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Abstract 

The P515 absorbance change upon single-turnover light flashes has been 
studied in intact leaves and isolated chloroplasts from spinach. A comparative 
study of the effects of preillumination on the kinetics of the P515 response and 
on the activity of the chloroplast ATPase has been made. The slow component 
(reaction 2) in the flash-induced P515 response normally present in dark- 
adapted chloroplasts is reduced or even absent under conditions in which the 
ATPase is activated by preillumination. This suppression of reaction 2 
appeared to be temporary in leaves and chloroplasts; its duration in chloroplasts 
is shown to be dependent on the amount of ATP present. Tentoxin inhibits the 
preillumination-dependent suppression of reaction 2. 

Key Words: P515; electrochromic bandshift; ATPase; ATP hydrolysis; spinach 
chloroplasts. 

Introduction 

The P515 e lec t rochromic  bandshi f t  (for a review see Wi t t ,  1979) following a 
single sa tura t ing  l ight flash in d a r k - a d a p t e d  and well-preserved chloroplasts  
shows mul t iphas ic  rise and decay kinetics (Horvfi th et al., 1978; Schapendonk  
et al., 1979). These  kinetics cannot  be explained in terms of  generat ion and 
decay of  a t r a n s m e m b r a n e  electr ic  field. Such a field would be expected to 
follow a single exponent ial  da rk  decay  with a ra te  constant  de te rmined  by the 
m e m b r a n e  capac i t ance  and the m e m b r a n e  conductance,  provided these are  
f ie ld- independent  (Bulychev and Vredenberg ,  1976). The  decay rate,  how- 
ever, seems to be dependent  on the m e m b r a n e  in tegr i ty  ra ther  than on the 
m e m b r a n e  conductance  (Schapendonk  et al., 1979). Accord ing  to Schapen-  
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donk (Schapendonk et al., 1979) the decay of the P515 absorbance change in 
intact chloroplasts is almost exclusively determined by the decay of a special 
type of electrochromic change (called reaction 2) that is not directly linked to 
a transmembrane potential but rather to an intramembranal local field in the 
vicinity of the P515 complex. It has been suggested (Vredenberg and 
Schapendonk, 1981, Schuurmans et al., 198 la) that this local, intramembra- 
hal field may involve changes in surface charges on the CF1 part of the 
ATPase complex. In spite of the fact that the origin of the slow component 
(reaction 2) is still unclear, it must be stated that the occurrence of 
multiphasic rise and decay kinetics of the P515 bandshift obviously depends 
on the state of activation of the chloroplast ATPase (Joliot and Delosme, 
1974; Girault and Galmiche, 1978; Junge et al., 1970; Morita et al., 1981). 
Recently, a P515 electrochromic shift has been shown to occur in the dark 
following the addition of ATP to a suspension of light-activated chloroplasts 
(Schreiber and Rienits, 1982; Schuurmans et al., 1981b). Moreover, there 
seems to be a strict complementarity of the ATP-induced and the light- 
induced P515 shift in chloroplasts with respect to the slow phase (Schreiber 
and Rienits, 1982). 

In this communication we present results that support the idea that the 
activity of the chloroplast ATPase is reflected in an alteration in the kinetics 
of the P515 bandshift. Activation of the chloroplast ATPase by short periods 
of illumination in intact leaves or intact chloroplasts results in a complete 
suppression of reaction 2 from the P515 shift induced by a subsequent light 
flash. The same results are obtained with broken chloroplasts after short 
periods of illumination in the presence of DTE and ATP. In both cases, a 
single saturating light flash following a period of preillumination results in an 
electrochromic shift characterised by a fast rise and a subsequent single 
exponential dark decay with a half-time of approximately 75 msec. The 
suppression of reaction 2 caused by preillumination appears to be reversible. 
The duration of the suppression is dependent on the amount of ATP present in 
the sample. Broken chloroplasts in the absence of DTE and ATP appear to be 
completely insensitive to preillumination. Inhibition of the ATPase by the 
addition of 2.5 #mol/liter tentoxin completely prevents the suppression of 
reaction 2 by preillumination in intact chloroplasts as well as in broken 
chloroplasts in the presence of ATP and DTE. 

Material and Methods 

Freshly grown spinach (Spinacia Oleracea) was used for all experiments. 
The plants were grown under high-pressure mercury lamps (Philips HPLR 
400) at an intensity of approximately 80 W/m 2 with a light period of 8 hours 
per day. Provisions were made to keep the temperature at the leaf and soil 
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surface at 18-20°C. The relative humidity of the atmosphere was minimal 
(70%). Intact chloroplasts were routinely isolated according to a modified 
method of Walker (Cockburn and Walker, 1968) as described by Schapen- 
donk (1980). This procedure routinely yielded preparations with 90-95% 
intact chloroplasts as determined by ferricyanide reduction (Heber and 
Santarius, 1970). Broken chloroplasts were obtained by a 60-sec osmotic 
shock on ice, in a medium containing 5 mmol/liter MgC12 and 10 mmol/liter 
Tricine adjusted to pH 7.8 with NaOH, and subsequent addition of double- 
strength assay medium which contained 660 retool/liter sorbitol, 2 retool/liter 
MgCI2, 2 mmol/liter MnC12, 4 retool/liter EDTA, and 100 mmol/liter Hepes, 
adjusted to pH 7.8 with NaOH. The Hill reaction rate in freshly broken and 
uncoupled chloroplasts was determined to be minimal 200 ~mol O2/mg 
chl./h. The ratio of electron-transport activities of NH4Cl-uncoupled and 
coupled chloroplasts was determined to be minimal 5. Chlorophyll content 
was determined spectrophotometrically (Bruinsma, 1961). Absorbance 
changes at 518 nm induced by single:turnover flashes in either intact leaves or 
isolated chloroplasts were measured in a modified Aminco chance absorption 
difference spectrophotometer as described by Schapendonk (1980). Leaf and 
chloroplast measurements were performed at 3°C. Samples were dark- 
adapted at 3°C for at least 1 h before measuring. Saturating single-turnover 
actinic flashes with a half-width of 8 ~sec were transmitted to the sample via 
light guides. The output voltage of the photomultiplier, linear with the 
intensity of the 518-nm measuring beam transmitted by the sample, was fed 
into a differential amplifier (Tektronix 5A22). After compensation, the 
amplified output signal was sampled and averaged on a Minc-11 minicom- 
puter (Digital Equipment Co.) with a limiting time constant of 0.3 msec. The 
photomultiplier was shielded from actinic light by an appropriate filter 
combination. Preillumination with red light came from a 250-W tungsten 
lamp and was transmitted to the sample via light guides. ATP hydrolysis in 
chloroplasts was determined with the bioluminescent firefly luciferin-lucifer- 
ase assay method. Chloroplasts were illuminated with light of wavelengths 
above 665 nm. Immediately after cessation of the illumination, 200 ul 
luciferin-luciferase (LKB Wallac) was added to the sample. The light 
emission associated with the ATP-hydrolyzing luciferin-luciferase reaction 
was determined by a photomultiplier. Calibration was carried out by titrating 
known amounts of ATP. This assay method was linear up to 10 -6 mol/liter 
ATP with a lower detection limit of 10-~1 mol/liter ATP. 

Results and Interpretation 

A representative example of the time course of the absorbance change at 
518 nm (AA518) upon a single-turnover light flash in dark-adapted intact 
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Fig. 1. Absorbance changes at 518 nm in dark-adapted intact chloro- 
plasts induced by a single flash (dashed curve) and by a series of four 
flashes fired at 100-msec time intervals (solid curve). Average of 10 series 
of flashes fired at a rate of 0.10 Hz. The decay kinetics of the third and 
subsequent flashes are identical and consist of three single exponentials, 
representative for phases c', c, and d (dot-dash curve). The insert shows 
the deconvolution of the overall signal induced by a single flash into 
reaction 1 and reaction 2. The maximal AA518 (AI/I) reached in a single 
saturating light flash was approximately 8 x 10 -3. 

chloroplasts  is i l lus t ra ted in Fig. 1 (dashed curve).  F rom this figure it can be 
seen that  AA518 occurs with complex mul t iphas ic  rise and decay kinetics.  
Analys is  of  the semi logar i thmic  plots of these changes (Schapendonk,  et al., 
1979) has revealed five different  phases in the kinetics. An  init ial  fast  
absorbance  increase, called phase a, comple ted  within a t ime shorter  than the 
resolution t ime of the measur ing  system (0.3 msec),  is followed by a relat ively 
slow increase in absorbanee  in the first 20 -70  msec. Accord ing  to this 
analysis,  the subsequent  decrease  in absorbance  appears  to be composed of 
three different  phases. A major  slow phase c with a half-l ife of about  400 msec 
is preceded by a fast phase e' with a half-l ife of  about  75 msec and followed by 
a small  phase d decaying  with a half-l ife of about  1500 msec. These da ta  have 
been in terpreted as an indicat ion tha t  the phase c' decay  is associated with the 
initial  fast rise (Schapendonk,  1980). This in terpre ta t ion  is cor robora ted  by 



ATP-hydrolase and PSI 5 Eleetroehromic Bandshift 339 

data of the absorbance response in a series of four consecutive flashes, fired at 
time intervals of 100 msec as shown in Fig. 1. The decay kinetics of the 
response after the third and subsequent flashes were found to be identical, and 
could be characterized by three single exponential decay phases equal to 
phases c', c, and d. According to Schapendonk and Vredenberg (1979) phases 
a and c' have been ascribed to a reaction called reaction 1. Thus, with the 
determination of phase a (lst  flash) and phase c' (4th flash), the response of 
reaction 1 could be determined (inset, Fig. 1). The response obtained by 
subtracting reaction 1 from the overall P515 response upon a single flash has 
been attributed to that of reaction 2 (inset, Fig. 1). The rise kinetics of 
reaction 2 show a slow absorbance increase within 150 msec. The decay of 
reaction 2 after the flash is biphasic, with rate constants determined by the 
characteristic relaxation times of phases c and d. The addition of 5 ~mol/liter 
gramicidin to a sample of intact chloroplasts was found to abolish reaction 2 
and, as expected, to enhance the decay rate of reaction 1 (phase c'), as can be 
seen from Fig. 2. Surprisingly, the addition of gramicidin did not affect phase 
d (inset, Fig. 2). This result, in combination with the observation (Schapen- 
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Fig. 2. Absorbance changes at 518 nm in dark-adapted intact chloro- 
plasts induced by a single flash in the presence of 3 t~mol/liter 
gramicidin. The magnitude of the initial rise is virtual because of the 
rapidity of the decay and the 5-msec time resolution at which it was 
measured. Average of 10 single flashes fired at a rate of 0.10 Hz. The 
insert shows the effect of gramicidin on the amplitudes of reaction 2 
and phase d. 
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donk et al., 1979) regarding the dissimilarity of the spectrum of phase d 
compared to the spectrum of P515, has strengthened the conclusion that phase 
d is not due to an electrochromic response of the P515 pigment complex. Phase 
d may be due to a change in light scattering. The contribution of phase d to the 
overall signal of P515 is about 8% in intact chloroplasts and intact leaves, and 
is negligibly small in broken chloroplasts. Therefore, reaction 2 in intact 
chloroplasts and intact leaves needs a small correction for the virtual 
absorbance change at 518 nm associated with phase d. After  this correction is 
made, the kinetics of  the P515 response in intact leaves, intact chloroplasts, 
and broken chloroplasts are found to be similar. Figure 3 shows the effect of  
preillumination on the amplitude of the reaction 2 component in the P515 
response, induced by a light flash given 5 sec after an illumination period in 
intact leaves, intact chloroplasts, and broken chloroplasts. It shows that  the 
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Fig. 3. The effect of preillumination on the amplitude of reaction 2 of 
the flash-induced P515 response in intact leaves (e), intact chloro- 
plasts (m), and broken chloroplasts in the absence (A) and presence of 
300 #mol/liter ATP ([]). The effect of preillumination in broken 
chloroplasts in the presence of 300/tmol/liter ATP and 1 mmol/liter 
DTE is also shown (A). The inset shows the P515 response induced by 
a single light flash in intact chloroplasts before (solid curve) and after 
(dashed curve) a preillumination period of 40 sec. 1 a.u. corresponds to 
approximately 8 x 10 4 (AI/I). 
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illumination of intact leaves for 10 sec results in the complete suppression of 
reaction 2 from the flash-induced P515 response. The light flash causes only a 
reaction 1 type electrochromic shift characterized by a fast rise and a single 
exponential dark decay (inset, Fig. 3). The remaining reaction 1 type 
electrochromic shift is insensitive to more prolonged periods of illumination 
(data not shown). An identical effect of preillumination is found for a 
suspension of intact chloroplasts, although the duration of the light period 
required for a complete suppression of reaction 2 appears to be longer (40 sec). 
The suppression of reaction 2 from the overall signal appears to be temporary 
and can be completely overcome by a period of dark adaption preceding the 
light flash. From Fig. 4 it can be seen that after a dark period of 20 rain 
following a period of 60 sec illumination, complete recovery of reaction 2 in a 
subsequent light flash occurred in leaves and intact chloroplasts. Surprisingly, 
broken chloroplasts in the absence of DTE and ATP are insensitive to 
preillumination (see Fig. 3). In these samples, the P515 response induced by a 
single saturating light flash cannot be altered significantly by a period of 
preillumination, neither with respect to reaction 1 nor with respect to reaction 

Fig. 4. 
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The effect of dark adaptation after a 60-sec preillumination 
on the recovery of the amplitude of reaction 2 in intact leaves (O), 
intact chloroplasts (ll L and broken chloroplasts in the presence of 1 
mmol/liter DTE, with 100/Lmol/liter ATP (A) or with 300 #mol/  
liter ATP (A), respectively. 1 a.u. corresponds to approximately 8 × 
10 -4 (AI/I). 
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2. The addition of ATP and DTE to these samples preceding the period of 
illumination, however, resulted in a significant (70%) suppression of reaction 
2 in a subsequent light flash. In accordance with the results mentioned earlier 
for intact leaves and intact chloroplasts, this suppression of reaction 2 from the 
overall signal is reversible. The duration of the period of dark adaption 
following the period of illumination and required for a full recovery of reaction 
2 in a subsequent light flash appears to be dependent on the amount of ATP 
present in the sample (Fig. 4). As can be seen from Table 1, illumination of 
intact chloroplasts, as well as broken chloroplasts in the presence of ATP and 
DTE, results in an activation of the latent ATPase, whereas the ATPase in 
broken chloroplasts in the absence of DTE and ATP cannot be activated. 
These results suggest evidence for a close connection between the kinetics of 
the P515 shift and the state of activation of the chloroplast ATPase. Under 
conditions in which the chloroplast ATPase is activated and ATP hydrolysis 
can be measured, the slow component of the P515 shift induced by a single 
light flash is largely if not completely suppressed. This suppression is 
demonstrated to be reversible, and the duration of the suppression period 

AA(a .u )  
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Fig. 5. The effect of a preillumination period of 120 sec on the 
kinetics of the flash-induced P515 response in intact chloroplasts in 
the presence (solid curve) and absence (dot-dash curve) of 2.5 
gmol/liter tentoxin. The maximal AA518 (AI / I )  reached in a single 
saturating light flash was approximately 8 x 10 -3. 
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appears to be dependent on the amount of ATP present in the sample. Figure 5 
shows the effect of preillumination on the kinetics of the P515 response in 
intact chloroplasts in the presence and absence of 2.5 ~mol/liter tentoxin. In 
the presence of tentoxin, preillumination of the sample has no effect on the 
kinetics of the P515 response induced by a subsequent light flash. Tentoxin is 
known to be a strong inhibitor of the CF1 part of the ATPase (Arntzen, 1972). 
Accordingly no ATP hydrolysis was measured in the samples in the presence 
of tentoxin (see Table I). 

Discussion 

According to Petrack (Petrack and Lipmann, 1961) illumination of 
chloroplasts with strong light in the presence of thiol reagents results in the 
activation of the latent ATPase. In our experiments, we demonstrate a partial 
need for artificial thiol reagents in suspensions of chloroplasts broken in the 
absence of Mg 2+. From Table I it can be seen that the chloroplast ATPase in 
intact chloroplasts can be fully activated by illumination alone. In accordance 
with Mills and McKinney (Mills et al., 1980; McKinney et al., 1978) we 
suggest that activation of the chloroplast ATPase in intact chloroplasts is 
modulated by the physiological dithiol protein thioredoxin which is reduced by 
ferredoxin via Fd-thioredoxin reductase in the light. Recently it has been 
suggested (Shahak, 1982) that the thiol modulator of the ATPase is loosely 
bound to the membrane in a MgZ+-dependent mode. In accordance with this 
we find that the chloroplast ATPase in chloroplasts, broken in the presence of 
4 retool/liter MgC12, can be activated by illumination in the absence of DTE. 
In our experiments excess amounts of ATP were present in the sample during 
the illumination period (see Table I). We suggest that under these conditions 
activation of the chloroplast ATPase still occurs by modulation of the CF1 
part of the ATPase by the physiological thiol modulator. The efficiency of the 
system is somewhat less than in intact chloroplasts. This loss might be caused 
by a partial removal of intermediary compounds from the thylakoid mem- 
brane during the breaking procedure. Apparently the lower efficiency is partly 
compensated by the relatively high concentration of ATP. The addition of 
DTE to a suspension of chloroplasts, broken in the presence of 4 mmol/liter 
MgClz, did not further increase the rate of ATP hydrolysis (Table I). On the 
contrary, pronounced effects of the addition of DTE on the capacity to 
hydrolyze added amounts of ATP were found in chloroplasts, broken in the 
absence of MgCI2. The ATPase present in these chloroplasts, which could not 
be activated by illumination alone, became activated by illumination in the 
presence of 1 mmol/liter DTE (data not shown). 

From Figs. 3 and 4 and Table I, it can be seen that activation of the 
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chloroplast ATPase coincides with a temporary suppression of the slow 
component (reaction 2) of the P515 shift induced by a light flash. Under 
conditions in which the chloroplast ATPase is activated and ATP hydrolysis 
takes place, no reaction 2 can be measured, neither in intact nor in broken 
chloroplasts. This is in conformation with results reported by Schreiber and 
Rienits (1982). Moreover, from Fig. 4 it can be seen that the duration of the 
suppression of reaction 2 after activation of the ATPase depends on the 
amount of ATP present in the sample. Further evidence that activation of the 
ATPase is involved in this phenomenon stems from the fact (see Fig. 5) that an 
inhibition of the ATPase by tentoxin results in prevention of the suppression of 
reaction 2. This seems true for both intact and broken chloroplasts, It was 
found that in the presence of tentoxin no ATP hydrolysis could be induced 
(Table I). Ample evidence has been provided that upon ATP hydrolysis 
reverse coupling reactions are induced (for a review, see Shahak and Avron, 
1980). Reverse coupling has been demonstrated to be accompanied by the 
generation of a membrane potential, as suggested by an electroehromic 
response of P515 (Schreiber and Rienits, 1982) and by the response of the 
extrinsic-field-indicating probe oxonol VI (Avron et al., 1982; Galmiche and 
Girault, 1980). There seems to be a strict complementarity of the ATP- 
induced and light-induced absorbance changes around 515 nm with respect to 
reaction 2 (Schreiber and Rienits, 1982). These results, in combination with 
the results described in this communication, give strong support for the 
proposal (Schapendonk et al. 1979) that the P515 bandshift is composed of 
two separate reactions called reaction 1 and reaction 2. In this interpretation 
reaction 1 is associated with a light-induced charge separation across the 
thylakoid membrane and a consequent single exponential dark decay of the 
created trans-membrane electric field, presumably by ion-charge diffusion. 
This reaction 1 type electrochromic shift is independent of a preestablished 
energetic state of the membrane created by either a preceding light flash or a 
period of ATP hydrolysis. On the contrary, the reaction 2 type electrochromic 
shift proves to be extremely sensitive toward a preestablished energetic state 
of the membrane. As shown in Fig. 1, reaction 2, i.e., the second slow rise, is 
largely absent in the P515 response of a single flash following two preceding 
flashes separated in time for 100 msec. Induction of ATP hydrolysis in the 
dark also causes a complete suppression of reaction 2 in a light flash during a 
period dependent on the amount of ATP present in the sample (Fig. 4). In 
accordance with Schapendonk and Vredenberg (Schapendonk et al,, 1979) 
and with Schreiber and Rienits (1982), we suggest that reaction 2 finds its 
origin in intramembranal local fields in the vicinity of the P515 pigment 
complex. These fields obviously can be created either by light-driven electron 
transport or by ATP hydrolysis. The energetic requirement to generate these 
fields apparently is low, because of the small number of single saturating light 
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flashes required to saturate reaction 2, and the long periods at which it can be 
sustained by an activated ATPase. A tentative model describing the origin of 
reaction 2 in terms of such local intramembranous fields has recently been 
published (Westerhoff et al., 1983). 
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