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Summary 

Adenylate concentrations were measured in intact chloroplasts under a 
variety of  conditions. Energy charge was significant in the dark and increased 
in the light, but  remained far below values expected from observed phos- 
phorylat ion potentials in broken chloroplasts, which were 80 000 M -1 or 
more in the light. With nitrite as electron acceptor,  phosphorylat ion potentials 
in intact chloroplasts were about  80 M -1 in the dark and only 300 M -~ in the 
light. Similar phosphorylat ion potentials were observed, when oxaloacetate,  
phosphoglycerate or bicarbonate were used as substrates. AG~ATI • w a s  --42 kJ/ 
mol in darkened intact chloroplasts, --46 kJ/mol  in illuminated intact chloro- 
plasts and --60 kJ/mol  in illuminated broken chloroplasts. Uncoupling by 
NH4C1, which stimulated electron transport  to nitrite or oxaloacetate and 
decreased the proton gradient, failed to decrease the phosphorylat ion potential 
of  intact chloroplasts. Also, it did not  increase the quantum requirement of  
CO2 reduction. It is concluded that the proton motive force as conventionally 
measured and phosphorylat ion potentials are far from equilibrium in intact 
chloroplasts. The insensitivity of  CO2 reduction and of  the phosphorylat ion 
potential  to a decrease in the proton motive force suggests that  intact chloro- 
plasts are over-energized even under low intensity illumination. However, such 
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a conclusion is at variance with available data on the magnitude of the proton 
motive force. 

Introduction 

The phosphorylation potential P = [ATP]/[ADP][Pi] is a measure of the 
energy state of the adenylate system and its ability to transfer phosphate. 

Kraayenhof [1] has reported that the phosphorylation potential obtained 
by chloroplasts under saturating illumination was close to 30 000 M -1. 
Although it had been assumed that the chloroplasts used in these studies were 
intact, it is now clear that they had been devoid of functional envelopes. They 
were able to exchange adenylates with the suspending medium, while the 
envelope of intact chloroplasts has a low permeability for adenylates [2]. At 
physiological phosphate concentrations (between 4 and 15 mM [3,4] ), a phos- 
phorylation, potential of 30 000 M -1 corresponds to ATP/ADP ratios between 
120 and 450. Such high ratios have never been observed in chloroplasts [5--8]. 
Measured ATP/ADP ratios were 2 to 4 in the light and about 1 in the dark. 
Phosphorylation potentials calculated from these ratios range from about 60 
to 1000 M -1. One might assume that the differences between observations 
made in chloroplasts in vivo and in vitro reflect different metabolic flux situa- 
tions. That thi~ explanation is not valid will be shown in the following. 

During illumination of chloroplasts, light energy is used to establish a proton 
gradient and a membrane potential across thylakoid membranes. It is presently 
assumed that the proton motive force 

A G ~ / F  = (1.36/F) ApH + A ~ (1) 

(where AGh is the free energy of intrathylakoid protons and F the Faraday 
constant) drives endergonic ATP synthesis [9,10]. The phosphorylation poten- 
tial built up by isolated chloroplasts in the light should in the state 3/state 4 
transition, when electron transport is believed to be restricted by the avail- 
ability of ADP [11], be expected to be not far from equilibrium with the 
proton motive force. Even a small decrease of the latter should bring about a 
large decrease of the phosphorylation potential, since theory demands a loga- 
rithmic relationship between the proton motive force and the phosphorylation 
potential. It will be shown that in intact chloroplasts this expectation is not 
borne out by experiment. Therefore, in intact chloroplasts, the proton motive 
force and the phosphorylation potential are far from equilibrium even under 
conditions, where adenylate turnover is slow. This implies that ATP synthesis 
is not a rate-limiting step in photosynthesis. It will be discussed that such a 
conclusion is at variance with experimental observations and thermodynamic 
considerations. 

Material and Methods 

Chloroplasts capable of photoreducing CO2 at high rates were prepared from 
fresh greenhouse or field.grown spinach leaves by a modification [12] of 
Jensen and Bassham's procedure [13]. Chlorophyll was determined according 
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to Arnon [14].  Chloroplasts (33 pg/ml if not  indicated otherwise) were sus- 
pended in a reaction medium containing 0.33 M sorbitol, 40 mM N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulphonic acid (Hepes), 10 mM NaC1, 1 mM MgC12, 
I mM MnC12, 2 mM EDTA, 0.5 mM KH:PO4 (if not  indicated otherwise), 
pH 7.6. Concentrations of  substrates were usually 1 or 2 raM, the concentra- 
tion of  9-aminoacridine 5 pM. Catalase {1500 or 2000 I.U./ml) was also added. 
Oxygen evolution was recorded by a Clark type  electrode, 9-aminoacridine 
fluorescence by  a photomultiplier  which was protected against actinic and 
short wavelength light by  proper filter combinations as described elsewhere 
[15].  Short wavelength light for excitation of  9-aminoacridine fluorescence 
was provided by  a 450 W Xenon lamp with a proper filter combinat ion [15].  
Red actinic light was provided by a halogen lamp and was filtered through 
8 cm water, 1 mm Calflex C (Balzers, Liechtenstein) and 3 mm RG 630 from 
Schott.  For the measurements of  quantum requirements, a 674 nm inter- 
ference filter (from Balzers) was also added. Light absorption by  the chloro- 
plast suspension was determined in an Ulbricht sphere. Rates of  oxygen evolu- 
t ion were corrected for broken chloroplasts which absorbed light wi thout  con- 
tributing to oxygen evolution. The percentage of  broken chloroplasts con- 
taminating suspensions of  intact chloroplasts was determined by  the ferri- 
cyanide method [ 5]. 

Adenylates were determined by  the luciferin-luciferase method with an 
extract from firefly lanterns (Sigma FLE 50) as described in Ref. 16. Calibra- 
tion was done with known amounts  of  a freshly prepared ATP solution. 

Results and Discussion 

I. Energy charge and phosphorylation potential 
Intact chloroplasts can reduce a number  of  substrates such as nitrite, oxalo- 

acetate, phosphoglycerate,  glycerate or bicarbonate without  the addition of  
cofactors. Their envelope retains all components  necessary for photosynthesis  
including adenylates and enzymes such as adenylate kinase [2].  When chloro- 
plasts are illuminated with nitrite, oxaloacetate or phosphoglycerate,  reduction 
usually proceeds wi thout  a pronounced lag phase and intrachloroplast ATP 
levels increase to a maximum within a very short time, often less than 3 s 
[8,17].  With nitrite or oxaloacetate as electron acceptor,  the intrachloro- 
plast ATP pool reached its maximum size at very low light intensities (20 
W • m -2, for nitrite, Fig. 1). These substrates do not  consume ATP during reduc- 
tion. In contrast,  glycerate, phosphoglycerate and CO2 require ATP for reduc- 
tion. When CO: was the substrate, much higher light intensities were needed to 
saturate ATP pools. With glycerate as substrate, ATP pools remained low even 
under high light intensities [8].  Steady state conditions for reduction were 
reached rapidly for all substrates except  CO~. Adenylates were measured under 
s teady state condit ions both  in the dark and in the light. Fig. 2 shows the 
intrachloroplast adenylate distribution under a variety of  metabolic flux 
situations as a function of  energy charge (EC) 

EC = (2[ATP] + [ADP]) /2([ATP]  + [ADP] + [AMP]) 

The concept  of  energy charge was introduced by  Atkinson [18] to describe 
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the extent  to which the adenylate system is filled with phosphate.  The drawn 
curves in Fig. 2 reflect the adenylate distribution at different energy charge 
values as calculated under the assumption that  adenylates are in adenylate 
kinase equilibrium (equilibrium constant  0.5, see Refs. 19 and 20). The 
measured adenylate distribution fits the curves closely indicating that the 
adenylates were close to adenylate kinase equilibrium both  in the dark and in 
the light. Deviations from equilibrium seen under some conditions in illumi- 
nated chloroplasts have been discussed previously [8].  It is also apparent that  
darkened intact chloroplasts contain significant ATP and that the ATP/ADP 
ratio in the dark was in different chloroplast preparations between about  0.5 
and 1. On illumination, the ratios increased to values not  much higher than 2. 
Energy charge in the dark was between 0.25 and 0.6. It increased in the light 
to values not  much higher than 0.8. Thus the energy charge of  illuminated 
chloroplasts was close to the values reported for chloroplasts in vivo [6,7] and 
also close to the value assumed to be optimal for the interaction between 
energy-producing and energy~onsuming reactions [18].  In contrast, at 
adenylate kinase equilibrium the high phosphorylat ion potential of  30 000 M -1 
reported for broken illuminated chloroplasts [1] should correspond to an 
energy charge very close to the maximum value of  1 which energy charge can 
attain. Since the adenylate data of  Fig. 2 were measured under conditions 
where no efforts were made to minimize adenylate turnover (CO2 was not  
rigorously excluded in the nitrite experiment of  Fig. 2), it was of  interest to 
see whether  intact chloroplasts could increase energy charge to values 
approaching 1 when ATP consuming reactions were suppressed. To optimize 
conditions for ATP production,  the chloroplasts were illuminated with saturat- 
ing light and nitrite or oxaloacetate were used as electron acceptors. Reduction 
of  bicarbonate contaminating the chloroplast suspensions was inhibited by 
10 mM phosphate [21].  Under these conditions, photosynthet ic  ATP con- 
sumption is minimized. Fig. 3 shows that the maximal energy charge obtained 
by  chloroplasts photoreducing nitrite or oxaloacetate under light saturation 
was still not  significantly higher than 0.8. The energy charge of  chloroplasts 
kept  in the dark, with or wi thout  added oxaloacetate,  was in the presence of  
a high phosphate concentrat ion between 0.38 and 0.53. Chloroplasts com- 
pletely uncoupled by a high concentrat ion of  CCCP in the light did not  
decrease energy charge to zero, but  maintained it at a value of  0.36. 

It must be emphasized that the surprisingly low maximum ATP/ADP ratios 
and energy charge values calculated from adenylate measurements in extracts 
from illuminated intact chloroplasts are not  an experimental artifact caused 
by  the extraction not  only of  free but  also of  bound ADP. If binding of  ADP 
to chloroplast consti tuents were significant enough to decrease measured ATP/ 
ADP ratios as compared with the corresponding ratios of  free adenylates in 
the chloroplasts, the measured adenylate values should not  fit the curves drawn 
in Figs. 2 and 3 for adenylate kinase equilibrium. Since close fit is observed, it 
is concluded that  binding of  adenylates is not  considerable and can be 
neglected [8].  

Since energy charge and ATP/ADP ratios in intact chloroplasts were far 
below the values expected from the reported capacity of  chloroplasts to phos- 
phorylate ADP, we wanted to know whether our chloroplasts had a diminished 
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capacity for phosphorylat ion.  When intact chloroplast were osmotically dis- 
rupted immediately before the experiment,  illumination with saturating light 
in an isotonic medium containing 5 mM Mg 2÷, 0.5 mM Pi, 5 0 g M  methyl  
viologen and proper adenylate concentrations showed that  broken chloroplasts 
can synthesize ATP of  a /~Gkw P of a least --60 kJ/mol ,  if the AG~ATP is taken 
to be --31.4 kJ /mol  [22].  These results are very similar to those described by 
Kraayenhof [1].  The corresponding phospho~ylation potential is more than 
than 8 • 104 M-I. This value is even higher than that reported by  Kraayenhof [ 1 ]. 
It should be noted that  the rate of  phosphorylat ion did not  depend on the 
phosphorylat ion potential in the medium for potentials usually observed in 
intact chloroplasts, whereas is showed a striking dependence on the phos- 
phorylat ion potential  for higher values. 

At a given phosphorylat ion potential,  ATP/ADP ratios should increase with 
increasing phosphate concentrat ions and decrease with decreasing concentra- 
tions. In intact chloroplasts, phosphate is taken up by  the phosphate trans- 
locator in exchange against another transferable anion such as phosphogly- 
cerate. When phosphoglycerate was present in a suspension of  intact chloro- 
plasts at a constant  concentrat ion and the phosphate concentrat ion was 
increased, ATP/ADP ratios also increased as expected,  because the phosphate 
concentrations in the stroma could increase at the expense of  stromal phos- 
phoglycerate,  which was exported in exchange for phosphate.  Conversely, 
when the phosphate concentrat ion in the medium was kept  constant  and the 
concentrat ion of  phosphoglycerate was increased, the phosphate translocator 
imported phosphoglycerate into the chloroplast stroma ~'~ ~xchange against 
phosphate.  As expected,  ATP/ADP ratios decreased as ~ increase in the 
phosphoglycerate concentrat ion caused a decrease in the phosphate concentra- 
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Fig.  4 .  A T P / A D P  r a t i o s  in  i l l u m i n a t e d  i n t a c t  c h l o r o p l a s t s  as  a f u n c t i o n  o f  t he  coneen t~mt ion  o f  p h o s p h a t e  
a n d  p h o s p h o g l y c e r a t e  ( P G A )  in  t h e  m e d i u m .  T h e  p h o s p h a t e  t r a n s l o c a t o r  in  t h e  c h l o r o p l a s t  e n v e l o p e  
e x c h a n g e s  p h o s p h a t e  f o r  p h o s p h o g l y c e r a t e  a n d  vice versa .  The  t o t a l  i n t r a c h l o r o p l a s t  c o n c e n t r a t i o n  o f  
p h o s p h a t e  p lus  p h o s p h a t e  es te r s  is c o n s t a n t  [ 4 ] .  

t ion (Fig. 4). The equilibrium situation of the phosphoglycerate kinase and 
glyceraldehydephosphate dehydrogenase reactions may also have been factors 
in the observed changes of the ATP/ADP ratios. Similar results were obtained 
with intact chloroplasts photoreducing CO2 [8]; here, the stromal phosphate 
concentration was lowered by accumulation of phosphate esters [4]. 

When, however, phosphate esters such as phosphoglycerate, which can be 
transfered by the phosphate translocator, were not  added, chloroplast ATP! 
ADP ratios were insensitive to phosphate {Table I). At low concentrations, 
phosphate is known to be taken up by chloroplasts against its concentration 

_ _  

gradient in exchange for internal transferable substrates [23]. Obviously, even 
low external phosphate concentrations were sufficient to saturate the stromal 

T A B L E  I 

A D E N Y L A T E S  A N D  P H O S P H O R Y L A T I O N  P O T E N T I A L S  IN I N T A C T  C H L O R O P L A S T S  K E P T  IN 
T H E  D A R K  O R  I L L U M I N A T E D  W I T H  S A T U R A T I N G  L I G H T  

E l e c t r o n  a c c e P t o r  was  2 m M  K N O  2. 

P h o s p h a t e  a d d e d  t o  t h e  m e d i u m  

0 . 6  m M  1.5  m M  1 0 . 5  m M  

D a r k  
A T P  
A D P  

L i g h t  
A T P  
A D P  

n a n o m o l  (mg  Chl )  -1 

2 0  21 1 5  
20  21 1 4  

4 1  4 3  4 0  
1 2  11  1 3  

P h o s p h o r y l a t i o n  p o t e n t i a l s [ A T P ] / [ A D P ] . [ P  i] * ( M  -1 ) 

D a r k  8 3  8 3  9 0  
L i g h t  2 8 5  3 2 5  2 5 7  

* I n t e r n a l  P h o s p h a t e  a s s u m e d  t o  b e  1 2  r aM;  see  t e x t .  
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phosphate pool. The maximum concentrat ion of  phosphate in the stroma of 
intact spinach chloroplasts as measured under saturation conditions [4] is 
about  12 mM. This value was taken to calculate the phosphorylat ion potential 
of  intact chloroplasts. Table I lists ATP and ADP contents in intact chloroplasts 
measured in the dark and under saturating light in the presence of  different 
phosphate concentrations.  Electron acceptor  was nitrite. Calculated phos- 
phorylat ion potentials were about  80 M -1 in the dark and about  300 M -1 in 
the light. Thus the phosphorylat ion potential of illuminated chloroplasts 
differed by a factor of  only about  4 from that of  darkened chloroplasts. The 
AG~,Tp calculated from the phosphorylat ion potentials of  intact chloroplasts 
in the dark and in the light are --41.8 and --45.6 kJ/mol,  respectively. It should 
be noted that the maximal AGkT P of  broken chloroplasts was 14.6 kJ/mol 
more negative than that of  illuminated intact chloroplasts. The phosphoryla- 
tion potentials produced by illuminated broken chloroplasts and by intact 
chloroplasts differed strikingly by  more than 2 orders of  magnitude even 
though light intensities used to drive electron transport  were comparable in the 
experiments with intact and broken chloroplasts and the phosphorylat ion 
potentials were light-saturated in both  cases. 

H. Proton motive force and phosphorylation 
During electron transport,  a proton gradient and a light-dependent mem- 

brane potential are formed across thylakoid membranes.  When the intrathyla- 
koid pH was increased by adding a suitable uncoupler  such as NH4C1, electron 
transport  to acceptors such as nitrite or oxaloacetate was stimulated [16].  
Interestingly, stromal ATP levels did not  decrease [16] and phosphorylat ion 
potentials remained largely constant  (Table II). 

From this observation, it has been suggested that  in intact illuminated 
chloroplasts the phosphorylat ion potential is far from equilibrium with the 
proton motive force. As has been shown above, comparable energization by  
light produced very different phosphorylat ion potentials in intact and in 
broken chloroplasts. Again it may be concluded that in contrast to broken 
chloroplasts, intact chloroplasts are incapable of  approaching equilibrium 
between the high energy condit ion produced by  illumination in the thylakoids 
and the phosphorylat ion potential. 

In previous papers, it has been shown that the uncoupler  NH4C1 (or other 
uncoupling amines) failed to decrease CO2 reduction by  isolated chloroplasts 
[15] at concentrations which were sufficient for the maximal stimulation of  

T A B L E  II  

P H O S P H O R Y L A T I O N  P O T E N T I A L S  [ A T P ] / [ A D P ]  • [P i ]*  IN I N T A C T  C H L O R O P L A S T S  I L L U M I -  
N A T E D  IN T H E  P R E S E N C E  O F  I m M  O X A L O A C E T A T E  AS A F F E C T E D  BY NH4CI  OR CCCP 

Ex te rna l  p h o s p h a t e  c o n c e n t r a t i o n  10 mM.  

Without  1 m M  NH4CI  5 m M  NH4CI  5 ~M CCCP 
u n c ou p le r  

P h o s p h o r y l a t i o n  po ten t ia l  (M - I  ) 202 198 200 45 

* In te rna l  p h o s p h a t e  c o n c e n t r a t i o n  a s s u m e d  to  b e  12 mM,  see t e x t .  
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9 -aminoac r id ine  f luorescence  in a suspens ion  of  i n t ac t  ch lorop las t s  as in f luenced  by NH4CI.  Subs t ra te  
c o n c e n t r a t i o n  4 raM, a sco rba t e  2 raM, cata lase  2 • 103 I .U . ]ml .  I l l umina t ion  wi th  8 W • m -2 674  n m  light.  
N u m b e r s  in b r a c k e t t s  are  q u a n t a  of  r ed  l ight  a b s o r b e d  dur ing  evo lu t ion  of  one  mo lecu l e  of  oxygen .  
Under  light saturat ion the  ch lo rop las t  p repaxa t ion  p h o t o r e d u c e d  CO 2 at  a ra te  of  3 0 2 / ~ m o l  (rag Chl)  - l  . 
h - l ,  

light<iependent nitrite reduction [16]. Fig. 5 shows an experiment recording 
simultaneously CO2 or phosphoglycerate dependent oxygen evolution and 
9-aminoacridine fluorescence of a suspension of intact spinach chloroplasts 
illuminated with a low intensity of red light. After several minutes illumina- 
tion, first 1 and than 3 mM NH4C1 were added. The latter concentration is in 
four-fold excess to that required for maximal stimulation of electron flow in 
intact chloroplasts which is commonly used as a criterion of the effectiveness 
of uncoupling. Immediately after addition of NH4C1, there was a large increase 
in 9-aminoacridine fluorescence indicating a considerable decrease of the 
proton gradient. The rate of oxygen evolution, however, did not change. Even 
10 mM NH~C1 caused only a slight inhibition of oxygen evolution. 1 pM 
FCCP, however, completely abolished CO2<iependent oxygen evolution (not 
shown). Since the decrease in ApH caused by NH4C1 was not compensated by an 
increase in the membrane potential [15], the proton motive force decreased 
under the influence of NH4C1. 

In addition, quantum requirements for CO~-dependent oxygen evolution 
were calculated. In the experiment of Fig. 5A, 10 quanta of red light were 
absorbed per molecule oxygen evolved both before and after addition of 1 or 
3 mM NH~C1 and 13 quanta at 10 mM NH~C1 {latter result not shown). When 
phosphoglycerate, which requires less ATP for reduction than CO2 does, was 
electron acceptor, the quantum requirement of oxygen evolution was lower 
than with CO: and increased somewhat with increasing NH~C1 concentration 
(Fig. 5B). Results of other experiments with either CO2 or phosphoglycerate 
as electron acceptor are listed in Table III. It is interesting to note that NH~C1 
always increased the quantum requirement of phosphoglycerate-dependent 
oxygen evolution, while that of CO: reduction was often but not always 
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T A B L E  III 

Q U A N T U M  R E Q U I R E M E N T S  O F  C O  2- A N D  P H O S P H O G L Y C E R A T E - D E P E N D E N T  O X Y G E N  E V O -  
L U T I O N  BY I N T A C T  C H L O R O P L A S T S  

I l l u m i n a t i o n  w i t h  8 o r  1 2  W • m -2  6 7 4  n m  l ight .  S u b s t r a t e  c o n c e n t r a t i o n s  4 m M .  

Q u a n t a  r e q u l r e d / O  2 evo lved  

W i t h o u t  NH4C1 Wi th  3 m M  NH4C1 

H C O ~  
p H  7 .6  

p H  8 

P h o s p h o g l y c e r a t e  
p H  7 .6  

p H  8 

1 5 . 2  1 1 . 6  
1 2  10 .7  
1 2 . 8  1 2 . 8  

1 4  1 1 . 8  
1 3 . 6  1 1 . 8  
1 1 . 6  1 2 . 4  
1 1 . 4  1 1 . 4  

8 9 . 2  
8 9 . 3  

1 0 . 9  1 2 . 2  

8 .8  1 1 . 8  
10 .9  1 2 . 9  

decreased even though the ATP requirement of the latter is higher by a factor 
of  1.5 than that of  the former. In all experiments, NH4C1 increased 9-amino- 
acridine fluorescence as drastically as shown in Fig. 5. Moreover, the ApH 
across the thylakoid membranes as measured by the distribution of  labelled 
methylamine and dimethyloxazolidinedione [24] decreased in chloroplasts 
photoreducing CO2 in the presence of  methylamine from 2.2 to 1.2 (Table IV), 
whereas the ATP/ADP ratio even increased. This increase o f  the ATP/ADP ratio 

T A B L E  IV 

M E A S U R E M E N T  O F  T H E  A p H  A C R O S S  T H E  T H Y L A K O I D  M E M B R A N E  A N D  T H E  A T P I A D P  
R A T I O  IN I N T A C T  C H L O R O P L A S T S  P E R F O R M I N G  C O  2 F I X A T I O N  W I T H  V A R I O U S  C O N C E N -  
T R A T I O N S  O F  M E T H Y L A M I N E  A D D E D  

S p i n a c h  c h l o r o p l a s t s ,  0 .1  m g  c h l o r o p h y l l / m l  in  t h e  s t a n d a r d  m e d i u m  (ef .  Ma te r i a l  a n d  M e t h o d s ) c o n -  
t a i n i n g  a l so  1 0  m M  H C O ~ ,  1 m M  p h o s p h a t e ,  0 . 5  m M  d i m e t h y l o x a z o ] i d i n e d i o n e ,  a n d  m e t h y ] i m l n e  as  i nd i -  
c a t e d ,  we re  i l l u m i n a t e d  fo r  5 m i n  w i t h  5 0  W • m - 2 .  The  r e a c t i o n  w a s  t e r m i n a t e d  b y  s i l i con  l a y e r  filt~ering 
c e n t ~ l f u ~ t t i o n .  T h e  p H  in  t h e  s t r o m a l  a n d  in  t h e  t h y l ~ k o i d  sp~oes w a s  ea l eu i~ t ed  f~om t h e  d i s t r i b u t i o n  o f  
d l m e t h y l [ 1 4 C ] o x a z o l i d i n e d ~ o n e  a n d  o f  [ 1 4 C ] m e t h y l ~ m i n e  [ 2 4 ] .  F o r  meo~siwemant o f  adel~L~s n ~u~l~ so -  
t i des  b y  t h e  lue i fm ' tn - luc i fe rase  m e t h o d  a pa ra l l e l  s a m p l e  o f  t h e  c h l o r o p l a s t s  w a s  s i m u l t a n e o u s l y  d ~ p r o -  
t e i n i z e d  b y  p e r e h l o r l c  a c i d .  

M e t h y l ~ m i n e  a d d e d  p H  s t r o m a  p H  t h y l a k o i d  A p H  A T P  
( m M )  A D P  

0 7 . 6 2  5 . 3 8  2 . 2 4  0 . 8 2  
1 7 . 5 2  5 . 4 6  2 . 0 6  1 . 1 4  

1 0  7 . 4 0  5 . 7 2  1 . 6 8  1 . 3 6  
50  7 . 3 4  6 . 1 3  1 .21  1 . 4 0  
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can be explained by a progressive inhibition if CO2 fixation which was caused 
by the lowering if the stromal pH [25], not by uncoupling. This inhibition 
reduced ATP utilization and thereby led to an increase in ATP/ADP ratios. 
When oxaloacetate which in contrast to CO2 does not consume ATP during 
reduction was added as electron acceptor, ATP/ADP ratios were not affected 
by uncoupling amines (cf. Table II). 

Conclusions 

A. Energy charge 
Three main points emerge from energy charge data: 
1. While the high energy charge of chloroplasts in darkened leaves [6,7] may 

be explained by direct or indirect adenylate exchange between chloroplasts and 
cytoplasm, it is surprising that even isolated chloroplasts can maintain a sig- 
nificant energy charge in the dark. This results from their ability to synthesize 
ATP in the dark by substrate phosphorylation [17]. 

2. In the light, energy charge does not rise to values significantly higher than 
0.8 even when ATP consuming reactions are suppressed and electron transport 
is stimulated by the addition of substrates such as nitrite or oxaloacetate [8]. 

3. Since intact chloroplasts contain between 50 and 100 nanomoles 
adenylates per mg chlorophyll [26] and the osmotic volume of isotonic chloro- 
plasts is about 25 pl per mg chlorophyll, the adenylate distribution data of 
Figs. 2 and 3 indicate that stromal ADP levels are always considerable. Even at 
very high values of energy charge, they are not much lower than half the 
maximum concentration which is about 1 mM. ATP levels rarely exceed ADP 
levels by a factor of more than 2 or 3. Together with other observations [16], 
this shows that electron transport in intact chloroplasts cannot be under 
adenylate control. Rather, a low intrathylakoid pH appears to restrict electron 
transport. 

B. Phosphory lation potential 
It is unknown why the phosphorylation potentials of broken and intact 

chloroplasts differ strikingly even under saturating illumination. There is either 
a restriction on phosphorylation or a decrease in the steady state phosphoryla- 
tion potential by ATP utilization in intact chloroplasts. Adenylate kinase 
cannot be responsible for decreased phosphorylation potentials, as in the 
absence of an AMP generating reaction it can decrease the phosphorylation 
potential only transiently, not in the steady state. A decrease in the steady 
state phosphorylation potential by an ATPase such as that known to reside in 
the chloroplast envelope [27] is compatible with the insensitivity of the 
phosphorylation potential to ATP consuming electron acceptors like CO2 or 
to amine uncoupling only if the apparent equilibrium constant of the ATPase 
is of the same order as the phosphorylation potential in illuminated intact 
chloroplasts. It is unlikely that such an ATPase exists. A restriction on phos- 
phorylation in intact chloroplasts is therefore presently considered the most 
likely explanation for the observed drastic differences in the phosphoryla- 
tion potentials of intact and broken chloroplasts. 
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C. Phosphory lation 
Mitchell's widely accepted chemiosmotic theory, which has received impres- 

sive experimental support [28--30], holds that the proton motive force drives 
ATP synthesis. In intact chloroplasts the phosphorylation potential, which, 
together with the NADPH/NADP ratio, is the driving force of photosynthesis, 
is far from equilibrium with the proton motive force as conventionally 
measured. There are two main arguments for this statement: 

1. Comparable energization of intact and broken chloroplasts by light- 
dependent electron transport results in steady state phosphorylation potentials 
which are lower by a factor of about 100 in intact chloroplasts compared with 
broken chloroplasts. 

2. Amine uncoupling, which lowers the proton motive force, has little effect 
on the phosphorylation potential of intact chloroplasts and on CO: reduction. 
That the proton motive force is really decreased under the influence of NH4C1 
or other amines is indicated by measurements of electron transport, of 
9-aminoacridine fluorescence, of the distribution of '4C-labelled methylamine 
and dimethyloxazolidinedione, of chlorophyll fluorescence, of 518 nm absorp- 
tion [15] and of Mg:÷-transport across the thylakoid membranes (Krause, 
G.H., private communication). If during electron transport to CO2 via NADPH 
the chloroplasts are energized more than actually necessary to produce the low 
phosphorylation potentials generally observed in intact chloroplasts and suffi- 
cient to drive photosynthesis it must be concluded that electron transport to 
NADP should be able to generate more ATP than actually required for photo- 
synthetic CO: reduction. 

Unfortunately, this conclusion is in conflict with a number of experimental 
observations. When the light intensity was suddenly reduced during CO: reduc- 
tion of intact chloroplasts, the ATP level dropped while the NADPH level did 
not respond [12]. This suggests that ATP rather than NADPH limits CO2 
reduction under rate-limiting light. Measurements of the quantum yield of 
oxygen evolution by intact chloroplasts are also suggestive of a rate-limitation 
by ATP: The quantum yield of CO2 dependent oxygen evolution is lower than 
that of phosphoglycerate-dependent oxygen evolution (Fig. 5). Bioenerget- 
ically, the two reactions differ only by the higher ATP requirement of CO: 
reduction. 

From equilibrium thermodynamics it follows that 

1.36 n (ApH + A~/59) = AG~)AT P + 1.36 log([ATP]/[ADP] [Pi]) (2) 

n corresponds to the number of protons cooperating in the synthesis of an ATP 
molecule. Values for n reaching from 2 to 4 have been reported in the literature. 
Table V lists values of phosphorylation potential [ATP]/[ADP] [Pi ] expected 
from Eqn. 2 for different values of n and (ApH + A$/59). To accomodate 
experimentally observed phosphorylation potentials between 3" 104 and 
6" 104 M -1 in broken chloroplasts under the assumption of equilibrium, 
(ApH + A~/59) should be 5, 3.5 or 2.5, if 2, 3 or 4 protons cooperate in the 
synthesis of ATP, i.e. if n = 2, 3 or 4. Steady-state values for A~ are below 
30 mV [31], which leaves proton gradients of about 4.5, 3 or 2 pH units 
with corresponding n-values of 2, 3 or 4 as minimal requirements for ATP 
synthesis. Maximum reported ApH values for broken chloroplasts were not  
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T A B L E  V 

P H O S P H O R Y L A T I O N  P O T E N T I A L S  (P) A N D  T H E I R  R E L A T I V E  A L T E R A T I O N S  ( Q p )  C A L C U -  
L A T E D  F O R  D I F F E R E N T  V A L U E S  O F  T H E  P R O T O N  M O T I V E  F O R C E  ( p m f )  U N D E R  T H E  A S S U M P -  
T I O N  O F  E Q U I L I B R I U M  B E T W E E N  P A N D  p m f  

A G ~ A T P +  1 .36  log P = n  • 1 . 3 6  p m f ,  P = [ A T P ] / [ A D P ] [ P i ] ,  p m f  = A p H  + ~ / 5 9  (n is t he  n u m b e r  o f  
p r o t o n s  a s s u m e d  t o  c o o p e r a t e  in  t h e  s y n t h e s i s  o f  ATP,  A ~  the  m e m b r a n e  p o t e n t i a l  in  mV0 ~ G ~ A T P  = 
- - 3 1 . 4  k J / m o L  Ref .  22 ) .  T h e  r a t i o  o f  t h e  p h o s p h o r y l a t i n n  potent ia l  at a g iven  p r o t o n  mot ive  force to  t h a t  
r e su l t i ng  f r o m  a n  a l t e r a t i o n  o f  t h e  p r o t o n  mot ive  force b y  1 0 %  c a n  be  expressed as Q p  = P ( p m f ) !  
P ( p m f ± 1 0 % )  = 1 0  + 0 . 1 n  p ro f .  T h e  e q u i l i b r i u m  p h o s p h o r y l a t i o n  p o t e n t i a l s  P g iven  in  t h e  t a b l e  h a v e  to  be 
m u l t i p l i e d  (d iv ided )  b y  Q p  i f  t h e  p r o t o n  m o t i v e  force is increased (decreased)  b y  10%.  It  s h o u l d  b e  noted  
t h a t  t h e  A G ~ T  P va lue  r e p r e s e n t e d  b y  t h e  l e f t  p a r t  o f  the  above  equat ion  is val id  f o r  p H  7 whi le  the  p H  o f  
t h e  s t r o m a  pha~e  o f  intact  chloroplasts  is c lose  to  8 in t h e  l igh t  [ 3 3 ] .  T h e  p h o s p h o r y l a t i o n  p o t e n t i a l s  o f  
t h e  table are t h e r e f o r e  o v e r e s t i m a t e  r a t h e r  t h a n  underest imate .  

p m f  n=2 n = 3  n = 4  

P Q p  P Q p  P Q p  

2 .0  3 
2 .5  3 
3 . 0  3 
3 . 5  3 
4 . 0  3 
5 .0  3 

10 -2 2.51 
10 -1 3.16 
100 3.98 
101 5.01 
102 6.31 
104 10.0 

3 100 
1 102 
3 103 
l l 0  s 
3 106 
3 109 

3 . 9 8  3 
5 . 6 2  3 
7 . 9 4  3 

1 1 . 2  3 
1 5 . 9  3 
3 1 . 6  3 

102  6 .31  
1 0 4  1 0 . 0  
106  1 5 . 8  
108  25 .1  
1010  39 .8  
1 0 1 4  1 0 0 . 0  

much above 3 [32] ,  which appears to rule out  n-values of  2 and, consequently,  
ATP/NADP ratios as high as 2. Only a n-value of  2 would overenergize spinach 
chloroplasts and yield more ATP during electron transport  to NADP than 
needed for CO2 reduction.  

In illuminated intact chloroplasts, Heldt  et al. [24] have measured ApH val- 
ues across thylakoid membranes between 2.2 and 2.8 with methylamine and 
dimethyloxazolidinedione.  Using data from Heldt 's group [33] for calibration 
of  the 9-aminoacridine fluorescence quenching data we have calculated that  
3 mM NH4C1 lowers Z~pH by as much as 0.8 to 1 pH units. The methylamine 
distribution indicates a somewhat  smaller decrease of  the proton gradient 
(Table IV). From Table V it can be estimated which dramatic effect  even a 
much smaller decrease in ApH would have on the phosphorylat ion potential  
under the assumption that  adenylates are in equilibrium with the proton mo- 
tive force. At n = 2, a decrease in ApH from 3.0 to 2.7 should reduce the phos- 
phorylat ion potential  to about  one forth of  the original value. Expected 
changes are even larger at higher n-values. The observation that both the phos- 
phorylat ion potential  and CO2 reduction are rather insensitive to a decrease in 
ApH by  NH4C1 must therefore be regarded as striking evidence of  a large devia- 
tion from equilibrium. 

After the addition of  NH~C1 has collapsed the proton gradient of  intact 
chloroplasts to values close to 2, observed phosphorylat ion potentials of  
about  300 M -~ are just compatible with H÷/ATP = 3 (or n = 3, Table V), if 
Steady-state membrane potentials in photosynthesizing chloroplasts are below 
30 mV (Ref. 34 and Enser, U. and Heber, U., unpublished). Again it can be 
seen from Table V that  a H÷/ATP ratio of  2 and ATP/2e = 2 are in conflict 
with observed phosphorylat ion potentials. 
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Final comments 

We would not hesitate to admit that bioenergetics should be discussed in 
terms of irreversible thermodynamics rather than in terms of equilibria. As to 
equilibration between the proton motive force and the phosphorylation poten- 
tial, however, the arguments considered are not affected; they are indeed inten- 
sified: in a flux system the proton motive force has been suggested to exceed 
the maximal phosphorylation potential by a factor of about 2 (calculated from 
Ref. 35 with the data from Ref. 36). Since phosphorylation potentials of 
--60 kJ/mol have been observed this would require values of (ApH + A~/59) 
of 10.3, 6.9 and 5.5 for n = 2, 3 and 4, respectively. Even the lowest figure of 
5.5, which would be needed at an ATP/2e ratio as low as 1, is considerably 
higher than available experimental data permit to calculate. In view of this it is 
tempting to speculate that the proton activity within the thylakoid membrane 
is much higher than that in the bulk phases in which measurements are per- 
formed, and that there is no full equilibration between the proton activity in 
the membrane phase and in the intrathylakoid space. It appears that a 'micro- 
chemiosmotic' theory (Refs. 37, 38, but see Ref. 39) might describe the situa- 
tion better than the 'macro-chemiosmotic' theory which deals with bulk 
phases. However, proton movement within a hydrophobic membrane phase is 
necessarily restricted. This requires that sites of proton pumping should be in 
close proximity to sites of ATP synthesis. In contrast, the coupling enzyme 
believed to be responsible for ATP synthesis is unequally distributed in the 
thylakoid membrane and is inserted into the membrane only where the thyla- 
koid faces the stroma region of the chloroplast (Berzborn, R.J., 1979, personal 
communication). Other evidence against a micro-chemiosmotic theory has 
recently been presented by Junge [40]. We regret that our data do not make 
understanding of membrane-bound phosphorylation easier. They rather com- 
plicate the problem. Impressive experimental support and conceptual simplicity 
have won the chemiosmotic theory wide acclaim. From our data we wonder 
whether reality is a simple as theory demands. 

Note added in proof: (Received December 19th, 1979) 

The intrathylakoid space of intact chloroplasts has been observed to be more 
acidic than the stroma by about one pH unit even in the dark (Enser and Heber 
[41]). This pH gradient is insensitive to the addition of FCCP and therefore 
cannot contribute to energy conservation. Hence, the insufficiency of the pro- 
ton motive force to account for observed phosphorylation potentials is even 
more drastic than reported in this contribution. 

Acknowledgements 

We are grateful to Miss Asayo Suzuki, Mrs. U. Behrend, Mr. J. Kostka and 
Miss M. Freisl for technical assistance, to Dr. E. Weis for stimulating discussions 
and to Dr. U. I. Fliigge for his cooperation. This investigation was supported 
by the Japan Society for the Promotion of Science and by the Deutsche 
Forschungsgemeinschaft. 



73 

References 

1 Kraayenhof,  R. (1969) Biochim. Biophys. Acta 180 ,213 - -215  
2 Heber, U. (1974) Annu.  Rev. Plant Physiol. 25 ,393- -421  
3 Santarius, K.A. and Heber, U. (1965) Biochim. Biophys. Acta 102, 39--54 
4 McLilley, R., Chon, C.J., Mosbach, A. and Heldt, H.W. (1977) Biochim. Biophys. Acta 460, 259--  

272 
5 Heber, U. and Santarius, K.A. (1970) Z. Naturforsch. 25b, 718--728 
6 Bomsel, J.L. and Pradet, A. (1968) Biochim. Biophys. Acta 162 ,230- -242  
7 Bomsel, J.L. and Sellami, A. (1975) in Proc. 3rd. Int. Congress on Photosynthesis  (Avron, M., ed.), 

pp. 1363--1367,  Elsevier, Amsterdam 
8 Kobayashi,  Y., InDue, Y., Furuya,  F., Shibata, K. and Heber, U. (1979) Planta 147, 69--75 
9 Mitchell ,  P. (1966) Biol. Rev. 4 1 , 4 4 5 - - 5 0 2  

10 Mitchell, P. (1976) Biochem. Soc. Trans. 4, 3 9 9 - 4 3 0  
11 Hall, D.O. (1976) in The Intact  Chloroplast  (Barber, J. ed.), pp. 135--170,  Elsevier, Amsterdam 
12 Heber, U. (1973) Biochim. Biophys. Acta 305, 140--152 
13 Jensen, R.G. and Bassham, J.A. (1966) Proc. Natl. Acad. Sci. U.S.A. 56, 1095--1101 
14 Arnon, D.I. (1949) Plant Physiol. 24, 1--15 
15 TKlberg, J., Giersch, Ch. and Heber, U. (1977) Biochlm. Biophys. Acta 461, 3 1 - 4 7  
16 Kobayashi,  Y., InDue, Y., Shlbata, K. and Heber, U. (1979) Planta 146, 481--486 
17 InDue, Y., Kobayashi,  Y., Shibata, K. and Heber, U. (1978) Biochim. Biophys. Acta 504, 142--152 
18 Atkinson,  D.E. (1968) Biochem. J. 7, 4030--4034 
19 Green, I., Brown, J.R.C. and Mommaerts,  W.F.H.M. (1953) J. Biol. Chem. 205 ,493- -501  
20 Eggieston, L.V. and Hems, R. (1952) Biochem. J. 52, 156--160 
21 Walker, D.A. (1976) in Encyclopedia of Plant Physiology, New Series, Transport  in Plants III (Stock- 

ing, R.C. and Heber, U., eds.), pp. 85--136, Springer, Heidelberg 
22 Rosing, J. and Slater, E.C. (1972) Biochim. Biophys. Acta 267 ,275- -290  
23 Heidt, H.W. and Rapley,  L. (1970) FEBS Left. 7 , 139 - -142  
24 Heldt, H.W. and Werdan, K., Milovancev, M. and Geller, G. (1973) Biochim. Biophys. Acta 314, 224--  

241 
25 Purczeld, P., Chon, C.J., Portis, A.R., Heldt, H.W. and Heber, U. (1978) Biochim. Biophys. Acta 501, 

4 8 8 - 4 9 8  
26 Krause, G.H. and Heber, U. (1976) in The Intact  Chloroplasts (Barber, J., ed.), pp. 171--214,  Elsevier, 

Amsterdam 
27 Joyard,  J. and Douce, R. (1976) Physiol. V~g. 41, 33--48 
28 Sege], I.H. (1975) Enzyme Kinetics, pp. 274- -329 ,544- -656 ,  Wiley, New York, NY 
29 Wood, H.C., Davis, J.J. and Lochmfll]er0 H. (1966) J. Biol. Chem. 241, 5692--5704 
30 Data for Biomedical Research, 2rid edn. (1969) (Dawson, R.M.C., Elliot,  W.H. and Jones, K.M., eds), 

pp. 433--434,  Claredon Press, Oxford 
31 Vredenberg, W.J. (1976) in The Intact  Chloroplast  (Barber, J., ed.), pp. 53--88, Elsevier, Amsterdam 
32 McCarty, R.E. (1976) in Encyclopedia  of Plant Physiology, New Series, Transport  in Plants I l l  (Stock- 

ing, R.C. and Heber, U., eds.), pp. 347--376,  Springer, Heidelberg 
33 Werdan, K., Heldt, H.W. and Milovancev, M. (1975) Biochlm. Biophys. Acta 396 , 276 - -292  
34 Avron, M. (1977) Ann. Rev. Biochem. 46, 143--155 
35 Stucki,  J.W. (1978) in Energy Conservation in Biological Membranes, 29. Mosbach Colloquium 

(Sch//fer, G. and Klingenberg, M., eds.), pp. 264--287,  Springer, Berlin 
36 Robinson,  S.P. and Wiskich, J.T. (1976) Biochim. Biophys. Acta 440, 131--146 
37 Williams, R.J.P. (1978) Biochim. Biophys. Acta 505, 1--44 
38 Oft, D.R., Dilley, R.A. and Good, N.E. (1978) in Proc. 4th Int. Congress of Photosynthesis,  Reading, 

U.K. (Hall, D.O., Coombs, J. and Goodwin, T.W., eds.), pp. 581--590, The Biochemical Society, 
London 

39 Mitchell, P. (1977) FEBS Lett.  78, 1--20 
40 Junge, W., McGeer, A.J., Ausl~/nder, W. and Kollia, J. (1978) in Energy Conservation in Biological 

Membranes, 29. Mosbach Colloquium (Sch//fer, G. and Klingenberg, M., eds.), pp. 113--127,  Springer, 
Berlin 

41 Enser, U. and Heber, U. (1980) Biochim. Biophys. Acta, in the press 


