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Electron transport, phosphorylation and internal proton concentration were measured in illuminated spinach 
chloroplast thylakoid membranes under a number of conditions. Regardless of the procedure used to vary 
these parameters, the data fit a simple chemiosmotic model. Protons from Photosystem II did not appear to 
be utilized differently from those derived from Photosystem I. The maximal phosphorylation efficiency 
(P/e2) for photophosphorylation in washed thylakoids under oxidizing conditions is likely to be 4 / 3 .  This 
value is consistent with a proton-to-electron-pair ratio of 4 for electron flow through both photosystems and a 
proton-to-ATP ratio of 3 for the chloroplast proton-ATPase. 

Introduction 

Illuminated chloroplast thylakoids couple ATP 
synthesis to electron transport from water to a 
number  of electron acceptors. In the chemiosmotic 
hypothesis [1,2], a t ransmembrane electrochemical 
proton gradient (A/XH+) links ATP synthesis to 
electron flow. Electron flow is coupled to the 
accumulation of protons in the thylakoid interior 
and a A/~H+ is generated. The flow of protons 
down the gradient through a H +-ATPase provides 
the driving force for ATP synthesis. 

Among the basic parameters that describe the 
coupling between electron flow and ATP synthesis 
are the number  of protons translocated per elec- 
tron transferred (H + / e -  ratio) and the number  of 
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pro tons  t ranslocated per  A T P  synthesized 
( H + / A T P  ratio). Measurements of proton ap- 
pearance in the thylakoid lumen or disappearance 
from the medium following single turnover flashes 
suggest that the H + / e  - ratio is 2 [3,4]. These 
observations are consistent with the notion that 
one H + / e -  appears in the lumen as a consequence 
of water oxidation and another proton per elec- 
tron from the oxidation of plastohydroquinone. 
However, under some circumstances, electron flow 
through the cytochrome b6- f complex may be asso- 
ciated with the translocation of two protons per 
electron [5-7] and the purified cytochrome com- 
plex pumps protons after its incorporation into 
phospholipid vesicles [8]. 

Various approaches have been used to estimate 
the H + / A T P  ratio. A minimum H + / A T P  ratio of 
3 was determined from estimates of the A G '  for 
ATP synthesis and A~H÷ under conditions where 
the phosphorylation system was allowed to reach 
equilibrium in the light [9,10]. A wide range of 
values for the H ÷ / A T P  ratio have been obtained 
when rates of proton accumulation coupled to 
ATP hydrolysis by thylakoids were estimated 
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through the use of pH electrodes (see for example, 
Ref. 11). In view of the slow response of pH 
electrodes, this approach is questionable. The max- 
imum or intrinsic phosphorylation efficiency ( P i e  2 

ratio) is equal to 2 × (H + / e - ) / ( H  +/ATP). Accu- 
rate measurement of the intrinsic P / e  2 ratio would 
place limits on the H + / e  - and H + / A T P  ratios. 
Measured P / e  2 ratios are lower than the intrinsic 
ratio, since the coupling between electron flow and 
phosphorylation is not 100% efficient. Electron 
flow proceeds at an appreciable rate even in the 
absence of ADP and Pi, indicating that protons 
can leak out of the thylakoid lumen without driv- 
ing ATP synthesis. Schrrder et al. [12] and Portis 
et al. [13] measured the dependence of the rate of 
this leak on internal proton concentration under 
non-phosphorylating conditions and corrected ob- 
served P i e  2 ratios for its effect. Both groups 
obtained a constant P / e  2 after correction, indicat- 
ing that passive proton efflux is the main dissipa- 
tive process. For electron flow from water to Pho- 
tosystem I acceptors, Schr~ler et al. [12] obtained 
a corrected P / e  2 of 1.0, whereas Portis and Mc- 
Carty [14] and McCarty and Portis [15] obtained a 
value of 1.3. The latter value is consistent with an 
H + / ATP  ratio of 3 and a H ÷ / e -  ratio of 2. 

In this paper, we present a further characteriza- 
tion of the relationships between nonphosphory- 
lating electron flow, phosphorylation and [H+]in. 
Maximal P / e  2 ratios were also estimated under a 
wide variety of conditiofis. 

Materials and Methods 

Spinach chloroplast thylakoids were isolated as 
described [16] and were suspended in 0.3 M man- 
ni tol /0.02 M Tricine-NaOH (pH 8.0)/0.01 M 
NaCI. Intact (over 90%) chloroplasts were isolated 
from 11-16-day-old pea (Pisum sativum, var Pro- 
gress No. 9) shoots as described [17]. Chlorophyll 
was determined in 80% acetone extracts using the 
extinction coefficients of Arnon [18]. 

A pH and [H+]in were calculated from the 
steady-state extents of [14C]hexylamine uptake, de- 
termined by a silicone-oil microcentrifugation 
method essentially as described previously [14,19]. 
The usual reaction mixtures contained (in 0.25 
ml): 20 mM Tricine-NaOH (pH 8.0), 50 mM 

NaC1, 5 mM MgCI2, 0.04 mM EDTA, 0.025 mM 
[14C]hexylamine (1.3 mCi/mmol) ,  thylakoids or 
chloroplasts equivalent to 0.1 mg chlorophyll/ml,  
[3H]sorbitol (1 mCi /ml)  and other additions as 
indicated. In many experiments, the sorbitol was 
omi t ted  and the entire lower (g lycero l /  
trichloroacetic acid) layer was taken for the de- 
termination of radioactivity. This simplified proce- 
dure gave quite similar results of the double-iso- 
tope method, since the correction for external 
[14C]hexylamine carried through the silicone fluid 
with the thylakoids is less than 2% for the extents 
of uptake reported. 85-95% of the thylakoids 
penetrated the silicone fluid layer and a recovery 
of 90% was generally assumed in the calculation of 
A pH. Light intensities were varied with neutral 
density filters. 

Electron flow from water to Fe(CN) 3- (1 mM) 
was determined in a reaction mixture identical to 
that used in the estimation of A pH, except that 
neither [14C]hexylamine nor [3H]sorbitol was pre- 
sent. Aliquots were illuminated within the micro- 
centrifuge and ferrocyanide production was as- 
sayed [20]. Electron flow from water to methyl 
viologen (0.2 mM) was estimated by determination 
of H202 production essentially according to Black 
and Brandt [21]. Photosystem I-dependent methyl 
viologen reduction was determined using tetra- 
methylquinol as the electron donor [22] in the 
presence of superoxide dismutase and 2 mM 
DCMU. When phosphorylation was assayed, the 
reaction mixtures contained in addition 2 mM 
A D P / 4  mM potassium phosphate buffer /0 .2  ~Ci 
32p i. Incorporation of 32p i into organic phosphates 
was determined by the method of Lindberg and 
Ernster [23]. 

Nucleotides, bathophenanthroline sulfonate, 
carbonylcyanide m-chlorophenylhydrazone, phlor- 
izin, Percoll, superoxide dismutase and catalase 
were purchased from the Sigma Chemical Com- 
pany. Dimethyl- and tetramethylquinones were 
obtained from Aldrich. The silicone fluids were 
generous gifts of the Silicone Products Division, 
General Electric Company. [14C]Hexylamine was 
obtained from Mallinckrodt Nuclear or from 
Amersham. Other isotopically labeled compounds 
were from New England Nuclear. 



Results 

Relation of nonphosphorylating electron flow to A pH 
At a constant external pH, the internal proton 

concentration ([H+]in) was previously shown 
[12-14] to be proportional to the rate of electron 
flow under nonphosphorylating conditions. Since 
the rate of proton influx is given by the rate of 
electron transport multiplied by H ÷ / e ,  this result 
suggests that passive proton efflux is also propor- 
tional to [H+]i,, since proton efflux and influx 
rates are equivalent at the steady state: 

Influx rate = ( H + / e ) . R  e (1) 

Efflux rate = k H [H+ ]in (2) 

(H+/e)'R¢ = kH[ H+ ]i. (3) 

where R c is the rate of electron flow and k u is the 
apparent first-order rate constant for proton ef- 
flux. Since the external proton concentration 
([H+]out) is always less than 1% of [H+]in in our 
experiments, [H ÷ ]in is an approximation of [H ÷ ]in 
- [ H + ] o u t  . Thus, passive proton efflux can be 
thought of as proton diffusion through the mem- 
brane. However, we will show later that this pro- 
cess has some unusual properties. The transmem- 
brane potential difference is near zero in the steady 
state [24-27] and has been ignored. 

[H+]~n is proportional to R e when the parame- 
ters are varied by.decreasing light intensity [12-14]. 
This relationship also holds when light intensity is 
held constant and increasing amounts of dichloro- 
phenyl 1,1-dimethylurea are used to inhibit Rc 
(Fig. 1). The protonophores gramicidin (not shown) 
and CCCP [14] decrease the [H +]in supported by a 
given R~, resulting in an increase in k n. Thylakoids 
uncoupled by treatment with o-phenylenebisma- 
leimide in the light [28] also have an increased k H. 

At pH 8, the linear relationship between [H+]in 
and the rate of electron flow fails at high ApH 
values and further increases in the rate of electron 
flow result in little or no further increases in 
[H+]in [13]. This second phase to the relationship 
between [H+]i, and R e was ascribed to the induc- 
tion at A pH values greater than about 2.9 of a 
second proton leak, occurring through the ATPase 
complex. This explanation was supported by the 
ability of ATP to prevent simultaneously the onset 
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of this second phase and to prevent a conforma- 
tional change in CF 1 [13]. Since ADP also prevents 
the leak at high ApH values, the effect of ATP 
cannot be ascribed to ATP-dependent H ÷ uptake. 
Furthermore, neither the conformational change 
nor the second phase is seen in experiments at pH 
7 [13]. Chloroplast thylakoids were reacted with 
DCCD, which prevents proton efflux through the 
ATPase complex by reacting with the CF 0 portion 
of the complex [16,29]. This treatment completely 
prevents onset of the second phase in the relation- 
ship between [H+]in and the rate of electron flow, 
but leaves k u unchanged (Fig. 2). 

The energy transfer inhibitors, phlorizin and 
4'-deoxyphlorizin, do not prevent the onset of the 
proton leak through the ATPase complex at high 
A pH values (not shown). Surprisingly, 2 mM 
phlorizin decreased the k H taken from the linear 
portion of the curve relating [H+]i, to the rate of 
electron flow. Although 0.16 mM 4'-deoxyphlori- 
zin inhibited energy transfer as well as 2 mM 
phlorizin, it did not alter the k H, indicating that 
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Fig. 1. Relationship between [H + ]in and rate of electron flow 
as varied by light intensity (ll) and DCMU (A). Electron flow 
from water to ferricyanide and A p H  were determined either at 
a fixed light intensity (1.105erg.cm -2.  s -  1) in the presence of 
various concentrations (0 to I /xM) of DCMU or in the absence 
of DCMU at light intensities ranging from 0.1 to 1.0.105 
e rg . cm-2 . s  -1. Methanol was present at 1% (v/v)  in each case. 
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Fig. 2. Effect of DCCD on the relationship between [H + ]in 
and electron flow. Thylakoids (2.5 m$ cblorophyll/ml) were 
incubated with 200/~M DCCD (O) or 156 methanol (®) for 15 
min prior to assay of A pH and ferricyanide reduction. ATP 
(100 gM) was present in both cases during assay. The light 
intensity ranged from 0.1 to 1.5.105 e rg . cm-2 . s  - I .  Electron 
transport rates are expressed as /Jequiv /h  per mg chlorophyll. 

the effect is not due to energy transfer inhibition 
per se. 

In a number of experiments, [H+]i, extrapo- 
lated to zero at a finite rate of electron transport. 
This may be due to underestimation of A pH caused 
by efflux of hexylamine during centrifugation as 
the chloroplasts accumulate at the silicone/reac- 
tion mixture interface. Evidence for this explana- 
tion comes from the general correlation between 
the extent of uncoupling and the size of the x 
intercept (unpublished observations, and Ref 14). 
If the rates of proton and hexylamine efflux are 
appreciable relative to the rate at which thylakoid 
membranes pass through the silicone-oil layer, a 
situation that is more likely to occur in the pres- 
ence of uncouplers, [H+]i, would be underesti- 
mated. To account for the observed data, the 
underestimation would have to have a constant 

TABLE I 

DEPENDENCE OF k H UPON EXTERNAL pH 

k H was estimated from slopes of plots of [H + ]i. vs. rate of 
electron flow (water-to-ferricyanide). Light intensity was used 
to vary these parameters. The units for k H are gequiv /h  per 
mg chlorophyll per gM [H + ]i.. 

External pH k n k n / [  H+ ]out ( × 107) 

7.0 1.1 1.10 
7.5 5.4 1.71 
8.0 26.3 2.63 
8.5 55.3 1.74 
9.0 147.7 1.48 

term, independent of the actual [H+]in. 
In 35 experiments at pH 8.0, in the absence of 

uncouplers, k H was 21 + 8 gequiv /h  per mg chlo- 
rophyll per #M [H+]in and ranged from 11 to 41. 
The k H values determined at a variety of external 
pH values are given in Table I. The k n increased 
by a factor of 100 as the pH increases from 7 to 9. 
Over this pH range, [H+]in at a given low light 
intensity also decreases by a factor of 100. There- 
fore, the proton efflux rate is nearly independent 
of external pH. The observations that both A pH 
and the rate of electron flow are independent of 
pH over this range suggest that passive proton 
efflux is a function of ApH, and not of [H+]in 
alone. These observations may be reconciled with 
Eqn. 2 if the leak rate is expressed as k~ 
([H+]in/[H+]out), where k~ is a pH-independent 
constant. In Table I, k~ was calculated for each 
external pH by multiplying the observed k H by 
[H+]out . k~z is, as expected, relatively invariant. 
Low light intensities were used in these experi- 
ments to avoid the proton efflux through the 
ATPase that is induced at high ApH values. This 
leak has a considerable pH dependence and can 
account for the pH dependence of nonphosphory- 
lating electron transport at saturating light intensi- 
ties [13]. 

Photophosphorylation in relation to A p H  
If ADP and Pi are present in the reaction 

mixture, the proton flux through the ATPase cou- 
pled to ATPase synthesis must be the difference 
between the two terms of Eqn. 3: 

(H+/e)'Re - krl[ H+ ]i. = ( H + / A T P ) ' R p  (4) 



where R p is the rate of ATP synthesis and 
( H + / A T P ) ,  the proton to ATP ratio. The k H can 
be measured by the experiments of the type pre- 
sented in Figs. 1-3.  Thus, if [H+]in is measured 
under phosphorylating conditions, electron flow 
can be corrected for the leak (i.e., nonphosphory- 
lating electron flow) and the intrinsic Pile 2 ratio 
can be calculated. As any two points should unam- 
biguously fix the k n and intrinsic P / e  2 ratio, Eqn 
4 can be rearranged and multiplied by 2 to solve 
for the P / e  2 ratio 

p 2Rp 2 ( H + / e )  2kn[H+ ]in 

e 2 Re (H +/ATP) (H+/ATP)  Re 
(5) 

If the measured P / e  2 is plotted against [H+]in  

+ R e, the points so generated should form a line 
of  slope - 2  × k H - ( H + / A T P )  and o f y  intercept 
2 X ( H + / e - ) + ( H + / A T P ) ,  the intrinsic P / e  2 

ratio. The k H can be calculated from such a plot if 
the value of either H + / e  - or H ÷ / A T P  is known. 
Thus, there is no need to perform a separate 
experiment of the type shown in Figs. 1 and 2 to 
determine k H. This considerably simplifies the 
experiments designed to measure the intrinsic 
P / e  2. Portis and McCarty [14] found that the 
P / e  2 corrected for leakage was constant at 1.3 
when the observed P / e  2 was varied with either 
light intensity or 4'-deoxyphlorizin. The same cor- 
rected P / e  2 was found with either Eqn. 4 or 5, 
and the k H calcul~tted from Eqn. 5 agreed quite 
well with that calculated from Eqn. 3 if both 
experiments were performed [15]. It must be 
stressed that these experiments were carried out 
under conditions where [H+]in  was  always a linear 
function of nonphosphorylating electron flow. The 
maximum [H+]in  reached at an external pH of 8.0 
was less that 10 v M  and [H+]in  is still linear with 
respect to R e at and below this [H+]in  - 

Each of the three proton fluxes was varied as a 
test of the adequacy of Eqn. 5. The rate of proton 
pumping into the lumen can be varied by changing 
the rate of electron flow. This has been done by 
varying the light intensity and and by adding 
D C M U  at constant light intensity. In these experi- 
ments, the P / e  2 extrapolates to 1.3. The k H calcu- 
lated from the experiment in which light intensity 
was varied is the same as that in which D C M U  
concentration was altered (Fig. 3). Electron flow 
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Fig. 3. Relationship between [H + ] / R  e and P / e  2 as varied by 
light intensity and DCMU. Phosphorylation, electron flow 
(water to ferricyanide) and A pH were assayed at light intensi- 
ties ranging from 0.06 to 1.0.105 erg. cm-2. s-1 in the absence 
of DCMU (O) or at 0.5.105 erg.cm-2-s - l  in the presence of 
DCMU (0-0.7 #M) (e,ll). Electron flow and phosphorylation 
rates are expressed as/~moi/h per mg chlorophyll In (C), P i e  2 

extrapolates to 1.31; correlation coefficient is 0.97. 

exclusively through Photosystem I can be assayed 
in DCMU-poisoned chloroplasts if reduced tetra- 
methylquinone is used as an electron donor and 
methyl viologen is the electron acceptor [22]. Pre- 
sumably, only one proton is translocated per elec- 
tron transported through Photosystem I [22,30]. 
The P / e  2 for this Photosystem I reaction was 
varied with light intensity. The plot of P / e  2 vs. 
[ n  + ] in//R e showed an extrapolated P / e  2 half that 
of the water-to-ferricyanide reaction (Fig. 4). The 
k H usually was about 50% larger than that of the 
water-to-ferricyanide controls. In a series of four 
experiments, the Photosystem I reaction gave an 
extrapolated P / e  2 of 0.60 vs. 1.22 for the water- 
to-ferricyanide controls. An effort was made to 
isolate a pure Photosystem II reaction by using 
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Fig. 4. Comparison of the relationship between [H + ] in /Re 
and P / e  2 during electron flow through Photosystem I alone or 
through both Photosystems. Electron flow from either water to 
ferricyanide ( P / e  2 extrapolates to 1.15) or tetramethyiquinol 
to methyl viologen (extrapolation to 0.60), phosphorylation and 
ApH were assayed at various light intensities ((0.1-1.0).105 
erg. cm -2. s-1) .  All incubations contained 4% (v/v)  of ethyl- 
ene glycol/ethanol (1 : 1, v/v), ,  since this mixture was used to 
dissolve the quinol and DCMU. Methyl viologen was present 
at 0.5 mM, tetramethyiquinol at 0.9 raM, DCMU at 2 #M and 
superoxide dismutase at 0.1 mg/ml .  This concentration of 
superoxide dismutase produced the maximum effect on the 
P / e  2 ratio. Rates of electron flow are expressed as #equ iv /h  
per mgchlorophyll  and [H + ]i, as/~M. 

dimethylquinone as an acceptor. Electron flow to 
Photosystem I was blocked with trifluralin or 
nitroflurophen, since the standard inhibitor, di- 
bromomethylisopropyl  benzoquinone reacts with 
hexylamine [31]. The extrapolated P / e  2 varied 
f rom 0.3 to 0.8. Since the k H was uniformly higher 
than in water- to- ferricyanide controls and since it 
is difficult to assess the magnitude of the leak 
through the inhibited site to Photosystem I, these 
values are not reliable. 

The efflux of protons through the ATPase com- 
plex can be limited by energy-transfer inhibitors, 
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Fig. 5. Effect of DCCD on the relationship between [H + ] in /Re 
and P/e2. Methanolic solutions of DCCD were diluted 1 : 100 
with thylakoid suspensions (2.5 mg chlorophyll/ml) to give 
final DCCD concentrations of 0.1-0.5 mM (e  in (C)). Methanol 
was also added to the controls. (O in (C)). The suspensions 
were incubated for 30 min at 0 ° C  prior to assay. The light 
intensity varied from 0.1.103 to 1.0.105 e rg -cm-2 . s  -1 for 
controls and was fixed at 0.5.103 e rg . cm-2 . s  -1 for DCCD- 
treated samples. Phosphorylation (n,ll), A pH (zx,*) and elec- 
tron flow (water to ferricyanide) (O ,e )  were assayed. Rates are 
expressed as # m o l / h  per mg chlorophyll. P / e  2 extrapolates to 
1.38; corr. coeff. 0.97. 

as already shown with 4'-deoxyphlorizin [14]. The 
same effect may be realized with increasing con- 
centrations of D C C D  to vary the P / e  2 ratios (Fig. 
5). Both the P / e  2 and k H are similar to those of 
controls in which fight intensity is varied. The rate 
of phosphorylation can also he inhibited by lower- 
ing the phosphate concentration. This was done at 
two different light intensities. The P / e  2 and k H 
calculated from these data do not differ from 
those of controls in which light intensity was varied 
at saturating phosphate (not shown). 

Uncouplers increase the rate of the proton leak, 
as reflected by increases in k H calculated under 
basal conditions. Light intensity was caried in the 
presence of a constant concentration of CCCP and 
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a. ' higher light intensities. This is especially true in 
• the presence of uncouplers and is likely to result 

from underestimation of [H+]i.. If increasing con- 
ii centrations of DCCD are used to vary P / e  2 in- 

stead of light intensity, [H+]in is kept high and the tll 
q/~ ~ underestimation of [H+]in is of minor importance. 
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Fig. 6. Effect of CCCP on the relationship between [H + ] i , /Rc  
and P / e  2. Electron flow (water to ferricyanide) (zx,A), phos- 
phorylation (D,I) and z~ pH were assayed in the presence (filled 
symbols) and absence (open symbols) of 0.25 #M CCCP at 
light intensities ranging from 0.1.10 s to 2.0.105 erg. cm-2. s -  I. 
Rates are expressed as /~mol/h per mg chlorophyll. P / e  2 
extrapolates to 1.29. 

the P i e  2 plotted against [ H + ] i J R e .  The extrapo- 
lated P / e  2 is the same as that of controls which 
lacked CCCP, but as expected, the calculated k n 
is higher than that of controls (Fig. 6). Similar 
results are obtained in thylakoids treated with 
o-phenylenebismaleimide in the light, a treatment 
that uncouples photophosphorylation [28]. The k H 
increases with uncoupler concentration• The con- 
centration of uncoupler must be kept low to allow 
an appreciable range of P / e  2 ratios to be repre- 
sented, and to keep [H+]in in a range in which it 
can be accurately measured. 

On plots of P / e  2 vs. [ H + ] i d R e  datum points 
obtained at low light intensity sometimes fall be- 
low and to the left of a line extrapolated from 

1.,rl C" 
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1.( 
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Q- 0.( 

0,4 

11.2 

O( 0.04 0.08 0.12 0.16 

[H+] in/Re 
Fig. 7. Effect of gramicidin on the relationship between 
[H + ] i . /Rc  and P / e z .  Electron flow (water to methyl viologen) 
(,x, a), phosphorylation (O,O) and ApH were determined in 
aliquots of the thylakoids that had been treated with DCCD in 
the presence (filled symbols) and absence (open symbols) of 0.7 
nM gramicidin as described in the legend to Fig. 6. The 
concentrations of DCCD and gramicidin as described in the 
legend to Fig. 6. The concentrations of DCCD and gramicidin 
shown are the final concentrations in the reaction mixtures. 
Methanol was present at 1% (v/v) during the preincubation. 
Light intensities were 5.104 and 9.104 erg.cm-2.s -1 for 
control and gramicidin-treated thylakoids, respectively. The 
rate of phosphorylation is higher in the presence of gramicidin 
because of the higher light intensity. Phosphorylation was less 
in the gramicidin-treated thylakoids when the assays were 
carried out at the same light intensity. Rates are expressed as 
#mol /h  per nag chlorophyll. P / e  2 extrapolates to 1.24. 
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The linear relationship between observed P / e  2 
ratios and [H+]/Re is maintained over a wide 
range in the presence of gramicidin when DCCD 
is used (Fig. 7). 

The P i e  2 was varied by decreasing the light 
intensity at different external pH values and then 
plotted against [H+]in/Re (Fig. 8). The extrapo- 
lated P i e  2 shows no systematic variation with 
external pH. As in the investigation of the rela- 
tionship between [H+]in and the rate of basal 
electron flow, the calculated k H increased by 
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Fig. 8. Influence of external pH on the relationship between 
[ H + ] i n / R e  and P i e  2. Electron flow from water to fer- 
ricyanide, phosphorylat ion and ApH were determined at the 
pH  values shown at light intensities ranging from 0.1.10 4 to 
1.0"105 e r g . c m - 2 . s  -1. The buffers used were (A) Tricine- 
N a O H  for pH 8.4 (ra), 8.0 (O)  and 7.7 (zx); (B) Hepes-NaOH, 
for pH 7.4 (O)  and 7.0 (n), Mes-NaOH for pH  6.7 (zx). Rates 
are expressed as # e q u i v / h  per mg chlorophyll. 

roughly 10-fold for each unit increase in external 
pH. This reflects the lack of a strong dependence, 
at low light intensities, of A pH and the rates of 
electron transport and phosphorylation upon ex- 
ternal pH. At pH values below 7, the plot of P i e  2 

vs. [H÷]in + R e is not linear, but rather curves over 
as light intensity increases, reaching a maximal 
P i e  2 value near 0.5 at pH 6.7. Substitution of 
methyl viologen for ferricyanide did not change 
this behavior, so it is not due to Photosystem 
II-mediated reduction of ferricyanide. It may re- 
flect the inability of hexylamine to behave as an 
ideal indicator of A pH at pH values at which the 
concentration of free base is very low [31]. 
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Fig. 9. Comparison of the relationship between [H + ] in /Re  and 
P i e  2 for freshly lysed chloroplasts (zx) and washed thylakoids 

,~(O). Electron flow from water to ferricyanide, phosphorylation 
and A pH were assayed at several light intensities of 0.1-5.0.105 
erg. cm - 2. s -  ] in either washed peak thylakoids or in intact pea 
chloroplast lysed in the reaction mixture. Rates are expressed 
as # e q u i v / h  per mg chlorophyll. P / e  2 extrapolates to 1.36; 
corr. coeff., 0.99. 



In most experiments, the highest measured P i e  2 
was between 0.9 and 1.1, so the extrapolation to 
obtain the intrinsic P / e  2 is large. Intact chloro- 
plasts were isolated from pea leaves [17] and lysed 
by addition to the reaction medium. The resulting 
suspensions of especially fresh thylakoid mem- 
branes gave higher measured P / e  2 ratios, but the 
extrapolated P / e  2 was the same as that found for 
chloroplasts isolated without an outer membrane 
by diluting the Percoll supernatant with a buffered 
mannitol solution and pelleting the chloroplasts 
(Fig. 9). the k H values for the two preparations 
were also the same. 

In 80 experiments, k H calculated from the P / e  2 
vs. [H+]i, + R e plots at pH 8 in the absence of 
uncouplers was 19 + 9, with a range from 8 to 41 
#equ iv /h  per mg chlorophyll per #M [H+]i,. As 
with the k H calculated from plots of [H+]i, vs. the 
rate of basal electron transport, the k H determined 
by this method was reproducible from day to day 
with thylakoid membranes isolated from a given 
batch of spinach leaves, as long as the leaves 
remained fresh. In 80 experiments, the extrapo- 
lated P / e  2 was 1.25 + 0.11, and ranged from 0.95 
to 1.42. 

Discussion 

The results presented in this paper provide fur- 
ther support for the concept that the coupling 
between ATP synthesis and electron flow at the 
steady state may be described quantitatively in 
terms of proton fluxes. Proton influx is linked to 
electron flow and two pathways of proton efflux 
from the thylakoid lumen occur. One pathway is 
dissipative and appears to be passive, while the 
other is coupled to ATP synthesis. 

Since the passive leak is unaffected by DCCD, 
it probably does not occur through the H ÷- 
ATPase. Phlorizin and quinones when present at 
high concentrations decrease k H, probably by par- 
titioning into the membrane and altering its prop- 
erties. No specific inhibitor of the leak has been 
found. The dependence of the passive leak on pH 
suggests that the lack rate may be described as: 

ra te  of  passive H ÷ m o v e m e n t  = k ° [H +  ]i. 
[H  + ]o., (6)  

where k~ is nearly independent of pH. Using a 
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quite different experimental approach, Gr~iber and 
Witt [32] deduced a similar rate equation for H ÷ 
efflux. Since our experiments were performed over 
a limited range of pH and A pH, Eqn. 6 may not 
be a complete description of the process. The 
dependence of proton efflux rate on A pH is un- 
usual and is not predicted by the simplest models 
for proton transport. If, however, H ÷ transport is 
assumed to be asymmetric, models can be gen- 
erated for carrier or channel-mediated H ÷ efflux 
in which the transport rate depends on ApH [33]. 

A second proton leak becomes apparent at 
medium pH values in the range of 7.8-8.3 when 
the rate of electron flow is sufficient to generate a 
A pH of 2.8 or above. This induced leak is partially 
prevented by low concentrations of ADP or ATP 
[13] and is totally prevented by DCCD. These 
results suggest that the induced proton leak is 
through the H ÷-ATPase. The induction of the leak 
at alkaline pH values can account for the pH 
dependence of nonphosphorylating electron flow 
at saturating light intensities. Measurements of 
proton fluxes across thylakoids with pH electrodes 
confirm the presence of a proton leak through CF 1 
[34]. A considerable increase in proton permeabil- 
ity with increasing light intensity, which was not 
mediated by CF t, was also detected. This apparent 
effect, however, can be attributed to the analysis 
of the data [35]. The proton leak through the 
H +-ATPase might be expected to complicate the 
analysis of ATP synthesis in terms of proton fluxes. 
However, phosphorylation decreases A pH suffi- 
ciently at the light intensities used in these experi- 
ments to prevent development of the leak. As the 
light intensity and, thus, [H+]i, are increased be- 
yond the highest levels used in these experiments, 
the induced leak sets in and further increases in R e 
are not accompanied by increases in R p. This is 
apparent in P / e  2 vs. [H+]in/Re as points at lox~ 
[H+]in/Re with low P / e  2 ratios. 

The observation that internal proton concentra- 
tion is a linear function of the rate of nonphos- 
phorylating electron transport suggests that, under 
the conditions of our experiments, H + / e  does not 
vary with light intensity. It has been demonstrated 
[5-7] that electron flow through the cytochrome 
b6- f complex can translocate two protons per elec- 
tron. However, the translocation of an extra pro- 
ton by the complex appears to occur at low values 
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of A pH and at relatively low redox potentials. No 
indication of an extra proton was obtained when 
methyl viologen replaced ferricyanide as the elec- 
tron acceptor, when DCMU was used instead of 
light intensity to vary R e and when tetramethyl- 
quinol was used as the electron donor. Thus, A pH 
may be the major factor that inhibits proton 
pumping by the cytochrome complex. Even at the 
lowest light intensities used, the A pH was at least 
2 units. We have no explanation for the difference 
between the results of Rathenow and Rumberg 
[361 and ours. 

Phosphorylation, electron flow and [H + ] m were 
measured under a wide variety of conditions that 
affect electron flow, the H+-ATPase, or the per- 
meability of the membrane to protons. No matter 
how these parameters were varied, the data fit well 
with Eqn. 5 which describes the dependence of 
observed P / e  2 ratios on the internal proton con- 
centrations. The fact that the dependence of ob- 
served P / e  2 ratios on [H + ] i n / R  e is similar whether 
DCCD and DCMU (or light intensity) is used is 
of interest. As the DCCD concentration is raised, 
[H+]in increases because of the inhibition of H + 
efflux coupled to ATP synthesis. In contrast, [H + ]in 
decreased with decreasing light intensity or in- 
creasing DCMU concentration. Thus, the coupling 
between electron transport and ATP synthesis may 
be described satisfactorily in terms of transmem- 
brane proton fluxes. Our system is, however, not 
readily applicable to the study of the effects of 
uncouplers. Uncouplers cause a marked increase 
in the proton permeability of thylakoids and, 
therefore, also increase the rate at which accu- 
mulated hexylamine cation would leak out of the 
thylakoid lumen. Uncouplers would augment loss 
of hexylamine during centrifugation and, there- 
fore, cause an underestimation of A pH. 

In contrast to the observations from the 
Kouchkovsky's laboratory [37,38], this laboratory 
has consistently found that phosphorylation re- 
sponds in the same manner to A pH whether light 
intensity, DCMU or uncoupler is used to vary 
these parameters or whether a Photosystem I or 
Photosystem II electron transfer reaction supports 
photophosphorylation. For example, Portis and 
McCarty [19] showed that pyocyanine-supported 
and methyl-viologen-supported phosphorylation 
varied in the same way with a pH. In this paper, 

we show that DCMU and light intensity have 
identical effects on phosphorylation and ApH. 
Moreover, phosphorylation coupled to electron 
flow through both Photosystems (H20  fer- 
ricyanide) responded to A pH in a similar manner 
as that linked to electron flow through Photosys- 
tem I alone (tetramethyl quinol to methyl violo- 
gen). Our results do not support the microchem- 
iosmotic notion in which lateral resistance to pro- 
ton movement from appressed membranes has 
been postulated [37]. The discrepancy between our 
results and those of Haraux et al. [38] may be 
traced to the use by Haraux et al. of 9-aminoacri- 
dine to measure A pH. Although it is clear that 
9-aminoacridine fluorescence responds to A pH, its 
use as a quantitative indicator for ApH has been 
questioned. Moreover, dibromomethylisopropyl- 
benzoquinone has been used in experiments in 
which discrepancies between the response of phos- 
phorylation and A pH to light intensity and to 
inhibition of electron flow. The quinone appears 
to interact to some extent with 9-aminoacridine. 
The absorption and fluorescence spectra of 9- 
aminoacridine are altered by the presence of the 
quinone. 

When the passive leak is zero, all of the protons 
exit thylakoids through the H+-ATPase and the 
P / e  2 ratio is then at its maximal value. In Eqn. 5, 
the P / e  2 ratio would approach 2 ( H + / e ) /  
(H+ATP) as [H+]in/Re approaches zero. Thus, 
the intercept on the ordinate of plots of observed 
P i e  2 ratios vs. [H+]/Re gives the maximal P / e  z 
ratio. The P / e  2 is a measure of the fraction of 
protons that exit via the ATPase as opposed to via 
the passive leak. The rate of phosphorylation at a 
given external pH is given roughtly by C. [H+]~n 
[14], where C is a constant of proportionality. 
Since phosphorylation increases with the third 
power of [H+]in, at high ApH values most protons 
will exit via the ATPase and the P / e  2 will be high. 
Minor changes in kH, such as those induced by the 
low concentrations of uncouplers used in this 
study, from batch to batch of spinach, have little 
impact upon the P / e  2 because of the overwhelm- 
ing importance of the third-order term. As light 
intensity and thus [H+]in decrease the importance 
of the leak and the magnitude of k H increase, and 
increases in k H have a major effect upon the P / e  2 
(Fig. 8). Thus, both the size of k H and of [H+]in 
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inf luence the P / e  2. Anothe r  factor  is made  clear  
in Fig. 9. The  P / e  2 ra t io  is cons ide rab ly  larger  in 
the freshly lysed ch lorop las t s  than in the con t ro l  
thylakoids ,  desp i te  the fact that  their  k H values are  
the same. This  reflects the fact that  the freshly 
lysed ch loroplas t s  have a much large p ropor t i ona l -  
i ty cons tan t  C re la t ing the rate  of  phospho ry l a t i on  

+ 3 to [H ]in than  do  controls .  This  favors  phosphory -  
la t ion  jus t  as an increase  in k H favors the leak 
process.  A m o n g  o ther  things, this change  means  
that  a lower A p H  is required to dr ive the same 
overal l  rate  of  p ro ton  efflux, so A p H  is lower in 
the freshly lysed chloroplas ts ,  much  as it would  be 
if uncoup le r  has been  a d d e d  to increase  k H. This  
result  d rama t i ca l ly  i l lustrates  the idea  that  it is not  
the k H per  se that  de te rmines  the P / e  2, but  ra ther  
the overal l  ba lance  be tween  the two efflux pa th -  

ways,  which is a funct ion  of  k H, C and  [H+]in . 
In  80 exper iments  in which phosphory la t ion ,  

e lec t ron  flow ( through bo th  Photosys tems)  and  
[H+]in were var ied  by  a n u m b e r  of  means ,  inc lud-  
ing l ight intensi ty ,  D C M U ,  external  pH,  4 ' -de-  
oxyphlor iz in  and  phospha te  concent ra t ion ,  a max-  
imal  P / e  2 value of  1.25 + 0.12 was ob ta ined .  This  
value  is consis tent  with an H ÷ / e  ra t io  of  2 and an 
H ÷ / A T P  ra t io  of  3. The  fact  that  the max ima l  
P / e  2 ra t io  for p h o s p h o r y l a t i o n  coup led  to elec- 
t ron  flow through  Pho tosys t em I a lone  was near ly  
precisely  half  of  that  for phospho ry l a t i on  th rough  
bo th  Photosys tems  is most  cons is ten t  with an 
overal l  H ÷ / e  - ra t io  of  2. U n d e r  condi t ions  of  our  
assays,  nei ther  cyclic e lect ron flow nor  extra  pro-  
ton t rans loca t ion  by  the cy tochrome  b6- f complex  
appea r s  to operate .  These  pa thways  appea r  to 
work  at low ambien t  redox po ten t ia l s  [6,7] and  
A p H  values. A n  H ÷ / e  value of  2 is in accord  with 
previous  measurement s  [3,4]. There  is i n d e p e n d e n t  
evidence for  an H ÷ / A T P  ra t io  for  thy lakoids  of  3 
[9,10,39-41]. A n  H + / A T P  ra t io  of  3 for sub- 
mi tochondr i a l  par t ic les  was also ob t a ined  recent ly  
[42]. Thus,  the max ima l  P / e  2 ra t io  for non-cycl ic  
e lec t ron  flow through  bo th  Photosys tems  is l ikely 
to be 4 / 3 .  Since 3 A T P  and  2 N A D P H  are  re- 
qu i red  for CO 2 f ixat ion by  the reduct ive  pentose-  
phospha t e  cycle, it  is a p p a r e n t  that  ei ther  cyclic 
e lec t ron  flow or  increased  p ro ton  t rans loca t ion  by  
the cy toch rome  b6- f complex  con t r ibu tes  to A T P  
synthesis  in vivo. 

In  summary ,  our  results  are consis tent  wi th  the 

no t ion  that  p h o t o p h o s p h o r y l a t i o n  and  e lec t ron 

f low are coup led  by  the p ro ton  gradient .  The  
response  of  the sys tem to a wide var ie ty  of  inhibi-  
tors or  t rea tments  m a y  be  quan t i t a t ed  in terms of  

p r o t o n  fluxes. 
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