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Chloroplasts which were preilluminated in the presence of dithiothreitol and ATP + Mg 2+ show a 1.5--5-fold 
higher initial velocity of ATP hydrolysis in the subsequent dark than chloroplasts which were preilluminated 
in the absence of ATP. The half maximal time of ATP preincubation is about 1 min, the half maximal ATP 
concentration 15 pM.  Nucleotide specificity with regard to the diastereomers of adenosine 5'-(O-1- 
thiotriphosphate) is the same as in nucleotide binding to CF t and as the substrate specificity in ATP 
hydrolysis. ADP abolishes the stimulating effect of ATP if simultaneously present in the light. ATP-stimu- 
lated ATP hydrolysis generates a lower transmembrane ApH than normal ATP hydrolysis and the relaxation 
of the flash-induced electrochromic absorption change is accelerated by ATP-preincubation in the light. 
These results suggest that the ATP pretreatment causes an increase of thylakoid membrane permeability. 
The target for ATP is most likely the ATPase itself. Dithiothreitol activation in the presence of ATP might 
induce a reversible dislocation of CF t relative to CF 0 resulting in transitory membrane leakage. Reversibility 
is demonstrated by the finding that the stimulated rate of ATP hydrolysis is normalized after about 1 min. 
Moreover A T P / P i  exchange which exhibits a lag under these conditions recovers up to the control rate after 
1 rain. 

Introduction 

ATP hydrolysis can be induced by preillumina- 
tion of broken chloroplasts in the presence of thiol 
compounds ('light-triggered ATP hydrolysis') 
[1-4]. Chloroplast energization is needed for the 
transfer of the membrane ATPase from an inactive 
to a catalytically active state [5-7]. This reaction is 
accompanied with release of tightly bound ADP 

* Present address: Lomonossow University, Faculty of Bi- 
ology, Section Plant Physiology, Moscow, U.S.S.R. 
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FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; 
PMS, phenazine methosulfate; Tricine, N-[2-hydroxy, l,1- 
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from CF t, and precedes both ATP hydrolysis [8] 
and ATP synthesis [9-11]. Rebinding of ADP, on 
the other hand, causes deactivation of the activated 
enzyme [8,12-14]. Thiol modulation strongly 
accelerates the hydrolyzing and to some extent 
also the ATP synthesizing direction, in particular 
at low protonmotive force [15,16]. Modulation, 
which is most probably due to reduction of a 
disulfide bond in y subunit of CF~ [16,171, creates 
a reversible proton-translocating ATPase. Accord- 
ingly, a A/X H, is generated by inward proton trans- 
port, while ATP is cleaved [18-21]. 

In intact chloroplasts an active reversible 
ATPase is induced by illumination in the absence 
of thiol compounds [22-23]. Their role is probably 
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fulfilled by the endogenous thioredoxin system 
[23-25]. Thus, the modulated enzyme may be the 
catalytically active ATPase occurring in vivo, 
whereas the unmodulated enzyme, which is essen- 
tially capable of synthesizing ATP, may be a prop- 
erty of broken chloroplasts only. 

The usual method for measurement of ATP 
hydrolyzing activity of broken chloroplasts in- 
cludes preillumination for several minutes in the 
presence of dithiothreitol followed by the addition 
of ATP in the dark. However, ATP may also be 
added before the onset of illumination. While a 
marginal ATP hydrolysis is observed in the light 
(2-5 t tmol /mg Chl per h) the activity increases 
dramatically after turning off the light. 

We have observed that the initial rate of dark 
ATP hydrolysis under those conditions is much 
higher than in the cases where ATP is injected 
together with or briefly after the l ight /dark transi- 
tion. This stimulatory effect of ATP preincubation 
in the light is studied in the present paper. 

Methods 

Broken chloroplasts from spinach leaves were 
prepared as in Ref. 26. For measurement of ATP 
hydrolysis the chloroplasts were incubated at 20°C 
in a medium containing 25 mM Tricine buffer (pH 
8.0)/50 mM NaC1/5 mM M g C I J l 0  mM di- 
thiothreitol/50 I~M PMS. The reactions were car- 
ried out in test tubes which were inserted in a 
water bath. The chloroplasts were illuminated for 
2 min with white light at an intensity of 300 
W - m - 2 .  (y_32p)AT P at the indicated concentra- 
tions was either present from the beginning or 
added together with turning off the light. 0.2 ml 
samples were taken at certain intervals and depro- 
teinized with 0.05 ml 3 M HCIO 4. In these samples 
32p-labeled inorganic phosphate was determined 
according to Ref. 27. Radioactivity was measured 
by liquid scintillation counting in 'Ready-solv EP' 
scintillator (Beckman). (y-32p)ATP was prepared 
as described in Ref. 28 and purified as in Ref. 29. 
In some experiments (8-~4C)ATP (Amersham- 
Buchler) instead of 32p-labeled ATP was used as 
substrate. In these cases the deproteinized extracts 
were neutralized by KOH and subjected to TLC 
on PEI-Cellulose plates [30]. The nucleotide spots 
were scraped out and radioactivity was counted in 

' Unisolve 1' scintillator (Koch-Light Laboratories). 
9-Aminoacridine fluorescence was measured in 

a fluorimeter constructed and kindly made availa- 
ble to us by Dr. E. Weis [31] using a thermostated 
cuvette (20°C) with magnetic stirring device. Fluo- 
rescence was excited at 405 nm (10 W • m 2), the 
red actinic light (filter RG 630, Schott) was 300 
W . m  -2. In addition to the components listed 
above, the medium contained 5 #M 9-aminoacri- 
dine. 

Electrochromic absorbance changes were mea- 
sured as in Ref. 32. These experiments were con- 
ducted together with Dr. R. Wagner in the In- 
stitute of Biophysics, University of Osnabr~ck. 

Levels of tightly bound nucleotides were mea- 
sured by the quenching technique described in 
Ref. 33 and which was combined with the so-called 
hexokinase accessibility method [34]. The com- 
bined method allows to determine also the pattern 
of the bound nucleotides briefly after the quench. 
Chloroplasts were incubated in a medium as de- 
scribed above with 10 ~tM [8-14C]ATP added either 
before or after preillumination. Quenching was 
performed by addition of 0.2 ml quench solution 
to 0.5 ml reaction mixture. The quench solution 
contained 175 isM FCCP, 17.5 mM ADP, 35 mM 
glucose and 975 U / m l  hexokinase (type F-300, 
Sigma). 10 s after the quench an aliquot (0.2 ml) 
was deproteinized with 0.05 ml 3 M HCIO 4, neu- 
tralized and subjected to TLC as above. From the 
relative radioactivity in the ATP spot, the amount 
of bound ATP was calculated. The rest of the 
quenched reaction volume was washed thrice as 
described [26]. From the radioactivity retained by 
the membranes (bound A D P +  ATP) and the 
bound ATP the proportion of bound ADP was 
calculated. 

Results 

Fig. 1 shows time-course of ATP hydrolysis by 
preilluminated chloroplasts when ATP was added 
either at light-dark transition or at the beginning 
of the light period. In the former case the reaction 
is linear over 3 min, whereas in the latter a higher 
initial velocity is followed by a lower rate which 
corresponds to the one obtained in the control. 
The transitory stimulation of ATP hydrolysis by 
preillumination in the presence of ATP is 2.6-fold 
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Fig. 1. Kinetics of light-triggered ATP hydrolysis. [32P]ATP 
(0.5 raM) was added either before illumination (2 min) (©) or 
together with turning off the light (e). The chlorophyll con- 
centration was 30.0 ~g/ml. 

in this exper iment .  In var ious  exper iments  factors  
between 1.5 and 5 were observed.  Both the ATP-  
s t imula ted  and  the uns t imula ted  react ion are  in- 
h ib i ted  by  phlor iz in  (not  shown),  a specific inhibi-  
tor  of  the t h y l a k o i d - A T P a s e  [4]. There  is no sig- 
n i f icant  d i f ference in the concen t ra t ions  for half-  
max imal  inhib i t ion  (approx.  0.4 mM).  Hence  the 
two react ions  are ca ta lyzed  by the same enzyme. 

Fig. 2 shows rates of A T P  hydrolys is  as a 
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Fig. 2. Light-triggered ATP hydrolysis as a function of ATP 
concentration. [32PJATP at varying concentrations was added 
either before illumination (C)), 5 s (o) or 20 s (11) after turning 
off the light. The chlorophyll concentration was 37.0 rtg/ml. 
The calculated apparent g m and V~x values are 39 ~tM, 54 
~mol per mg Chl per h (©)  and 13 ~M, 19 ~mol per mg Chl 
per h (e, II), respectively. 
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funct ion of  A T P  concen t ra t ion  when A T P  was 
injected before  and 5 and 20 s af ter  p re i l lumina-  
tion. Whi le  no s ignif icant  difference between the 
la t ter  two series is observed,  Vma ~ as well as the 
a p p a r e n t  K m is increased when A T P  was present  
dur ing  the previous  light act ivat ion.  A s imilar  in- 
crease of  K m ( A D P  ) was observed  in pho tophos -  
phory la t ion  when the capac i ty  of  the react ion was 
increased by increasing the light in tensi ty  [13] or  
when ch loroplas t s  were par t ia l ly  uncoupled  [51 ]. 

In ano ther  exper iment  the t ime of add i t ion  of 
A T P  in the light was varied, while the pre i l lumina-  
t ion t ime was kept  cons tan t  (2 min). The init ial  

rate  of  subsequent  dark  A T P  hydrolys is  is p lo t ted  
as a funct ion of  p re incuba t ion  t ime in Fig. 3. 
M a x i m u m  accelera t ion required p re incuba t ion  
with A T P  in the range of  minutes  with a ha l f - t ime 
of  about  1 min. In this exper iment  ~4C-labeled 
A T P  was used as subs t ra te  and  the rate of  A T P  
hydro lys i s  was ca lcu la ted  f rom decrease  of  
[ ]4C]ATP concent ra t ion ,  de te rmined  after TLC 
separat ion.  Since the commerc ia l  [ t4C]ATP con- 
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Fig. 3. Rate of light-triggered ATP hydrolysis as a function of 
preincubation time with ATP in the light. Chloroplasts (26.8 ag 
chlorophyll/ml) were preilluminated for 2 rain. [T4 C]ATP (51.4 
~tM) was added at the indicated times before turning off the 
light. For measurement of initial rates of dark ATP hydrolysis, 
samples were taken 0, 15 and 30 s after turning off the light. 
The samples were analyzed for labeled AMP, ADP and ATP 
by TLC as described in Methods. The upper part of the figure 
shows actual concentrations of [14C]ADP at the light/dark 
transition. 
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Fig. 4. Rate of light-triggered ATP hydrolysis as a function of 
ATP concentration during preillumination. [nP]ATP at the 
indicated concentrations was added before illumination (2 rain). 
Together with turmng off the light, labeled ATP was supple- 
mented to 100 ixM in each of the samples. Rates of [np]p ,  
release were calculated from aliquots taken at 0, 15 and 30 s in 
the dark. The chlorophyll concentration was 25.2 rtg/ml. 

tained some contaminating [14C]ADP, the con- 
centration of [14C]ADP and the light/dark transi- 
tion was also determined. At preincubation times 
up to 20 s the concentration of [t4C]ADP de- 
creased from 6 to 4 IxM due to photophosphoryla- 
tion with endogenous P~. The phosphate content 
available to ATP synthesis with excess ADP of our 
chloroplast preparations was 0.4 ltmol per mg Chl. 

TABLE I 

EFFECT OF Mg 2+ ON LIGHT-TRIGGERED ATP HY- 
DROLYSIS 

For this experiment chloroplasts were isolated in a medium 
without MgCl 2 and washed once in a hypotonic medium 
containing 1 mM EDTA instead of MgCI 2. The assay medium 
also contained 1 mM EDTA. MgC! 2 (5 raM) and [32p]ATP (50 
wM) were added at the times indicated. The chlorophyll con- 
centration was 27.5 vt/ml, the illumination time was 2 rain. For 
determination of the rates of ATP hydrolysis, aliquots were 
taken at 0, 10, 20, 40, 60 s in the dark. 

Additions Additions Rate of dark ATP 
before after hydrolysis 
illumination illumination ( g tool [ n P]Pi / 

mg Chl per h) 

ATP - 0.0 
ATP Mg 2+ 22.8 
ATP, Mg 2÷ - 58.8 

- ATP, Mg 2+ 22.2 

TABLE II 

EFFECT OF THE DIASTEREOMERS OF ATPcfS ON 
LIGHT-TRIGGERED ATP HYDROLYSIS 

ATP and the thiophosphate analogs, respectively, at a con- 
centration of 25 ~M were added either before or after illumina- 
tion (2 min). [nP]ATP (50 ~M) was always injected together 
with turning off the light. The chlorophyll concentration was 
30.0 ~g/ml .  Aliquots for determination of the initial rate of 
ATP hydrolysis were taken after 10, 20, 30, 40 and 60 s in the 
dark. 

Nucleotide Rate of ATP hydrolysis 
(~.mol [ nP ]P l / rng  Chl per h) 

Added before Added after Ratio of 
illumination illumination the rates 

ATP 96.0 33.4 2.9 
ATPaS, A 40.0 18.4 2.2 
ATP~tS, B 27.3 32.8 0.8 

Between 20 s and 2 rain to further change in 
[14C]ADP concentration was observed, whereas 
the rate of ATP hydrolysis was still accelerated in 
this range. The result excludes the possibility that 
an increase of the A T P / A D P  ratio or phosphate 
potential, respectively, at the l ight/dark transition 
might be responsible for the observed stimulation 
of ATP hydrolysis. 

Fig. 4 shows rates of ATP hydrolysis as a 
function of ATP concentration during preil- 
lumination. Here the ATP concentration was sup- 
plemented to 100 ~tM in every sample at the end 
of the light period. The diagram indicates a 
sigmoidal concentration curve, half maximum 
acceleration being attained at about 15 ~M ATP. 
The requirement of both ATP and Mg 2+ in the 
light for the observed stimulation is demonstrated 
by the results of Table. I. 

Nucleotide specificity was studied by employ- 
ing the two diastereomers of ATP~xS *. The A 
form of ATPcxS exhibiting S configuration [35] has 
been found to replace ATP in light-triggered ATP 
hydrolysis, while the B form was no substrate [36]. 
Since the B form was only a weak competitive 
inhibitor in ATP hydrolysis, this isomer or its 
Mg 2+ complex, respectively, was concluded not to 

* These compounds were kindly suppfied to us by Prof. F. 
Eckstein. 
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TABLE III 

EFFECT OF ADP ON LIGHT-TRIGGERED ATP HYDROLYSIS 

ADP and [32p]ATP (each 50 ~.M) were added either before or after illumination. The chlorophyll concentration was 24.9 ~tg/ml. 
Aliquots for determination of initial rates of ATP hydrolysis were taken after 0, 15, 30, 60 and 120 s in the dark. 

Addition before Addition after 
illumination illmination 

Rate of dark ATP hydrolysis 
(~mol [32p]Pi/mg Chl per h) 

% inhibition by ADP 

ATP - 104.4 
ATP, ADP - 46.2 
- ATP 51.6 
- ATP, ADP 32.2 

55.7 

37.6 

be recognized by the active site of chloroplast 
ATPase. Moreover, light-induced tight binding of 
ADP and ATP by membrane-associated CF 1, was 
more effectively inhibited in a competitive manner 
by the A forms of ATP~tS and ADP0tS than by the 
corresponding B forms [36]. Likewise stimulation 
of dark ATP hydrolysis by preillumination of 
chloroplasts is attained with the A form of ATP~tS, 
but not with the B form (Table II). As a superim- 
posed effect, the A isomer in contrast to the B 
isomer causes substrate competition, which lowers 
the activity of ATP hydrolysis in comparison with 
the control. 

Table III shows a considerable decrease of the 
rate of dark ATP hydrolysis when ADP was pre- 
sent together with ATP in the light. Inhibition of 
the catalytic reaction is also observed when ADP 
is added together with ATP after preillumination. 
The absolute as well as the relative reduction of 
the rates under these two circumstances (55.77~ 
and 37.6~, respectively), however, indicate a 
superimposed partial abolition of the light-depen- 
dent stimulatory effect of ATP by equimolar con- 
centration of ADP. 

ATP hydrolysis in light-triggered, dithiothrei- 
tol-modulated chloroplasts is controlled by A/~H- 
which is generated by the H +-translocating ATPase 
reaction itself, as was convincingly shown by 
uncoupler studies [4-6]. As a possible explanation 
of the observed ATP-dependent stimulation, an 
increase of membrane permeability for protons 
could be taken into account. Therefore the effect 
of uncouplers on the stimulated and the unstimu- 
lated ATPase reaction was investigated. In Fig. 5 
the uncoupler NH,,CI was employed. The relative 
acceleration by NH4CI is much smaller in ATP- 

treated than in untreated chloroplasts as is demon- 
strated by the decrease of the ratio of the rates on 
increasing the uncoupler concentration. 

Transmembrane proton gradients were mea- 
sured by 9-aminoacridine fluorescence quenching. 
Although the calculated absolute values are too 
high compared with other methods [37], 
9-aminoacridine traces may give a reliable relative 
measure of ApH [38]. The light-induced ApH 
signal is reverted within about 30 s after turning 
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Fig. 5. Light-triggered ATP hydrolysis as affected by the un- 
coupler NH4CI. [32p]ATP (50 ~M) was added either before 
((3) or after illumination (2 rain) (e). NH4CI at the indicated 
concentrations was added together with turning off the light. 
ATP hydrolysis was followed in samples taken after 5, 15, 25, 
40 and 60 s in the dark. The given rates represent initial 
velocities. The chlorophyll concentration was 28.5 Fg/ml .  
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Fig. 6. 9-aminoacridine fluorescence traces indicating changes 
in light-induced and ATPase-induced transmembrane ApH. 
ATP (50 ixM) was added either before illumination or together 
with turning off the light. The numbers in parenthesis are 
calculated ApH values [38]. The chlorophyll concentration was 
25.7 ~t g/ml. 
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Fig. 7. Flash-induced absorbance changes at 522 rim measured 
30 s after preillumination (2 rain). In (A) ATP (50 ixM) was 
added together with turning off the light, in (B) ATP was 
present during preillumination. The signals of 15x100 rts 
flashes (2 Hz) were sampled. The assay medium contained 50 
I~M pyocyanine instead of PMS, the chlorophyll concentration 
was 25 txg/ml. 

off the light when no ATP is present in the medium 
(not shown). When ATP was present during preil- 
lumination or added together with turning off the 
light, a transitory inward proton translocation 
coupled with ATP hydrolysis takes place in the 
dark until the substrate ATP is exhausted (Fig. 6). 
Since the rate of ATP hydrolysis is higher when 
ATP was present in the previous light, a faster 
relaxation of ATP-induced ApH is observed. On 
the other hand, no increase, but decrease of the 
extent of dark ApH is evident under these condi- 
tions, indicating an apparent slip of proton cou- 
pling of the ATPase reaction. 

In Fig. 7 the electrochromic absorbance change 
at 522 nm is compared in chloroplasts which were 
preilluminated in the absence or presence of ATP. 
The absorbance change was induced by 100 ~ts 
light flashes 30 s after the preillumination period. 
Preillumination in the presence of dithiothreitol 
itself accelerated the relaxation of the electrochro- 
mic signal compared with unmodulated chloro- 
plasts [32]. However, when ATP was present dur- 
ing the light, the relaxation time was still reduced 
by a factor of about 2. 
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Fig. 8. Kinetics of  i ight- t r i~ered A T P / P  i exchange, ATP (2.5 
raM) was added either before ( O )  or 15 s after preillumination 
(550 W.m -z)  (e). In both cases [3Zp]p, (3 raM) was provided 
after 15 s in the dark. The chlorophyll concentration was 25 
i~g/ml. The deproteinized samples were analyzed for 32p. 
labeled organic phoshate as in Ref. 27. 
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TABLE IV 

INCORPORATION OF 14C-LABELED ADENINE NUCLEOTIDES UPON ADDITION OF [14C]ATP 

[14C.]ATP (10 ItM) was added either before or after illumination for 2 rain at 210 W-m -2. At the indicated times in the dark the 
reaction was quenched and the samples were analyzed as described in Methods. The chlorophyll concentration was 97.2 Ftg/ml. The 
percentages are of maximal incorporation (1.60 nmol/mg Chl). 

Time in 
the dark 
(s) 

[14C]ATP added after illumination 
(nmol [14C]AdN bound/rag Chl) 

[t4C]ATP added before illumination 
(nmo1114C]AdN bound/mg Chl) 

ATP 70 ADP 70 ATP 70 ADP 70 

0 0.00 - 0.00 - 0.56 35.0 0.01 0.6 
5 0.19 11.9 0.38 23.8 0.59 36.9 0.11 6.9 

10 0.25 15.6 0.48 30.0 0.61 38.1 0.19 11.9 
60 0.49 30.6 0.68 42.5 0.66 41.3 0.51 31.9 

The results of Figs. 5-7 suggest that preii- 
lumination in the presence of ATP increases the 
proton permeability of the thylakoid membrane. 
This conclusion is supported by measurements of 
light-triggered A T P / P  i exchange reaction. A T P / P  i 
exchange is the result of simultaneous ATP hy- 
drolysis and resynthesis of ATP, which is driven 
by A/~H+ generated during hydrolysis reaction [39]. 
A T P / P  i exchange is a quite sensitive measure of 
coupling, since a slight increase of membrane per- 
meability may cause ApH to drop below the en- 
ergetic threshold for ATP resynthesis. Fig. 8 dem- 
onstrates that the rate of ATP/P~ exchange is 
linear if the substrates ATP and Pi were added 
after preillumination. However, the reaction shows 
a lag of about 1 min, if ATP was added before 
preillumination. The duration of the lag phase 
corresponds with the phase of stimulation of ATP 
hydrolysis as shown in Fig. 1. 

Activation of ATPase by preillumination of the 
chloroplasts is related with release of tightly bound 
ADP [8] from a site which is located in the fl 
subunit of CF~ [40]. Deactivation of the enzyme, 
on the other hand, is induced by rebinding of 
ADP to this site [8,12,14]. The same nucleotide 
binding site is also able to bind ATP as was 
demonstrated by competition experiments [36] and 
localization studies [41]. When ATP instead of 
ADP is bound, no deactivation of the enzyme 
occurs [42,43]. In context with these results, levels 
of tightly bound ADP and ATP were followed at 
l ight /dark transitions. When the chloroplasts were 
preilluminated in the absence of medium nucleo- 
tides, endogenous tightly bound nucleotides are 

released [26], so that the CF t molecules are essen- 
tially free from bound ADP and ATP. Upon ad- 
dition of [14C]ATP, incorporation of labeled ATP 
and ADP takes place (Table IV). After 5 s reaction 
in the dark, 12% of the sites are containing ATP, 
24% have a tightly bound ADP and 64% of the 
sites are still free. When [~4C]ATP was added 
before illumination, more than 1/3 of the sites are 
already filled with labeled ATP when the light is 
turned off, but no labeled ADP is present. After 5 
s in the dark the ratio of ATP-containing sites to 
ADP-containing sites to free sites is 37 : 7 : 56 un- 
der these conditions. However, with continuing 
dark time the differences in the patterns of bound 
nucleotides progressively disappear. 

Discussion 

Transitory stimulation of dark ATP hydrolysis 
following preillumination in the presence of ATP 
may be attributed to partial release of the ATPase 
reaction from its control by the transmembrane 
proton motive force, as was demonstrated by mea- 
surements of the chemical (Fig. 6) and the electri- 
cal potential difference (Fig. 7), the action of the 
uncoupler ammonium chloride (Fig. 5) and the 
kinetics of A T P / P  i exchange (Fig. 8). Stimulation 
requires ATP pretreatment with a half-time of 
about 1 min. The low time constant initially led us 
to suggest that light-induced phosphorylation of a 
thylakoid membrane protein catalyzed by protein 
kinase might be responsible for the increase of 
membrane permeability. The corresponding ex- 
periments gave, however, no support for such a 
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presumption. In accordance with published results 
[44,45], at least 7 polypeptides were found to in- 
corporate 32p from added 3'-32 P-labeled ATP, but 
there was no significant difference between light- 
and dark-treated chloroplasts under the employed 
experimental conditions (presence of dithiothrei- 
tol). Protein phosphorylation was dependent on 
illumination only when dithiothreitol was omitted 
from the medium, i.e., conditions which permit 
only a slight activation of light-triggered ATPase. 

Several results suggest that the ATPase complex 
itself is the target for ATP in the observed alter- 
ation of membrane permeability. Nucleotide 
specificity with regard to the two diastereomers of 
ATPaS is the same as for ATP hydrolysis and 
nucleotide binding to membrane-associated CF~. 
ADP, which effectively competes with ATP in 
binding to CF 1 [36,42,43], abolishes ATP-induced 
stimulation of ATP hydrolysis, and the half maxi- 
mal concentration of ATP required for stimulation 
is in the micromolar range as for binding to CF z. 
Binding studies directly demonstrated that tightly 
bound ATP is present on membrane if illuminated 
together with ATP (Table IV). It is known that 
those bound nucleotides are exclusively related 
with the CFI sector of the thylakoid-ATPase 
[26,52]. 

Dithiothreitol modulation results in reduction 
of a disulfide bond in 3'-subunit of isolated [46,47] 
or membrane-bound CF 1 [16,17]. In chloroplasts 
an energy-dependent conformational change of the 
enzyme greatly enhances the accessibility of this 
bond to dithiothreitoi [48]. In energized mem- 
branes the sensitive group in 3'-subunit is modified 
by N-ethylmaleimide [16,49], but this modification 
is prevented by ATP (or ADP + Pi [49,50], indicat- 
ing a change of the position of the sensitive group 
in 3'-subunit induced by nucleotide binding on 
/3-subunit. Although there is no direct proof by 
this study, it seems possible that dithiothreitol 
treatment in the presence of ATP might result in a 
conformation of the ATPase complex which is 
different from the normal modulated state. One 
may imagine that such a treatment causes a slight 
dislocation of CF 3 relative to CF 0, so that a proton 
leak or bypass is opened. 

An important feature of this kind of uncoupling 
',s reversibility, which was demonstrated by the 

aalization of the rate of ATP hydrolysis after I 

min and the recovery of ATP/P, exchange after 
passing through an initial lag of 1 min. Restora- 
tion of coupling matches with an accomodation of 
the pattern of bound nucleotides to the one ob- 
served in the control. 
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