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SUMMARY 

In spinach chloroplasts it has been shown that  (I) the size of the proton gradient 
under phosphorylating conditions is smaller than under non-phosphorylating con- 
ditions; (2) ADP, ATP or Dio- 9, added under non-phosphorylating conditions, 
decrease the rate of electron transport  but increase the size of the proton gradient ; (3) 
ADP, ATP or Dio- 9 inhibit not only electron transport  but also the rate of decay 
of the proton gradient; (4) the H+/e - ratio under non-phosphorylating conditions 
is I.O. I t  is not affected by ADP, ATP or Dio- 9. 

These results show that  protons pass out of the thylakoids at the site of ATP 
synthesis and that  this leakage is inhibited by ADP, ATP or Dio-9, compounds that  
interact with the site of ATP synthesis. As these compounds do not alter the H+/e - 
ratio the formation of the proton gradient must be an intermediate between electron 
transport  and ATP synthesis. These data are in support of the chemiosmotic theory 
of coupling of electron transport  to ATP synthesis. 

INTRODUCTION 

Electron transport  in chloroplasts is coupled both to ATP synthesis, and to the 
translocation of protons into the thylakoids that  results in the formation of a pH 
gradient across the thylakoid membranO -3. I t  has been shown that  a pH gradient 
produced by rapidly transferring chloroplasts from acidic to basic conditions can 
provide the energy for ATP synthesis 4. The mechanism by which electron transport  
is coupled to ATP synthesis and to proton translocation is unknown but two main 
hypotheses, the chemical hypotheses and the chemiosmotic hypothesis, have been 
proposed to explain this coupling. 

Scheme A, based on the chemical hypothesis 5, assumes that  electron transport  
is coupled to the formation of a high energy chemical compound (~)  which "drives" 
either ATP synthesis or proton translocation. In this scheme (~)  is an intermediate 
between electron transport and the alternative reactions of ATP synthesis and proton 
translocation. 

Scheme A 

ET .~- ( ~ )  ~ ATP synthesis 
1L 

ApH 
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Scheme B, the chemiosmotic hypothesis 6, assumes that  electron transport is 
stoichiometrically coupled to the translocation of protons across the thylakoid 
membrane, that a pH gradient is formed which can "drive" phosphorylation through 
a proton translocating ATPase situated in the thylakoid membrane and that the pH 
gradient is an intermediate between electron transport and ATP synthesis. 

Scheme B 

ET ~ d pH ~ A T P  synthesis 

There have been many at tempts to obtain evidence in favour of one or other 
of these two hypotheses (see GREVlLLE 7) and in several cases it has been concluded 
that  the results obtained require a more complex interpretation than is supplied by 
either Scheme A or Scheme Bs, 9. 

The rate of electron transport  in chloroplasts has been shown to be controlled 
by the phosphorylation reaction 1°-12. Electron transport  also appears to be controlled 
by the proton gradient since an increase in the rate of electron transport  is observed 
on addition of agents which dissipate the proton gradient 13. Control of electron 
transport  by both the phosphorylation reaction and the proton gradient is consistent 
with the operation of either scheme A or scheme B. 

The effect of varying conditions at the site of ATP synthesis may be predicted 
on the basis of either Scheme A or B. 

According to Scheme A, a change in the rate of ATP synthesis (e.g. going from 
non-phosphorylating to phosphorylating conditions) would alter the relative contri- 
bution of (~)  to proton translocation and ATP synthesis. Inhibition of the ATP 
synthesising reaction (e.g. by addition of an energy transfer inhibitor, or when all 
the ADP present in the reaction mixture has been phosphorylated to ATP) should 
increase the contribution of (~)  to proton translocation. The increased rate of proton 
influx would result in an increase in the size of the proton gradient and thus increase 
the controlling effect of the proton gradient. The rate of electron transport would 
then be decreased. 

According to Scheme B, a decrease in the rate of ATP synthesis (i.e. the rate of 
proton efflux, through the ATPase) would decrease the overall rate of proton efflux. 
The proton gradient would increase in size and the rate of proton influx would be 
decreased. The decrease in the rate of proton influx would be accompanied by a 
stoichiometric decrease in the rate of electron transport. 

According to either Schemes A or B, the proton gradient would therefore be 
expected to be smaller under phosphorylating conditions than under non-phosphoryl- 
ating conditions. SCHWARTZ 14 showed that  the proton gradient is smaller under 
phosphorylating conditions than under non-phosphorylating conditions. KARLISH 
AND AVRON 8 had earlier reported that  the proton gradient was increased in size by 
phosphorylating conditions and concluded that  neither scheme correctly described 
the coupling mechanism. The discrepancy between these two reports may be due to 
the fact that  the measurement of the size of the proton gradient under phosphorylating 
conditions is complicated by the occurrence of another increase in pH, due to the 
consumption of protons during the phosphorylation of ADP to ATP. 

Experimentally it should be possible to distinguish between the two schemes 
because there is an essential difference between Scheme A and Scheme B. In Scheme B 
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the H+/e - ratio is an unvarying whole number under all conditions, while in Scheme A 
the H+/e - ratio varies as the relative contribution of (~)  to ATP synthesis and 
proton translocation is altered. 

The values reported for the H+/e - ratio under non-phosphorylating conditions 
are extremely variable 8,14-1a. This is in part due to the difficulty in obtaining accurate 
measurements of rapid changes in pH using a glass electrodO 7 and in part due to the 
difficulty in measuring the initial rate of electron transport during the establishment 
of the proton gradient. 

DILLEY 19 has measured tile H+/e - ratio under both non-phosphorylating con- 
ditions and phosphorylating conditions in the presence and absence of energy transfer 
inhibitors. He found that phosphorylating conditions decreased the H+/e - ratio while 
addition of energy transfer inhibitors increased the H+/e - ratio. Although these results 
might be interpreted as supporting Scheme A, DILLEY 19 proposed a more complex 
explanation. 

We have investigated the effect of various conditions on the rate of electron 
transport, on the size of the proton gradient, on the initial rate of proton efflux and 
on the H+/e - ratio and we have obtained results consistent with the operation of 
Scheme B rather than Scheme A. 

METHODS 

Broken washed chloroplasts (P1S1) were isolated essentially as described by 
WHATLEV AND ARNON 1 from greenhouse grown spinach. The chlorophyll concentration 
was measured by the method of ARNON 2°. 

Pseudocyclic electron transport catalysed by methyl viologen was measured 
as an uptake of oxygen in a Rank oxygen electrode cell. Changes in pH were measured 
with a Radiometer pH meter (PH M26) and a Radiometer combined glass electrode 
(GK 232IC). The glass electrode was inserted through the lid of the oxygen electrode 
cell so that simultaneous measurements of oxygen and pH changes could be recorded 
on a dual channel recorder. 

The reaction mixture was maintained at a temperature of 20 ° and was illu- 
minated by two slide projectors (300 W each) through 3 cm water and a filter trans- 
mitting light between 54 ° and 74 ° nm. 

The pH of the reaction mixture was initially adjusted to approx, pH 8.3 with 
KOH. The pH scale used was calibrated in terms of proton equivalents by the addition 
of standard amounts of HC1 at the end of each experiment. There was no significant 
difference between the buffering characteristics of the chloroplasts in the light or in 
the dark (see POLYA AND JAGENDORF21). 

Measurement of the H+/e ratio 
The H+/e - ratio was calculated from measurements of the initial rate of proton 

efflux, after turning off the light, and of the steady state rate of electron transport, 
before turning off the light. 

The glass electrode used in these experiments was found to respond rather 
slowly to rapid changes in pH, i.e. an "overshoot" was observed after short periods 
of illumination (see JAGENDORF AND NEUMANNI3). In order to measure the initial 
rate of proton efflux it was necessary to apply the following correction procedure. 
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Chloroplasts were illuminated and the apparent kinetics of the pH rise were 
recorded as shown in Fig. I. The light was then turned off for a 2-sec dark period. I t  
can be seen that the observed pH decrease in the dark continued in the subsequent 
light period for almost 2 sec before it increased again to the original pH value observed 
in the light. The pH minimum of the overshoot curve represents the real pH value at 
that time because there is no change in pH and the glass electrode is able to respond 
accurately. 

pH 

_ ; I - - U - -  1 I 

8 . 4 0  ~ Observed response -- 

. . . . .  In i t ia l  r ise cu rve  
0 nequ iv  

p ro tons  2 sec - -  ~ Cor rec ted  decay curve 

~ '  3 sec 
8.351-- OFF "~ 5 sec --  

OFFj, i-- 

8.30 ~ -- 

8.25 

ON ON t 

ON 
ON 

1 I I I 8.20 
0 0.5 1.0 1.5 2.0 

Time (rain) 

Fig. I. Es t imat ion of the real p H  decay curve by analysis of overshoot  curves obtained during 
brief periods of darkness. See text  for details of this technique. The reaction mixture  contained 
in a total  volume of 3 ml : chloroplasts equivalent  to 25 ° t*g chlorophyll;  15o/~moles KC1 ; 6 ffmoles 
MgCI~; 6 / ,moles  sodium azide; o.275 nmoles methyl  viologen and 1.5/*moles potass ium phosphate  
(pH 8.3). Reaction conditions were as described in METHODS. 

The dotted line represents the initial pH rise curve which has been replotted so 
that it passes through the point at which the pH has reached its minimum value. 
The point at which the pH rise curve intersects the time at which the light was turned 
on again is assumed to be the real value of the pH after 2 sec darkness. This procedure 
was repeated twice after 2-, 3-, 4-, 5- and 6-sec dark periods. 

Using the values, obtained by this method, for the true pH at the end of each 
dark period a corrected pH decay curve was constructed (dashed line). In Fig. I both 
the observed and the corrected decay curves are shown. The rates of decay of the 
proton gradient at I-sec intervals from 2 to 6 sec were then measured from the 
corrected curve. 

As the decay of the proton gradient has been shown to obey first order kinetics 17 
the initial rate of proton efflux can be obtained from a semi-logarithmic plot of the 
rate of decay against dark time. The initial rate of proton efflux, i.e. the rate of decay 
of the proton gradient at dark time zero, and the steady rate of electron transport 
measured as an oxygen uptake during the period of illumination can then be used to 
calculate the H+/e- ratio. 
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RESULTS 

Fig. 2 shows the change in pH observed under non-phosphorylating and 
phosphorylating conditions. Addition of ADP, to an otherwise complete phosphoryl- 
ating medium initiates a linear rate of increase in pH due to the uptake of protons 
during ATP formation as well as the proton gradient formation, seen in the absence 
of ADP. A limiting concentration of the electron acceptor methyl viologen was used 
because of the slow response of the glass electrode to rapid changes in pH such as are 
found in the presence of a non-limiting concentration of electron acceptor. When the 
rate of electron transport is limited by the acceptor concentration both ATP synthesis 
and proton gradient formation are decreased to such an extent that it is possible to 
distinguish between the rapid proton gradient formation and the slower pH change 
due to ATP synthesis. Thus the size of the pH change due to proton gradient formation 
could be measured. Under these conditions the rate of electron transport, measured 
simultaneously as an oxygen uptake, was not significantly affected by the addition 
of ADP. 

As previously stated the glass electrode used in the experiments reported here 
was found to respond slowly to rapid changes in pH (see IZAWA AND HIND17). It may 
therefore be assumed that although in Fig. 2 the proton gradient appears to require 
almost 15 sec before steady state conditions are established this is a reflection of the 
slow response of the glass electrode and that the proton gradient was fully established 
in a shorter time. 

8.5  / 2 0  nequiv ,L • 
OFF iProtons v / 

8.4 
86 

pH 82  

8.3 

ADP ON 
I I I I I 1 

0 1 2 3 .4 5 6 
T ime (m]n) 

Fig. 2. Comparison of l ight driven proton gradient formation in chloroplasts  under either phos-  
phorylat ing  or non-phosphorylat ing  conditions.  The reaction mixture  contained in a total  vo lume 
of 3 ml: chloroplasts  equivalent  to 200/*g  chlorophyll;  i5  o #,moles KC1; 6 /*moles  MgC12; 3 /*moles  
sodium azide; 0.375 nmole  methy l  viologen and 1. 5 /*moles  potass ium phosphate  (pH 8.3). 
0.08 /inlole A D P  (pH 8.2) were added as indicated.  Construction lines show the  ex tent  of the 
pH change due to proton gradient formation taking  into account  the  general decrease in p H  
seen both in the light and the dark. React ion condit ions were as described in METHODS. 
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If the assumption is made that  a linear rate of phosphorylation is initiated 
immediately on illumination, it can be seen that  the change in pH due to the formation 
of the proton gradient is smaller under phosphorylating conditions than under non- 
phosphorylating conditions (60 nequiv protons/rag chlorophyll as compared with 
approx. 84 nequiv protons/mg chlorophyll). 

Even if it is assumed that  phosphorylation is not initiated until the proton 
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gradient has been established it would be expected to begin after no more than 2 sec 
illumination (SCHWARTZI~). Fig. 2 shows that  after 2 sec illumination the proton 
gradient is still smaller under phosphorylating conditions than under nonphosphoryl- 
ating conditions (64 nequiv protons/mg chlorophyll as compared to approx. 8 4 nequiv 
protons/rag chlorophyll). 

Figs. 3a, 3b and 3c respectively show the effect of ADP, ATP and Dio- 9 (and 
energy transfer inhibitor 22) on the non-phosphorylating rate of electron transport  
and size of the proton gradient, over a range of methyl viologen concentrations. The 
low rate of. electron transport and the small proton gradient established in the 
absence of added electron acceptor is due to the presence of an endogenous electron 
acceptor that  catalyzes a pseudocyclic flow of electrons to oxygen. 

Figs. 3a, 3b and 3c show that  all three compounds, ADP, ATP and Dio- 9 
decrease the rate of electron transport  and at the same time increase the size of the 
proton gradient, except at very low concentrations of electron acceptor. 

Table Ia shows the effect of ADP, ATP and Dio- 9 on the size of the proton 
gradient, the initial rate of proton efflux and the first order rate constant of the decay 
reaction. In these three experiments the size of the proton gradient is increased by 
addition of all three compounds while the initial rate of proton efflux and the first 
order rate constant are decreased. In all our experiments addition of these compounds 
caused an increase in the size of the proton gradient and a decrease in the rate constant 
of proton efflux. In some experiments the rate of proton efflUX was, however, higher 
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Fig. 3. Effect of electron acceptor concentrat ion on the rate of electron t ranspor t  and the size of 
the proton gradient in chloroplasts under  non-phosphoryla t ing conditions in the presence and 
absence of (a) ADP;  (b) ATP; (c) Dio-9. The reaction mixtures  were as described in Fig. 2, except 
tha t  phosphate  was omitted,  methyl  viologen was added in the concentrat ions indicated and 
O.12 /*mole ADP, 0.06/2mole ATP or io pg Dio-9 were added as indicated. Reaction conditions 
were as described in METHODS. 
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T A B L E  I a  

THE EFFECT OF A D P ,  A T P  AND Dio-9  ON THE SIZE OF THE PROTON GRADIENT, THE INITIAL RATE 
OF PROTON EFFLUX AND THE FIRST ORDER RATE CONSTANT OF THE DECAY REACTION 

Expt. Additions Size of Initial rate of First-order 
No. proton gradient proton e[flux rate constant 

(Itequiv H+/mg (/*equiv H+/mg 
chlorophyll) chlorophyll per h) 

i - -  o.145 lO 5 722 
A D P  o , I83  94 513 

ii - -  o .127 94 74 ° 
A T P  o. 143 87 61o 

iii o.132 154 117o 
Dio-9  o .17o 124 73 ° 

T A B L E  I b  

THE EFFECT OF A D P ,  A T P  AND Dio-9  ON THE MEAN VALUE OF THE INITIAL RATE OF PROTON EFFLUX 

T h e  reac t ion  m i x t u r e s  c o n t a i n e d  in a to ta l  v o l u m e  of 3 ml :  ch lorop las t s  e q u i v a l e n t  to  2 0 0 / * g  
c h l o r o p h y l l ;  1 5 o / * m o l e s  KC1; 6 / * m o l e s  MgCI2; 3 / * m o l e s  s o d i u m  az ide  and  in T a b l e  I a  1.8 n m o l e s  
m e t h y l  v io logen .  I n  T a b l e  I b  the  c o n c e n t r a t i o n  of m e t h y l  v i o l o g e n  w a s  v a r i e d  b e t w e e n  o. 4 and  
i . o / *M,  o . 1 2 / * m o l e  A D P ,  0.06/~nxole A T P  a n d  i o / * g  Dio-9  were  a d d e d  as ind ica ted .  Other  deta i l s  
were  as descr ibed  in METHODS. 

Additions No. of Mean value of S.D. 
determinations initial rate of 

proton e[flux 
(pequiv H+ /mg 
chlorophyll per h) 

- -  13 99 24 
A D P  5 lO8 29 
A T P  5 92 18 
Dio-9  6 i 15 i I 

in the presence of these compounds, Table Ib shows the mean values for the rate of 
proton efflux from a number of experiments and shows that the addition of ADP, 
ATP or Dio- 9 does not significantly affect the rate of proton efflux. 

In Fig. 4 the rate of decay of the proton gradient during the first 6 sec of dark- 
ness is plotted semi-logarithmically against the dark time. Figs. 4a, 4b and 4 c show 
respectively the effect of addition of ADP, ATP and Dio- 9 under non-phosphorylating 
conditions. Addition of these compounds decreases the rate of decay of the proton 
gradient (represented by the slope of the curve) and also slightly decreases the initial 
rate of proton efflux (the rate of proton effiux at dark time zero). 

Fig. 4 also shows the effect of ADP, ATP and Dio- 9 on the H+/e - ratio. The 
H+/e - ratios are calculated from the initial rate of proton efflux and the steady state 
rate of electron transport (measured before turning off the light). The value of the 
H+/e - ratio is increased by all three compounds ADP, ATP and Dio- 9. Table II which 
gives the mean value of a number of determinations of the H+/e - ratio, shows that 
the increase in the H+/e - ratio varies between 12 % and 4 ° %. 
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Fig. 4- Semi logar i thmic  p lo t  of the  ra te  of p ro ton  efflux as a funct ion  of d a r k  t ime,  showing the  
effect of (a) A D P ;  (b) ATP;  (c) Dio-9, The H+/e ra t ios  have  been ca lcu la ted  from the  in i t ia l  r a te  
of p ro ton  efflux (i.e. ra te  of p ro ton  efflux a t  da rk  t ime  zero-expressed as ffequiv p ro tons /mg  
ch lorophyl l  per  h) and  the  s t eady  s t a t e  ra te  of e lec t ron t r a n s p o r t  (measured before t u rn i ng  off 
the  l igh t  and  expressed  as ffequiv e lec t rons /mg ch lorophyl l  per  h). The reac t ion  mix tu re s  were 
as descr ibed in Table  Ia. 

DISCUSSION 

I t  has been shown in Fig. 2 that ,  under condit ions when the rate of electron 
t ransport  is limited by the concentrat ion of electron acceptor, the size of the proton 
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T A B L E  I [  

THE EFFECT OF A D P ,  A T P  AND Dio-9 ON THE MEAN VALUE OF THE H+/e  RATIO 

T h e  r e a c t i o n  c o n d i t i o n s  w e r e  as de s c r i be d  in T a b l e  I ,  e x c e p t  t h a t  t h e  m e t h y l  v io logen  co n cen -  
t r a t i o n  v a r i e d  b e t w e e n  o . r  a n d  i .o  #M.  

Additions No. of Mean value of S.D. 
determinations H+/e ratio 

- -  2 3  0 . 7 7  o . 1 8  

ADP 9 0.87 o.i8 

ATP 9 E .02 o. 15 

Dio-9 9 1.09 0.20 

gradient is smaller under phosphorylating conditions than under non-phosphorylating 
conditions. This shows the close relationship between proton gradient formation and 
phosphorylation (as in Scheme B). 

This experiment corroborates the report of SCHWARTZ 14 that phosphorylation 
decreases the size of the proton gradient. SCHWARTZ 14 showed that the proton gradient 
was decreased in size by phosphorylation when the electron transport rate was not 
limited at the level of the electron transport chain. In his experiments, initiation of 
ATP synthesis would have released the controlling effect on the electron transport 
rate that was imposed under non-phosphorylating conditions. 

Fig. 3 shows that addition of ADP, ATP or Dio-9 under non-phosphorylating 
conditions decreases the rate of electron transport and increases the size of the 
proton gradient. It has been known for some time that both ADP and ATP inhibit 
the non-phosphorylating rate of electron transport 23 and GROMET-ELHANEN 24 showed 
that Dio-9 inhibits not only the phosphorylating rate of electron transport but also 
the non-phosphorylating rate of electron transport to the same low rate of electron 
transport. However, it has not previously been shown that this decrease in the rate of 
electron transport is accompanied by an increase in the size of the proton gradient. 
The effect, on the rate of electron transport and the size of the proton gradient, observed 
on addition of ADP, ATP or Dio- 9 is the reverse of the effect observed on initiation oI 
phosphorylation. 

The effect of these compounds suggests that under non-phosphorylating con- 
ditions there is normally some breakdown of the high energy intermediate (either 
(~) or ApH) at the site of phosphorylation. Our results show that ADP, ATP and 
Dio- 9 inhibit this breakdown. 

The most likely site of action of ADP, ATP and Dio- 9 is the site of phosphoryla- 
tion itself. 

According to Scheme A addition of any of these compounds would result in a 
decrease in the rate of (~) breakdown at the phosphorylation site, an increase in the 
rate of proton influx and therefore an increase in the size of the proton gradient which 
would ultimately cause a decrease in the rate of electron transport. On the other 
hand according to Scheme B there would be a decrease in the rate of efflux of protons 
causing an increase in the size of the proton gradient, a decrease in the rate of influx 
of protons and a decrease in the rate of electron transport. 
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It  therefore follows that the two Schemes, A and B, cannot be separated by 
the effect of these compounds on the steady state extent of the proton gradient or 
on the rate of electron transport. However, the two schemes should be distinguished 
by the effect of these compounds on the rate of proton efflux and on the H+/e - ratio. 

I t  has been shown in Tables Ia and Ib that although the size of the proton 
gradient is increased the initial rate of proton efflux is not significantly altered by the 
addition of ADP, ATP or Dio- 9. However, Table Ia and Fig. 4 show that the rate 
constant of the decay reaction is decreased by the addition of ADP, ATP or Dio- 9. 
Thus these compounds must inhibit proton efflux. This is consistent with Scheme ]3. 

A large increase in the initial rate of efflux would have been expected if Scheme 
A were in operation, as the initial rate of proton efflnx should increase exponentially 
with increase in size of the proton gradient. If the rate constant of the decay reaction 
were unaffected, as would be consistent with Scheme A, the expected increase in the 
H+/e - ratio may be calculated as follows from the rate constant, obtained in the 
absence of additions. On the basis of the increase in the size of the proton gradient 
and decrease in the rate of electron transport, caused by addition of ADP, ATP or 
Dio-9, the H+/e - ratio would be expected to be increased by 8O-lOO %. Table II  shows 
that the observed increases in the H+/e - ratio were between 15-4o %. It  is therefore 
suggested that the observed increases in the H+/e - ratio obtained on addition of ADP, 
ATP or Dio- 9 are not significant. 

We propose that phosphorylation is coupled to electron transport by a chemi- 
osmotic mechanism, as shown in Scheme B, and not by a chemical mechanism, as 
shown in Scheme A. 

The results and conclusions presented here are in agreement with the results 
of SCHWARTZ 14 who found that phosphorylation increased the rate of proton efflux as 
compared to the rate in the absence of phosphorylation. SCHWARTZ 14 did not, how- 
ever, measure the rate of electron transport during these experiments so the effect 
of phosphorylation on the H÷/e - ratio is not known. 

The results and conclusions presented here do not agree with those of DILLEY TM. 
He reported that phosphorylation decreased and Dio- 9 increased the H+/e- ratio 
while it has been shown here that under a variety of different conditions the H÷/e - 
ratio does not alter significantly. However, the H÷/e - ratios reported here were 
calculated from the initial rate of efflux of protons and steady state rate of electron 
transport while DILLEY TM calculated the H+/e - ratios from the initial rate of influx of 
protons and the steady state rate of electron transport. 

DILLEY 19 states that the rate of electron transport is linear after about  2 sec 
of illumination. I t  has been shown, previously, that there is an initial fast rate of 
electron transport before the controlling effect of the proton gradient slows the non- 
phosphorylating rate of electron transport to its steady state rate ~5,36. It  has also 
been shown that the proton gradient is fully established in a short time, the duration 
of which is dependent on pH. SCHWARTZ 14 has shown, using an electrode with a very 
rapid response time, that at pH 8.0 the proton gradient is fully established in 2 sec. 
Thus at pH 8.2, as in the experiments of DILLEY 19, a n  initial fast rate of electron 
transport would only be expected to be observed during the first 2 sec of illumination, 
while DILLEY TM measured his initial rate of electron transport "from about 2 sec" of 
illumination. 

As control of the rate of electron transport only occurs once the proton gradient 
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is fully established, the initial rate of electron transport should be the same under 
different conditions (e.g. non-phosphorylating compared to phosphorylating con- 
ditions). 

The H+/e - ratios may be re-calculated from the data of DILLEY 19 using the 
rate of electron transport measured under phosphorylating conditions which was the 
fastest rate measured and thus the rate most closely related to the fast initial rate of 
electron transport. If the H+/e- ratios are re-calculated using the rate of electron 
transport, measured under phosphorylating conditions in each case, and the initial 
rate of proton influx measured under the following different conditions: phosphory- 
lating conditions (i.e. + ADP + Pt), non-phosphorylating conditions (i.e. - A D P  + 
Pi) and in the presence of Dio-9 (i.e. + ADP + PI + Dio-9 or - A D P  + Pt -J- Dio-9) 
the values obtained are all approx. I and the variation observed is only4o %. Unlike 
the variation of 400 % observed in the values calculated by DILLEY lg, the variation 
of 4 ° % cannot be correlated with the alteration of conditions. 

Thus, the data of DILLEY 19 may be re-interpreted as showing that neither 
phosphorylation nor Dio- 9 affect the H+/e - ratio significantly and that the H+/e - 
ratio is approx. I. 

If a chemiosmotic mechanism is in operation the H+/e - ratio must be a whole 
number. A wide range of values have been obtained for the H+/e - ratio, but of the 
more recent measurements, in which account has been taken of the slow response of 
glass electrodes to rapid changes in pH, the majority of values obtained have been 
between i.o and 2.0. I.O is the value obtained when the steady state electron transport 
rate and the initial rate of efflux of protons are used for the calculation as reported 

here  and by RUMBERG et al. 18. 
However, whenthe initial rates of electron transport and proton influx are used 

for the calculation the value obtained is 2.o (ref. 17, 18). A value of 2.0 is also obtained 
if the steady state rate of electron transport is measured by the pH decrease observed 
when the electron acceptor employed releases protons on reduction and the initial 
rate of proton efffux is measured by the rate of decay of the proton gradient xa. 

It  is not known whether the H+/e - ratio is I.O as is reported here or whether, 
as proposed by RUMBERG et al. ~8, the ratio is 2.0. Despite the doubt as to the true 
value of the H+/e - ratio the results presented here may be explained in the following 
scheme based on the chemiosmotic hypothesis. 

Electron transport is coupled to stoichiometric pumping of protons across the 
thylakoid membrane. Protons can pass back across the membrane both non-specific- 
ally and also through the ATPase which is situated in the thylakoid membrane. 
Under phosphorylating conditions A T P  synthesis occurs as a result of the transfer of 
the protons back across the membrane through the ATPase. Under non-phosphoryl- 
ating conditions protons pass back across the membrane not only non-specifically 
but also through the ATPase. The leakage of protons through the ATPase is in- 
hibited by ADP, ATP and Dio-9 and the control exerted by these compounds on the 
rate of electron transport is a result of this inhibition of proton efflux. 

ACKNOWLEDGEMENTS 

We are grateful to Professor F. R. Whatley for many helpful discussions and 
to the Science Research Council for a research studentship (A.T.). 

Biochim. Biophys. Acta, 256 (1972) 625-637 



CHEMIOSMOTIC COUPLING IN CHLOROPLASTS 637 

R E F E R E N C E S  

i F. R. WHATLEY AND D. I. ARNON, in S. P. COLOWICK AND N. O. KAPLAN, Methods in En- 
zymology, Vol. 6, Academic Press, New York,  1963, p. 308. 

2 A. T. JAGENDORF AND G. HIND, Photosynthetic Mechanisms in Green Plants, Natl. Acad. Sci., 
Natl. Res. Council, Washington,  1963, p. 599- 

3 J- NEUMANN AND A. T. JAGENDORF, Arch. Biochem. Biophys., lO 7 (1964) lO9. 
4 A .T .  JAGENDORF AND E. URIBE, Proc. Natl. Acad. Sci. U.S., 55 (1966) 17o. 
5 E. C. SLATER, Nature, 172 (1953) 975. 
6 P. O. MITCHELL, Nature, 191 (1961) 144. 
7 G. D. GREVILLE, Current Topics in Bioenergetics, Vol. 3, Academic Press, New York, 1969, p. I. 
8 S. J. D. KARLISH AND M. AVRON, Nature, 216 (1967) 11o 7. 
9 R. A. DILLEY, in H. METZNER, Progress in Photosynthesis Research, Vol. 3, Laupp,  Tfibingen, 

1969, p. 1354. 
io M. AVRON, D. W. KROGMANN AND A. T. JAGENDORF, Biochim. Biophys. Acta, 3 ° (1958) 144. 
I I  K. R. WEST AND J. T. WISKICH, Biochem. J.,  lO9 (1968) 527 . 
12 A. TELFER AND M. C. W. EVANS, F E B S  Lett., 14 (1971) 241. 
13 A. T. JAGItNDORF AND J. NEOMANN, J. Biol. Chem., 24o (1965) 321o. 
14 M. SCHWARTZ, Nature, 219 (1968) 915. 
15 R. A. DILLEY AND L. P. VERNON, Proc. Natl. Acad. Sci. U.S., 57 (1967) 395. 
16 W. S. LYNN AND R. H. BROWN, J. Biol. Chem., 242 (1967) 426. 
17 S. IZAWA AND G. HIND, Biochim. Biophys. Acta, 143 (1967) 377. 
18 B. RUMBERG, E. REINWALD, H. SCHRODER AND U. SIGGEL, in H. METZNER Progress in Photo- 

synthesis Research, Vol. 3, Laupp,  Tfibingen, 1969, p. 1374. 
19 R. A. DILLE¥, Arch. Biochem. Biophys., 137 (197 o) 270. 
20 D. I. ARNON, Plant Physiol., 24 (1949) I. 
21 G. IV[. POLYA AND A. T. JAGENDORF, Biochem. Biophys. Res. Commun., 36 (1969) 696. 
22 R. E. MCCARTY, R. J. GOILLORY AND E. RACKER, J. Biol. Chem., 240 (1965) P.C.4822. 
23 M. AVRON AND A. T. JAGENDORF, J. Biol. Chem., 234 (1959) 967. 
24 Z. GROMET-ELHANEN, Arch. Biochem. Biophys., 123 (1968) 447. 
25 A. T. JAGENDORF AND G. HIND, Biochem. Biophys. Res. Commun., 18 (1965) 702. 
26 A. R. CROFTS, in J. JXRNEFELT, Regulatory Functions of Biological Membranes, Elsevier, 

Amsterdam,  1968, p. 247. 

Biochim. Biophys. Acta, 256 (1972) 625-637 


