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(1) The re-reduction kinetics of chlorophyll a ~  (P-680 +) after the first, second, third etc. flash given to 
dark-adapted subchloroplasts have been monitored at 824 nm in the nanosecond range. After the first flash 
and, again, after the fifth flash, the re-reduction of chlorophyll a ~ (Chl a ~ )  in the nanosecond range is 
nearly monophasic with t t / 2  --  2 3  ns. After the second and third flash, the re-reduction is significantly slower 
and biphasic; it can be well-adapted with t t / 2  --  5 0  ns and --260 ns. After the 4th flash, the re-reduction 
kinetics of Chl a~  are intermediate between the f i rs t / f i f th  and second/ thi rd  flash. A similar dependence 
on flash number was obtained with a sample of oxygen-evolving Photosystem II particles from S y n e c h o c o c -  

cus sp. (2) Considering the populations of the S-states of the O2-evolving complex before each flash, the 
following correlation of S-states to Chl a ~ reduction kinetics and electron transfer times, respectively, is 
obtained: in state S O as well as in state S l Chl a ~  is reduced with t l / z  --  2 3  ns, whereas in state S 2 as well as 
state S 3 a biphasic reduction with t t / z  --  5 0  ns and --260 ns (ratio of the amplitudes ---1 : 1) occurs. (3) The 
observed muitiphasic Chl a ~ reduction under repetitive excitation is quantitatively explained by a superposi- 
tion of the individual electron transfer times. (4) We suggest that the retardation of electron transfer to Chl 
a ~ in states S 2 and S 3 as compared to S O and S 1 is caused by Coulomb attraction by one positive charge 
located in the Oz-evolving complex. A positively charged O2-evolving complex in states S~ and S 3 can be 
explained if the electron release pattern (1,1,1,1) is accompanied by a proton release pattern (1,0,1,2) for the 
transitions (S O ~ St,  S t --, $2, S 2 ~ S 3, S 3 -o So). (5) A kinetic model based on linear electron transfer from 
the O2-evoiving complex (S) to Chl a~  via two carriers, D l and D 2, makes a quantitative description of the 
experimental results possible. (6) According to the kinetic model, the retardation of electron transfer to Chl 
a ~  in states S~ and S 3 is reflected by an increase in the change of standard free energy, AG °, of the reaction 

kl 
Chl a ~ D I D 2 S  ~ Chl a n D ~ D 2 S  from AG O -- --90 meV in states S O and S t to AG ° -- - 2 0  meV in states 

k -  I 

S 2 and S 3. (7) This increase by -- 70 meV can be quantitatively explained by the Coulomb potential of the 
positive charge in the Oz-evoiving complex, estimated by using the point charge approximation. 

* This work has been presented in part at the 6th International 
Congress on Photosynthesis, Brussels (August 1983) 

Abbreviations: ANT-2p, 2-(3-chloro-4-trifluoremethyl)anilino- 
3,5-dinitrothiophene; Chl, chlorophyll; Chl a I, primary elec- 
tron donor of Photosystem I; Chl all, primary electron donor 

of Photosystem II; D, electron carrier between the O:-evolving 
complex and chlorophyll a~; DMSO, dimethyl sulfoxide; 
FWHM, fuU width at half maximum; Mes, 4-morpholine- 
ethanesulphonic acid; Tricine, N-[2-hydroxy-l,l-bis(hydroxy- 
methyl)ethyl]glycine; PQ, plastoquinone; PS, photosystem. 
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Introduction 

The primary light reaction in Photosystem (PS) 
II leads to an electron transfer from the primary 
donor, Chl a n (P-680) [1,2], to the first stable 
acceptor, PQ1 (x-320) [3,4]. The photooxidized 
Chl a a that ultimately oxidizes water to 02 is 
directly re-reduced by an electron carrier, D, 
located between the Oz-evolving complex and Chl 
a n. The redox reactions of Chl al~ are accompa- 
nied by absorption changes in the visible and near 
infrared [2,5,6]. Mainly the kinetics were investi- 
gated, following the characteristic bleaching of the 
Chl a n absorption band at 680 nm [1,2] and the 
formation of a weak absorption of Chl a~ at 
around 820 nm [5]. By a precise comparison of the 
kinetics at both wavelengths an identical behavior 
was found in oxygen-evolving PS II  particles [7]. 

The re-reduction of Chl a~l proceeds, for the 
most part, in the nanosecond range: it was mea- 
sured at 820 nm that in dark-adapted samples, 
after one single turnover flash, the re-reduction is 
dominated by a 25-45 ns phase [8]. This is sup- 
ported by measurements based on changes of fluo- 
rescence yield [9-11]. Under repetitive excitation, 
complex Chl a~ reduction kinetics were observed 
which could be adapted by a multiphasic exponen- 
tial decay. In the nanosecond time range, two 
phases (/1/2 ~ 30 ns ( =  50%) and t l / z  = 250 ns 
( = 20%) [12]) or - under conditions of an improved 
signal to noise ratio - even three phases (20 ns 
(33%), 50 ns (19%) and 300 ns (19%) [7]) have been 
used in order to describe the reduction kinetics. 
The remaining approx. 30% decay with half-life 
times in the microsecond range. 

Photosynthetic oxygen evolution requires the 
stepwise accumulation of four oxidizing equiva- 
lents in the Oz-evolving complex by four subse- 
quent turnovers of Chl a n in order to decompose 2 
HzO into 1 0  z and 4 H + . This conclusion is based 
on the observation that the yield of 02 evolved by 
consecutive flashes given to a dark adapted sample 
shows an oscillation with a periodicity of four [13]. 
According to Kok [14] this is the case because the 
O2-evolving complex passes through four different 
states (S 0, S a, Sz, $3) before oxygen is released 
during the transition S 3 --* S 0. The oscillation is 
damped due to inefficiencies in the process of 
accumulation of oxidizing equivalents ( 'misses')  

and double turnovers ( 'double hits') [15]. In dark 
adapted samples, usually 25% of the Oz-evolving 
complexes are in state S o and 75% in state S~ [15]. 
Therefore, after the first flash, no 02 is evolved 
and the first maximum in O z yield appears with 
the 3rd flash. Thus, after the first single turnover 
flash, the reduction of Chl a~ is mainly related to 
the transition from S 1 to S 2. Under repetitive 
excitation, the four S-states are equally populated 
and equal amounts of O z are evolved after each 
flash. Correspondingly, all S-states are involved in 
electron donation to Chl a~ under repetitive exci- 
tation. Comprehensive insights into the donor side 
of PS II should be obtained, if the Chl a~ reduc- 
tion is measured after the first, second, third, 
fourth, fifth, etc. flash, i.e., under conditions where 
the Chl a~ reduction is selectively related to dif- 
ferent S-state transitions. 

The aim of the present study is to prove how 
the Chl-a~ reduction kinetics - measured in a 
series of single flashes given to a dark-adapted 
sample - depend on the S-states of the Oz-evolv- 
ing complex. For the carrier D between Chl-a~ 
and the Oz-evolving complex it was reported that 
its re-reduction by the Oz-evolving complex de- 
pends on the S-states [16]. A dependence of the 
Chl a~ reduction kinetics on the S-states was 
proposed earlier based on measurements of delayed 
fluorescence [17], fluorescence yield [18], and 
absorption changes at 690 nm in the microsecond 
range [19]. In the present work, the Chl a~ reduc- 
tion was measured in the nanosecond range, moni- 
toring absorption changes at 824 nm. An ad- 
vantage of this method is that the measuring light 
is not absorbed by the sample, so that the S-state 
distribution remains undisturbed. 

The determination of different Chl a~ reduc- 
tion kinetics related to the S-states may reveal the 
meaning of the multiphasic reduction under repeti- 
tive excitation, help to elucidate the four-step 
mechanism of photosynthetic oxygen evolution and 
offer a new possibility for monitoring the S-states. 

Materials and Methods 

Subchloroplasts from spinach were prepared by 
modification of the first steps of the procedure in 
Ref. 20: the broken chloroplasts were washed three 
times in 300 mM sucrose, 5 mM NaC1 and 10 mM 



Tricine buffer (pH 7.4) and finally suspended in 
100 mM sucrose, 5 mM NaCI and 10 mM sodium 
phosphate buffer (pH 7.4). After two YEDA-press 
treatments at 10 MPa and removal of starch grains 
and unbroken lamellae by centrifugation (1000 × g, 
5 min), the membranes were suspended in 300 mM 
sucrose, 2.5 mM NaCI, 5 mM sodium phosphate 
buffer (pH 7.4) and 5% DMSO and stored in 
liquid nitrogen in the dark. Unless specified other- 
wise, the suspension used for the measurements 
conta ined:  1.8 • 1 0  - 4  M C h l / 1  • 1 0  - 3  M 
K3Fe(CN)6 /30  mM sucrose/0.5 mM N a 2 H P O  J 
10 mM N a C I / 2  mM MgC12/20 mM Tricine (pH 
7.5)/0.5% DMSO. This preparat ion exhibits 
strongly reduced light scattering. 

Oxygen-evolving PS-II particles from the ther- 
mophilic cyanobacterium Synechococcus sp. were 
prepared as described by Schatz and Witt [21] and 
stored at - 80 o C in the dark. They are enriched in 
PS II reaction centers (Chl: Chl a H = 90; PS II: PS 
I > 20) and exhibit strongly reduced light scatter- 
ing. The suspension used for the measurements 
contained: 5 . 1 0  -5 M Chl, 10 -3 M K3Fe(CN)6, 
10 -2 M MgC12, 0.5 M mannitol and 2 . 1 0  2 M 
M e s / N a O H  (pH 6.5). 

The time course of flash-induced absorption 
changes at 824 nm was measured using an equip- 
ment essentially described in Ref. 12. Excitation 
was performed by 3 ns (FWHM) laser flashes at 
532 nm from a frequency doubled N d / Y A G  laser 
(YG 441 from Quantel), yielding pulse energies up 
to 100 mJ. In flash series, the dark time between 
the flashes was 1 s. The measuring light source was 
a laser diode (CQL 12 from AEG) emitting 8 mW 
at 824 nm, spectral width approx. 5 nm (FWHM).  
Its light was focused by a microscope objective 
through a cuvette containing the sample (optical 
path length, 30 or 50 nm) and an interference filter 
onto a photodiode (FND 100 from E G & G  or C 
30952E from RCA). After appropriate amplifica- 
tion (amplifiers TVV 123 from Telemeter or 461a 
from Hewlett Packard), the signals were digitized 
by a Biomation 6500 transient recorder at a sam- 
pling interval of usually 2 ns and stored or accu- 
mulated by a Nicolet 1170 signal averager. The 
electrical bandwidth of the detection system was 
100 Hz to 100 MHz with the F N D  100 or 1 kHz to 
50 MHz with the C30952E. Using the oxygen- 
evolving PS-II particles, a signal-to-noise ratio of 
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approx. 5 :1  is achieved without averaging (see 
Fig. 5); this is by one order of magnitude better 
than in previous measurements where more than 
100 signals had to be averaged in order to obtain 
this signal-to-noise ratio [8,12]. All measurements 
were performed at room temperature in the dark. 
In order to assure dark adaptation of the samples 
at the beginning of the measurements, also thaw- 
ing and diluting of the stock suspension were 
carried out in the dark, followed by a further dark 
time of at least 5 min. The measuring light at 824 
nm does not disturb dark adaptation, since the 
unexcited sample does not absorb at this wave- 
length. 

Measurement of absorption changes induced by 
each individual flash in a flash series given to 
dark-adapted subchloroplasts, was performed as 
follows: if the absorption change induced by the 
n th flash should be measured, n - 1 oversaturating 
flashes were given to a new, dark-adapted sample 
followed by a flash that was attenuated by neutral 
density filters to an energy, corresponding to ap- 
prox. 70% saturation. Only for this attenuated 
flash, the absorption changes were recorded. This 
procedure diminishes interference from compo- 
nents which contribute significantly only at over- 
saturating excitation [7], but assures full saturation 
by the preceding flashes. 

In oxygen-evolving PS-II particles, due to 
quantitative limitation of the material, the absorp- 
tion changes in a flash series were recorded using 
only one dark-adapted sample; this sample was 
illuminated by four subsequent saturating flashes 
of equal energy. The signals induced by these four 
flashes were stored in the four quarters of the 
memory of the Nicolet 1170. 

Most signals were transmitted to an Apple II 
microcomputer  and fitted by means of least- 
squares curve fitting programs (according to the 
program C U R F I T  in Ref. 22). The time at which 
the flash-induced absorption increase has reached 
half its maximum was taken as time zero. The next 
five data points (i.e., 10 ns) were not taken into 
account for the fit, since under our experimental 
conditions all signals contain a fast peak (half-life 
of decay, approx. 5 ns, corresponding to the in- 
strumental response time) which is probably re- 
lated to a process in the antennae system and not 
to Chl a u (cf. Ref. 7). The following 800 data 
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points were fitted by either a monophasic, biphasic 
or triphasic exponential decay. Contributions from 
phases decaying in the microsecond and millisec- 
ond range were taken into account by addition of 
a slightly declining straight line. In the one- and 
two-exponential fit, both half-life times and ampli- 
tudes of the exponential phases and the initial 
amplitude of the straight line were taken as 
parameters. In the three-exponential fit, all half-life 
times were fixed and only the four amplitudes 
(including the initial amplitude of the straight line) 
were taken as parameters. 

Results 

Fig. 1 shows the time-course of the 824 nm 
absorption changes in subchloroplasts after each 
of five single turnover flashes given to a dark- 
adapted sample. The decay of the flash-induced 
absorption in the depicted time range is signifi- 
cantly slower after the second and third flash than 
after the first and fifth one. After the fourth flash, 
the decay is intermediate between the first /f if th 

and the second/ third flash. This qualitative de- 
scription is supported by the quantitative data 
evaluated by the one-exponential fit (see Table I). 

The adaptation of the decay in the 10-1600 ns 
range by one exponential phase is quite good for 
the first flash and still acceptable for the fifth 
flash; for the second, third and fourth flash, how- 
ever, at least two exponential phases are required 
for a good adaptation of the measured time course. 
For the third flash, for instance, this is illustrated 
in Fig. 2; the difference between recorded signal 
and fitting fucntion shows non-random deviations 
for the one-exponential fit (positive residuals in 
the range up to about 50 ns, negative ones in the 
100-200 ns range and, again, slightly positive re- 
siduals from 300 to 800 ns), whereas the deviations 
are fairly random for the two-exponential fit. In 
Table I, besides the results of the one- and two-ex- 
ponential fits, the ratios of the X 2 values for both 
fits are also given, where X 2 denotes the sum of 
the squares of deviations between data points and 
fitting function. The more this ratio exceeds the 
minimum value of 1, the worse gets the adaptation 

TABLE I 

RESULTS OF THE ONE- AND TWO-EXPONENTIAL FITS FOR THE SIGNALS IN FIGS. 1, 3 AND 4 

tl/2, half-life time; X 2, sum of the squares of deviations between data points and fitting function. The fits are restricted to the decay in 
the range from 10 ns to 1.6/~s (cf. Materials and Methods), which is attributed to the reduction of Chi a~. 

Flash number One-exp. fit Two-exp. fit X 2 (one-exp. f i t) /  

or other tl/2 tt/2 relative amplitude X 2 (two-exp. fit) 
conditions (ns) (ns) 

1 30 27 0.94 1.00 
1 880 0.06 

2 133 47 0.58 1.13 
263 0.42 

3 131 48 0.63 1.18 
302 0.37 

4 92 30 0.73 1.13 
280 0.27 

5 36 21 0.86 1.05 
193 0.14 

repetitive 96 23 0.68 1.78 ~ 
excitation 183 0.32 

+ ANT-2p 36 22 0.89 1.23 ~ 
repetitive 209 0.11 
excitation 

a These values cannot be compared directly to those in the upper part of the table because of the better signal-to-noise ratio in the 
measurements under repetitve excitation. 
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by the one-exponential fit compared to the two-ex- 
ponential fit. The X 2 ratios calculated for the fits 
to the first up to the 5th flash (Table 1) verify that 
for the second, third and fourth flash the one-ex- 
ponential fit is considerably worse than the two- 
exponential fit. The fitting functions resulting from 
the two-exponential fits are depicted as solid lines 
in Fig. 1. 
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Fig. 1. Time-course of the absorption changes at 824 nm 
induced by each flash of a series of five laser flashes ( = 3 ns 
F W H M ,  532 rim) given to dark-adapted samples of  subchloro- 
plasts from spinach. The signal for the n th  flash results from 
an approx. 70% saturating flash (approx. 0.3 mJ /cm2) ,  
preceeded by n - 1 oversaturating flashes (approx. 2 mJ /cm2) ;  
the dark time between flashes was 1 s. Each signal is the 
average of eight measurements.  Electrical bandwidth,  1 kHz-50  
MHz. 1.8.10 -4  M Chl (pH 7.5)/1 m M  K3Fe(CN)6 as elec- 
tron acceptor; optical path, 50 mm. The solid lines represent 
the two-exponential fits (for data see Table I). The broken lines 
are the extrapolation of phases decaying in the microsecond 
and millisecond range. 

Fig. 2. Top, comparison between one-exponential fit and two- 
exponential fit to the signal induced by the third flash in Fig. 1 
(for data see Table I). Bottom, difference between recorded 
signal and fitting function; the residuals are plotted starting 
with the first point used for the fits, i.e., 12 ns after time zero. 

The signals in Fig. 1 show significant variations 
also in the absorption level remaining at the end of 
the presented time range (850 ns). Measurements 
up to the millisecond range (not shown) revealed 
that these variations are mainly caused by a slowly 
(over 1 ms) decaying component. We attribute this 
slow decay to the re-reduction of Chl a~- (or 
P-700+), the photooxidized primary donor of PS I, 
which shows similar absorption around 824 nm as 
Chl a~ [23]. This explanation is corroborated by 
the fact that no comparable variations of the am- 
plitude of the slowly decaying absorption change 
was observed in PS-II particles (see Fig. 5) which 
contain less than one Chl a I per 20 Chl axl [21]. 
With respect to decay phases in the ~ts range 
(approx. 1 /3)  of the amplitude of the nanosecond 
phases in Fig. 1), more detailed investigations are 
in preparation. 

The characteristic time courses depicted in Fig. 
1 are not a special feature of very long dark- 
adapted samples: in samples which already had 
obtained a few flashes, followed by dark-adapta- 
tion for 20 rain, again the significant variations of 
the absorption decay kinetics in a flash series were 
observed. 

Fig. 3 shows the time course of the absorption 
changes at 824 nm in the presence of ANT-2p 
under repetitive excitation. The decay in the 
nanosecond range is nearly monophasic and simi- 
lar to that observed after the first and fifth flash 
without ANT-2p (see Fig. 1 and the data for the 1- 
and 2-exponential fit in Table I). ANT-2p was 
added in this experiment in order to realize a high 
population of state S x, even under repetitive exci- 
tation (see the first subsection under Discussion, p. 
409). 

Fig. 4 shows the time course under repetitive 
excitation under normal conditions (i.e., without 
ANT-2p). The kinetics are complex and inter- 
mediate between those observed in response to the 
first five flashes (see Fig. 1). The quantitative 
analysis of the signal (see Table I) reveals that at 
least two exponential phases are required for a 
good adaptation of the decay in the nanosecond 
range. The solid curve in Fig. 4 has been calcu- 
lated as explained in the above-mentioned subsec- 
tion (p. 409). 

To generalize the results from spinach subchlo- 
roplasts, the 824 nm absorption changes induced 
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Fig. 3. Time-course of the flash-induced absorption change at 
824 nm in subchloroplasts from spinach in the presence of 1 
~tM ANT-2p,  under repetitive excitation; dark time between 
flashes, 1 s; excitation energy, approx. 0.3 mJ/cm2; average of 
64 sweeps; other details as in Fig. 1. The solid line represents 
the two-exponential fit (for data see Table I). 

by consecutive flashes given after dark-adaptation, 
were also measured for oxygen-evolving PS II 
particles from Synechococcus sp. (Fig. 5). The ob- 
served dependence on flash number of the decay 
in the nanosecond range is very similar to that in 
subchloroplasts. Replacement of the electron 
acceptor K3Fe(CN)6 by phenyl-p-benzoquinone 
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Fig. 4. Time-course of the flash-induced absorption change at 
824 nm in subchloroplasts from spinach, under repetitive exci- 
tation; experimental conditions as in Fig. 3, but without ANT-  
2p. The solid line was calculated using three exponential phases 
with tl/2 = 23 ns (50%), 50 ns (25%) and 260 ns (25%) (see the 
first subsection under Discussion), plus extrapolation of phases 
decaying in the microsecond and millisecond range (broken 
line). 

10510"2 tSt flosh 2nd fb:lsh 3rd f l0sh /*th flQsh 

0 L , , , , , , , 
0 500 0 500 0 500 0 500 

t i m e  I n s  

Fig. 5. Time-course of the absorption changes at 824 nm 
induced by each flash of a series of four saturating laser flashes 
(approx. 1.5 m J / c m  2, 532 nm, 3 ns FWHM; dark time between 
flashes, 1 s) given to a dark-adapted sample of PS-II particles 
from Sunechococcus sp.; each signal is the result of one mea- 
surement only (no averaging); 5-10 s M Chl (pH 6.5)/1 mM 
K3Fe(CN)6 as electron acceptor; optical path, 30 ram: electri- 
cal bandwidth, 100 H z - 1 0 0  MHz.) 

(not shown) did not significantly alter the signals 
depicted in Fig. 5. 

The absorption changes remaining at the end of 
the time scale presented in Fig. 5 decay, for the 
most  part, in the microsecond range (not shown). 
Since the PS-II particles used in Fig. 5 contain 
only a negligible amount of PS I (PS II : PS I > 20), 
the microsecond phases can be attributed mainly 
to Chl a n. Obvious variations of the total ampli- 
tude of the microsecond phases are not observed 
(see Fig. 5). 

Discussion 

In the present work absorption changes at 824 
nm in a series of  flashes given to a dark-adapted 
sample have been measured with nanosecond time 
resolution. Based on results from Refs. 7, 8 and 12 
we attribute the 824 nm absorption changes, de- 
caying with half-life times between approx. 20 ns 
and approx. 1/~s, to the re-reduction of Chl a~ by 
electron transfer from water via secondary donors. 
The time-course of re-reduction was found to de- 
pend strongly on flash number in a series of  single 
turnover flashes. The dependence is very similar in 
subchloroplasts from spinach and in oxygen-evolv- 
ing PS-II particles prepared from cyanobacteria 
Synechococcus sp. (cf. Figs. 1 and 5), indicating a 
c o m m o n  feature of oxygen-evolving photosyn- 
thetic organisms. 

A very fast absorption transient (half-life of  
decay not over approx. 5 ns) observed in the 
presented measurements is probably due to forma- 



tion and decay of the triplet state a n d / o r  the 
lowest excited singlet state of Chl a [7]. This 
transient was omitted in the quantitative evalua- 
tion of the signals. Since the minor phases in the 
/~s range (cf. Refs. 24-26 and 12) have not been 
investigated in detail in the present work, we re- 
strict the following discussion to the rereduction of 
Chl a~ with half-life times in the range from 
approx. 20 ns to approx. 1 Vs. 

" reduction kinet- Correlation of  the different Chl a , 
ics to the S-states o f  the Oe-evolving complex 

An essential change taking place in PS II in a 
series of flashes is the change of the S-state, corre- 
lated to the change in the redox state of the 
O2-evolving complex due to extraction of electrons 
by Chl a~i and proton release. Different reactions 
at the donor side of PS II have been reported to 
depend on the S-states [14,27,16-19]. We suggest 
that also the different kinetics of Chl a~i reduction 
in the nanosecond range are due to the different 
S-states. In order to prove whether this suggestion 
can account for our experimental results, we tried 
to correlate the measured decay kinetics with the 
S-states. 

Fig. 6a -d  shows the relative populations of 
states S O to S 3 prior to each flash as a function of 
flash number. These values have been calculated 
by assuming a probability a = 0.15 for 'misses' 
and a dark distribution prior to the first flash of 
either S O = 25%, S 1 = 75%, S 2 = S 3 = 0 (squares) or 
S O = 0%, S 1 = 100%, S 2 = 0, S 3 = 0 (circles); 'dou- 
ble hits' were neglected. These parameters are 
based on literature data fitting oxygen-evolution 
patterns in flash series [27,28]. The different dark 
distributions were used since literature is con- 
troversial as to whether or not K3Fe(CN)6 oxidizes 
S O to S~ in the dark [27,28]. Neglecting 'double 
hits' is justified by the short excitation pulse (3 ns) 
and by Jursinic's finding [28] that the probability 
of 'non-photochemical double hits' is only about 
0.02 for freshly prepared chloroplasts, measured 
under excitation with laser flashes of 5 ns dura- 
tion. This value drops below 0.01 by freezing and 
rethawing of the sample [28], as done in the pre- 
sent study. 

A qualitative correlation between Chl a~ decay 
and the S-states can be obtained by comparing the 
populations of the S-states (Fig. 6a-d)  with the 
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relative amplitudes of the different Chl a~ reduc- 
tion phases (Table I). After the first and after the 
fifth flash the reduction kinetics are dominated by 
a very fast phase (t l /2 ~ 23 ns, over 85%). In both 
cases the sum of population of S o and $1 before 
the flash is approx. 100% (Fig. 6c), although the 
contributions of S o and S 1 are rather different for 
the first and the fifth flash, respectively (see Fig. 
6a). Therefore, we tentatively correlate S o as well 
as S 1 with the very fast (t l /2 -~ 23 ns) reduction of 
Chl a~i. The correlation to S~ is additionally sup- 
ported by the very fast (tl/2 = 23 ns) Chl a~ 
reduction in the presence of ANT-2p, under repe- 
titive excitation (Fig. 3 and Table I). In this case, 
S~ is predominantly present because ANT-2p 
accelerates the reduction of states S 2 and S 3 to S~ 
[29]. 

After the second and the third flash, the Chl a ~l 
reduction is clearly slower than after the first and 
fifth flash (see Fig. 1 and Table I). Fig. 6b shows 
that prior to the second flash most O2-evolving 
complexes are in state S 2 and that prior to the 
third flash mostly S 2 and S 3 are populated. There- 
for, one can rougly correlate the slower kinetics to 
S 2 and S 3. This correlation becomes complicated 
by the fact that after the second and third flash the 
slower kinetics in the nanosecond range are signifi- 
cantly biphasic (see Table I and Fig. 2). It remains 
to be determined if the two phases are caused (a)  
by superposition of different S-states, each of which 
is related to a monophasic reduction of Chl a~,  or 
(/3) if state S 2 as well as state S 3 are per se related 
to biphasic reduction kinetics of Chl a~. Obvi- 
ously, the latter assumption (/3) would well ex- 
plain the similar biphasic time-courses after the 
second flash (S 2 > 75%, S 3 = 0) and after the third 
flash (S 2 + S 3 > 90%). In order to prove the former 
assumption (a), one might relate the slow phase 
(260 ns) to S 2 and the fast phase (50 ns) to S 3. This 
would be a good explanation for the bisphasic 
reduction kinetics after the third flash (S 3 ---60%, 
S 2 = 30%). However, the observed biphasic kinet- 
ics after the second flash (see Table I) differ 
significantly from a superposition of approx. 75% 
with 260 ns (due to $2) and approx. 25% with 23 
ns (due to $1). This provides first evidence against 
the former assumption (a). 

For a more general determination of the rela- 
tionship between Chl a~ reduction phases and 
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Discussion.  The  ampl i tudes  are normal ized  to the sum of the three phases,  x . . . . . .  × ,  ca lcu la ted  accord ing  to the kinet ic  model  

p roposed  in the next  subsect ion.  For  deta i ls  see text. 

S-states we made the following comparison. 
From the formal two-exponential fit and the 

foregoing discussion it becomes obvious that at 
least three different phases ( / 1 / 2  = 23 ns, ---50 ns 
and =260 ns) contribute to the Chl a~ reduction 
in the nanosecond range. 

To obtain a quantitative correlation between 
the amplitudes of the Chl a~ reduction phases and 
the S-states, the signals in Fig. 1 were fitted by 
three exponentials with fixed half-life times of 23, 
50 and 260 ns. These values were taken as repre- 
sentative averages for the different half-life times 
evaluated from the two-exponential fits to the 
signals from the first, second, third and fifth flash 
and from the ANT-2p experiment (see Table I). 
The relative amplitudes resulting from the three- 
exponential fits are depicted in Figs. 6e and 6f 

(triangles, solid lines). From a comparison of the 
populations of the S-states (Fig. 6a-d),  with the 
amplitudes of the three Chl a~ reduction phases 
(Fig. 6e and f), both as function of the flash 
number, we conclude: 

the =23 ns phase is clearly correlated to S O and 
S l, but neither to S O nor to S 1 exclusively (a slower 
phase related to S O and S 1 may contribute to the 
nanosecond decay with an amplitude of not over 
approx. 10%); 

the -- 50 ns and the =260 ns phases are corre- 
lated to S 2 and S 3 but neither one to S 2 or S 3 
exclusively. The ratio of the amplitudes of the two 
phases is approx. 1 : 1. 

The evaluated correlation can be further ex- 
amined by means of the kinetics observed under 
repetitive excitation (Fig. 4). In this case, the four 



S-states are equally populated (i.e., 25% each). 
Therefore, according to the proposed correlation, 
the Chl a~l reduction should be triphasic with 50% 
of a 23 ns phase (due to 25% S O and 25% $1) and 
50% of the two phases with 50 ns and 260 ns (due 
to 25% S 2 and 25% 8 3 ) .  

The solid line in Fig. 4 is the result of such a 
superposition and corresponds very well to the 
signal measured under repetitive excitation. The 
same correspondence has been shown recently for 
the nanosecond kinetics measured with an im- 
proved signal-to-noise ratio in O2-evolving PS II 
particles [7]. This demonstrates that the multi- 
phasic decay under repetitive excitation can be 
explained on the basis of the results obtained from 
the single flash experiments. It should be pointed 
out that one cannot derive the three phases di- 
rectly from the signal under repetitive excitation, 
since already for the two-exponential fit, the devia- 
tions between measured signal and fitting function 
are not well above the noise. 

Reaction sequence for the electron transfer from the 
O_,-eoolving complex to Chl a ~ 

With regard to an explanation for the depen- 
dence of the Chl a~ reduction kinetics on the 
S-states, one has to consider the organization of 
the electron transfer from water to Chl a~.  There 
is at least one secondary donor. D, involved in 
electron transport from the O2-evolving complex 
to Chl a~.  Flash-induced oxidation and re-reduc- 
tion of D have been detected as rise and decay of 
an EPR signal, named signal Ilvf (30). Recent 
studies, involving also optical spectroscopy, sug- 
gest that D ÷ is an oxidized plastoquinol derivative 
[31,32]. The rise time of signal Ilvf is not known 
with absolute certainty, since it has been stated 
recently [33] that the value of approx. 20 #s re- 
ported by Blankenship et al. [34] has to be reex- 
amined. The decay of signal Ilvf, has been attri- 
buted to the re-reduction of D ÷ by the O2-evolv- 
ing complex [30]. From measurements in a series 
of four saturating flashes after dark adaptation, 
Babcock et al. [16] concluded that the re-reduction 
kinetics of D + depend on the S-states, prior to the 
flash, in the following manner: 

g/2(So) < loops 

t l / 2 ( S i )  < l O O p s  
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t l / 2 ( S 2 )  ~ 400  p s  

and: 

g /2 ($3 )  =1 ms 

If  D were the only secondary donor between 
Chl a n and the O2-evolving complex, the following 
kinetic scheme I should represent the electron 
transfer reactions on the donor side of PS II: 

kl k 2 + 
Chl a n DS,, ~.~ Chl a . D  + S,, ~ Chl auDS,,+l 

k_!  k_ 2 

(Scheme I) 

where S n denotes the O2-evolving complex in the 
different S-states; k i are first order rate constants 
which are assumed to depend on the S-states (a 
possible explanation for such a dependence will be 
discussed in the next subsection (p. 413). The 
equilibrium constants K 1 = k l / k _  1 and K 2 =  
k 2 / k  2 should not be lower than approx. 1, since 
otherwise the electron transfer from the O2-evolv- 
ing complex to Chl a~ would be very inefficient. 

According to Scheme I Chl a~ would decay 
biphasically down to an equilibrium level with one 
phase essentially determined by k 1 + k_l  and a 
second phase corresponding to the decay of D + , 
that is, in the below approx. 100 #s to approx. 1 
ms range (see above). In contrast to this predict- 
ion, the evaluation of our experiments indicates 
that in state S 2 as well as in state S 3 Chl a~ is 
reduced biphasically with half-times of 50 and 260 
ns. Consequently, D should not be the only donor 
between Chl ajl and the O2-evolving complex, i.e., 
we have to assume at least two donors, D~ and D E. 

0 2 would be the species giving rise to EPR signal 
IIvf and D 1 would be an as yet undetected donor 
to Chl a~.  

For the sake of simplicity, we restrict ourselves 
to linear electron transfer schemes and propose the 
following reaction sequence where, again, the rate 
constants k~ are assumed to depend on the S-states: 

kl k2 
Chl a~ D1D2S,. ~ Chl a n D  ~" D2S n 

k_ t k 2 

k3 
Chl auD1D ~- S,, ~ Chl atID1D2S,.+I 

k_3 

(Scheme II) 
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Recently, Boska et al. [33] reported that in 
Tris-washed PS-II preparations from chloroplasts 
in which 02 evolution is blocked, the rise of EPR 
signal IIf,  which is attributed to the same species 
as signal Ilvf in untreated samples, agrees with the 
reduction kinetics of Chl a~.  Therefore, the species 
giving rise to EPR signal IIf  was identified as 
donor to Chl a~i in Tris-washed chloroplasts. This 
may be in contrast to Scheme II which contains 
another donor, D 1, between Chl all and the species 
giving rise to signal' Ilvf, D 2. However, one might 
assume that the donor active under conditions of 
inhibited 02 evolution and D 2 give rise to the same 
(or a similar) EPR spectrum without necessarily 
being the same species. In this regard, valuable 
information may be gained by refined measure- 
ments of rise kinetics and EPR-spectrum of signal 

II vf" 
The Chl a~ reduction kinetics in dependence 

on the S-states can be calculated according to the 
suggested Scheme II  by using the following equa- 
tions, if one assumes k 2 >> k_ 2, i.e., k_ 2, k 3 and 
k 3 do not enter into these equations: 

Chl  a~i ( t , S , )  = C h l  a ~ ( ,  = O ) . ( a l e  . . . .  + a 2 e  r.l) (1)  

with: 

r+_ =~ kl+k_l+k2+_ ( k l + k _ l + k 2 ) 2 - 4 k l k 2  (2)  

k 1 - r_  
a 1 (3) r+ --r_ 

r+  -- k 1 
a 2 (4)  

r+ -- r_  

In 2 
tl/2 ='-7- (5) 

and: 

k, = ki(S n ) (6) 

Since the rate constants k i are assumed to de- 
pend on the S-states, this is also the case for the 
Chl a~ reduction kinetics given by Eqn. 1. In 
order to match the derived correlation between 
reduction kinetics and S-states (see the first sub- 
section under Discussion, p. 409), we chose the 
rate constants given in Table II. We also assumed 
that the foreward reaction denoted by k 2 is faster 

in states S o and S~ than in states S 2 and S 3 (for an 
explanation see the next subsection). 

The half-life times and amplitudes of Chl a~ 
reduction calculated from the rate constants in 
Table II, center, according to Eqns. 1-6  are listed 
in Table II, right, for states S O to S 3. A comparison 
between Table II, right, and the correlation pro- 
posed in the previous subsection shows quantita- 
tive agreement. 

The Chl a~i reduction kinetics in dependence 
on the flash number can be calculated by: 

3 

C h l a ~ ( t ) =  E [ S n l C h l a l ~ ( t , S . )  (7)  
n = 0  

with: 

3 

[s.]=a (8) 
n=O 

where [S,] denotes the population of state S, prior 
to the flash. 

The S-state populations prior to each flash were 
taken from Fig. 6c and d (circles). The results 
according to Eqn. 7 and Table II are depicted with 
broken lines in Fig. 6e and f. Fig. 6e demonstrates 
that the calculated amplitudes of the 23 ns phase 
(upper broken line) agree with the experimental 
results (solid line). The calculated phases with 
Q/2 = 100 ns (lower broken line, Fig. 6e) is too 
small to be resolved from the signals shown in Fig. 
1. In Fig. 6f the broken line represents the sum of 
the calculated amplitudes of the 50 ns and the 260 
ns phase. From a comparison with the experimen- 
tal data we conclude: 

(1) the relatively simple assumptions (Scheme II 
and Table II) yield an acceptable quantitative 
description of the experimental results; 

(2) although the uncertainties of the individual 
amplitudes obtained by analysis of the experimen- 
tal data may be in the order of _ 10%, the overall 
agreement with the calculated curves gives good 
evidence in favor of the proposed model. 

Mechanism for the dependence of the Chl a~ reduc- 
tion kinetics on the S-states 

An important question arising from the previ- 
ous discussion is how to explain the postulated 
dependence of the rate constants for electron 
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TABLE II 

RATE CONSTANTS DUE TO SCHEME II AND CALCULATED Chl a~ REDUCTION KINETICS (EQNS. 1-6) AT 
DIFFERENT S-STATES 

S-state k 1 k_ 1 k2 k 1 / k _  1 = K ll/2 Relative 
( s -  i ) ( s -  1 ) ( s -  i) (ns) amplitude 

S o, S 1 2.9.107 1 .106 7 .106 29 23 0.94 
100 0,06 

S 2, S 3 8.3.106 3.8-106 4.5-106 2.2 50 0,50 
260 0.50 

transfer to Chl a~ on the S-states of the O2-evolv- 
ing complex. We propose that the retardation of 
electron transfer to Chl a~l in states S E and S 3 
compared to states S o and S 1 is mainly caused by 
Coulomb attraction by a positively charged O E- 
evolving complex. Electrostatic effects due to posi- 
tive charges in the OE-eVolving complex have al- 
ready been discussed by van Gorkom and Donze 
[35], with respect to experimental results on 
luminescence. These authors assumed that four 
positive charges are accumulated in the OE-eVolv- 
ing complex by four subsequent turnovers of Chl 
a H in order to evolve one oxygen molecule and 
four pro,tons from water as suggested in the early 
scheme of Kok et al. [14]. 

Our results demonstrate that electron transfer 
to Chl a~ is retarded in states S 2 and S 3 compared 
to S o and S r Hence it would be sufficient to 
assume that one positive charge is formed in the 
O2-evolving comp!ex during the transition from S 1 
to SE; whereas, the transitions from S o to S 1 and 
from S 2 to S 3 do not change the net charge of the 
OE-eVolving complex. This means that the O E- 
evolving complex in the state S E and S 3 is more 
positive by one elementary charge than in S O and 
S 1. A positively charged OE-eVolving complex in 
states S 2 and S 3 can be explained, if the electron 
release pattern (1,1,1,1) is accompanied by a pro- 
ton release pattern (1,0,1,2) for the transitions 

(S  0 ~ S1, S 1 --~ $2, S 2 ~ S3, S 3 ~ So).  Measurement 
of proton release in a series of flashes after dark 
adaptation was controversial for some years, at 
present a proton release pattern (1,0,1,2) has been 
accepted [36-39], which is in accordance with our 
conclusion based on a completely different experi- 
ment. 

According to Scheme II, the rate constant k~ 
for electron transfer from D 1 to Chl a~ as well as 

the equilibrium constant K = k l / k _  1 for Chl 
a~IDIDES ~ Chl alID~-DES should be decreased 
due to a positive charge in the OE-eVolving com- 
plex in state S E and S 3, respectively. We assume a 
decrease of K from K = 29 in states S O and S 1 to 
K = 2.2 in states S 2 and S 3 (see Table II), that is, 
by a factor of 13. The corresponding difference of 
standard free-energy change, AG O = - kT In K, of 
the reaction can be calculated according to: 

[ ~ kl kl 
AG ° --AGo ° =  - k T [ l n T - - - ( S E , 3 ) - l n  ,-V--- (S0,1) | (9) 

\ K - I  K--1 ] 

where k is the Boltzmann constant (the indices 0 
and + denote uncharged and positively charged 
O:-evolving complexes, respectively). One obtains 
AG ° = --90 meV ( =  - 8 . 6  kJ /mol)  (in states S O 
and $1) and AG ° = - 2 0  meV ( =  - 1 . 9  kJ /mol)  
(in states S 2 and $3), respectively. Hence, the oc- 
currence of a positive elementary charge in the 
O2-evolving complex increases the change of 
standard free energy of the reaction by AG ° -- AG ° 
= 70 meV. 

On the other hand, the change of AG o caused 
by the Coulomb potential of a positive elementary 
charge in the OE-eVolving complex can be esti- 
mated as follows. The standard free-energy change 
for the case of a positively charged OE-eVolving 
complex, AG ° , equals the value for an uncharged 
OE-eVolving complex, AG °, plus an added contri- 
bution representing the change in Coulomb energy 
if the positive charge is transferred from Chl all to 
D 1 in the presence of the Coulomb potential of the 
positively charged OE-evolving complex: 

(10) 

where e denotes the elementary charge, and ~D 1 

and ffCht ~,, denote the Coulomb potential due to 
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TABLE III 

POSSIBLE DISTANCES, dch I ,~ji,s AND dot.s, YIELDING 
AG ° - A G  ° =  70 meV ACCORDING TO EQN. 11 WITH 
%=4. 
For details, see text. 

dchl-an,S dpt'.s 
(A) (A) 

10 8.4 
15 11.6 
20 14.4 
25 16.8 
30 18.9 

the pos i t ive ly  charged  O2-evolving complex  at  the 
centers  of charge  of  D~- and Chl a ~ ,  respect ively.  

Hence :  

e2 ( 1 1 )  (11) 
AGO - - A G O = ~  dD,.S dchl ..... S 

c o, dielectr ic  cons tan t  of  the vacuum;  c r, re lat ive 
dielectr ic  cons tant ,  d o ,  s, dis tance  be tween the 
posi t ive  charge  on D 1 and  the posi t ive  charge  on 
the O2-evolving complex  in s tates  S 2 and  S 3, 
dchn .... s, d i s tance  be tween  the posi t ive  charge  on 
Chl  a n and  the posi t ive  charge on the O2-evolving 
complex  in s tates  S 2 and  S 3. This  is on ly  a rough  
app rox ima t ion ,  since we have assumed po in t  
charges  and  have neglected spa t ia l  var ia t ions  of  
the dielectr ic  cons tan t  and  changes  of  en t ropy  due  
to con fo rma t iona l  changes  caused by  the forma-  
t ion of  the posi t ive  charge.  

Dielect r ic  cons tan t s  in the order  of  c r = 4 are 
typica l  for b io logica l  membranes .  Table  I I I  de-  
mons t ra t e s  tha t  AG ° - AG0 ° = 70 meV and,  hence, 
a decrease  of  the equi l ib r ium cons tan t  K by  a 
fac tor  of  13 can be  real ized assuming  p laus ib le  

dis tances,  resul t ing in dch I alI~D1 ~ 5.6 ,~, e.g., dD~,S 
= 14.4 A and  dch I a. ,s  = 20 A. 

Qual i ta t ively ,  the posi t ive  charge  in the 0 2 - 
evolving complex  m a y  also expla in  the decrease  of  
ra te  cons tan t  k 1 for  e lec t ron t ransfer  f rom Dx to 
Chl  a ~  by  a facor  of  abou t  3 (see Tab le  II).  The  
decrease  of  k I can be  descr ibed,  e.g., wi th in  the 
f r amework  of  the Marcus  theory  for e lectron-  
t ransfer  react ions.  The  Marcus  theory  predic ts  a 
decrease  of  the ra te  of  the foreward  reac t ion  if 
AG O is increased due  to an electr ic  field, except  for  
' h i gh ly  exothermic '  reac t ions  [40]. Thus,  in our  

case, where AG o in only  sl ightly negative,  the 
increase  of  AG O due  to a posi t ive e lementary  charge 
in the O2-evolving complex  qual i ta t ive ly  expla ins  
the decrease  of ra te  cons tan t  k 1. Cor responding ly ,  
a posi t ive  charge in the O2-evolving complex  should  
also decrease  k 2, as assumed in the previous  sub- 
sect ion (p. 411). 

These  es t imat ions  demons t r a t e  that  e lect ros ta t ic  
effects due to a posi t ively  charged O2-evolving 
complex  m a y  well expla in  the r e t a rda t ion  of  elec- 
t ron  t ransfer  to Chl  a~i in states S 2 and  S 3 com- 

p a r e d  to states S O and  S r 
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