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SUMMARY 

The relationship between the kinetics of ATP formation and proton release in 
chloroplast suspensions by acid-base transition were studied by means of a stopped- 
flow spectrophotometer. The time course of ATP synthesis shows two-phase kinetics, 
fast and slow, corresponding to the two-phase efflux of protons from the chloroplasts. 
Under certain conditions of the experiments, about 50% of the H ÷ gradient is con- 
stantly utilized for ATP formation in both phases. However, the ratio of ATP formed 
to the amount of protons leaked out, changes depending on the rate constants of  
proton efflux. 

INTRODUCTION 

Exposing broken chloroplast fragments first to pH 4 media, containing per- 
meant organic acid such as succinate and then to base at pH 8, is known to cause a 
transient high-energy state which results in ATP formation 1. Energy in this acid-base 
transition experiment was suggested to be supplied by the H + gradient across the 
thylakoid membranes 2. 

In the previous papers 3'4, the kinetics of proton efflux in chloroplast suspensions 
by the acid-base transition were studied by means of a stopped-flow apparatus. Rapid 
recording with bromocresol purple as a pH indicator showed that the time course of 
proton release consisted of two phases, fast and slow 4. The fast phase was suggested to 
be due to the rapid release of protons from the matrix of thylakoid membranes, and 
the slow phase to the eiflux through the membrane of organic acid (and/or protons) 
previously absorbed from the initial acid medium. This phase was followed by the 
additional slower component of proton lOSS 3'4. 

The time course of  phosphorylation by the acid-base transition has been follo- 
wed chemically by stopping the reaction at appropriate intervals 1. However, the rela- 
tionship between the time course of ATP formation and the protein etttux from the 
chloroplasts has not yet been precisely established. In this report, the time course of 
pH changes was followed to observe the above relationship by means of a stopped- 
flow spectrophotometer with bromocresol purple, which has been shown not to be 
bound to membrane 5'6, as a pH indicator. 

Abbreviation: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea. 
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METHODS 

Chloroplasts were isolated from market spinach as described earlier 7, and finally 
suspended at about 0.4 mg of chlorophyll per ml in l0 mM NaC1.0.2 ml of this sus- 
pension was mixed with 0.2 ml of a solution at pH 4.0 containing 25 mM succinic 
acid, l0 mM MgC12, and 75 #M 3-(3,4-dichlorophenyl)-l,l-dimethylurea (DCMU) 
in a reservoir of the stopped-flow apparatus maintained at a constant temperature 
(usually 3.5-4.0 °C). The acidified chloroplasts were incubated for 15-20 s, 0.25 ml of 
which were then rapidly picked up into one of the two syringes in the apparatus. The 
other syringe contained an equal volume of 30 #M bromocresol purple, 8 mM 
NaEHPO4, and NaOH solution sufficient to neutralize the succinic acid and bring the 
final pH to about 8. When phosphorylation was to be followed, 0.4 mM ADP was 
added in the latter syringe. No buffer was used in the base stage. Variations of the 
reaction mixture components are indicated in the figure. Chlorophyll was determined 
by the method of Arnon 8. 

The stopped-flow spectrophotometer SPS-1 used was the same as before 4, and 
the changes in the absorbance of bromocresol purple at 594 nm after mixing were 
recorded with the memoriscope MS-5019A 4. Two syringes were driven by compressed 
N 2 at 1-2 kg/cm 2 for mixing and the dead time 4 was under 2 ms, usually 1-1.2 ms. 

The pH changes of the chloroplast suspension were calculated from the ab- 
sorbance-pH curves of bromocresol purple at 594 nm; absorbance changes of more 
than 0.02 could be detected per 0.1 pH unit at the pH used. Also, the changes in H + 
concentration (AH +, #equiv/mg chl) were calculated from the pH values according 
to direct titrations of the buffer capacities of the chloroplast suspension (the reaction 
mixture components present) with acid and with NaOH at each time of the experi- 
ments. 

To follow the time course of ATP formation in rapid reactions such as those in 
the present experiments, it is difficult to determine ATP yield directly by luciferase 
assay and by incorporation of phosphate. Jagendorf and Uribe 1 showed that the 
major part of the observed~phosphate incorporation by acid-base transition experi- 
ments had represented net synthesis of ATP when the basic reaction mixture con- 
tained ADP, Pi and Mg 2+. Further, in his experiments with chloroplasts, Schwartz 9 
made use of the fact that at pH 8.0 one proton is consumed irreversibly in the syn- 
thesis of ATP. 

ADP 3- + HP042-  + H + "-* ATP 4- + H20  

Both theoretical and experimental considerations of this method were made by Nishi- 
mura et al. ~°. 

Thus in the present experiments the time course of ATP formation was mea- 
sured, according to Schwartz, following its associated alkalinization (less acidifica- 
tion) of the chloroplast suspension during the course of efflux of protons after mixing 
when ADP was present. The presence of ADP, P~ or Mg 2+ alone did not alter the 
rate of proton efflux to any significant extent. 

RESULTS 

As reported previously 4, the release of protons by acid-base transition showed 
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two-phasic time courses at the low temperature used. The two phases could be 
discriminated from the recorded time course of the AH + changes as shown in Fig. 4 
in ref. 4. In this report, the fast and the slow phases will be designated as Phase I 
and Phase II, respectively. 

Time courses o f  the A H + and A T P  format ion  
In Fig. 1 the time courses of the A H + of the chloroplast suspension after mixing 

either with or without the addition of ADP are compared. One syringe contained 
12.5 mM succinate at pH 4.0 with chloroplasts (0.2 mg chlorophyll/ml) and 5 mM 
MgC12, and the other contained 30/~M bromocresol purple, 8 mM sodium phosphate, 
either with or without 0.4 mM ADP, and NaOH so that the final pH after mixing the 
contents of the two syringes could be 8.4. 

As can be seen in Fig. 1, the tracing shows a sharp increase in H + concentration 
in the suspension immediately after mixing (Phase I), followed by a slow increase 
(Phase II) as a function of time until an equilibrium was attained in about 10 s. In the 
fast tracing o f A H  + (Fig. 1B), the transition from Phase I to Phase II could be clearly 
observed. When ADP was present, there was less change in H + concentration in both 
Phases I and II, indicating a consumption of H + for the formation of ATP 9'1°. The 
differences of H + concentration between the two curves ( - A D P  and +ADP)  are 
equivalent to the concentrations of ATP formed in this process. 

Fig. 2 shows an experiment in which one syringe contained the strong mineral 
acid, HC1, instead of succinic acid, to bring the pH of the chloroplast suspension 
to 4.0. In this case, practically the same increase in H + concentration in Phase I was 
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Fig. 1. Effiux of protons after mixing. The AH + curves a re  reproduced from the oscillograph 
tracing of pH change (see Methods). Initial chloroplasts at pH 4.0 with 12.5 mM succinic acid, 
5 mM MgCl~, and 38 ktM DCMU.  The base solution contained 30 FM bromocresol purple and 
sufficient NaOH to neutralize succinic acid to bring the final pH to 8.4 with and without ADP 
(0.4 raM). Chlorophyll  concentrat ion was 0.1 mg/ml after mixing. Temperature,  4 °C. (A) Slow 
recording. (B) Fast recording to follow transit ion from Phase I to Phase II. 
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Fig. 2. Efflux of protons when HC1 was substituted for succinic acid in the acid stage. Final pH 8.0. 
Other  conditions were the same as in Fig. 1. 
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Fig. 3. Efflux of protons with and without NH4C1 (10 mM in acid stage) together with and without 
ADP. Final pH 8.3. Other conditions were the same as in Fig. 1. When NH4CI was present, practio 
cally no difference was observed between the time courses of proton efflux with and without ADP. 
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Fig. 4. Time courses of ATP formation calculated from Figs 1 and 2. 

observed as in Fig. 1, but in Phase II (Fig. 2A) less H + was released from the chloro- 
plasts and the equilibrium was attained much faster, that is, in about 2-3 s. 

When an uncoupler such as NH4C1 was present (added in the acid stage at 
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10 mM), the time course of  proton efflux was practically independent of whether A D P  
was added or not in the base stage as shown in Fig. 3. 

Time courses of  ATP formation, calculated from Figs 1 and 2, are shown in 
Fig. 4. Identical kinetics for the ATP formation were found when HC1 was used in 
the initial acidification in place of  succinic acid immediately after mixing (Fig. 4B, 
Phase I). However, though the ATP formation completely stopped before ! s had 
elapsed in HCl-treated chloroplasts (Fig. 4A), it continued for about 4 s and much 
more ATP was formed before the equilibrium was attained when succinic acid was 
used in the acid stage (Phase II). All of  these facts are consistent with the observations 
that succinic acid which entered the thylakoid vesicles in the acid stage served as a 
proton reservoir in the base stage, resulting in a large amount of ATP formation in an 
acid-base experiment 2. 

Considerable amounts of  protons are found to have leaked out after the com- 
pletion of ATP formation when AH ÷ and ATP curves are compared in Figs 1, 2 and 4. 
In other words, some H + gradient between the inside and the outside of  the thylakoid 
membrane still existed when ATP formation was completely stopped. 

Fig. 5 gives the changes of ATP formation with temperature. At 4 ° C, the rate 
of ATP formation was less than at 20 °C. However, the increase of the ATP concen- 
trat ion was continued much longer (about 5 s) at 4 °C than at 20 °C (less than 2 s), 
resulting in a crossing of the two curves and finally more ATP was formed at 4 °C. 
This is consistent with the results that the rate constants of the proton release in 
Phase II  increased markedly under higher temperatures (Table I I I  in ref. 3 and 
Table I in ref. 4) and also with the fact that higher rate constants for Phase lI  of  
proton release associated with the lower yield of  ATP 3. 

Estimation of  the efficiency of the utilization of the H + gradient 
Both Phases I and I I  of  proton efflux, and also the associated ATP formations, 

followed apparent first-order kinetics when plotted on a semi-logarithmic scale as 
shown in Fig. 6. 

I f  the concurrent ATP synthesis does not affect the rate constant of the proton 
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Fig. 5. Time course of ATP formation at two different temperatures (4 and 20 °C). Final pH 8.1. 
Other conditions were the same as in Fig. 1. 



ATP F O R M A T I O N  A N D > P R O T O N  E F F L U X  IN CHLOROPLASTS 317 

100 

--;8O 

i 

+ 

T 
<~2C 

i 

$ 

v 

1C 

, , , , , , , 

,,,,TP \ 

' i o '  ~ '  ~ '  
Time (ms) 

loo! 
8oI. 

4oI- 

, , , , , 

B 

 ATP \ 

~ ' '  ,~ ' 6  
Time (s) 

Fig. 6. Semi-logarithmic plot of proton efflux ( - A D P )  and ATP formation ( +  ADP) in Phase I 
(A) and Phase II (B). Ordinate shows ( 1 0 0 ~ - A H  +, ~ )  or ( 1 0 0 ~ - A A T P ,  ~) .  

release in the absence of ATP formation, the processes taking place during the period 
of  acid-base-induced phosphorylation can be assumed, as a first approximation, to be 

A D P  ATP 

where k d and kf represent the first-order rate constants of the two processes, efliux 
of  protons and ATP formation, competing with each other for the common "driven 
force" represented by the H + gradient (grad H +) which is established at zero time 
in the base stage. This is a modification of the scheme suggested by Izawa 11, and 
Jagendorf and Uribe 2. In this case, the rate constant calculated directly from the 
apparent kinetics of ATP formation, corresponds to the combined rate constants 
k d + k f ,  and the rate constant k a can be calculated from the kinetics of proton efflux 
without adding ADP. The efficiency of grad H + trapping for ATP formation is 
estimated a t  k f / ( kd+k f ) .  Typical data thus obtained under several conditions are 
summarized in Tables I and II. 

TABLE I 

A P P A R E N T  FIRST - O R D E R  RATE CONSTANTS FOR PHASE I 

Experimental procedures were the same as in Fig. 1. Acid stage: 12.5 mM succinic acid, 38/~M 
D C M U ,  5 m M  MgCIz, pH 4.0. Base solution: 30 mM NaOH,  8 mM Pl, 30ktM bromocresol 
purple, 0.4 m M  ADP. Final pH 8.0 (Expt 1) and 8.5 (Expt 2). 

Expt Temp. ADP Rate constant (s - 1 )  k$/(ka+ ks) 
(°C) 

AH + (ka) AATP (ka+k$) ks k 

1 3 . 5  - -  30.1 
+ - -  63.0 32.9 0.52 

2 4.0 -- 34.7 
+ - -  77.0 42.3 0.55 
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TABLE II 

APPARENT FIRST-ORDER RATE CONSTANTS FOR PHASE II 

Initial pH 4.0. Final pH 8.4 (Expts 1 and 2), 8.1 (Expt 3). Other procedures were the same as 
Table I. 

Expt .4cid stage Temp. ADP Rate constant (s - I )  ki/(ka+ kl) 
(°C) 

dH+(ka) AATP (ka+k D k~ 

1 HC1 

Succinic 
acid 

2 Succinic 
acid 

3 Succinic 
acid 

3.5 - 1.16 
+ - -  2.31 1.15 0.50 

4.0 - 0.50 
+ --- 0.87 0.37 0.43 

4.0 -- 0.43 
+ - -  0.82 0.39 0.48 

20 - 0.99 
+ - -  1.82 0.83 0.46 

4.0 - 0.53 
+ - -  0.99 0.46 0.47 

The efficiency of trapping of the H + gradient for Phase I was kf/(k d--F kf) = 0.54 
+0.06 (four experiments) and for Phase II 0.47_+0.02 (five experiments). Similar 
efficiency (about 50%) was obtained irrespective of temperature, rate constant, and 
the kind of acid used in the acid stage, both in Phases I and II. These values of about 
50% efficiency coincide with that of XE (a high energy state) capture obtained by 
Izawa ix in the experiments of post-illumination ATP formation. This suggests the 
possibility that the H + gradient itself in the acid-base transition experiment is iden- 
tical with XE in the post-illumination experiment. 

On the other hand, the stoichiometric relationship between the amount of H + 
released and ATP formed during the processes of phosphorylation after the acid-base 
transition, differed appreciably in Phase I and Phase II. In Phase I the ratios of H + 
released to ATP formed were 16 (HC1 in the acid stage, 160 nequiv to 10 nmoles per 
mg chlorophyll)-8 (succinic acid, 135 nequiv to 18 nmoles). When these ratios are 
corrected for the estimated efficiency of H + gradient utilization (54% in Phase I) the 
values fall to 8.6 and 4.3, respectively. In Phase II, though the ratio was 6.7 (215 
nequiv to 32 nmoles) in HCl-treated chloroplasts, fairly constant values of 3.4-2.9 
(385 nequiv to 135 nmoles) were obtained with succinic acid as H + carrier (4 °C). 
Corrected values for the efficiency (47% in Phase II) fall to 3.1 (HCI) and 1.6-1.4 
(succinate). At higher temperatures the ratio increased, indicating a lower ATP 
formation than at lower temperatures. Thus the stoichiometry is suggested to be 
changed under different conditions. 

DISCUSSION 

In summarizing together the results presented in this paper and in the previous 
ones 3'4, the time courses for the approach to equilibrium pH in the chloroplast 
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suspension after the acid-base transition showed apparent first-order kinetics, with 
three distinct components:  (a) the fast phase (Phase I) of  the rapid loss of  protons 
from the matrix of thylakoid membranes having a half-life of  about 20-40 ms (ref. 4), 
(b) the major  portion of proton efflux from the inside of the thylakoid vesicles (Phase 
II), having a Qlo of 2 and a half-life of about 1.5-3 s (refs 3 and 4), and (c) a minor 
residual portion (Phase III)  of  the proton loss, having a Q10 of 1.2 and a half-life of  
about 5 s (ref. 3). As Phase I I I  is assumed to be a simple loss of protons, having no 
relationship with ATP formation 3, a discussion of this is omitted here. 

As shown in Figs 1, 2, 4, and 5, ATP formation started immediately after mixing, 
even during the process of proton dissociation from the thylakoid membrane (Phase 
I) 4. The time course of ATP formation itself also has two components depending on 
the two-phasic time course of proton efflux (Fig. 4B). Both of the components followed 
apparent  first-order kinetics closely depending on the first-order efftux of protons 
from the thylakoid vesicles both in Phases I and II  (Fig. 6). 

Since the production of the H ÷ gradient may play a decisive role in the phos- 
phorylation process 12, it is important  to appreciate what proport ion of the whole H + 
gradient may participate in the formation of ATP. The estimated efficiencies of the 
utilization of the H ÷ gradient for the phosphorylation of ADP were 54% in Phase I 
and 47% in Phase II  (Tables I and II). This is practically in accord with the efficiency 
of XE capture (56%) obtained in the post-illumination phosphorylation experiments 11, 
though the Phase I component  is not present in the latter. Comparable efficiency 
of X E and H + gradient trapping under different procedures of the experiments sug- 
gests that  the H + gradient may be identical with the XE. 

The efficiency of the utilization of the H + gradient is not changed when HC1 
is substituted for succinic acid in the acid stage in spite of the large rate constants of  
the H + efflux after the acid-base transition (Table II). The same situation is true at 
higher temperatures. However, the actual ratios of ATP formed to the amounts of  
protons released vary with the rate constants of the proton efflux. The larger the rate 
constants, the smaller the quantity of  ATP formed in agreement with the previous 
observations 3. Continued maintenance of an adequate H + gradient must be a neces- 
sary prerequisite for continued ATP synthesis. 
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