPase per flash. Table II shows the maximum rates observed over a 
series of experiments of the type shown in Figs. 5 and 6. In every case, a low 
efficiency of phosphorylation was observed, if there were about 2 mol ATPase 
per Photosystems (I + II) [21], and one site for energy conservation per photo- 
system [22], saturating single turnover light flashes might be expected to yield 
2 mol ATP/mol ATPase per flash. This low rate of ATP formation was not due 
to the tumover  capacity of the assembly of active ATPases, since, during steady 

T A B L E  II  

M A X I M U M  P H O S P H O R Y L A T I O N  R A T E S  I N D U C E D  BY S I N G L E  T U R N O V E R  F L A S H E S  

Phosphory l a t i on ,  measu red  as in Figs. 5 and 6, is e x p r e s s e d  as average n u m b e r  o f  tool  A T P / m o l  A T P a s e  
per  flash (i.e., s lopes o f  the  l ines  in Figs. 5 and 6)  over  t h e  range  o f  f lash n u m b e r s  ind ica ted .  These  num-  
bers  represent  the  m a x i m u m  rates  o b t a i n e d  over  several prepara t ions  o f  ch loroplas t s .  

I n c u b a t i o n  c o n d i t i o n s  P hos pho ry l a t i o n  ra te  (tool A T P / m o l  A T P a s e  per  flash) 

Flash nos. 5---50 Flash nos. 8 0 - -1 4 0  

100 Hz 0 . 135  0 .15  
12 .5  Hz 0.01 0 .10  
100 Hz, 5 #M DCMU 0 . 002  0 .06  
100 Hz,  inh ib i tor -d  e p l e t e d  ch l orop l as t s  0 .12  0 .12  
100 Hz, 5 #M DCMU, inhibi tor-  0 . 025  0 .12  

d e p l e t e d  c h l o r o p l a s t s  



96 

T A B L E  I I I  

E F F E C T  OF K + - V A L I N O M Y C I N  ON T H E  T I M E  C O U R S E  OF P H O T O P H O S P H O R Y L A T I O N  

F l a s h - i n d u c e d  p h o s p h o r y l a t i o n  w a s  m e a s u r e d  as  d e s c r i b e d  in Fig. 4, in  t h e  p r e s e n c e  of 200 /zM ADP. O t h e r  
a d d i t i o n s  w e r e  as  i n d i c a t e d .  T h e  r e s u l t s  are  e x p r e s s e d  as  rea l  ATP labe l l ed /mol  ATPase  dur ing  t h e  t o t a l  

n u m b e r  o f  f l a s h e s  i n d i c a t e d .  T h e  f lash  ra te  w a s  100 Hz. 

A d d i t i o n  ATP  m a d e  u p  t o  f lash  n u m b e r  ( m o l / m o l  ATPase)  

25 50 125 

N o n e  2.70 5.68 n o t  d e t e r m i n e d  

5 pM DCMU 0 .22  0 .18  2.24 
40 #M v a l i n o m y c i n  + 20 m M  KCI 0.0 0.0 4 .98  

state phosphorylation, these chloroplasts showed ATP synthesis rates of 
2 pmol /min per mg chlorophyll (see Methods), i.e., about 30 mol  ATP synthe- 
sised/mol ATPase per s, which is twice as fast as the rate observed even at 100 
Hz. Further, the turnover capacity of  the ATP synthases is almost certainly 
faster than the rate of  phosphorylation in continuous light [ 2].  

Thus, during repeated flashes, something other than energy input or ATPase 
turnover capacity must limit photophosphorylation.  This conclusion is sup- 
ported by the finding that "activated" rates of  phosphorylation in the presence 
or absence of  DCMU were almost identical (in spite of  the differences in energy 
input rate) (Table II). In view of  the experiments shown in Fig. 6, it seems 
probable that the rate of  phosphorylation was, in general, limited by the num- 
ber of  ATPase molecules available for turnover, i.e., those in which the inhib- 
itor had been displaced. 

As is shown in Table III, K*-valinomycin caused a lag to occur in flash- 
induced phosphorylation rather as did DCMU, although the combination does 
not  inhibit steady-state phosphorylation at these concentrations. Ort et al. [8] 
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Fig. 7, I n d u c t i o n  of  m e m b r a n e  p o t e n t i a l  b y  m u l t i p l e  f la shes .  T h e  c h a n g e  in a b s o r b a n e e  at  515 nm of a 
s u s p e n s i o n  o f  c h l o r o p l a s t s  (20  pg c h l o r o p h y l l / m l )  w a s  m e a s u r e d  d u r i n g  s h o r t  f l a shes  f rom a x e n o n  f lash 
l amp (Wingent ,  Cambr idge ,  200  W " s n a k e d "  t u b e  t o  s p e c i a l  d e s i g n )  as  d e s c r i b e d  p r e v i o u s l y  [ 1 5 ] .  E a c h  
flash d ischarged 3.5 J. T h e  c h l o r o p l a s t s  w e r e  s u s p e n d e d  in  a b u f f e r  c o n t a i n i n g  50 mM NaCl/2  m M  T r i c i n e /  

1 mM MgC12/10 pM p y o c y a n i n e  (pH 7.8 wi th  Na OH)  and DCMU (5 pM) w a s  P r e s e n t  as  i n d i c a t e d .  T h e  
p e a k  h e i g h t  a f t e r  a g iven  n u m b e r  o f  f l a s hes  is s h o w n .  X X, 100 Hz; • ---4D 12.5 Hz~ [] [], 
100 Hz + 5 IzM DCMU. 
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have shown that K+-valinomycin also increases the lag seen in phosphorylation 
induced by continuous light. They interpreted their results as showing a 
dependence of the lag period on the membrane potential. 

Flash-induced energisation of the membrane 
Fig. 7 shows that the change in absorbance at 515 nm (the "carotenoid" or 

"electrochromic" shift) measured in these chloroplasts reaches a maximum 
after about 5 flashes. The height of  the maximum depended on the frequency 
of  the flashes (since the half time for the decay of  the shift was comparable 
with the time between flashes), and upon whether one or both Photosystems 
were operating (+_DCMU). 

The absorbance change at 515 nm reflects the potential across the thylakoid 
membrane (A~)  [15].  These results thus indicate that the requirement for 
multiple flashes in phosphorylation, at low rates of  energy input, did not 
reflect a failure in electron transport or in membrane integrity. The different 
steady-state levels of  membrane potential reached, however, might provide a 
rationale for the different lags in phosphorylation. This is discussed further 
below. 

Fig. 8 shows that the extent of  H ÷ uptake by thylakoids increases only 
slowly during repeated flashes relative to the steady-state level seen in continu- 
ous light (cf. ref. 7 ). Only 20% of  the steady state level was reached after 100 
flashes. Lowering the flash rate from 100 Hz to 12.5 Hz had no effect on the 
flash yield of  the H ÷ uptake, presumably because of  the relatively slow decay of  
the pH gradient. We have seen above, however, that such a change had a large 
effect on the lag in phosphorylation (Fig. 4) making it unlikely that, under 
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Fig. 8. Proton uptake induced by multiple flashes. Chloroplasts (50 /~g chlorophyU/ml) were suspended in 
150 mM NaCl/1 mM MgCl2[10 pM pyocyanine equilibrated with air (pH 6.6--6.8 *). The pH of the solu. 
tion was measured during flash illumination (as in Fig. 2), and the uptake of H + due to the flash group was 

e s t i m a t e d  f r o m  t h e  p H  c h a n g e  i n d u c e d  b y  a g r o u p  o f  f l a s h e s .  D C M U  w a s  p r e s e n t  as  i n d i c a t e d .  X X, 
100  Hz;  o o,  12 .5  Hz;  o o, I 0 0  Hz + 5 pM D C M U ;  ~ ~, 12 .5  Hz + 5 #M D C M U .  * S i m i -  
lar r e s u l t s  w e r e  o b t a i n e d  u s i n g  a s o l u t i o n  l i g h t l y  b u f f e r e d  at  p H  7.8,  u s i n g  c r e s o l  r e d  as  a n  i n d i c a t o r  o f  t h e  
p H  change  [ 2 7 ] .  T h e s e  e x p e r i m e n t s  w e r e  p e r f o r m e d  in  c o l l a b o r a t i o n  w i t h  Dr. S. S a p h o n .  
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these conditions, the pH gradient is involved in the processes responsible for 
the lag. DCMU lowered both the flash yield of  H ÷ uptake, and the level of 
uptake seen in continuous light (Fig. 8). 

Flash-induced labelling of nucleotides. 
It was shown above (Figs. 4--6) that  flashes of  light induce chloroplasts to 

catalyze the incorporation of 32P i into organically-bound 32P-label. The distribu- 
tion of this label is shown in Fig. 9. Virtually all the organic label was present 
in adenine nucleotides, and the 7-position of  ATP was labelled much faster 
than the ~-positions of  ADP and ATP. This is consistent with the view that 
ADP is the initial phosphate acceptor in phosphorylat ion but  does not  prove 
this point (see below). These findings are in agreement with the results of 
Aflafo and Shavit [20] using continuous light, and with Smith et al. [2] study- 
ing phosphorylat ion induced by an acid-base transition, but  not  with the results 
of Boyer et al. [23],  using continuous light, where a rapid labelling of the 
fi-position of ATP was observed. The reason for this discrepancy is uncertain. 

The chloroplast ATPase, in its isolated and membrane-bound forms, bears 
tightly-bound ATP and ADP, a total of 2 mol ATP and 1 mol ADP per mol 
ATPase [13]. Fig. 10 shows the exchange of  these nucleotides against added 
ATP and ADP induced by single turnover flashes. As with phosphorylation,  at a 
flash rate of 100 Hz, the exchange started within the first few flashes and 
proceeded to more than 1 mol nucleotide exchanged per tool ATPase. Owing to 
instrumental limitations it was not  possible to increase the number of flashes suf- 
ficiently to see if all the nucleotides could eventually exchange. Addition of  Pi 
did not  affect the rate of exchange against ADP (not shown). 

Fig. 10 also shows that the amount  of bound nucleotide exchange per flash 

tool 
organic 

AT Pase/ '  

2 

~0 80 120 
no. of flashes 

Fig. 9. Distr ibut ion  o f  label  during f lash- induced p h o s p h o r y l a t i o n .  Pho spho ry la t i o n  was carr ied o ut  as in 
Fig. 2 (100  Hz) ,  e x c e p t  that  32p  i was  p resen t  a t  a spec i f ic  act iv i ty  o f  16  0 0 0  c p m / n m o l  and the to ta l  
v o l u m e  w as  8 ml .  Dis tr ibut ion  of  label  a m o n g  the  n u c l e o t i d e s  wa s  d e t e r m i n e d  as previous ly  [ 1 1 ] .  X X, 
7.32pinATP:o - _ o~I3.32pinADP;~ D ~-32pinATP" 
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Fig.  1O. E x c h a n g e  of  b o u n d  nuc l eo t ide  wi th  added  nuc l eo t ide  i n d u c e d  by  l ight  f lashes.  Ch lo rop las t s  were  

i n c u b a t e d  as in Fig.  5, e x c e p t  t h a t  the  to ta l  v o l u m e  was  8 ml ,  32p  i was  o m i t t e d  and  A D P  rep laced  by 
[ 3 H ] A T P  or [ 3 H ] A D P  ( 7 5 0 0  c p m / n m o l ) .  Af t e r  i l l umina t i on ,  the  ch lo rop la s t s  were  expe l l ed  f r o m  the cell 

in to  a so lu t ion  of  NH4C1 (pH 7.8,  f inal  c o n c e n t r a t i o n  10 raM)  to s top  f u r t h e r  e x c h a n g e ,  and  inco rpo ra -  

t i on  of  label  i n to  the  b o u n d  n u e l e o t i d e s  m e a s u r e d  as desc r ibed  [ 1 3 ] .  In  the  case o f  e x c h a n g e  aga ins t  ATP.  

1 m M  p h o s p h o e n o l  p y r u v a t e  and  8 U ( /~mol /min)  a m m o n i a - f r e e  p y r u v a t e  k inase  were  also p resen t .  The  
flash ra te  was  100  Hz. o u, E x c h a n g e  aga ins t  [ 3 H ] A T P ;  X X, e x c h a n g e  aga ins t  [ 3 H ] A D P .  

is less than the phosphorylation per flash (Table II) (0.007 mol exchanged/flash 
as compared to 0.12 mol ATP made/flash) over about 100 flashes. This is seen 
more clearly from Table IV, where phosphorylation and exchange were 
measured on the same preparation of  chloroplasts. This is discussed further 
below, in the light of  proposals that the bound nucleotides are directly involved 
in the phosphorylation mechanism [ 13 ]. 

Discussion 

It is shown above that release of  the inhibitor protein from its inhibitory site 
on the ATPase (as indicated by induction of  ATPase activity) is rapid enough 
to precede phosphorylation, both coming within 3 flashes at 100 Hz (Figs. 
2--6).  These data also show that, if the displacement of  the inhibitor protein is 
delayed, by lowering the rate of  energy input, (Figs. 2 and 3), the onset of 

T A B L E  IV 

P H O S P H O R Y L A T I O N  A N D  E X C H A N G E  O F  B O U N D  N U C L E O T I D E S  I N D U C E D  BY L I G H T  

F L A S H E S  

Chloroplasts were incubated as in Fig. I0 except that 2 mM 32p i (2500 epm/nmol) was present in addi- 

tion to [3H]ADP. Total phosphorylation, and [3H]adenine incorporation into the bound nucleotides, 

after flash groups of varying length were measured as described. 

No.  o f  flashes Total  32p esterified [ 3 H ] A d e n i n e  b o u n d  

( too l / too l  ATPase)  

0 1 .60  0 .164  
44  4 .76  0 . 6 9 0  
71 7 .05  0 .839  

115  7 .95  1 .03 

Mean rate 0 .06 / f lash  0 .008 / f la sh  
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phosphorylation is similarly delayed (Figs. 5 and 6), thus implicating the 
displacement of inhibitor as a necessary initial step in phosphorylation. 

Pretreatment, by illumination in the presence of dithioerythritol  (followed 
by dark adaptation), leads to chloroplasts in which the initial "lag" in phos- 
phorylation at low rates of energy input is partially abolished (Fig. 6). This 
finding can only be explained if the lag is governed by some control element, 
and not  if the lag is due solely to the energy state of the chloroplasts ~t the 
time of  measurement,  as is assumed in the treatment of  Gr~iber and Witt [7]. 
Since this pretreatment is known to displace the ATPase inhibitor protein [ 11 ], 
it is concluded that this control element is the inhibitor protein. 

These conclusions are consistent with the view that the ATPase site of the 
coupling ATPase catalyses both the forward (phosphorylation) and reverse 
(ATPase) reactions in coupled chloroplasts, and that the inhibitor protein 
inhibits both  processes. Under the conditions of  the experiments above, it 
seems likely that the number of activated ATPase molecules limits the rate of 
phosphorylation,  certainly at low rates of energy input (where up to 50 flashes 
may give no phosphorylat ion at all). Even at the highest flash rates (100 Hz), 
phosphorylat ion rates are less than half the maximum turnover of the assembly 
of  ATPase molecules present, probably because a considerable proport ion of 
the ATPase molecules are in the inhibited state. 

The establishment of  the ATPase inhibitor as the limiting factor in flash- 
induced phosphorylat ion opens the question as to whether it might also limit 
phosphorylat ion in continuous light. Oft and Dilley [4] have recently shown 
that an approximately 4 ms lag is seen prior to phosphorylat ion induced by 
continuous light in chloroplasts. It is shown above (Figs. 4--6) that at high flash 
frequencies less than 50 ps of light is needed to initiate phosphorylation, if this 
light is spaced over 20--40 ms. It appears therefore that some dark process is 
limiting phosphorylation during this lag phase. The relatively low rate of  this 
process, in the ms time range, is compatible with a protein conformational 
change such as the displacement of the inhibitor protein. 

The displacement of  the inhibitor protein is "energy-dependent",  i.e., it 
requires electron transfer in coupled chloroplast membranes. It is not  triggered 
by a single flash, since it is affected by  the spacing between flashes (Figs. 2 and 
5), suggesting that a direct conformational  transfer of  energy is unlikely to be 
involved. Neither does the displacement appear, under these conditions, to 
depend on the pH gradient across the membrane,  since the gradient is not  
affected by the spacing between flashes {Fig. 8). 

The most  obvious candidate to govern the displacement of  inhibitor is the 
membrane potential (~),  as mirrored by the absorbance change at 515 nm 
[ 15]. This does differ {in mean value attained) with the spacing between flashes 
(Fig. 7) and could thus account for the different lags seen in phosphorylation,  
{i.e., different lengths of  time taken for the displacement of  the inhibitor) at 
different energy input rates. Under the conditions used here, the lag appeared 
to depend on the membrane potential raised to a fairly high power (~4 or ~s) 
since at lower energy input rates a relatively small change in the mean value of  
the potential (going from 100 Hz + DCMU to 12.5 Hz without  DCMU) (Fig. 7) 
leads to a large change in the lag period (750 ms to 4800 ms) {Figs. 5 and 6). 

Further evidence that the membrane potential is of  major importance in the 
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displacement of the inhibitor protein in chloroplasts comes from the induction 
of a long lag preceding phosphorylat ion by K%valinomycin, both  under flash 
conditions (Table III, above) and in continuous light [8]. 

It should be emphasised that the lag is not  the time taken to build up the 
membrane potential,  which is short (Fig. 7), but  is due to a process whose rate 
depends on the steady state membrane potential attained. We might visualise 
the (charged) inhibitor protein moving electrophoretically in the field set up. In 
chloroplasts, the inhibitor is not  released into free solution [16] because it is 
insoluble in water [9] and simply moves from one site on the ATPase to 
another. Possibly the electric field in the region of  the ATPase is distorted to 
allow this to occur. 

The experiments described in the last part of  the experimental section above 
were designed to investigate the role of  tightly-bound nucleotides [13] and 
fi-labelling of  ADP [24] on the coupling ATPase in the phosphorylat ion mecha- 
nism. Both fi-labelling and exchange of bound nucleotides began with no 
apparent lag at a flash frequency of  100 Hz (Figs. 9 and 10), as does phospho- 
rylation. Even at overall levels of  less than one mol of  label incorporated per 
mol ATPase however, the flash yield of bound nucleotide exchange and of ~-label- 
ling was considerably lower than phosphorylat ion (Figs. 9 and 10 and Table IV). 
It might appear at first sight, therefore, that neither energy-dependent release of 
nucleotides nor ~-labelling could be an obligatory step in phosphorylation. 

It has been demonstrated above, however, that the phosphorylat ion rate 
induced by repeated flashes is limited by the number  of  ATPase molecules 
from which the inhibitor protein is displaced. This means that  the thylakoid 
membranes bear a heterogeneous population of  ATPase molecules, some 
inhibited and some phosphorylating. Under these conditions, such a simple 
analysis of these final experiments is not  possible since, if a given activated 
ATPase molecule turned over several times while an inhibited molecule did not  
turn over at all, the rate of phosphorylat ion observed (1 ATP made/turnover)  
would exceed the rate of labelling at the ATPase itself (one/active ATPase, 
independent of number  of turnovers) even at levels of  label less than one/ 
ATPase molecule. These results are thus compatible with either of the processes 
involved in labelling the bound nucleotides being on the main pathway,  or on a 
side reaction of phosphorylation.  

In submitochondrial  particles, it has been shown that exchange of the nucle- 
otides bound to the coupling ATPase occurs only on ATPase molecules from 
which the inhibitor protein has been displaced [25,26].  If this is true also for 
chloroplasts, then, independent  of  the mechanism of this exchange, the data of 
Fig. 10 do provide information as to the dynamics of  the ATPase-inhibitor 
interaction. The fact that the exchange increases, approximately linearly, up to 
more than 100 flashes can be explained only if a dynamic equilibrium exists 
between inhibited and activated ATPase molecules, and not  if a fixed small 
section of  the population of  ATPase molecules is most susceptible to energisa- 
tion (and thus continually active here). Any given ATPase molecule, once 
activated, is able to turn over several times (here about  ten), but  will eventually 
collapse back into the inhibited state, while other, inhibited ATPase molecules 
become activated (under the influence of  the membrane potential).  Re-inhibi- 
tion of  ATPase molecules is presumably independent of energy, since it continues 
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when the light is switched off, rapidly inhibiting the ATPase activity of  chloro- 
plasts in the dark. 

In summary, therefore, we may represent the ATPase-inhibitor system in the 
form 

kj  

E - - I  W E *  
inhibited enzyme k-! 

with E* the form of the ATPase capable of ATP synthesis and hydrolysis, k 1 
is independent of energy, while kl, at least under the conditions used here is a 
function of  ~n (n ~ 5). Phosphorylating thylakoid membranes in general bear 
an assembly of  inhibited ( E - - / )  and activated (E*) ATPase molecules in a 
dynamic equilibrium, the ratio E * / E -  I increasing with energisation of the 
membrane and, under some conditions at least, limiting to the rate of phos- 
phorylation. 
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