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SUMMARY 

Light-induced Mg 2 +-ATPase activity of  chloroplasts and the pH difference 
(ApH) across the thylakoid membrane maintained by this activity are measured 
simultaneously under varying conditions of preillumination time and dark decay time. 
It  is shown that with increasing ATPase activity, ApH reaches a maximal level which 
is determined by the degree of uncoupling of the thylakoid membrane. 

INTRODUCTION 

As has been known for more than a decade 1, an ATPase reaction can be induced 
in chloroplasts by preillumination in the presence of a disulphydryl compound. This 
ATPase was shown, subsequently, to be able to drive processes like proton uptake 2, 
swelling in ammonium salts 3'4 and uptake of calcium salts 3. Furthermore, several 
observations, notably the decay of ATPase activity in the dark in the absence of ATP 
and the effect of uncouplers, led to the suggestion that energy derived from ATP 
hydrolysis is needed for maintaining the light-triggered state, thus supporting con- 
tinuous ATPase activity 5-8. 

In order to describe the energetic aspects of the system in a more rigorous way, 
it can be considered to be composed of two capacities (Fig. 1): the energy-generative 
capacity of the ATPase enzyme, regulated by a positive feed-back of the energy level 
(I), and the dissipative capacity, determined by the degree of uncoupling of the 
thylakoid membrane (II). 
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Fig. 1. Scheme for the light-triggered Mg2+-ATPase. 

Abbreviation: Sla, 5-chloro-3-tert-butyl-2'-chloro-4"-nitrosalicylanilide. 
* Postal address: Plantage Muidergracht 12, Amsterdam, The Netherlands. 
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The object of the investigation described in this paper was to study the 
ATPase activity in relation to the energy level (as measured by the ApH) maintained 
during this activity under different conditions. 

MATERIALS AND METHODS 

'Type-B '9 spinach chloroplasts were prepared by a rapid procedure: 15 g of 
leaves were suspended in 60 ml isolation medium containing 300 mM sucrose, 
30 mM 2-(N-morpholino)propanesulphonic acid buffer (pH 7.4) and 3 mM MgCI2, 
and homogenized in a small Waring blender for 5 s at top speed. The homogenate 
was filtered through 4 layers of Perlon net (mesh width, 56 #m), quickly accelerated in 
a MSE centrifuge up to 3000 × g and decelerated within 1 min. 'Type-C '9 spinach 
chloroplasts were prepared from Type-B chloroplasts by taking up the pellet described 
above in a medium containing 100 mM KC1, 5 mM MgCI/and 5 mM sodium tricine 
(pH 8.0) and homogenizing gently in a Potter-Elvehjem homogenizer. Total chloro- 
phyll was determined according to the method of Whatley and Arnon 1°. The reaction 
vessel used was designed by Dr. J. W. T. Fiolet, and offered the possibility of simul- 
taneously monitoring fluorescence (by an Eppendorf fluorimeter attachment) and 
ATPase activities (by the change in pH of the medium, measured with a sensitive 
pH-recording system). For illumination, light of saturating intensity was provided 
by a tungsten slide projector lamp through a side window in the reaction cuvette, 
covered by a red filter (630 nm). 

A pH was calculated either from the quenching of 9-aminoacridine fluorescence" 
(filters: excitation 313 + 366 nm, emission 440-460 nm), or, in a parallel experiment, 
from the distribution of [~4C]methylamine 12 determined by centrifugation of the 
chloroplasts through silicone oil 13. 

The reaction mixture contained, at 25 °C, in a final volume of 2.5 ml, 250 #moles 
KC1, 12.5/~moles MgCI2, 12.5/~moles sodium tricine (pH 8.0), 25 nmoles pyocyanin, 
12.5 #moles dithioerythritol, 12.5 #moles Na-ATP and 125 #g chlorophyll, unless 
stated otherwise. 

The electrode responses were calibrated with standard solutions of oxalic acid. 
The concentration of 9-aminoacridine was 3-6 #M. All chemicals were analytical 
grade. 

[~4C]Methylamine was obtained from the Radiochemical Centre, Amersham; 
9-aminoacridine from British Drug Houses. 5-Chloro-3-tert-butyl-2'-chloro-4'-nitro- 
salicylanilide (S~3) was kindly donated by Dr P. C. Hamm, Monsanto Comp., 
St. Louis, Mo. (U.S.A.). 

RESULTS 

Figs 2A, 2B and 2C show some typical pH traces: after a partial decay of the 
'proton pump '14, the proton production due to ATPase becomes manifest. Except 
for very short preillumination times (Fig. 2A) this acidification is linear in time within 
a few seconds. The velocity increases with illumination time 5,7. Moreover, in the 
presence of ATP the effects of consecutive illumination periods on the rate of ATPase 
turn out to be additive, e.g. 2 min illumination followed by a few min of dark ATPase 
and another 2 min illumination gives the same final ATPase rate as 4 min illumination. 
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Figs  2D,  2E and  2 F  s h o w  traces  o f  the  9 - a m i n o a c r i d i n e  f luorescence  q u e n c h i n g  
r eco rded  s imu l t aneous ly  wi th  Figs  2A,  2B and  2C, respect ively .  I t  c an  be  seen that ,  
wi th  the  excep t ion  o f  the  e x p e r i m e n t  in Fig.  2D,  af ter  d a r k  A T P a s e  has  s tar ted,  the  
q u e n c h i n g  adjus ts  to  a new level  wi th in  a b o u t  20 s. 

In Fig.  3, A T P a s e  veloci t ies  and  A p H  (ca lcu la ted  f r o m  the  9 - a m i n o a c r i d i n e  
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Fig. 2. Effect of preillumination time on ATPase and 9-aminoacridine fluorescence quenching. 
The reaction mixture was as described under Materials and Methods. The fluorescence after 
addition of a saturating amount of uncoupler (4/zM $13) at the end of a dark ATPase period is 
taken as 100~o. Preillumination times: A, 30 s; B, 2 min; C, 5 rain. , pI-I; -- - - ,  9-amino- 
acridine fluorescence. 9-aa, 9-aminoacridine. 
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Fig. 3. ATPase and ApH maintained during ATPase as a function of the preillumination time. 
Values for ATPase and ApH were taken after 20 s ATPase in the dark. d p H  was calculated from 
the 9-aminoacridine quenching as in ref. 11, assuming an osmotic space of 10/~l/mg chlorophyll, 
and obtaining a value for 100K fluorescence as in Fig. 2. In the light, ApH was 3.50 without, 
and 2.85 with 0.2/~M $13 added. Reaction mixture as described under Materials and Methods: 
O----Q, ATPase; ©---©, d p H  during ATPase. Reaction mixture with 0.2 #M $13 added: ~k--JL, 
ATPase; A n . A ,  d p H  during ATPase. 
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quenching) are plotted as a function of the preillumination time (cf. refs 5, 7); because 
of the relaxation effects observed at short illumination times, the values after 20 s 
dark ATPase are arbitrarily taken. As can be seen, ApH reaches its saturation level 
much earlier than the ATPase rate. On the other hand, the dark decay of the ATPase 
is more rapid than that o f d p H  (Fig. 4; cf. refs 5-7, 15); this is still the case in the 
presence of P~, where the decay of ATPase activity is slowed down 6'15. 

A variation of preillumination time or dark decay time presumably does not 
influence the degree of coupling of the membrane; in terms of Fig. 1 this means that 
up to this point only the ATPase capacity has been influenced, the dissipative capacity 
remaining unchanged. In Fig. 3 the latter was increased by a limited amount of 
uncoupler (0.2#M S~3). Relaxation effects at short illumination times were more 
pronounced here. Again zlpH, although lower than in the absence of uncoupler, rea- 
ches its maximal level long before the (stimulated) ATPase activity associated with it. 

From Figs 3 and 4 together, it seems that ApH maintained by ATPase is 
limited by a maximal level; judging from the decrease in this level caused by uncoupler 
(Fig. 3), it depends upon the dissipative capacity of the membrane. This becomes even 
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Fig. 4. ATPase and ApH during ATPase as a func- 
tion of the dark decay time. After 5 min illumina- 
tion, light was turned off. ATP (2.5/zmoles) was 
added after various time intervals as indicated. 
Values were calculated as described in the legend of 
Fig. 3. Reaction mixture as described under Ma- 
terials and Methods (except for ATP, which was 
added after preillumination only): O--O,  ATPase; 
o - - - o ,  ApH during ATPase. Reaction mixture 
with 0.4 mM Pi added: j , - - , ,  ATPase; ~ - - - A ,  
ApH during ATPase. 
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Fig. 5. ATPase rate as a function o f d p H  associated with it. The points were obtained by replotting 
the data of Figs 3 and 4. o - - o ,  preillumination time varied in reaction medium; x - - × ,  dark 
decay time varied in reaction medium; ÷ - - + ,  dark decay time varied in reaction medium with 
0.4 mM Pi added; Lx--zX, preillumination time varied in reaction medium with 0.2/~M $13 added. 
The two points, with and without uncoupler, exhibiting a decrease in ATPase rate of approx. 10 
in the time interval between 20 s and 40 s dark ATPase have been connected by a dotted line. 
Points in the region above and to the right of it do not show significant relaxation ; below and to 
the left of it relaxation is more pronounced. 
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more clear from Fig. 5, where all data from Figs 3 and 4 have been replotted so as to 
show ATPase rate as a function of ApH associated with it. The points in the upper 
right half of  Fig. 5 correspond with linear ATPase rates; in contrast, the lower left 
half of Fig. 5 represents an 'unstable' ATPase region: starting from the dotted line, 
which connects the points showing a decrease in ATPase rate of  about 10% during the 
interval between 20 s and 40 s dark ATPase, relaxation effects are increasingly strong 
towards the lower left. 

DISCUSSION 

Applicability of  methods and calculations 
In quantitizing the energy level maintained during ATPase two assumptions 

have been made: (1) the energy level is represented by A pH, (2) ApH can be measured by 
the distribution of 14C-labelled or fluorescent amines across the thylakoid membrane. 
As to (1), in terms of the chemiosmotic theory 16, the energy level (protonmotive force) 
can be thought to be composed of two terms, an electrical potential and a ApH. 
It  seems, however, that under steady-state conditions the electrical potential is low 17' l z, 
so that it would be legitimate to take ApH as a measure for the energy level. In terms 
of the chemical theory ~8, alternatively, ApH can be thought of  as a pool in equilibrium 
with a high-energy intermediate. Indeed, for the interpretation of the experiments 
given here it is not relevant at all which hypothesis for photophosphorylation is 
adopted. 

As to (2), upon comparison, ApH calculated from the 9-aminoacridine quench- 
ing 11 consistently gave higher values (up to 1 pH-unit) than that calculated from the 
[14C]methylamine distribution 12 (not shown; cf. also ref. 4). Relatively, the results 
gave very similar pictures, however. 

In all experiments mentioned, the influence of ADP formed during the reaction 
as a competitive inhibitor of ATPase ~9 was neglected: this is justified by the results 
themselves, in the sense that in no case a linear ATPase rate would be expected in the 
presence of a considerable and increasing amount of  a competitive inhibitor. 

Feed-back between ApH and A TPase 
In Fig. 5 we see that, above a certain ATPase level, ApH reaches a maximal 

value which is dependent only on the dissipative capacity. Furthermore, a region is 
indicated (the lower left half of Fig. 5) where ATPase rate declines considerably 
within the time course of  the experiment. 

Relaxation in ATPase rate caused by uncoupler is a well-established phenom- 
enon6'8 ; in fact, as mentioned in the Introduction, it was one of the lines of evidence 
indicating that energy generated by ATPase activity is needed for maintaining that 
activity. However, in the absence of uncoupler, ATPase rates have been found to 
follow a linear time course (refs 5, 7; cf  Figs 2B, 2C). This seems natural enough 
but, in fact, for a complicated feed-back system like this (cf. Fig. l) it is not obvious 
at all that even without uncoupler added the ATPase reaction should reach a steady- 
state rate within a short time (in the order of 30 s). The fact that this actually is the 
case for the points in the 'stable'  upper right half of  Fig. 5 means that every ATPase 
capacity in that region, at a given dissipative capacity, produces an energy level of  the 
right magnitude for maintaining itself. Moreover, the fact that in this region ApH 
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is independent of  the ATPase rate indicates that ApH needed for maintaining a 
certain ATPase capacity is independent of the magnitude of that capacity; presumably 
this would bear some relevance to any model to be proposed for ATPase activation. 
Also the additivity of preillumination times in the presence of ATP, mentioned above, 
can be explained in these terms. 

In this respect it should be noted that, although ApH established by ATPase 
may be high enough for maintaining ATPase activity, it apparently never in itself is 
sufficient to activate ATPase molecules in an autocatalytic way: this would manifest 
itself in a relaxation towards a higher ATPase rate, a phenomenon that has never 
been observed. Possibly an energy barrier exists for ATPase activation, which is 
exceeded during illumination; indeed, ApH established in the light is higher than 
that maintained by ATPase activity (cf. Fig. 2), and so is the pH jump needed for 
acid-base ATPase triggering 2°. 

Alternatively, even in the absence of uncoupler, at very low ATPase levels 
d p H  will not reach the value needed for maintaining ATPase activity, and ATPase 
rate will relax towards lower values. This is seen in Fig. 2A, and applies to the points 
on the lower left hand in Fig. 5. This also could explain the 'biphasic'  ATPase 
behaviour observed by Kaplan et  al. 2°'21 after an acid-base jump instead of a light 
triggering: e.g. the curves in ref. 20, Fig. 3, just reflect the relaxation behaviour 
expected of a number of activated ATPase molecules that is too small to keep up 
the energy level needed for maintaining their activity. 

The ApH maintained by a given ATPase activity is determined by the dissipative 
capacity; without uncoupler added, it reflects the 'natural '  degree of uncoupling of 
the thylakoid membrane. The fact that the ApH associated with ATPase in the 
presence of Pi fits the same curve as in its absence (Fig. 5), indicates that in this case 
Pi only influences the decay of ATPase capacity, and not the dissipative capacity: 
it does not exert its action by improving the coupling of the membrane. This is in 
accordance with the explanations for the stabilization of the light-triggered state by 
Pi given in the literature 22' 15. 
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