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1. Introduction value of the internal phase (pHin) and on that of the 
external medium (pH,,). 

According to the chemiosmotic hypothesis, ATP 
synthesis is coupled to the translocation of protons 
through the membrane-bound ATPase, the latter being 
driven by the electrochemical potential gradient [ 11. 
Experimental evidence for this mode of action of 

ATF’ase in photosynthesis is outlined in [2]. The pro- 

ton translocation takes place through the hydrophobic 

component (CF,) of the ATPase. The hydrophilic 
component (CFl) is attached at one end of the proton- 
conducting channel (CF,) and contains the catalytic 
sites where ATP synthesis and ATP hydrolysis occur. 

The molecular mechanism of (a) proton transport 
through the ATPase and (b) coupling between the 

proton translocation and the catalytic reaction is a 
matter of discussion, and several models have been 
proposed [3]. The rate of ATP synthesis, which is 
coupled to the proton efflux, may depend on the pro- 
tonation state of functional groups. The latter may be 
involved in the translocation of H’ or the reaction at 
the catalytic site. Therefore, conclusions concerning 
the mechanism may be drawn from the dependence 
of the rate of ATP synthesis on the pH value, provided 
that other parameters controlling the rate (e.g., the 
extent of the transmembrane electrochemical proton 
gradient) can be kept constant. The problem of the 
pH dependence is further complicated by the fact that 
the ATPase complex, coupling proton translocation 
from the internal phase to the external phase with the 
formation of ATP, is exposed to both phases. The 
enzyme activity, therefore, will depend on the pH 

The rate of phosphorylation measured in continu- 
ous light (linear electron transport) depends strongly 
on the pH,,, value and shows an optimum around 

pH,, 8.4 [4,5]. As electron transport and formation 
of the pH gradient are functions of pH,, [5,6], the 
observed pH dependence reflects the superposition of 
the pH dependence of both energization and phos- 
phorylation. Especially between pH,, 7 and pH,,, 
8.5 the increase in the pH gradient is very similar to 
that in the rate of phosphorylation [6]. These mea- 
surements were made under continuous light using 
conditions for cyclic electron transport [6]. 

By excitation with periodic light flashes a steady 
state for ApH can be obtained and can be changed 
independently of the initial flash-induced transmem- 
brane electric potential difference (A$). Therefore, a 

constant energization can be maintained at different 

pHorlt values. Under these experimental conditions it 

was found that the rate of ATP synthesis does not 
depend on pHout between pH,,, 7-9 [7]. 

This work analyses the dependence of the rate of 

ATP synthesis on pH,, under conditions where ATP 
formation is induced by a transmembrane electric 
potential difference (A+) only (ApH = 0) and where 
the magnitude of AJ, is kept constant at the different 
pH values between pH,,, 5-9. To realize these con- 

ditions, we adopted two different experimental 
approaches: 

This work has been presented in part at the Biophysiktagung, 
Ulm, October l-4,1978 

(1) ATP synthesis generated by external electric 
field pulses [8] was measured at pH values between 

PHollt 5-9. This method was used for the following 
reasons: 
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(i) Electron transport from HZ0 to NADP’ and for- 
mation of a pH gradient between the aqueous 

bulk-bulk phases can be excluded (pHout = pHin); 
(ii) The magnitude of the transmembrane electric 

potential difference generated artificially by the 
external electric field pulses does not depend on 
pH,,t in this range [9]. 

(2) ATP synthesis generated by saturating light 
pulses of 20 ms duration was measured over the same 

pHollt range. The experiments were carried out in the 
presence of permeable buffers (section 4) to prevent 
the generation of a pH gradient, i.e., also in this case 
ApH = 0 and ATP formation is driven by the light- 

induced A$, only, 

2. Materials and methods 

Broken chloroplasts were prepared as in [4] from 
spinach grown either in a phytocell or obtained from 
the local market. Additionally, 10 mM ascorbate was 

added during grinding. The freshly prepared chloro- 
plasts were stored in an ice bath and used within 3 h 
after preparation. 

(1) In experiments with external voltage pulses the 
chloroplasts were suspended in a cuvette between 

2 flat platinum electrodes (2 mm electrodes; 5 cm’ area) 
as in [8]. Voltage pulses of 220 V with a duration of 

30 ms were applied. Experiments with 2,4 and 6 
voltage pulses were performed in the dark with the 
voltage polarity being changed after each pulse. The 
cuvette was maintained in an ice bath throughout 
each experiment. The time interval between the pulses 
was chosen to be long enough to allow reversal of the 
heating of the solution generated by the voltage pulse. 
The principle of the external electric field method has 
been described in [9]. The reaction medium contained 

lo4 M KCl, 5 X lo4 M MgC12, 5 X lo4 M KZ 
HPO,, 3 X 1 O4 M ADP, 5 PCi 32P/ml and chloroplasts 
from the suspension medium giving 4 X lo4 M chl. 
Buffer was 5 X 10-j M. The following buffers were 

used: 
At pH 5 .O and 5.5, succinic acid (pK 5.57); 
At pH 6,2(N_morpholino)-ethane sulfonic acid 

(pK 6.15); 
At pH 6.5, maleic acid (pK 6.26); 
At pH 7-9, N-Tris(hydroxymethyl)methylglycine 

(pK 8.15); 
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At pH 9.5 and 10.0, glycine @K 9.6) adjusted to the 
corresponding pH values with NaOH or HCI. 

The reaction volume was 1 ml. 

The suspension medium contained: 5 X 1 OW4 M MgC12, 
0.4 M sucrose, and 5 X 10e4 M tricine adjusted to 
pH 8 with NaOH. 

(2) In photo-shutter experiments saturating light 
pulses of 20 ms duration were used. The dark time 
between the pulses was 30 s. The reaction medium 
contained: IO-* M buffer adjusted to the respective 
pH values with NaOH or HCl, lob2 M KCl, lo-* M 
sucrose, 5 X 10e3 M MgC12, 10m4 M benzylviologen, 
5 X 10e3 M K2 HP04, 5 &i 32P/ml, 3 X lo4 M ADP, 
and chloroplasts from the suspension medium giving 
2 X lo4 M chl. The buffers were the same as those 

used in the external electric field experiments. The 
suspension medium contained: lo-* M KCl, 5 X lo-‘M 
MgC12, 0.4 M sucrose, 5 X lOa M tricine (pH 8). 
Illumination of 1 ml reaction medium was carried out 
in an optical cell (optical pathlength: 1.4 mm, white 
light, light intensity lo6 erg , cm-*. s-l). To keep the 
formation of a pH gradient during light pulses as small 

as possible, the chloroplasts were preincubated in the 
reaction medium containing a high concentration of 
permeable buffers for -20 min before illumination. 
ATP formation was measured by the incorporation of 
32P as in [lo,1 11. 

(3) The accelerated charge efflux of ions under 
phosphorylating conditions was measured as in 

[ 12- 141. The suspension and reaction media used in 
these experiments were the same as those used in the 
photo-shutter experiments. Illumination of 1 ml reac- 
tion medium was achieved by flash groups. Each group 
consisted of 5 or 8 saturating single turnover flashes 
(-20 /AS flash duration; 2 ms dark time between 
flashes; IO-30 s between the flash groups; 610- 
730 nm wavelength). The transmembrane electric 
potential difference induced by the flash groups was 
measured by the electrochromic absorption changes 
at 515 nm [12] in a flash spectrophotometer [15]. 
The electric potential difference was calculated using 
the relation: 

where 1 AA s15 denotes the absorption change which is 
induced by a single saturating short flash of light 
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[2,16]. The ion efflux, which can be calculated from 

the decay rate of the absorption change, was deter- 
mined under phosphorylating (tADP, tPi> and under 
non-phosphorylating (-ADP, -Pi) conditions. The 
difference in efflux under the 2 regimes reflects the 
additional, accelerated ion efflux which can be cor- 
related to phosphorylation. Integration of this separated 
ion efflux with respect to time yields the number of 

ions correlated to phosphorylation. 

3. Results 

Fig.1 shows the relative amount of ATP generated 
by external electric field pulses as a function of pH,,, 
The duration of the external electric field pulses was 

30 ms. The ATP yields in each set of experiments 
were standardized relative to the amount of ATP gen- 
erated at pH,,, = 8. This was done to eliminate scat- 

tering resulting from differences between chloroplast 
preparations. The ATP yield does not depend on 

pH,, between pH 6.5 and pH 8.6. Above pH,,t 8.6 
and below pH,, 6.5 the ATP yield decreases. Half 
maximal ATP yield has been observed at pH,,, 5.8 

and pH,,, 9.4, respectively. 
Under the experimental conditions, the average value 

of A$ has been estimated to be -200 mV [8]. By 
applying external electric field pulses to a chloroplast 
suspension, the formation of a pH gradient between 
the aqueous bull-bulk phases can be excluded, i.e., 

1 ext. field pulses 

P”,, 

Fig.1. Relative amount of ATP generated by external electric 
field pulses as a function of pHout The data are standardized 
relative to the ATP yield obtained in one external electric 
double pulse of 30 ms duration at pHout = 8 (average value 
of different measurements: 9.0 X 10S4 ATP/chl pulse). Exter- 
nal electric field strength: 1100 V/cm. 
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Fig.2. Relative amount of ATP generated by light pulses of 
20 ms duration as a function of pHout. The data are stan- 
dardized relative to the ATP yield obtained in one light pulse 
at pHout = 8 (average value of different measurements: 
8.0 X 10m4 ATP/chl pulse). 

PHout = pHti The ATP-yield of 2 external electric 
field pulses should be compared to the ATP-yield of 
one light pulse. The reason for this is that the trans- 
membrane electric potential difference generated by 
an external electric field has the right polarity for 
phosphorylation only in one-half of each vesicle (posi- 
tive inside and negative outside). 

Fig.2 shows the relative amount of ATP generated 
by photo-shutter light pulses of 20 ms duration as a 

function of pH,,, The ATP yield in each set of experi- 
ments has been standardized as in fig.1. 

The light pulses induce a maximum transmembrane 
electric potential difference of -150 mV as measured 

by the field-indicating absorption changes at 5 15 nm 
[ 171. The light pulse experiments were carried out in 
the presence of permeable buffers (section 2) to pre- 
vent the generation of a light-induced pH gradient, 
i.e., also in this case, pH,, = pH, (see section 4). 
Similarly, as in fig.1, the ATP yield does not depend 
on pH,,, between pH 6.5 and pH 8.6. Half-maximal 
ATP yield was observed at about pH,,, 5.9 and 

pH,,, 9.4. 
Table 1 shows, as a function of pH, the stoichio- 

metric relationship between the accelerated efflux of 
monovalent ions and phosphorylation. These results 
were obtained by flash group experiments. The num- 
ber of ions per ATPase and flash group (upper line) is 
approximately independent of pH,,, between pH 7 
and pH 9. Furthermore, the number of ATP molecules 
per ATPase and flash group (centre line) is constant 
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Table 1 
The ion/ATP ratio as a function of pHout 

PHout 

ions translocated 

6 7 1.5 8 8.5 9 

2.3 3.1 2.6 3.0 3.0 3.1 
ATPase flash group 

ATP generated 
0.4 1.0 0.8 1.0 1.0 1.2 

ATPase flash group 

ions 

ATP 
5.1 3.1 3.2 3.0 3.0 3.1 

Top: Number of positive monovalent ions correlated to phos- 
phorylation as a function of pHout 

Center: Amount of ATP generated per ATPase and flash 
group as a function of pH,,t 

Bottom: Ratio between the number of translocated ions and 
the number of generated ATP molecules as a function of 

pHout 

between pH 7 and pH 9 and decreases to about half 
at pH,,, = 6. This result is comparable to those 
obtained by other techniques (fig.l,2). The ratio 
between the number of translocated ions and the 
number of generated ATP molecules is -3 between 

pH,, 7 and pH,, 9 and increases by a factor of -2 

at pH,,, 6. 

4. Discussion 

Our results concerning the pH-dependence of phos- 

phorylation were obtained under experimental con- 
ditions where ATP formation was induced by a trans- 
membrane electric potential difference (A$). More 
specifically, using the external electric field method, 
the transmembrane electric field was generated artifi- 
cially and the pH gradient between the aqueous bulk- 
bulk phase was zero, i.e., pH,, = pHin. Furthermore, 
the magnitude of the membrane potential induced by 
the external electric field is independent of the pH 
between pH 5 .O-9.0 [9]. To test the results obtained 
by artificial energization, we have performed light- 
pulse experiments. In this case, the maximum light- 
induced transmembrane electric potential difference 
measured by the field-indicating absorption changes 
at 520 nm is constant between pH,,, 6.0 and pH,,, 
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9.0 and amounts to -150 mV [17]. The light-induced 
formation of the membrane potential is always coupled 
to a proton translocation to the inner phase, i.e., with 
the generation of a pH gradient. To minimize the gen- 
eration of a ApH, the chloroplasts were pre-incubated 
for -20 min in the reaction medium containing per- 
meable buffers. Assuming that the buffer concentra- 
tions of the internal and external phase are about equal, 

the ApH can be estimated to be <0.2, i.e., in this case 

too, pH, = pH,,, 
The results presented in fig.l,2 indicate that ATP 

synthesis does not depend on pH,,, between 6.5 and 
8.6 provided that a constant electric potential differ- 
ence is set up across the membrane. This implies that, 

within this pH range, A$ alone and not the absolute 
proton concentration determines the rate of ATP syn- 
thesis. 

The maximum ATP yield of 9.0 X 10e4 ATP/chl . 
pulse induced by the external electric field pulse of 

30 ms duration corresponds to a rate of 30 X 10m3 
ATP/chl . s. About the same rate can be estimated for 
the light-pulse experiments. Whether the pHont-depen- 
dence of phosphorylation observed here for linear 
electron transport (iig.2) is also realised for cyclic 
electron transport [18,19] is not known. 

We are not yet able to give a detailed interpreta- 
tion of the observed pH,,, independence of ATP syn- 
thesis in the range of pH 6.5-8.6, because the result 
may be a superposition of several pH-dependent par- 
tial reactions: 

(1) The standard free enthalpy change of ATP syn- 
thesis, AC:, rises with increasing pH from pH 6-9, 
by -12 kJ/M [20]. 

(2) The H’-translocating activity of the proton con- 
ducting channel (CF,) may depend on the pH value. 
The passive H’conductivity has been investigated 
using vesicles reconstituted from the ATPase-proton 
channel (TF,) of the thermophilic bacterium, PS 3, 
and phospholipids. The pH dependence of the H+-con- 
ductivity indicates a monoprotic proton binding site 
in TF, (PK, = 7) [2 11. 

(3) .The preceding activation of the membrane- 

bound ATPase [ 11,221 may depend on pHout. 

(4) The protonation state of the substrates as well 
as that of groups involved in binding the substrates 
may affect the apparent Km values (referring to all 
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ionization states of the substrates). For example, if 
Mg-ADP- and Mg-Pi are the active form of the 
substrates of phosphorylation [23], their apparent 
K, value will decrease with increasing pH from 
pH5.0-8.0. 

(5) There might be a change in the ionization state 
of groups involved in the catalysis of the ATPase reac- 
tion. 

Investigations are being prepared in order to sepa- 
rate the influence of these different effects. 

The decrease of the ATP yield above pH,,, 8.6 is 

most probably caused by an inactivation of the 
enzyme. The degree of inactivation depends on the 
quality of the chloroplasts and the incubation time at 
the corresponding pH (M. R., unpublished). The 
decrease below pH,,, 6.5 cannot be explained by inac- 
tivation alone. However, considering the results in 
table 1, one might suggest that below pH,,, 6.5 the 

coupling between the vectorial proton transport 
through the membrane-bound ATPase and the catalytic 
reaction is affected. Assuming that the number of ions 
correlated to phosphorylation (see table 1, top) cor- 
responds to the number of H’ translocated through 
the ATPase pathway, an increase of the H’/ATP ratio 
by a factor of 2 at pH,,, 6 results. Furthermore, the 
participation of 2 functional groups with pK = 5.9 
and 9.4 may be responsible for the decrease of the 
ATP yield above pH,,, 8.6 and below pH,,, 6.5. 

A comparison of these results with the pH depen- 
dence of the rate of phosphorylation measured in con- 

tinuous light should be made mainly to point out 2 
differences in the experimental conditions: 

(1) The strong pH,,t dependence with the optimum 
around pH,,8.4 may reflect mainly the pHoutdepen- 
dence of the energization, as the light-induced ApH 
and the rate of phosphorylation [6] depend on pHout 
in a similar way. In contrast, in the present work the 
pH,,, dependence was analyzed using conditions 
where the magnitude of the energization (A$) was 
kept constant at different pH values between pH,,, 
5 and pH,,, 9. 

(2) In continuous light phosphorylation is mainly 
driven by the pH gradient; whereas, in our experiments, 
ATP synthesis was induced by a transmembrane elec- 
tric potential difference only. The rate of ATP syn- 
thesis induced by an acid-base jump has been studied 

at a fured ApH by changing both the acidic @Hir,) 
and basic (pH,,,) pH values [24 1. Although the mag- 
nitude of energization has been kept constant, a strong 

pH,,, dependence was observed [24]. This result 
indicates that the rate of ATP synthesis induced by a 

pH gradient is not only determined by the magnitude 
of the ApH but is also regulated by pHi,, and pH,,, 
These conditions are remarkably different from those 
used in this work where ATP synthesis is driven by 

A$ only. 

These results may prove important for selecting 
models to describe the mechanism of phosphoryla- 
tion. Such a model should accommodate the pH-inde- 
pendent range (pH 6.5-8.6) of the overall ATPase 
reaction. 
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