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Flash-induced ATP synthesis was investigated in chloroplasts isolated from spinach varieties with a pro- 
nounced difference in their adenylate kinase activity. In chloroplasts with high adenylate kinase activity the 
first 4 flashes induced ATP hydrolysis which persisted for an extended dark period at which the membrane 
remained energized. In chloroplasts showing low adenylate kinase activity, ATP hydrolysis could only be 
induced by a successive flash train of at least 60 flashes or by a 3&60 s period of continuous pre-illumina- 
tion. The activity of the adenylate kinase must be considered when the kinetics of initial ATP synthesis and 

of P515 in light flashes are studied. 
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1. INTRODUCTION 

Direct monitoring of flash-induced ATP syn- 
thesis in chloroplasts has been reported by 
Schreiber and Del Valle-Tascon [I]. Using the 
firefly luciferase method both ATP synthesis and 
hydrolysis could be measured simultaneously in 
the same chloroplast suspension. These ex- 
periments showed that in fully dark-adapted 
chloroplasts the first 6 flashes induced ATP con- 
sumption and only after a certain period of ATP 
hydrolysis was net ATP synthesis observed. The 
onset of initial ATP consumption, following 8 h of 
strict dark adaptation, could be shown to be trig- 
gereg by as little as 2 single-turnover saturating ac- 
tinic flashes given 1 s apart [ 11. Accordingly, 
Graan et al. [2] reported flash-induced ATP syn- 
thesis in chloroplasts using a sensitive “P method. 
In agreement with Schreiber and Del Valle-Tascon, 
these authors found flash-induced ATP yields pro- 
vided 5 activating flashes were given. Unfortunate- 
ly, their method did not allow monitoring of ATP 

synthesis parallel to ATP hydrolysis. However, 
ATP hydrolysis has been shown to occur in intact 
and freshly broken chloroplasts and has been 
reported to pertain for extended periods of 
darkness after light activation of the reversible 
ATPase [3-61. The activated membrane-bound 
ATPase is known to invoke a considerable elec- 
trochemical potential gradient of protons (ApH) 
[7-121. This gradient that is present in the dark as 
a result of ATP hydrolysis can be considered as a 
‘threshold’ energy for ATP synthesis. Consequent- 
ly, even small increments of the proton-motive 
force could result in the formation of ATP under 
these conditions. This may explain the rate of ATP 
synthesis found in [l] which increased with the 
number of flashes to a quasi-stationary value of 
50 nmol ATP + mg- ’ Chl - min- ’ and equivalent to 
about 1 ATPXFI per flash. The same optimal 
yield of flash-induced ATP synthesis was found in 
[2]. The effect of the first activating flashes on the 
reversible ATPase will be dependent on the value 
of AGATP which is affected by adenylate kinase ac- 
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tivity. When there is a high adenylate kinase activi- 
ty, as for instance in the experiments reported in 
[ 11, addition of ADP will result in the conversion 
of a significant amount of ADP into ATP in the 
dark. This dark conversion will clearly affect 
AGATP and will favour the conditions for ATP 
hydrolysis by the reversible ATPase. 

To study the effect of the first activating flashes 
on the reversible ATPase in dark-adapted 
chloroplasts in relation to the adenylate kinase ac- 
tivity, we compared these effects for two types of 
chloroplasts which showed a pronounced dif- 
ference in endogeneous adenylate kinase activity. 
It is shown that in spinach chloroplasts of a sum- 
mer variety with a high adenylate kinase activity 
the first 4 flashes result in ATP hydrolysis. In 
chloroplasts of a winter variety with a low activity 
of the enzyme at least 60 flashes are needed. In 
both types of chloroplasts, flash-induced ATP syn- 
thesis was about 1 molecule ATP/CFi per flash 
provided the ATPase was pre-activated. The 
energy state of the thylakoid membrane after ac- 
tivation of the ATP hydrolase was reflected in the 
kinetics of the flash-induced PS 15 electrochromic 
bandshift as reported earlier [14]. These ex- 
periments demonstrate that the length of the pre- 
illumination period (i.e. the number of activating 
flashes) needed to activate the reversible ATPase is 
dependent on the value of AGATP. This potential is 
affected by the activity of the adenylate kinase en- 
zyme. A high activity of the enzyme will result in 
conditions that are favourable for ATP hydrolysis 
by the membrane-bound ATPase. Since this 
hydrolysing activity of the ATPase will result in 
energization of the membrane, and in this way 
contribute to the energetic state which determines 
light-driven ATP production, adenylate kinase ac- 
tivity must be taken into account when studies of 
flash-induced ATP synthesis and of P515 kinetics 
are performed. 

2. MATERIALS AND METHODS 

Freshly grown spinach (Spinacia oleracea) was 
used for all experiments. The plants were grown in 
a greenhouse under high-pressure mercury lamps 
(Philips MGR 102-400) at an intensity of approx. 
100 We ma2 with a light period of 8 h per day. Pro- 
visions were made to keep the temperature at the 
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leaf and soil surface at 18-20°C. The relative 
humidity of the atmosphere was minimally 70%. 
Two different spinach cultivars were used. One 
cultivar (cv. Nobel), known as a summer variety, 
has been found to require a light intensity of at 
least 200 W *me2 for optimal growth. The other 
(cv. Bergola), a winter variety, grows optimally at 
a light intensity of about 80 W - mm2. Both types of 
plants were grown under identical environmental 
conditions. The procedures used for the isolation 
of chloroplasts were also the same. Intact 
chloroplasts routinely were isolated according to a 
modified method of [15] as described in [16]. This 
procedure yielded preparations with 90-95% in- 
tact chloroplasts as determined by ferricyanide 
reduction [ 171. Following isolation, chloroplasts 
were stored in the dark at 0°C at a chlorophyll con- 
centration of approx. 1.0 mg/ml. Shortly before 
each experiment 60 ~1 chloroplasts were osmotical- 
ly ruptured by mixing with 1 ml hypotonic medium 
consisting of 5 mM Hepes-KOH (pH 7.5), 5 mM 
Mg acetate and 4 mM DTE. After 60 s incubation 
the suspension was made half-isotonic by the addi- 
tion of 1 ml of the following buffer: 330 mM sor- 
bitol, 20 mM Hepes-KOH (pH 7.5), 2 mM 
NaH2P04, 2 mM Mg acetate and 2 mM DTE. 
Final chlorophyll concentration was 30 fig/ml. 

The chloroplast suspension was continuously 
stirred in a 3 ml cuvette thermostatted at 10°C. 
ATP concentration changes were measured with 
the luciferin-luciferase luminescence assay in an 
appropriate monitoring device [ 181, equipped with 
a photomultiplier. For each experiment 200 ,~l of a 
solution of ‘ATP monitoring reagent’ (LKB 
Wallac, the vial content being dissolved in 10 ml 
double-distilled water) was added to the cuvette. 
ADP (Boehringer) was added at 20pM. ATP 
calibration was done with known amounts of a 
freshly prepared lO/cM ATP solution (LKB 
Wallac). Saturating single-turnover actinic flashes 
with a half-width of 8 ps were transmitted to the 
sample via light guides. Pre-illumination with red 
light came from a 250 W tungsten lamp and was 
transmitted to the sample via light guides. The 
photomultiplier was shielded from actinic light by 
an appropriate filter combination. Absorbance 
changes at 518 nm, induced by single-turnover 
flashes, were measured in a modified Aminco- 
Chance absorption difference spectrophotometer 
as in [14]. 
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3. RESULTS AND DISCUSSION 

The left-hand part of fig.lA,B shows the 
luciferin luminescence response upon addition of 
20pM ADP to samples of dark-adapted 
chloroplasts isolated from the summer (A) and 
winter (B) spinach variety, respectively. A biphasic 
rise of luminescence upon addition of ADP is ob- 
vious in both samples. The rapid phase (about 
equal in both samples) is due to contaminating 
ATP (0.15’0) in the ADP solution. The slow phase 
is due to the action of adenylate kinase. There ap- 
pears to be a pronounced difference with respect to 
the enzyme activity between the two chloroplast 
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preparations. This activity can be calculated using 
the second-order rate constant of the enzymic reac- 
tion and the amount of ADP converted. In sum- 
mer chloroplasts, at the concentration of ADP 
used, the data of fig.lA yield a rate constant of 
about 144 M-’ es-l. From fig.lA it can be seen 
that in the summer spinach variety about 50% of 
the amount of added ADP has been converted into 
ATP in the dark due to this activity. Approximate- 
ly the same kinase activity and rate of ADP con- 
version can be calculated from the data in fig.1 in 
[I]. Under exactly the same experimental condi- 
tions, the activity of the adenylate kinase enzyme 
in winter chloroplasts can be calculated to be about 
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Fig.1. Monitoring of ATP with the firefly luciferase method in chloroplasts isolated from a summer (A) and a winter 
(B) spinach variety. (Left) Response due to adenylate kinase activity upon addition of 2 x 10m5 M ADP. (Right) 
Luminescence response following illumination of chloroplasts with successive flash trains of 4 and 32 flashes, 

determined on a IO-times more sensitive scale. 
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8.4 M-‘.s-~ (fig.lB). In these chloroplasts, the 
amount of ADP converted into ATP in the dark 
was found to be much less (maximally 10’70, 
fig. 1B). 

This conversion of added ADP into ATP prior 
to illumination will affect AGAP, favouring ATP- 
hydrolysing conditions. As a result, conditions in 
favour of ATP hydrolysis will be more pro- 
nounced in the sample of chloroplasts isolated 
from summer type spinach. After the kinase- 
dependent dark reaction was completed, 4 saturat- 
ing flashes were given at 3 Hz repetition rate every 
4 min and the luminescence signal was monitored 
on a lo-times more sensitive scale. The right-hand 
side of fig.lA shows that in summer chloroplasts 
the first series of four flashes induce ATP hydro- 
lysis in the subsequent dark period. In accordance 
with results of others [1,14] it was found that this 
hydrolysis of ATP continued for an extended dark 
period. It has been reported [14] that ATP hydro- 
lysis in the dark results in energization of the 
thylakoid membrane. This energization has been 
shown to be reflected by altered kinetics of the 
flash-induced P5 15 electrochromic bandshift [ 141. 
The slow phase (i.e. reaction 2), contributing to the 
overall signal in dark-adapted chloroplasts is vir- 
tually absent under energized conditions of the 
membrane. It has been suggested by others [ 19-221 
that reaction 2 results from redox reactions in the 
Qbc region of the electron transport chain. An 
association with cytochrome b-563 reoxidation has 
been suggested [23]. However, it has been shown 
[24] that the seeming correspondence between the 
potential associated with this secondary electron 
transport and a turnover of cytochrome b-563 only 
holds for a single flash. A second turnover of 
cytochrome b-563 induced by a second flash, given 
100 ms after the first one, does not, or only to a 
much smaller degree, cause a slow rise in the flash- 
induced P515 response. Moreover, the suggested 
association of the slow phase in the rise of the P515 
response with secondary electrogenetic electron 
transport does not account for the fact that the 
field generated by this electron transfer decays 
with a half-time which is considerably higher than 
the decay of the potential generated by electron 
transfer through the reaction centers [25]. On the 
basis of the kinetics of reaction 2 we suggest (in 
conformation with others [12,25]) that reaction 2 is 
caused by lateral and transverse delocalization of 

364 

inner-membrane electric fields associated with the 
liberation and subsequent stabilization of protons 
in inner-membrane domains near the Fe-S 
cytochrome b-f protein complex. From fig.2A it 
can be seen that in summer chloroplasts after 4 ac- 
tivating flashes, the kinetics of the flash-induced 
P515 bandshift indeed is devoid of the slow phase 
normally present in dark-adapted membranes. A 
second flash train (32 flashes), given 4 min after 
the first 4 activating flashes, caused a net synthesis 
of ATP (fig.lA). In this experiment the ATP yield 
per flash was about 1 nmol ATP/mg chl. Assum- 
ing a photosynthetic unit size of 500 chl molecules 
this means 0.5 molecule ATP is formed in every 
electron transport chain per flash. Considering 
that there is 1 CFi for every 1000 chlorophyll 
molecules [13] this means that with each flash 1 
ATP molecule is formed for every CF1 which 
means optimal ATP formation. Since the flash- 
induced luminescence response was found to be 
completely abolished by the addition of 4pM 
CCCP (fig. 1A) the luminescence change undoubt- 
edly reflects ATP formation. 

A I 

B 

4 I I\_ 4.d 

Fig.2. Flash-induced absorbance change at 518 nm in 
chloroplasts determined after illumination with 4 
successive flashes (repetition rate 3 Hz) in chloroplasts 
isolated from a summer type (A) and a winter type (B) 
spinach. The (smoothed) curves were obtained after 
averaging the response of 8 saturating flashes (repetition 

rate 0.05 Hz). 
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From fig.lB (right-hand side) it can be seen that 
in winter chloroplasts, where adenylate kinase ac- 
tivity is much lower than in summer chloroplasts, 
the first 4 activating flashes did not cause a change 
in the luminescence signal, i.e. a change in ATP 
concentration. The same was found for 0.05 Hz 
repetitive illumination with series of 4 activating 
flashes (not shown), ATP hydrolysis in these 
chloroplasts could only be induced by a series of at 
least 60 flashes or by a 30-60 s period of con- 
tinuous pre-illumination. Once hydrolysis was in- 
duced, flash-induced ATP synthesis could be 
measured. Under these conditions the yield of 
ATP per flash was equal to the yield reported for 
summer chloroplasts (fig.lB). From fig.2B it can 
be seen that the kinetics of the flash-induced P515 
bandshift determined in winter chloroplasts after 
one series of 4 activating flashes is similar to those 
normally found in dark-adapted chloroplasts, i.e. 
there is a pronounced contribution of the slow 
phase. This result is in agreement with the observa- 
tion that in these chloroplasts the ATPase cannot 
be activated by short periods of illumination. 

These experiments show that the light energy re- 
quirement for the activation of the chloroplast 
ATPase is different in samples that show a dif- 
ference in adenylate kinase activity. High activity 
of the enzyme, as found in our summer type chloro- 
plasts, results in conditions in which ATP hy- 
drolysis could be provoked by as little as 4 ac- 
tivating flashes. Chloroplasts with a low activity of 
the enzyme require substantially longer periods of 
illumination for the activation of ATPase. Activa- 
tion of the ATPase resulted in dark ATP hydroly- 
sis and sustained energization of the membrane in 
both samples. The latter is indicated by a pro- 
nounced alteration in the kinetics of the flash- 
induced P5 15 electrochromic bandshift [ 141. 
Under pre-energized conditions flash-induced 
ATP synthesis was found to be similar in both 
samples and reached an optimal value of about 1 
molecule ATP formed/CFi per flash. These results 
strongly suggest that factors determining AG*TP in 
the dark (e.g. adenylate kinase activity) must be 
taken into account when kinetic studies of flash- 
induced ATP synthesis are made. This has been in- 
sufficiently considered in the past. The data il- 

lustrate the usefulness of the flash-induced P515 
response as a qualifying monitoring probe for the 
energy requirement and maintenance of the activi- 
ty of the membrane ATPase. 

The procedure so far followed for the deter- 
mination of the P515 response in general includes 
signal averaging, in order to obtain a sufficient 
signal-to-noise ratio. It is likely that in plant 
material with a high adenylate kinase activity the 
first flashes of a series used for the averaging pro- 
cedure result in activation of the chloroplast 
ATPase. The subsequent hydrolysing activity of 
the ATPase will result in energization of the 
thylakoid membrane and as a consequence, the 
P515 response in subsequent flashes is devoid of 
the slow phase. Consequently the averaged P515 
signal then hardly shows, if at all, a contribution 
of the slow phase (reaction 2). These results ex- 
plain the fact that in the summer spinach variety 
grown under sub-optimal light conditions (e.g. 
with lower light fluence in winter time) the flash- 
induced 515 nm electrochromic bandshift deter- 
mined in intact leaves is found to be devoid of the 
slow phase. This absence of the slow phase in the 
P515 signal is a rather common seasonal 
phenomenon, which has plagued our experiments 
for a long time. It remains to be elucidated whether 
the adenylate kinase activity in the plant leaves is 
dependent on the light conditions under which the 
plants are grown. 

With improved measuring techniques one is now 
able to reach a good definition of the PSI5 
response with a single flash activation. This 
enables one to discriminate whether the absence of 
the slow phase in the P515 signal is due to altered 
membrane constitution [19], or to sustained mem- 
brane energization. 

ACKNOWLEDGEMENTS 

This research was partly supported by the 
Netherlands Foundation for Chemical Research 
(Stichting Scheikundig Onderzoek in Nederland), 
financed by the Netherlands Organization for the 
Advancement of Pure Research (ZWO). The 
authors would like to thank Dr J.J.S. van Rensen 
and Dr J.F.H. Snel for fruitful discussions. 

365 



Volume 202, number 2 FEBS LETTERS July 1986 

REFERENCES 

111 

PI 

131 

141 

(51 
WI 

171 
PI 

[91 

VOI 

Ull 

WI 

1131 

Schreiber, U. and Del Valle-Tascon, S. (1982) 
FEBS Lett. 150, 32-37. 
Graan, T., Flores, S. and Ort, D.R. (1981) in: 
Energy Coupling in Photosynthesis (Selman, B.R. 
and Selman-Reimer, S. eds) pp.25-84, Elsevier, 
Amsterdam, New York. 
Mills, J.D. and Hind, G. (1978) FEBS Lett. 87, 
73-76. 
Mills, J.D., Mitchell, P. and Schurmann, P. (1980) 
FEBS Lett. 112, 173-177. 
Schreiber, U. (1980) FEBS Lett. 122, 121-124. 
Schreiber, U. and Rienits, K.G. (1982) FEBS Lett. 
141, 287-291. 
Carmeli, C. (1970) FEBS Lett. 7, 297-300. 
Schreiber, U. and Avron, M. (1979) Biochim. Bio- 
phys. Acta 546, 436-447. 
Galmiche, J.M. and Girault, G. (1980) FEBS Lett. 
118, 72-76. 
Schuurmans, J.J., Leeuwerik, F.L., Sin Oen, B. 
and Kraayenhof, R. (1981) in: Proc. 5th Int. 
Congr . Photosynth. (Akoyunoglou, G. ed.) 
pp.543-552, Balaban, Philadelphia. 
Avron, J., Admon, A., Vinckler, C. and 
Korenstein, R. (1982) in: Photosynthesis (Heber, 
U. et al. eds) pp.93-106, Deutsche 
Forschungsgemeinschaft, Bad Godesberg. 
Schreiber, U. and Rienits, K.G. (1982) Biochim. 
Biophys. Acta 682, 115-123. 
Strotmann, H., Hess, R. and Edelman, K. (1973) 
Biochim. Biophys. Acta 314, 202-210. 

[ 141 Peters, R.L.A., Bossen, M.. Van Kooten, 0. and 
Vredenberg, W.J. (1983) J. Bioenerg. 
Biomembranes 15, 335-346. 

[15] Cockburn, W. and Walker, D.A. (1968) Plant 
Physiol. 43, 1415-1418. 

1161 Schapendonk, A.H.C.M. (1980) Doctoral Thesis, 
Agricultural University, Wageningen. 

[17] Heber, U. and Santarius, K.A. (1970) Z. 
Naturforsch. B 25, 718-728. 

[18] Lundin, A., Thore, A. and Baltscheffsky, M. 
(1977) FEBS Lett. 79, 73-76. 

[19] Crowther, D. and Hind, G. (1980) Arch. Biochem. 
Biophys. 204, 568-577. 

[20] Bouges-Bocqet, B. (1977) FEBS Lett. 85, 340-342. 
121) Velthuys, B.R. (1978) Proc. Natl. Acad. Sci. USA 

75, 6031-6034. 
[22] Peters, F.A.L.J., Van Wielink, J.E., Wong Fong 

Sang, H.W., De Vries, S. and Kraayenhof, R. 
(1983) Biochim. Biophys. Acta 722, 460-470. 

[23] Selak, M.A. and Whitmarsh, J. (1982) FEBS Lett. 
150, 286-291. 

1241 Van Kooten, O., Gloudemans, A.G.M. and 
Vredenberg, W.J. (1983) Photobiochem. 
Photobiophys. 6, 9-14. 

[25] Schapendonk, A.H.C.M., Vredenberg, W.J. and 
Tonk, W.J.M. (1979) FEBS Lett. 100, 325-330. 

[26] Peters, R.L.A., Van Kooten, 0. and Vredenberg, 
W.J. (1984) J. Bioenerg. Biomembranes 16, 
283-294. 

366 


