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1. Introduction 

A great deal of attention has been given in recent 
years to the functional reIatiollship between the 
generation of an electrical potential, proton transfer, 
conformational changes and ATP synthesis in chloro- 
plast membranes, associated with the primary photo- 
synthetic light reactions [l-71. Conclusions about 
magnitude and time course of the transmembrane 
potential were obtained either by means of indirect 
potential measurements such as the light-induced 
M5r5 of the carotenoid chlorophyll b pigment com- 
plex (PS 15), or by direct measurements of the chloro- 
plast (thylakoid) transmembrane potential with micro- 

capillary glass electrodes [3,8-l 11. The rise and decay 
of the field-indicating MsIs upon single turnover 
saturating light flashes have been reported to occur 
with single first-order reaction kinetics in broken 

chloroplasts suspended in isotonic rnediul~l under non- 
phosphorylating conditions [ 1,12,13]. The rate con- 
stant of the dark decay appears to be determined by 
the passive ion permeability of the membrane. The 
dark decay has been shown to become biphasic in the 
presence of ADP and inorganic phosphates. This has 
been suggested to be due to potential-dependent 
changes in the proton conductance through the ATP 
synthesizing enzyme complex [14-l 81. Recently it 
has been reported that the flash-induced PS 15 AA in 
intact (class I) chloroplasts, like in intact algal cells 
[ 191, occurs with complex multi-phasic rise and decay 
kinetics [20]. However, rise and decay of the flash- 
induced potential changes in intact chloroplasts mea- 
sured with micro-electrodes have been shown to occur 
with single first-order reaction kinetics [21-231. The 
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rate constant of the potential change after a single 
flash was found to be dependent on the ionic per- 
meability of the thylakoid membrane 1231. Apparent 
discrepancies on the magnitude and kinetics of the 
light-induced transmembrane potential (changes), 
as concluded from P5 15 and micro-electrode measure- 
ments have been long a matter ofdiscussion [3,X-- 10,241. 
This conlmunication deals with analyses of the kinetics 
of flash-induced A.4 of P5 15 and of the transmem- 
brane potential, studied on thylakoid membranes of 
dark-adapted spinach and Peperomia chloroplasts, 
respectively. The analyses suggest evidence that the 
A,4 sr5 in intact and broken chloroplasts is the com- 
posite result of at least two different processes, which 
are called reaction I and reaction II. The kinetics of 
the A+4 caused by reaction I, characterized by a rise 
time of < 0.5 ms and a decay rate of 8.6-17.3 s-l, 
show similarities with the kinetics of the transmem- 
brane potential, measured by means of micro-capillary 
glass electrodes. The M associated with reaction II, 
characterised by a rise time of 100-150 ms and a 
decay rate of 1.1-l .7 s-l, is presumed to be a reflec- 
tion of slow intramembrallal structural changes which 
are induced by field-dependent charge displacements 
in the vicinity of the P5 15 pigment complex. 

2. Materials and methods 

Intact and broken chloroplasts were isolated from 
fresh grown spinach leaves and prepared by the method 
in [25], except for the following modifications with 
respect to the incubation and assay medium. Intact 
chloroplasts were incubated and measured in a medium 
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which contained 330 mM sorbitol, 0.5 mM K2HP04, 
10 mM NaHC03, 2 mM Hepes (pH 7.5) and 10 mM 
MgC12. Broken chloroplasts were obtained by osmotic 
shock in Hz0 containing 10 mM MgCl* or 10 mM 
KCl. The assay medium contained 330 mM sorbitol, 
30 mM tricine (pH 7.7) and 10 mM MgC12. Chloro- 
plast concentration usually was equivalent to -50 
pg chlm-‘. Preparations were preincubated in the 
dark for 1 11; preincubation and measurements 
occurred at 2°C. 

Absorbance changes at 5 15 nm, induced by single 
turnover flashes (half-life 8 ps, wavelengths > 665 nm), 
were measured with the set-up described in [25]. 

Either 1 flash or a group of 2-6 flashes with time 
intervals of 100 ms was fired. The repetition rate usu- 
ally was 0.05 s-l, the repetition number 32 or 64. 
In some experiments, notably those in which the 
response associated with reaction I was measured, 38 
or 70 flashes were fired at a repetition rate of 4 s-l. 
In this case the first 6 flashes were used for pre-con- 
ditioning the sample, i.e., for saturating reaction II. 
Sampling and averaging occurred by a DL 102A 
signal avcrager. 

Flash-induced electric potential changes were 
measured on single chloroplasts in intact leaves of 
Pepcromia metallica. Experimental conditions and 
methods were the same as in [ 10,221. Potential changes 
were measured by means of micro-capillary glass elec- 
trodes inserted into a single chloroplast. Tip diameter 
of the electrode was < 0.2 pm. Flash illumination 
occurred by saturating single turnover flashes. Time 
resolution of the potential measuring system was 
-0.1 ms. 

3. Results and interpretation 

A representative example of the time course of 

the MS15 upon a single turnover saturating light flash 
in intact chloroplasts is shown in fig. 1 a,b. Analyses of 
the semi-logarithmic plots of these changes reveal at 
least 5 different phases in the kinetics. After the initial 
fast absorbance increase, called phase a and completed 
within a time shorter than the resolution time of the 
measuring system (0.5 ms), a relatively slow increase 
in absorbance occurs in the first IO-10 ms up to an 
absorbance level which is more or less constant for 

the next 20-80 ms. According to the analysis, the 
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I:&. 1. Absorbance changes at 5 15 nm in dark-adapted intact 
chloroplasts, induced by single (a,b) or double (c) Flashes, 

recorded and displayed on a 5 s (a) and I s time scale (b,c). 

Average of 32 single or double flashes, fired at a rate of 

0.05 SC’. The arrows mark the moments at which the flashes 
were fired. Inserts: Semi-logarithmic plots of the experimental 

curves and the curve analyses into exponential phase d (open 

squares), c (closed stars) and c’ (cIoscd circles), respectively, 

according to an adopted method (c.f. [ 321). Extrapolation of 

phase d and subtraction of the absorbance of phase d from 

the experimental absorbance at corresponding times, gives 

the AA in the absence of phase d. This absorbance curve 

yields the measuring points of phase c and, after repeating 
the same procedure, those of phase c’. The dotted line parallel 

with phase c’ (ldwer right-hand figure) represents the fast 

phase c’ induced by the first flash (middle right-hand figure). 

Other dotted lines represent the extrapolated part of the 
respective phases. 
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subsequent decrease in absorbance appears to be com- 
posed of three different phases. A major phase c with 
a half-life of 420 ms is preceded by a relatively fast 
phase c’ with a half-life of 75 ms, and followed by a 
small slow phase d decaying with a half-life of 1.5 s. 
Phases c’, c.and d are not defined during the first 
70-100 ms after the flash due to the occurrence of 
the slow absorbance rise or even constant level in this 
time domain. However, an extrapolation of the decay 
line of phase c’ to time zero (tig.lb) would result in 
an initial level which coincides reasonably well with 

the one reached in the fast phase a rise. This certainly 
is not true for phase c. The data of fig.lb suggest that 
the phase c’ decay is associated with the phase a rise. 
This suggestion is substantiated by the analysed data 

of the absorbance response in a double flash (fig.lc). 
These show that the AA upon a second flash, charac- 
terised by a fast rise and a single decay phase equal to 
the c’ component analysed in the first flash, is super- 
imposed upon the M induced by the first flash. The 
break between the fast (c’) and the slow (c) phase 
after the second flash is at an absorbance level which 
is determined by the (phase c, d) AA caused by the 
first flash. The kinetics of the response upon third 
and following flashes, fired at time intervals in the 
range of lo-100 ms, were found to be similar to those 
induced by the second flash. Thus we arrive at the 
conclusion that the rapid decay component (phase c’) 
is associated with a fast rise (phase a). These compo- 
nents have been ascribed to a reaction called reaction 
I. The time course of reaction I is shown in tig.2. The 
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Fig.2. Resolution (bottom part of the figure), of the ~.4 

induced by a single and a double flash into two components; 

reaction I (solid curve) and reaction II (broken curve). Curves 

I and II were computed according to the data obtained from 

the curve analysis depicted in fig.1. Further explanations are 

in the text. 

response obtained by subtracting reaction I from the 
overall PS 1.5 response has been attributed to that of 

reaction II (fig.2). The rise kinetics of reaction II show 
a slow absorbance increase within 140 ms. This is 
called phase b. The decay of reaction II after the flash 
is bi-phasic with rate constants determined by the 
characteristic relaxation times of phases c and d. For 
a large variety of preparations, the half-life of phase 
c’, c and d was found to be in the range from 40-80 
ms, 400-600 ms and 1.5-3 s, respectively. Figure 2, 
representative for intact chloroplasts, shows that the 
Asis increases associated with reaction I and II (phase 
a and b, respectively) are about equal in magnitude. 
The spectra of these changes were found to be iden- 
tical to the characteristic difference spectrum of P5 15 
[25]. This leads to the suggestion that the A.4 associated 
with reaction I and II are due to an electrochromic 
response of the P5 15 pigment complex. The spectrum 
of the relatively small phase d was found to be partially 
dissimilar with that of P5 15. Phase d, which apparently 
is negligibly small in broken chloroplasts (see below) 
might represent the decay of a reaction different from 
reaction I and II. Therefore reaction II in intact 
chloroplasts might need a small correction for the 
AA associated with phase d. According to the data 
of fig.l,2 one would expect for intact chloroplasts 
that, after one pre-illuminating flash, single flashes 
tired at a repetition rate of 4-5 s-l cause the P5 15 
response of reaction I, i.e., an A,4 with a fast rise 
(phase a) and a single exponential decay (phase c’) 
with a rate constant of -9.2 s-l. It should be empha- 
sized that this response is superimposed upon an (con- 
stant) absorbance level determined by the M induced 
in the pre-illumination flash by reaction II. Experi- 

ments of this kind (not shown for intact chtoroplasts, 
but see tig.3) have nicely confirmed our conclusion. 

Figure 3 illustrates that the P5 15 response 
in broken chtoroplasts also is composed of a reaction 
I- and reaction II-type. Figure 3a shows the response 
ofP5 15 in a fresh preparation of dark-adapted broken 
chloroptasts, suspended in a Mg-containing medium, 
illuminated by flashes fired at a repetition of 0.05 s-l. 

The semi-logarithmic plot clearly shows that the decay 
is biphasic with a stow decaying component (phase c, 
rate constant -1.4 s-l). After pre-illumination with 
4-6 flashes, flashes fired at a repetition rate of 4 SC’ 

cause a response (fig.3b) which exhibits a single expo- 
nential decay (phase c’) with a rate constant of -12 s-r. 
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Fig.3. Time courses of the aA 515 in broken chloroplasts (in 

the presence of IO mM M&I,), induced by repetitive single 

flashes fired at a repetition rate of 0.05 s-l (a, c) and 4 SK’ 
(b). Curve b was measured immediately after preillumination 

with 6 flashes, fired at a rate of 4 SK’. Inserts in a and b: Semi- 

logarithmic plot of the absorbance change against time. Note 

the ‘different time scales in a and b. The dashed curve (I) in 

c is identical to the response measured in b, i.e. characterized 

by an exponential decay phase c’; curve II is the difference 

between the experimental curve (identical to the one shown 

in a) and curve 1. Further explanations are in the text. 

Because of the plain similarities with the occurrences 
in intact chloroplasts, this response is attributed to 
reaction I. Subtraction then gives the response of 
reaction II, as illustrated in fig.3c (dashed curve). The 
increase in absorbance caused by reaction II is com- 
pleted in -250 ms and amounts to -50% of the increase 
caused by reaction I. For the experiment shown here 
the saturation level of the aA associated with reaction 
II was found to be reached after 4-6 flashes, fired at 
an interval of 200 ms. It was about twice as high as 
the change after one flash, 

Because of plain similarities between the kinetics 
of reaction I (fig.2) and the kinetics of the transmem- 
brane potential changes as measured with micro-capil- 

lary glass electrodes (fig.4) there is reasonably good 
evidence for the conclusion that the MS15 associated 
with reaction I is due to the transmembrane electric 
field. It seems unlikely that the slow decay kinetics 
of reaction II, which are mainly, if not exclusively, 
determining the decay of the overall PS 1.5 response 
after a flash in the 0.1-l s time domain (c.f. fig.l,2) 
are associated with the decay of the transmembrane 
electric field. 

Figure 4 shows the single and double flash response It has been reported [23] that the decay of the 

of the potential across the chloroplast (thylakoid) transmembrane potential in the presence of valino- 

membrane of a Peperomia chloroplast in situ measured rnycin is enhanced by a factor of -5. However valino- 
with a micro-electrode. The analyses indicate a single mycin was found to cause an enhancement of the 

and equal exponential potential decay after the first overall P5 15 decay after a single flash by a factor of 
and second flash with a half-life of 35 ms. In a few 500-1000 (A.H.C.M.S., W.J., in preparation). Accord- 
instances the relaxation after the second flash was ing to analyses, similar to those shown in fig.l,3, it 

found to be slightly (-10%) faster than after the first has been observed that this disproportional accelera- 
flash. The half-life of the potential decay for a large tion of the P.5 1.5 overall decay is due to a suppression 
variety of different chloroplasts was found to be of reaction II. In general, the magnitude of reaction II 

30-60 ms. The potential increase measured in the in broken chloroplasts, unlike that of reaction I was 
first flash was found to be in the lS%40 mV range; found to be strongly dependent on the physiological 
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Fig.4. Response and semi-logarithmic plot of the photo- 

electric potential of chloroplast (thylakoid) membranes to a 

saturating light flash or to a series of two saturating light 

flashes separated by a dark time of 20 ms. Measurements 

were done in a cross section of a Peperomia leaf with a micro- 

capillary glass electrode inserted into a single chloroplast. 

the ratio between the potential change in the second 
and first flash was 0.6.-0.8. 
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condition of the chloroplasts and to be substantially 
suppressed by membrane modifying substances, 
divalent cations and after ageing and freezing. The 
kinetics and spectral characteristics of reaction II sug- 
gest that its manifestation is a reflection of physico- 
chemical processes occurring in the vicinity of the 
P51.5 pigment complex in the intramembrane phase. 
We propose that the electric field associated with the 
primary charge separation in the reaction centers, 
induces conformationa changes in the structural 
assembly of lipid and protein molecules in the mem- 
brane core. These changes are supposed to alter the 
mutual orientation of fixed charged groups of the 
molecular structures within the membrane. This is 
suggested to result in (a change in) the exposure of 
pigments of the field-sensitive P5 15 complex to the 
intrinsic electric field associated with these charge 
displa~etnents. This exposure as a consequence will 
result in M5i5 of the reaction II type. It is interest- 
ing to note that the rise and decay kinetics of the 
PS 15 absorbance change associated with reaction II 
closely resemble the optical response of the poten- 
tial probe oxonol VI [26,27]. In general it appears 
that the rise of reaction II occurs in the same time 
range as the flash-induced response of external probes 
which are indicators of either changes in the mem- 
brane surface potential [28], or of conformational 
changes of the chloroplast ATPase [29]. Further 
studies are needed to establish the origin and mecha- 
nism of reaction II. It might be that the M5r5 asso- 
ciated with reaction II is a useful intrinsic marker of 
the conformation and energy coupling capacity of 
the thylakoid membrane. It has been discussed [30,3 11 
that some mode of membrane energization or con- 
formation is needed for the onset of ATP synthesis 
in the light. The relaxation time which has been 
determined for this activation step appears to be in 
the same time range as that of the rise of reaction II. 
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