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Investigation of steady-state d pH and photophosphorylation in envelope-free chloroplasts extracted from 
lettuce or spinach leaves gave the following results. (1) The ratio of the rates of photophosphorylation at two 
nucleotide concentrations but at the same A pH adjusted by light intensity, and measured by 9-aminoacridine 
distribution, is independent of the magnitude of this d pH. Thus the flow-force relationships only represent 
the A/2H + activation of the coupling factors, each activated enzyme running at its maximum turnover rate. 
(2) Flow-force curves at pH 8.0 and pH 8.5 have similar shapes when dpH is delocalized with 200 pM 
hexylamine. Thus, activation of the coupling factors (CF) depends on the absolute value of d pH, regardless 
of the respective external and internal pH. This would mean that the basic process of activation is either 
voltage-dependent, or is due to the strictly coupled deprotonation of an external site of CF and protonation 
of an internal group. (3) The above result is not modified when GDP is used instead of ADP. This suggests 
that the shift in the equilibrium between active and inactive CF, due to tight binding of ADP, does not 
depend on the external pH. (4) With lettuce thylakoids, flow-force curves at pH 8.0 and 8.5 become 
identical only after a translation of the former by +0.15 along the dpH axis. Thus the response of 
9-aminoacridine depends on the external pH, probably due to a change in the osmotic volume. The internal 
volume would be 40% higher at pH 8.5 than at pH 8.0. (5) Shifting the external pH from 8.0 to 8.5 has the 
same effect on 9-aminoacridine and imidazole responses. This confirms that the main effect is an increase of 
the lumenal volume at high pH. Direct estimations of this volume are qualitatively consistent with this view. 
(6) With spinach thylakoids, the effect of  external pH on the 9-aminoacridine response is minimized. The 
9-aminoacridine space change would be only 17% between pH 8.5 and pH 8.0. At pH 8.0, the light-induced 
uptake of 9-aminoacridine by lettuce thylakoids is insensitive to the increase in sorbitol concentration above 
200 raM, whereas it decreases, as expected, with spinach thylakoids. (7) When the d pH is delocalized with 
200 p M hexylamine, d pH and phosphorylation rates at low light intensities do not depend on the external 
pH. This means that not only the coupling factors, but also basal leaks, would be regulated by A pH and not 
by internal pH or a complex combination of external and internal pH. The results are discussed with 
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reference to previous reports on the pH and d pH dependency of ATP synthesis by thylakoids. It seems 
likely that most early discrepancies were due to the different origins of the chloroplasts and to specific 
behaviour with respect to the A pH probe. This should be considered as a warning when one compares data 
obtained with membranes from different plant species. 

Introduction 

According to the chemiosmotic theory [1,2], the 
ATP synthesis in bacteria, mitochondria and chlo- 
roplasts is coupled to a flow of H ÷ ions through 
an ATP synthase complex called F0-F 1, down a 
transmembrane electrochemical proton gradient 
(A/~n+) generated by an electron transfer chain. It 
is now recognized [3,4] that A/ill+ is necessary not 
only to drive a chemically useful proton flow 
through the ATP synthases (or coupling factors), 
but also to maintain these enzymes in an active 
conformation. This is especially obvious with 
chloroplast coupling factor (CF1) working as an 
ATP hydrolase, since, despite its negative thermo- 
dynamic back-pressure effect [5], A/2n. is required 
for the activity [6]. Actually, high rates of ATP 
hydrolysis may be measured only in the case of 
specific treatments of the coupling factors, such as 
reduction by thiol reagents [5,7-9], which is be- 
lieved to make the enzyme susceptible to activa- 
tion by lower A/in÷ [4,7,10,11]. Only in this case, 
A/~H. may be both high enough to activate the 
ATPases, and sufficiently low to allow the proton 
pumping related to ATP hydrolysis. The activa- 
tion of the coupling factor is accompanied by the 
release of tightly bound ADP [12-15]; thus, ADP 
binding is thought to displace the equilibrium 
between active and inactive coupling factors. 

The primary processes of activation by A/~H+ 
have been proposed to involve protonation of 
some groups on the high-potential pole of the 
enzyme and/or  deprotonation of some others on 
the low-potential side [4,11,16]. The number of 
protons involved in such a process and the cooper- 
ativity between events on the two poles of the 
enzyme have been discussed elsewhere [4,11,16]. A 
prediction from the proposed models is that if 
internal protonation and external deprotonation 
of the enzyme are strictly coupled processes, the 
amount of activated coupling factors should de- 
pend on A/~H+, regardless of the external pH [11]. 
A strict control of the rate of ATP synthesis by 

the proton gradient, independent of external pH, 
was observed using spinach chloroplasts, with 
ApH [17,18] or Zhp [19] as the major component of 
the driving force. Some other groups, however, 
found opposite results with lettuce chloroplasts 
[20] or with CF0-CF 1 coreconstituted with 
bacteriorhodopsin into liposomes [21]. To explain 
some of the discrepancies, it has been proposed 
that the rate of phosphorylation could be strictly 
determined by A/ill. only for low amplitudes of 
the proton gradient [17]. This logical hypothesis is 
now untenable, since A pH control independent of 
the external pH was found even for high values of 
the protonmotive force [18]. Another difficulty is 
that it was not proved that the driving force effect 
of the proton gradient was saturating in these 
experiments, although this was suggested by the 
proportionality between the release of tightly 
bound ADP and the initial rate of phosphoryla- 
tion induced by short flashes or voltage pulses 
[22]. Thus, it is not sure that the rate of ATP 
synthesis reflects the amount of active coupling 
factors. 

Therefore, two problems remain to be eluci- 
dated. Firstly, one needs to discriminate fully be- 
tween the driving force and the activator roles of 
the electrochemical proton gradient. Secondly, it is 
essential to understand why some authors have 
found a dependency of ATP synthesis on both 
external pH and A/~H., while a strict control by 
A/IH+ alone now seems the most probable hy- 
pothesis [18]. 

In this report, we present new data suggesting 
that in non-thiol-treated chloroplasts the rate of 
ATP synthesis directly represents the extent of 
coupling factor activation by ApH (A~ k being 
cancelled by valinomycin). Our approach, differ- 
ent from that previously used [22], is based on the 
comparison of flow-force relationships at two 
substrate concentrations and on siinple enzyme 
kinetics. We also show that the amount of active 
ATP synthases probably depends simply on za pH 
if the response of 9-aminoacridine depends on the 
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external pH. We develop arguments according to 
which this behaviour would not be specific to this 
probe. In addition, we have compared spinach and 
lettuce chloroplasts as regards the 9-aminoacridine 
response and found that deviations due to the 
external pH are minimized in the first case. The 
osmotic behaviour is also different between the 
two species investigated. Therefore, previous dis- 
crepancies could be explained mainly by the origin 
of the biological material. Other experiments indi- 
cate that, at low light intensities and in the pres- 
ence of hexylamine, the rate of phosphorylation 
and ApH are insensitive to external pH between 
7.8 and 8.7. This would mean that not only CF 1, 
but also other proton leaks, are controlled by the 
A pH and not by the internal pH. 

Materials and Methods 

Envelope-free chloroplasts were extracted from 
market lettuce or spinach as in Ref. 23 and stored 
on ice and in darkness in 50 mM KC1/0.5 mM 
K2HPO4/2 mM Tricine (pH 8.2). Phosphoryla- 
tion and A pH were simultaneously assayed as 
described elsewhere [24]. 

A p H  estimations 
A pH was estimated by the light-induced 

quenching of 9-aminoacridine fluorescence [25], 
using the classical formula: 

ApH=Iog((I+IOPN-Pr)[F" (V°+I)---~i ]--IOOH-oK ) 
[ F ° ~ E  

-- log(1 + 10PH-PK) +log--~i + l o g ( ~  -- 1 ) 

Where F " is the fluorescence of 9-aminoacridine 
in the dark (non-energized conditions), F ° the 
fluorescence level under illumination, V o the 
volume outside the thylakoids, and V i their inter- 
nal volume, pK is that of 9-aminoacridine (=  10) 
and pH refers to the external medium. Since the 
above relationship is probably only qualitatively 
valid [26], especially as the actual internal volume 
trapping the probe is difficult to estimate [27,28], 
we have used for the figures the expression: log 
R = log(F " / F  ° - 1) + log(1 + 10 pH-I°) instead 
of A pH. The two remain linearly related unless V i 
is varied. 

In some experiments, ApH was also estimated 
by the increase of light-induced proton uptake due 
to imidazole addition [29]. The formula used was: 

ApH= logA[~] ~ +log (l+10PH-PK10 pH-pK )2 +log_~i 

Where [A] is the concentration of imidazole in 
mol-1-1, A[H] the additional proton uptake in 
mol.  1-1, and pK is that of imidazole (6.95). V o, 
V i and pH have their usual significance defined 
above. As for 9-aminoacridine, we have used a 
reduced expression: log R'  = Iog(A[H]/[A]) + 
log[(1 + 10PH-6"95)2//10PH-6"95], in which the in- 
ternal volume contribution is omitted. Since im- 
idazole had an uncoupling effect at the concentra- 
tion used (100/~M), the A[H] could not be directly 
measured. Thus, the proton uptake due to the 
imidazole was obtained by the difference between 
the proton uptake with and without imidazole at 
identical log R. The latter was varied by light 
intensity. These experiments were carried out with 
chloroplasts, 30 #M chlorophyll in 1 mM 
Tricine/50 mM KC1/5 mM MgC12/1 mM 
K2HPO4/50 #M pyocyanine/4 #M 9-aminoacri- 
dine. A pH measurements at variable osmolarity 
were made in a medium comprising 2.5 mM Tri- 
cine/10 mM KC1/5 mM MgCI2/50 #M pyocya- 
n ine /50  nM valinomycin/4 #M 9-aminoacridine 
with sorbitol at indicated concentrations. 

Estimation of the internal volume of thylakoids 
The total volume of thylakoids (membrane + 

lumen) was measured as follows: chloroplasts were 
suspended at a final concentration of 1 mM chlo- 
rophyll in 30 mM Tricine/50 mM KC1/5 mM 
MgC12 containing in addition fluorescein isothio- 
cyanate covalently bound to Dextran (FITC-Dex- 
tran, M r 150000) at a concentration of 45 #M. 
The suspension was adjusted to the required pH, 
centrifuged at 3000 × g for 30 mn, and the pellet 
was resuspended in a FITC-Dextran-free medium. 
FITC-Dextran initially present in the water sur- 
rounding the chloroplasts was titrated by fluores- 
cence (excitation, 490 nm; detection, around 550 
nm). The estimated external aqueous volume was 
subtracted from the volume of the pellet to obtain 
the thylakoid volume. 

To measure the volume of the membranes, 0.5 



ml of chloroplasts at high chlorophyll concentra- 
tion (3 to 5 mM) was dried to 24 h in a desiccator 
at room temperature. The volume of total (exter- 
nal + internal) water was estimated from the 
weight difference before and after desiccation, as- 
suming a density of 0.998. The membrane volume 
was calculated by the difference between the 
volume of the sample and this aqueous volume. 

Phosphorylation rate measurements 
The phosphorylation rate was deduced from 

the scalar proton consumption, measured with a 
glass electrode, and corrected according to the 
external p H  with appropriate coefficients [30]. Ex- 
periments were carried out with chloroplasts 30 
/xM chlorophyll in 2 mM Tricine/50 mM K C I / 5  
m M  MgCI2 /2  mM K2HPO4/50  #M pyocyan ine /  
50 nM val inomycin/4  #M 9-aminoacr idine+ 
ADP or G D P  at indicated concentrations. Other 
additions are mentioned in the legends when nec- 
essary. The 1 × 1 cm spectroscopic cuvette, mag- 
neticaUy stirred, was maintained at 20°C.  To 
establish f low-force relationships, the activity was 
varied by actinic light intensity modified with 
neutral filters. The maximum intensity available 
(red light) was about 750 W-  m -2. In experiments 
with limiting substrate, we took special care con- 
cerning the precise moment  when the rate of phos- 
phorylation and ApH were estimated. It  was cho- 
sen when the ApH had just reached a pre-steady 
state, before any significant decrease of substrate 
concentration. This decrease was always less than 
10% and generally around 5%, therefore no correc- 
tion was judged necessary. 

In each type of experiment, the sample was 
adjusted to the required p H  a few minutes before 
the measurement. 

R e s u l t s  

Rate of photophosphorylation as a function of A p H  
and nucleotide concentration 

In order to study the role of external and 
internal p H  in the coupling factor activation, we 
need to take into account the driving force effect 
of ApH on the rate of phosphorylation. I t  was 
suggested [4,11,22,31] that in non-thiol-modulated 
chloroplasts, this driving force effect is always 
saturating and that the ATP synthesis rate is 
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directly proportional to the amount of activated 
ATP synthases. The most convincing argument for 
this is that the initial rate of ATP synthesis in- 
duced by short flashes or external voltage pulses 
was found to be proportional to the amount  of 
nucleotide released [22], thought to represent the 
enzyme activation [32-34]. However, some people 
prefer to consider f low-force relationships as the 
expression of the order of the phosphorylation 
rate with respect to internal protons [18,35]. 

In the case of a saturated turnover for internal 
protons, one expects that the magnitude of the 
A p H  would not change the relative increase of 
reaction rate with ADP concentration. Thus we 
have measured the rate of GTP  synthesis versus 
the apparent A p H  at G D P  50 /tM and 500 #M. 
G D P  was used instead of ADP because tight 
binding of G D P  does not seem to inactivate cou- 
pling factors [34]. Fig. 1 shows that the ratio of the 
rates of G T P  synthesis at these two substrate 
concentrations may be reasonably considered as 
independent of A pH. As Vp is plotted on a log 
scale, a constant rate ratio corresponds to a con- 
stant distance along the ordinate axis. This ratio is 
approx. 2.8, which would give, in the simplified 

apparent •pH 
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Fig. 1. Rate of GTP synthesis (Vp) as a function of 9- 
aminoacridine fluorescence quenching (log R) at two GDP 
concentrations: 50 (e) and 500 (©) JaM. Conditions as in 
Materials and Methods. Lettuce chloroplasts'were assayed at 
pH 8.2. 9-aminoacridine fluorescence quenching is represented 
by the expression: log R = log( F " / F  o _ 1) + log(1 + 10  pH - zo)  

(see Materials and Methods). Apparent A pH are calculated 
assuming a Vo/Vi ratio of about 2200. 
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case of a Michaelian process, a K m of about 130 
#M for GDP, not far from previously reported 
values of 115 #M [36] and 160 #M [37]. However, 
the two latter values were not obtained at constant 
za/iH+, since increasing the substrate concentration 
decreases the proton gradient even when the en- 
ergy input is constant. To conclude, although other 
interpretations cannot be fully excluded (see Dis- 
cussion), the data displayed in Fig. 1 strongly 
suggest that phosphorylation is of zero order with 
respect to zapH in the range investigated: in this 
case, correlation between Vp and A pH directly 
reflects the activation of the enzymes by the pro- 
ton gradient. 

Rate of photophosphorylation as a function of A pH 
at two external pH values 

To determine whether the level of activated 
coupling factors is governed by ApH [4] or by a 
complex combination of external and internal pH 
[11], we have measured the rate of phosphoryla- 
tion as a function of 9-aminoacridine fluorescence 
(related to ApH) at pH 8.0 and pH 8.5 under 
different conditions. The results are plotted in Fig. 
2. The permeant buffer hexylamine (200 #M) was 
present (a,b,c) to ensure a complete delocalization 
of the steady-state proton gradient [38] which 
avoids any problems linked to the possible ex- 
istence of local pH [39]. ADP (a) and GDP (b,c) 
were used as substrates, and in one case (c), 
valinomycin, needed to collapse A~k, was omitted. 
In all cases the curves at pH 8.0 and 8.5 are 
superimposable if one translates the former by 

10[ 
/~9,fl ° 
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a~  +vat. 

10g R 
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• ~ 
i 

Fig. 2. Rate of NDP phosphorylation (Vp) versus 9-amino- 
acridine fluorescence quenching (log R) at two external pH for 
lettuce chloroplasts. • •, pH 8.0; O . . . . . .  O, pH 8.5. 
Experimental conditions as in Materials and Methods. NDP 
concentrations were: (a) 500/~M ADP; (b) 1000 ~M GDP; (c) 

500/tM GDP. Valinomycin was omitted in (c). 

about +0.15 along the ApH scale (here repre- 
sented by the expression log R: see Materials and 
Methods). 

Before going deeper into this result, the follow- 
ing three points should be noted: (1) When one 
operates at a constant nucleotide concentration, 
the use of ADP or GDP is indifferent. (2) za~k has 
a negligible weight in the results depicted in Fig. 
2, or, if any, the relationship between A~b and 
ApH does not depend on the external pH. This 
may be understood if the main part of A~k is due 
to the internal accumulation of charged hexyl- 
amine, strictly correlated to A pH regardless of the 
external pH. (3) In the absence of hexylamine the 
parallelism of the two curves at pH 8.0 and pH 8.5 
following the abscissa axis is not conserved (data 
not shown): a localized ApH probably played a 
significant role here, despite the high KC1 con- 
centration (50 mM) of our medium, favouring the 
delocalization of the proton gradient [23]. 

At first sight, the results of Fig. 2 could be 
interpreted as an ATP synthase activity dependent 
not only on ApH but also on the external pH. In 
fact, we rather suspect that the systematic shift of 
0.15 on the ApH scale is due to an effect of the 
external pH on the 9-aminoacridine response. An 
indication for this may be found in Fig. 3, which 
represents the rate of phosphorylation (a) and the 
9-aminoacridine fluorescence quenching (b) as 
functions of light intensity, in a typical experiment 
like those used to give Fig. 2. It is obvious that, at 
least in the low light range, the rate of phosphoryl- 
ation is the same at pH 8.0 and pH 8.5; then, at 
higher light intensities, the two curves diverge 
slightly (Fig. 3(a). On the other hand, whatever the 
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Fig. 3. (a) Rate of photophosphorylation (Vp) and (b) 9- 
aminoacridine fluorescence quenching (log R) as functions of 
the light intensity for lettuce chloroplasts. Conditions and 
symbols as in Fig. 2a. • o, pH 8.0; O . . . . . .  O, pH 8.5. 
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light intensity, the 9-aminoacridine fluorescence 
quenching is always higher at pH 8.5 than at pH 
8.0 (Fig. 3(b). Therefore, the simplest way to ex- 
plain all of the data is that: (i) the maximum 
turnover rate does not depend on the external pH, 
(ii) under limiting light the A pH magnitude is the 
same at pH 8.0 and pH 8.5, and (iii) its value is 
systematically overestimated by 0.15 at pH 8.5 
with respect to pH 8.0. If this shift were due to a 
variation in the internal space for 9-aminoacridine 
with pH, it would correspond to a lumenal volume 
40% higher at pH 8.5 than at pH 8.0 (see Discus- 
sion). Thus, after the adequate correction, the 
curves of Fig. 2 would become exactly the same at 
pH 8.0 and 8.5, suggesting that the coupling factor 
activation depends on A pH, regardless of the 
absolute value of external and internal pH. 

Rate of photophosphorylation and 9-aminoacridine 
fluorescence quenching as a function of external pH 
at low light intensity 

While in low light, the rate of phosphorylation 
is the same at pH 8.0 and 8.5, in strong light, it 
was found to be lower, equal or higher at pH 8.0 
than at pH 8.5, depending on the chloroplast 
preparation (data not shown). This variable result 
could be interpreted as arising from the great 
complexity of the regulation of A pH and ATP 
synthesis in strong light (see Discussion). This 
makes the results strongly dependent upon proton 
leaks, abundance of P S I  in the membrane, etc. In 
low light, however, all the parameters coming from 
thermal steps of the electron transfer or from its 
regulation by internal pH disappear. In this case 
the effect of the external pH on steady-state ApH 
reflects only its effect on membrane leaks and not 
on proton input. Consequently, the constancy of 
ApH and phosphorylation at pH 8.0 and 8.5 would 
mean that proton leaks are controlled by A pH, 
regardless of the internal and external pH. To 
verify these results over a larger pH range, we 
have measured the light-induced quenching of 9- 
aminoacridine and the rate of phosphorylation at 
a low light intensity between pH 7.7 and 8.7. The 
results are depicted in Figs. 4 and 5. Fig. 4 shows 
that with or without hexylamine, a progressive 
shift of the fluorescence quenching occurs when 
external pH is varied. But only in the presence of 
hexylamine is a 0.15 difference on the ApH scale 

found between pH 8.5 and 8.0. Without hexyl- 
amine, a higher difference is found, probably be- 
cause a small increase of A pH with external pH is 
superimposed upon the change of 9-aminoacridine 
response. Accordingly, the rate of ATP synthesis 
is constant from pH 7.8 to pH 8.6 in the presence 
of hexylamine (Fig. 5a), but slightly increases with 
pH if this buffer is omitted (Fig. 5b). This weak 
difference of behaviour with and without hexyl- 
amine could be due to the fact that in the latter 
case, the zapH is higher and thence the electron 
transfer begins to be sensitive to internal pH. 
However, an alternative explanation will be con- 
sidered in the Discussion. Whatever the cause, a 
significant dependence of the rate of ATP synthe- 
sis on external pH appears in strong light, which 
confirms the complexity of the regulation in this 
case: see Fig. 6. 

Nature of the effect of external pH on the 9- 
aminoacridine response 

To obtain more precise information about the 
supposed effect of external pH on the 9- 
aminoacridine response, we have also measured 
A pH by the increase of light-induced proton up- 
take upon imidazole addition [29]. 9-Aminoacri- 
dine fluorescence and proton uptake were moni- 
tored on the same sample, in non-phosphorylating 

~: +0.~ ~i I 
~-o. 

-11.4 . . . . . . . . . . . . . .  
,~-oo 

o 

! 

8.0 8.5 
external pH 

Fig. 4. Light-induced quenching of 9-aminoacfidine fluores- 
cence (log R) versus external pH for lettuce chloroplasts, with 
200 #M hexylamine (©) and without hexylamine (e). Condi- 
tions as in Materials and Methods. The medium contained 500 
#M ADP. Light intensity was around 20 W.m -2 (2.5~ of the 

control). 
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Fig. 5. Rate of ATP synthesis (lip) versus external pH at low 
light intensity. Same experiment as in Fig. 4. (a) 200 #M 

hexylamine present; (b) no hexylamine. 

cond i t i ons ,  a t  p H  8.0 a n d  8.5; the  A p H  was var ied  

b y  l ight  in tens i ty .  Th e  resul ts ,  d i sp layed  in  Fig.  7, 
show that :  (i) 9 - a m i n o a c r i d i n e  a n d  imidazo le  tech- 

n i q u e s  give d i f fe ren t  A p H  values;  (ii) the corre la-  
t ion  b e t w e e n  these two A p H  va lues  does  n o t  de-  

p e n d  o n  the  ex te rna l  p H .  Th i s  m e a n  that ,  al- 

t hough  the two p robes  differ  in  their  abso lu t e  
responses ,  their  sens i t iv i ty  to the  ex te rna l  p H  is 

exact ly  the same.  Therefore ,  a change  in  the  in te r -  
na l  v o l u m e  does seem to be  the  mos t  l ikely in t e r -  

p r e t a t i o n  for  the  p H - d e p e n d e n t  shift  i n  the  9- 
a m i n o a c r i d i n e  response ,  obse rved  in  Fig.  2. I n -  

deed,  this  is the o n l y  nonspec i f i c  effect, expec ted  

40 
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a. 20 

E 

8.5 9 
external pH 

Fig. 6. Rate of ATP synthesis (lip) versus external pH at two 
light intensities: 20 (O) and 200 (O) W.m -2. Conditions as in 
Materials and Methods. Lettuce chloroplasts were assayed with 

500 #M ADP. 

to have  the s ame  weight  o n  all p r o b e  pa r t i t i on  
techn iques .  

By c e n t r i f u g a t i o n  exper iments ,  the i n t e r n a l  
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Fig. 7. Simultaneous measurement of 9-aminoacridine fluores- 
cence and additional proton uptake due to imidazole addition. 
Conditions as in Materials and Methods. Lettuce .chloroplasts 
were assayed at pH 8.0 (a,c) and pH 8.5 (b,c). (a,b) Proton 
uptake as a function of log R without (O O) or with 
(© O) imidazole. (c) log R'  (imidazole uptake) as a 
function of log R (9-aminoacridine uptake), at pH 8.0 ( ) 
or 8.5 ( - -  - -  --).  The imidazole-dependent proton uptake used 
to calculate log R'  was obtained by subtracting curve A from 
A' (a, pH 8.0) and curve B from B' (b, pH 8.5). In (c), the 
slight divergence of the two curves for log R < 0 is not 
significant. The maximum divergence should correspond to a 
25% error in the proton uptake at pH 8,5, a precision hard to 

obtain in this range. 
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volume of thylakoids was estimated at pH 8.0 and 
8.5. The aqueous external space was probed by the 
non-permeant dye, FITC-Dextran, and the total 
aqueous content was estimated from the amount 
of water lost during desiccation of the prepara- 
tion. Typical results are shown in Table I. It 
appears that: (i) the lumenal volume increases 
with the external pH; (ii) the volumetric ratio 
found between pH 8.5 and 8.0 is much higher than 
expected from Figs. 2-4. Maybe this estimation of 
the internal aqueous volume is not strictly identi- 
cal to the operational space for the A pH probes. It 
is also possible that the internal volumetric ratio 
between pH 8.5 and 8.0, estimated in darkness, is 
greater than that under energized conditions. Fi- 
nally, the importan( feature is that the results of 
Table I are qualitatively consistent with an in- 
crease of the lumenal volume with external pH. 

We have also tried to calibrate the 9- 
aminoacridine response by acid-base jumps, as in 
Ref. 28, with the final pH being 8.0 or 8.5. Unfor- 
tunately, a dramatic decrease of the pH-jump-de- 
pendent 9-aminoacridine fluorescence quenching 
occurred for acidic stages below pH 6.5, making 
calibrations impossible for significant A pH ranges. 
Thus, this method, which gave satisfactory results 
with bacterial chromatophores [28], does not seem 
to apply to thylakoids. 

9-Aminoacridine response and its sensitivity to ex- 
ternal p H  with lettuce and spinach thylakoids 

The above results can hardly explain all of the 
discrepancies found in the literature [17-21] on 
the relationship between the rate of ATP synthe- 

sis, the electrochemical proton gradient and the 
external pH. Indeed, at variance with our present 
data, a flow-force relationship independent of the 
external pH was reported, without correction for 
9-aminoacridine response or thylakoid internal 
volume changes [17]. We do not think that the 
experimental conditions used in this early report 
(flashing light and investigation of very low activi- 
ties only) may account for the difference in the 
probe behaviour. We rather suspect that the use of 
spinach [17] or lettuce chloroplasts (this work) 
might be responsible for these conflicting results. 
To verify this point, we have repeated the experi- 
ment shown in Fig. 2a, but with spinach instead of 
lettuce chloroplasts. The result is displayed in Fig. 
8. Although the flow-force curves are not exactly 
the same at pH 8.0 and pH 8.5, the interval 
between them is clearly diminished in comparison 
with lettuce chloroplasts: it went from 0.15 to 
about 0.07 on the A pH scale, which would repre- 
sent a 17% instead of 40% difference in osmotic 
volume between pH 8.5 and 8.0. This smaller 
interval may fall into the limits of the errors 
encountered in Ref. 17. The following conclusion 
is that the probe behaviour with respect to the 
medium pH depends on the species from which 
the chloroplasts are extracted. Assuming that the 
pH-dependency of the probe response results from 
an internal volume variation, we have compared 
the osmotic response of 9-aminoacridine with let- 
tuce and spinach chloroplasts. The results are 
plotted in Fig. 9. At pH 8.0, the light-induced 
fluorescence quenching (basal conditions) increas- 
es with sorbitol concentration up to 150-200 mM. 

TABLE I 

ESTIMATION OF THE THYLAKOID VOLUME IN DARKNESS AT EXTERNAL pH 8.0 AND 8.5 

Three representative experiments carried out with different lettuce chloroplast preparations are presented. Total chloroplast and 
membrane volumes were estimated as described in the Materials and Methods. The membrane volumes, assumed to be independent 
of the external pH, was found to be more reproducible than in the total thylakoid volume. The value for the membrane volume used 
here, 12.4 1/mol Chl, was subtracted from the total volume to give the lumenal volume. The last colunm indicates the shift in z~pH 
estimation, which should occur between pH 8.5 and 8.0 with such internal volume variations. 

Experiment Total chloroplast Lumen Lumen ratio Shift in 
(l /mol Chl) ( l /mol Chl) pH 8.5 apparent 

pH 8.0 pH 8.5 pH 8.0 pH 8.5 pH8.0 ApH 

I 28.6 63.8 16.2 51.4 3.17 + 0.501 
II 20.5 30.2 8.1 17.8 2.20 + 0.342 
III 20.5 73.2 8.1 60.8 7.51 + 0.875 
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Fig. 8. Rate of ATP synthesis (Vp) as a function of 9- 
aminoacridine fluorescence quenching (log R) at two external 
pH for spinach chloroplasts: A, pH 8.0; zx, pH 8.5. Conditions 

as in Fig. 2a, except that spinach chloroplasts were assayed. 

This has previously been observed [40,41] and 
means that a good membrane energization is not 
possible when thylakoids are too swollen, whatever 
the origin of chloroplasts. For higher osmolarities 
however, the behaviour of spinach and lettuce 
thylakoids differs. Whereas the light-induced 
9-aminoacridine fluorescence quenching by the 
former decreases at high sorbitol concentration, as 
expected from thylakoid shrinkage, this is not the 
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Fig. 9. Light-induced quenching of 9-aminoacridine fluores- 
cence (log R) as a function of the medium osmolarity for 
chloroplasts from two different species. At pH 8.0, lettuce (©) 
and spinach (A); at pH 6.5, lettuce (e). Basal (= non- 
phosphorylating) conditions as described in Materials and 

Methods. 

case for the latter, which is insensitive to high 
osmolarity. At p H  6.5, normal behaviour is found 
for lettuce thylakoids, with the additional feature 
that a good membrane energization occurs, even 
at low osmolarities. Whatever the reasons, dis- 
cussed in the following section, the experiments at 
p H  8.0 clearly confirm that 9-aminoacridine, and 
maybe other A pH probes, have different osmotic 
responses in lettuce and spinach chloroplasts. 

Discussion 

Order of the reaction of phosphorylation with respect 
to ApH 

The dependence of the rate of ATP synthesis 
on substrate concentrations ( A p H  being consid- 
ered as a substrate) has been widely investigated. 
Very scattered values of the K m for ADP have 
been reported (for a review, see Ref. 4). A related 
problem is that the apparent affinity of ADP for 
ATP synthesis was found to decrease when ApH 
was increased by accelerating the proton input 
[18,33,42,43]. When A p H  was adjusted with a 
protonophore,  the K m for ADP was found to be 
slightly or not sensitive to the magnitude of the 
proton gradient, depending on the uncoupler con- 
centration range [18,43]. 

These apparent  discrepancies may be over- 
come, considering as in Refs. 4, 18 that an accu- 
rate determination of the ra te /substra te  con- 
centration relationship should be carried out at a 
constant A pH, a condition realized only if artifi- 
cial proton leaks prevent the decrease of A pH 
upon ADP addition. As a precise control of the 
ApH amplitude with light intensity is in practice 
difficult, it seems better to measure A p H  for every 
value of the phosphorylation rate to obtain corre- 
lations, as in Fig. 1. Even though we have used 
only two G D P  concentrations, the constancy of 
the rate ratio at each ApH clearly indicates that 
the apparent  affinity of G D P  for phosphorylation 
does not depend upon the A pH magnitude. We 
have considered whether some bireactant systems 
could account for such a behaviour. Among sim- 
ple mechanisms involving two substrates (here 
N D P  and ApH, phosphate being considered as 
saturating), we have found only two cases where it 
could be theoretically possible: on the one hand, 
the so-called 'ordered bireactant system' [44], but 



only for small values of A pH and phosphorylation 
rates, whilst we have investigated a large range of 
ApH (Fig. 1); on  the other hand, the ' random 
bireactant system' [44], but provided H ÷ translo- 
cation through the ATP synthase complex does 
not affect ADP binding, and vice versa. This 
second possibility can be ruled out, in view of the 
now prevailing idea, experimentally well sup- 
ported, of binding changes for substrates and 
products as energetic processes of phosphorylation 
[45 -47]. 

If simple mechanisms cannot account for a 
constant ratio of the rates of phosphorylation at 
two NDP concentrations over a large A pH range, 
it seems doubtful that more complex ones would 
succeed. So the more likely interpretation remains 
that the phosphorylation reaction becomes zero 
order towards ApH as soon as a detectable rate of 
phosphorylation is measured. Thus, in accordance 
with Gr~iber and co-workers' view [4,19], but at 
variance with the interpretation of McCarty's 
group [18,35], we think that the increase of the 
rate of phosphorylation only reflects the variation 
of the number of coupling factors activated by 
ApH, each of them running at the maximum 
turnover rate. 

Activation of the coupling factor by A#u÷ 
We consider that, after an adequate correction 

for the ApH probe response, made necessary by a 
probable effect of external pH on the thylakoid 
volume, the rate of ATP (or GTP) synthesis de- 
pends only on A pH, irrespective of the external 
pH, as in Refs. 17, 18. Although this was not 
indicated in the reports mentioned, we suppose 
that such a correction for the pH-dependency of 
the internal volume was made in Ref. 18, but not 
in Refs. 20 and 21, which would explain the 
conflicting results. In addition, it is likely that 
such a pH effect was minimized in the former case 
[18], as spinach thylakoids were used (see Results 
and compare Figs. 2 and 8). It is interesting to 
note (Fig. 2) that the lack of the dependency of 
the enzyme activation on the external pH was 
obtained with ADP as well as with GDP. This 
shows that a shift in equilibrium between active 
and inactive coupling factors due to tight binding 
of ADP does not depend on the pH. 

The electrical and chemical components of the 

553 

proton gradient seem to be equivalent to trigger 
phosphorylating activity [48,49]. It has been pro- 
posed that a transmembrane proton well (maybe 
F0? ) in thermodynamic equilibrium with the high 
potential compartment actually converts A~ k to 
A pH, which allows the basic process of activation 
to be reduced to acid-base reactions [11]: activa- 
tion could depend on the protonation of some 
internal groups a n d / o r  deprotonation of external 
functions [4,11,16]. In such a scheme, the control 
of the activity by A pH and not by external and 
internal pH would mean that both internal proto- 
nation and external deprotonation are required for 
the activity, at variance with the scheme proposed 
in Ref. 16. In addition, these two events should be 
strictly coupled [4]. In other words, the pK of one 
pole of the enzyme would greatly depend on the 
protonation state of the other pole [11]. A simple 
electrostatic effect could be responsible for these 
pK shifts, provided that the internal and external 
groups are separated by a very short distance, or 
by a medium of very low dielectric constant. 
Otherwise, conformational changes should be 
invoked. 

An alternative hypothesis for the primary 
processes of activation could be that the proton 
well does not convert A~b to ApH, but ApH to 
A~b. In fact, the sense of the conversion might be 
determined by the position of charged buffering 
groups in this proton well. It is thus possible to 
imagine that switching the enzyme from the inac- 
tive to the active form basically depends on Aft, 
due to the orientation of some polar groups in the 
transmembrane electrical field [50,4]. Such a 
mechanism, though to operate in many other volt- 
age-dependent channels, would easily explain the 
lack of an external pH effect. 

pH-dependency of the 9-aminocridine response 
We have shown that the quenching of 9- 

aminoacridine fluorescence increases with the ex- 
ternal pH, especially when lettuce chloroplasts aie 
used. By a comparison with the imidazole 
technique, we have demonstrated that this change 
in response is not a specific behaviour of this 
probe, at least at a high ionic strength as in Figs. 
1-8. Thus, problems arising from the fluorescence 
properties of 9-aminoacridine or specific interac- 
tions with the membrane may be discarded. It 
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seems reasonable to interpret the variations of the 
probe response as an increase in thylakoid volume 
with pH, which should have the same effect on all 
of the measurements of A pH based on the distri- 
bution of amines. For a given A pH, the higher the 
external pH, the higher the internal pH, and the 
greater is the internal negative surface charge den- 
sity. Thus the increase of external pH would lead 
to a swelling of the lumen through the increase of 
repulsive forces between opposite internal faces of 
the thylakoids [51]. This is qualitatively consistent 
with the data of Table I. However, a troublesome 
point is that the pH dependency of the 9- 
aminoacridine response does not depend on the 
amplitude of zapH: the internal volume ratio be- 
tween pH 8.5 and 8.0 would be around 1.40 for 
lettuce thylakoids (Fig. 2) and 1.17 for spinach 
thylakoids (Fig. 8) for all of the A pH range in- 
vestigated. This is rather unexpected, because the 
changes in internal surface charges and resulting 
repulsive forces may be a complex function of the 
internal pH. 

In this context of internal volume changes, the 
different behaviour of spinach and lettuce thylak- 
oids emphasized in Figs. 8 and 9 would appear to 
be due to different osmotic properties. This could 
be due to an interspecific variability of the inter- 
nal surface charge density or of the dielectric 
constant of the lumen. Thus, the lack of lettuce 
thylakoid shrinkage at high sorbitol concentration 
and at pH 8.0 (Fig. 9) could be due to strong 
internal repulsive forces. Such an effect would be 
minimized at external pH 6.5, due to the protona- 
tion of the internal groups. But it is also possible, 
with the low ionic strength used in Fig. 9, that the 
unvaried 9-ami.noacridine fluorescence quenching 
at high sorbitol concentration and pH 8.0 reflects 
trapping of the probe at the interfaces of lettuce 
thylakoids rather than in the internal bulk. In- 
deed, it has been shown [27] that negative surface 
potential should increase the contribution of 
surface probe trapping upon energization. 

An increase [52] as well as a decrease [53] in 
thylakoid volume with external pH have been 
reported. Discrepancies may come from the differ- 
ent techniques used (light scattering [52] and label- 
ing with tritiated water [53]). In our hands, an 
increase was always observed. Lastly, it is not 
certain that the actual operational volume for 

9-aminoacridine (and other probes) can be mea- 
sured [28]. Whatever it may be, the very different 
behaviour of lettuce and spinach thylakoids is an 
important parameter to consider when one com- 
pares data from the literature. It is probably as 
important as the nature of the probe or the 
physicochemical properties of the medium. 

Constant A p H  and phosphorylation rate at a low 
light intensity and variable external p H  

The extent of the steady-state proton gradient 
depends on redox-driven proton influx and on H + 
leaks, which are back-controlled by the electro- 
chemical proton gradient, but maybe also by in- 
ternal and/or  external pH. In limiting fight, the 
weight of the pH sensitive thermal steps of the 
electron flow is minimized; moreover, the back- 
pressure effect of A pH on the redox chain, which 
might be dependent on the internal pH, is neglig- 
ible. Thus the proton input may be considered as 
independent of the external (and internal) pH. 
The constancy of the rate of phosphorylation, and 
probably also A pH, over an external pH range of 
almost one unit (Figs. 4-6) should mean that the 
proton leaks controlling the A pH amplitude de- 
pend on A pH only and not, for example, on the 
internal pH. This is not surprising for the coupling 
factors, since we suppose that they are strictly 
controlled by A pH. But in this low A pH condi- 
tion, since the phosphorylation yield is very low 
[35,55], the activated coupling factors are not the 
only leaks to take into consideration. Therefore, 
non-productive leaks must be also under the strict 
control of A pH. The fact that we observed this 
strict control only in the presence of hexylamine 
200 #M (Fig. 5), at variance with Ref. 18, might 
be explained by a different A pH range, as men- 
tioned in the Results section. It may also mean 
that, unless this permeant buffer is added, basal 
and phosphorylating proton leaks are controlled 
by slightly different local proton gradients in let- 
tuce thylakoids. 

The A/2H÷ dependency of both productive and 
not productive leaks may be related to an interest- 
ing observation by Hangarter and Ort [56], who 
have shown that the threshold for ATP synthesis 
under flashing light does not depend on the flash, 
frequency, but only on the number of protons 
translocated. They concluded that phosphorylat- 



ing and basal H + efflux begin in the same A~H+ 
range. A pH-dependent basal pores could hardly 
consist of CF 0 completely free of CF], because it 
was recently suggested [57] that such a channel is 
sufficient to uncouple the thylakoid fully. But the 
possibility cannot be excluded that basal leaks 
represent CF 0 where some CF 1 subunits remain 
bound, or more simply damaged coupling factors. 
However, some other voltage-dependent pores may 
naturally exist. Also, hexylamine, of which the 
internal concentration is ApH-dependent, must 
significantly contribute to proton leakage. 

Acknowledgements 

We are indebted to Franqoise de Kouchkovsky 
for her excellent technical work, to Dr. Yaroslav 
de Kouchkovsky for helpful suggestions, and to 
Dr. Michael Hodges for reading the manuscript. 

References 

1 Mitchell, P. (1961) Nature 191, 144-148 
2 Mitchell, P. (1977) FEBS Lett. 78, 1-20 
3 Junge, W., Rumberg, B. and SchriSder, H. (1970) Eur. J. 

Biochem. 14, 575-581 
4 Schlodder, E., Gr~iber, P. and Witt, H.T. (1982) in Topics 

in Photosynthesis (Barber, J., ed.), Vol. 4, pp. 105-175, 
Elsevier Biomedical Press, Amsterdam 

5 Bakker-Grunwald, T. and Van Dam, K. (1973) Biochim. 
Biophys. Acta 292, 808-814 

6 Carmeli, C. (1969) Biochirn. Biophys. Acta 189, 256-266 
7 Bakker-Grunwald, T. and Van Dam, K. (1974) Biochim. 

Biophys. Acta 347, 290-298 
8 Petrack, B., Craston, A., Sheppy, F. and Farron, F. (1965) 

J. Biol. Chem. 240, 906-914 
9 McCarty, R.E. and Racker, E. (1968) J. Biol. Chem. 243, 

129-137 
10 Pick, U. (1983) FEBS Lett. 152, 119-124 
11 Mills, J.D. and Mitchell, P. (1984) Biochim. Biophys. Acta 

764, 93-104 
12 Harris, D.A. and Slater, E.C. (1975) Biochim. Biophys. 

Acta 387, 335-348 
13 Smith, D.J. and Boyer, P.D. (1976) Proc. Natl. Acad. Sci. 

USA 73, 4314-4318 
14 Strotmann, H., Bickel, S. and Huchzermeyer, B. (1976) 

FEBS Lett. 61, 194-198 
15 Schlodder, E. and Witt, H.T. (1981) Biochim. Biophys. 

Acta 635, 571-584 
16 Rumberg, B. and Beeher, U. (1984) in ATPases: Structure, 

Function, Biogenesis (Papa, S., Ahendorf, L., Ernster, L. 
and Packer, L., eds), pp. 421-430, Adriatiea Editrice, Bari 

17 Gr~iber, P. and Witt, H.T. (1976) Biochim. Biophys. Acta 
423, 141-163 

555 

18 Davenport, J.W. and McCarty, R.E. (1986) Biochim. Bio- 
phys. Acta 851, 136-145 

19 Schlodder, E., R~gner, M. and Witt, H.T. (1982) FEBS 
Lett. 138, 13-18 

20 Pick, U., Rottenberg, H. and Avron, M. (1974) FEBS Lett. 
48, 32-36 

21 Takabe, T. and Hammes, G.G. (1981) Biochemistry 20, 
6859-6864 

22 Gr~iber, P., Schlodder, E. and Witt, H.T. (1977) Biochim. 
Biophys. Acta 461, 426-440 

23 Sigalat, C., Haranx, F., De Kouchkovsky, F., Phung Nhu 
Hung, S. and De Kouchkovsky, Y. (1985) Biochim. Bio- 
phys. Acta 809, 403-413 

24 Biaudet, P. and Haraux, F. (1986) Bioelectrochem. Bioen- 
erg. 16, 111-123 

25 Schuldiner, S., Rottenberg, H. and Avron, M. (1972) Eur. J. 
Biochem. 25, 64-70 

26 Hope, A.B. and Matthews, D.B. (1985) Austr. J. Plant 
Physiol. 12, 9-19 

27 De Kouchkovsky, Y., Haraux, F. and Sigalat, C. (1984) 
Bioelectrochem. Bioenerg. 13, 143-162 

28 Casadio, R. and Melandri, B.A. (1985) Arch. Biochem. 
Biophys. 238, 219-228 

29 Pick, U. and Avron, M. (1976) Eur. J. Biochem. 70, 569-576 
30 Nishimura, M., Ito, T. and Chance, B. (1962) Biochim. 

Biophys. Acta 59, 177-182 
31 Clark, A.J., Cotton, N.P.J. and Jackson, J.B. (1983) Bio- 

china. Biophys. Acta 723, 440-453 
32 Shoshan, V. and Selman, B.R. (1979) J. Biol. Chem. 254, 

8801-8807 
33 Bickel-Sandkgtter, S. and Strotmarm, H. (1981) FEBS Lett. 

125, 189-192 
34 Bar-Zvi, D. and Shavit, N. (1982) Biochim. Biophys. Acta 

681, 451-458 
35 McCarty, R.E. and Portis, A.R. (1976) Biochemistry 15, 

5110-5114 
36 Schlimme, E., de Groot, E.J., Schott, E., Strotmann, H. and 

Edelmann, K. (1979) FEBS Lett. 106, 251-256 
37 Franek, U. and Strotmann, H. (1981) FEBS Lett. 126, 5-8 
38 De Kouchkovsky, Y., Sigalat, C. and Haraux, F. (1987) in 

Progress in Photosynthesis Research (Biggins, J., ed.), Vol. 
3, pp. 169-172 Martinus Nijhoff/Dr. W. Junk, Dordrecht 

39 Haraux, F. (1986) Biochimie, 68, 435-449 
40 Fiolet, J.W.T., Bakker, E.P. and Van Dam, K. (1974) 

Biochim. Biophys. Acta 368, 432-445 
41 Haraux, F. and De Kouchkovsky, Y. (1980) Biochim. Bio- 

phys. Acta 592, 153-158 
42 Vinlder, C. (1981) Biochem. Biophys. Res. Commun. 99, 

1095-1100 
43 Aflalo, C. and Shavit, N. (1983) FEBS Lett. 154, 175-179 
44 Segel, I.H. (1975) Enzyme kinetics: behavior and analysis 

of rapid equilibrium and steady-state enzyme systems, pp. 
274-345, Wiley Intersocnce, New York 

45 Boyer, P.D. (1977) Annu. Rev. Biocbem. 46, 957-966 
46 Boyer, P.D., Cross, R.L. and Momsen, W. (1973) Proc. 

Natl. Acad. Sci. USA 70, 2837-2839 
47 Grubmeyer, C., Cross, R.L. and Penefsky, H.S. (1982) J. 

Biol. Chem. 257, 12092-12100 



556 

48 Hangarter, R.P. and Good, N.E. (1982) Biochim. Biophys. 
Acta 681, 397-404 

49 Junesch, U. and Gr~iber, P. (1984) in Advances in Photo- 
synthesis Research (Sybesma, C., ed.), Vol. II, pp. 431-436, 
Martinus Nijhoff/Dr. W. Junk, Dordrecht 

50 Junge, W. (1970) Eur. J. Biochem. 14, 582-592 
51 Albertsson, P.A., (1982) FEBS Lett. 149, 186-190 
52 Dilley, R.A. and Rothstein, A. (1967) Bioehim. Biophys. 

Acta 135, 427-443 
53 Chow, W.S. and Hope, A.B. (1976) Austr. J. Plant Physiol. 

3, 141-152 

54 Portis, R.R. and McCarty, R.E. (1976) J. Biol. Chem. 251, 
1610-1617 

55 De Kouchkovsky, Y., Haraux, F. and Sigalat, C. (1982) 
FEBS Lett. 139, 245-249 

56 Hangarter, R. and Ort, D.R. (1986) Eur. J. Biochem. 158, 
7-12 

57 Lill, H., Engelbrecht, S., Sch0nknecht, G. and Junge, W. 
(1986) Eur. J. Biochem. 160, 627-634 


