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Across the Ihylakoid membrane of spinach chloroplasts a diffusie,0 potcntial of defineO magnitude can be crcatcd by rapid 
changes in the KCI concentration. The resulting electric fictd Igads to an increase in the yield ~f pholosyslem I1 (PS 11) 
fluorescenc~ for positive membrane voltages - positive in the inn~t thylakoid space - and a decrease for negative membrane 
voltages (lYnn arid Sauer, 1991, BBA 1098, 49-60). We have no~ studied this phcmwienon by measurement of picosecond 
fluorescence decay. Based on the kinetic PS 1I model of Schatz el al. (1988, Biophys. J. 54, 397-405), the fluoresccnce decays 
were interpi-eted in terms of the rate constants of primary charge separa!ion (formation of reaction center cation radical and 
pheophytin anion radical), primary charge recombination (recom0~,~atioo of primary biradical to chlorophyll singlet state) and 
secondary charge separation (reduction of primary quinone ,aceeptor). For increasingly ~zilivc thylak~;id voltages, the rcsuhs are 
indicative 01" a relatively small but significant decrease in the rate cqOstant of primary charge ~para~ion (by about 8f~ per + 100 
mV thylakoid voltage) and a much larger increase (by, about 50~/b per + 100 mV) of the rate constant ~t prima~ • charge 
recombination. Nevertheless, due to the high sensitivity of the PS Ii fluorescence yield to changes in the rate constant of primary 
charge separation, the field-induced increase of fluore~ence yield results mainly from the decreased rate constant of primary 
charge separation, and to a smaller extent (about one third of the increase) from the increased rate constant of charge 
recombination. The free energy difference of the primary radical pair was found to change by 17 meV per 100 mV lhylakoid 
voltage. The relation between the rate constant of primary charge s~pa;atio~ and thc frec energy difference appears to be linear 
within the ~ceessiblc range of free energy changes ( - 1 5  meV to +22 meV); the rate constant of primary charge separation 
increases ",¢ith increasingly negative free energy differences by 6% per 10 r0eV. This free c h e r t  dependence is compared with 
model calculations for a sequential two-step and for a super-exch3hgc model of the primary PS 11 charge separation. 

lntroductiqo 

In Photosystem 11 (PS II), a p i g m e n t / p r o t e i n  com- 
plex embedded  in the thylakoid membrane  of higher 
plants, light is adsorbed by about 200 antenna pig- 
ments.  The  excitation energy is t ransferred rapidly to 
the reaction center,  called P680, which is often as- 
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tor pheophYti0 of PS !I: P680. reaction center chlorophyll of PS ll; 
PS, photosy'~tern; 0~, primary quinone acceptor of PS 11; I/, thyl- 
akoid voltage. 

suraed to be a direct  of chlorophylls (but see also Ref. 
1). Following excitation of  P680 an ultrafast (about 3 ps 
at 277 K [2]) charge separation reaction is initiated, 
which results in the formation of  a chlorophyll cation 
radical ( P 6 8 0 ' )  and a pheophytin anion radical 
(Pheo - ) .  This  primary charge separat ion may be fol- 
lowed by a secondary charge separat ion resulting in the 
reduct ion of  a quinone (Q~), by formation of  triplet 
states or  by recombinat ion and reformation of  the 
¢:~cited singlet state of the donor. The  primary charge 
separat ion reaction competes  with back transfer of 
¢~citation energy to the a~tenna and the consequent  
fluorescence. Membrane  potentials and the resulting 
electric fields seem to affect the charge separat ion 
3 r id /o r  recombinat ion reactions, and thereby the so- 
called ' p rompt '  f luorescence emission of  PS II [3-8]. 
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It has been proposed that electric fields, which 
result from an electric potential difference between 
inner and outer thylakoid space, may be of physio- 
logical importance for the control of PS It electron 
transfer [7.9,10]. Schatz et al. [11] put forward the 
hypothesis that local electric fields may be respe~lsiblc 
for the fluorescence increase observed upon Q,  reduc- 
tion, the so-called wtriable fluorescence. Furthermore, 
the controlled application of electric fields can facili- 
tate the analysis of the free energy dependence of 
charge-separation reactions, which may serve as a cri- 
terion to elucidate the validity of different models of 
these reactions [12-16]. 

Recently we described a method to create mem- 
brane voltages of defined magnitude and polarity in 
thylakoid preparations of spinach by means of a salt- 
jump technique [8]. It was found that in the open 
reaction center state, i.e., with oxidized Q~,, the PS II 
fluorescence yield increases with positive thylakoid 
voltages (positive at the inner thylakoid side) and de- 
creases with negative thylakoid voltages. We concluded 
from the analysis of emission spectra and the trap- 
closure sensitivity that this electric field effect on the 
fluorescence emission arises from an influence on the 
PS II charge separation reactions. However, the ob- 
served electric field effect on the fluorescence emission 
may arise from an effect on the primary charge separa- 
tion, primary charge recombination or even from an 
effect on the secondary charge separation (see Eqn. A7 
and AI0 in the Appendix). The analysis of the steady- 
state fluorescence emission cannot determine which 
charge transfer reaction effects result in the electric 
field effect on the fluorescence emission or how the 
rate constants, which describe the different PS I1 charge 
separation reactions, change in response to the electric 
field. To address these questions, we have investigated 
the effect of electric fields on the picosecond kinetics 
of the PS II fluorescence. 

T~, relate the picosecond fluorescence kinetics of PS 
I1 to the charge separation reactions, it is necessary to 
use a specific kinetic model. Our analysis of the elec- 
tric field effect on the PS II charge-separation reac- 
tions is based on the so called 'reversible radical pair 
model' [9,11,17] for the room temperature fluorescence 
emission of higher plant PS ll 's,  which is outlined in 
the Appendix. This model has been confirmed by pi- 
cosecond studies on the fluorescence emission [9.18- 
20], absorbance changes [11,18] and photoelectric sig- 
nals [9]. Arguments in favor of this model have recently 
been reviewed by Holzwarth [21]. We find that the 
reversible radical pair model facilitates the determina- 
tion of the thylakoid voltage dependence of individual 
rate constants of PS 1I charge separation. In particular, 
for a certain range of free energy differences, we 
obtain the free energy dependence of the rate constant 
of primary charge separation. 

The primary PS II charge separation proceeds with 
a time-constant of  about 3 ps at 277 K [2] and of  about 
1.5 ps at 15 K [22]. It can be concluded from sequence 
homologies with bacterial reaction center proteins [23] 
that the distan,'e between the donor chlorophyll(s) and 
the phcophytin is similar to the respective distance in 
the bacterial reaction center, i.e., about 1 nm edge-to- 
edge distance of the chromophores. Theoretical con- 
sideratit)ns [24] and experiments on different inner- 
protein electron transfer reactions [25,26], however, 
predict for a 1 nm electron transfer a charge separa- 
tion rate which is slower than the experimentally deter- 
mined values by about two orders of magnitude. Thus 
in a n a l o ~  to the situation in photosynthetic bacteria, a 
still unknown or undetermined mechanism or interac- 
tion seems to facilitate these ultrafast long-distance 
electron transfers. One way of  addressing this question 
is from the analysis of the free-energy dependence of 
the charge separation reaction as provided by electric 
field studies. The free-energy dependence of charge 
separation reections is assumed to be distinctively dif- 
ferent for different electron transfer mechanisms 
[12,13,26]. In the Discussion, the experimentally deter- 
mined free-energy dependence of the rate constant of  
primary PS ll  charge separation is compared with 
relations predicted by different theories of primary 
charge separation. 

Materials and Methods 

Creation of  diffusion potentials across thylakoid mem- 
branes 

Thylakoid membranes were prepared from spinach 
as described in Ref. 8. 

All solutions used in the experiments contained 2 
mM MgCI2 and 2 mM Hepcs, adjusted to pH 7.1 with 
NaOH. The KCI concentrations were chosen as speci- 
fied in the text. To obtain always the same osmotic 
strength of the medium [8], the sorbitol molar co:lcen- 
tration was determined according to: [sorbitol] = 330 
mM - 2-[KCI]. 

To create a diffusion potential across the thylakoid 
membranes, the inner thylakoid space was 'pro-loaded'  
with a KCI concentration [KC1] 0 and then various 
outer-thylakoid salt concentrations, [KCI] °ut, were es- 
tablished by means of the flow and mixing technique 
described below. 

10 rain before starting the experiment, the thylakoid 
membranes, and 2 ~M of the potassium-specific 
ionophore valinomycin, were suspended in a solution 
with the KCI concentration [KCI] 0 -- 27 raM, except in 
the case of data points in Figs. 6 and 7 marked by a 
square, where it was 0.65 raM. 

During the measurements the dark-adapted thyl- 
akoid-containing solution was continuously mixed with 
solutions of different KCi content as follows. The two 
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solutions were pumped by two peristaltic pump heads 
synchronously driven by one motor drive (Cole and 
Parmer, Masterflex drive 7520-25). After mixing the 
two solutions by means of a T-type tube-connector, the 
solutions flowed through a tube of 7 cm length to 
ensure complete mixing. Then the picosecond fluores- 
cence measurements were made using a fluorimeter 
flow-cell of square cross-section (2 x 2 mm). Based on 
the flow-rate and the dimensions of tubing and measur- 
ing cell, it was calculated that the measurements were 
made within 200 ms after mixing the two solutions. The 
ratio of the flow rate of the salt solution to the flow 
rate of  the thylakoid solution was usually 13. The ratio 
was 1 in the case of  data points in Figs. 6 and 7 marked 
by a square. The chlorophyll content after mixing was 
between 20 and 40 ~tg/mi. 

The thvlakoid voltage after mixing was calculated 
from the KCI concentration of the initial thylakoid 
solution, [KCI] 0, and the KCI concentration of the 
medium resulting from the mixing process, [KCI] °ut, 
according to 

V = 59 mV-Iog([KCl]°Ut/[KCI],~) (1) 

For further details on this salt-jump technique see Ref. 
8. 

Picosecond fluorescence measurements 
Fluorescence measurements were made at room 

temperature (25-28°C) by time-correlated single-pho- 
ton counting. 

The fluorescence excitation source was a Spectra 
Physics synchronously pumped mode-locked dye laser 
(argon ion laser Model 2040, dye laser Model 375, 
cavity dumper Model 344). Thylakoids in the flow cell 
described above were excited at 616 nm and at 4 MHz 
repetition rate. 

Fluorescence photons were detected at 683 + 5 nm 
by a microchannel-plate photomultiplier (Hamamatsu 
R2809U). The single-photon timing system and the 
numerical analysis have been described previously [27]. 
The channel width was 10 ps /channel .  All decays were 
measured with 10000 counts in the peak channel. The 
instrument response function was determined at the 
excitation wavelength using a light-scattering suspen- 
sion; the half-maximum full-width duration was 80-90 
ps .  

Due to tow-intensity laser pulses (50 W m -z)  and an 
exposure time of the dark-adapted thylakoids to the 
laser beam of less than 3 ms, all measurements were 
done in the open reaction-center state of Photosystem 
II (F0-state). The data shown in Fig. 3 stem from six 
fluorescence decays all measured using the same reser- 
voir of thylakoid-containing solution. The six decays 
were measured within 35 min (about 4 min measuring 
time, t a, per  decay); the sequence of KCI concentra- 

tions was random and not monotonically increasing or 
decreasing. 

By curve-fitting, employing iterative deconvolution 
with the instrument response function, all fluorescence 
decay data were resolved into a sum of exponentials 
described by the pro-exponential factor A, (in the 
following called 'amplitudes') and the time-constants 
T~. As usual, an additional free parameter  of these fits 
was the co-called 'shift '  between the instrument re- 
sponse function and the fluorescence decay. (This pa- 
rameter accounts for the possibility that there is a shift 
between the time-axis, i.e., channel number, of the 
fluorescence decay and the time-axis of the instrument 
response function, which was determined before start- 
ing the fluorescence experiment by using a scatter 
solution [27]. Such a shift may arise from instability or 
drift in the properties of the electronics which provides 
the start and the stop pulse for the time-to-voltage 
converter.) The determined shift parameters did not 
exhibit any obvious correlation with the applied thyl- 
akoid voltage. The quality of a fit was judged both from 
a plot of the weighted residuals and by the value of the 
reduced •2 value. Visual inspection of the plot of the 
weighted residuals never revealed any deviations which 
appeared to be non-random. Reduced )t ,z values of the 
fits were always between 1.0 and 1.15. The plots of the 
weighted residuals and the X z values indicate that the 
deviations between the data and the mathematical 
representation of the data by a sum of three exponen- 
tials is due only to the inevitable statistical noise of the 
single-photon counting technique. 

The following parameters and functions were calcu- 
lated from the amplitudes, A~, the time-constants, T~, 
and the measuring time for each experiment, ~d: 

relative amplitudes a i = A i / ( ~ A , )  (2) 

amplitude A = ( ~ A , ) - , ~  (3) 

initial slope S, = Y ' a / T ,  (4) 

mean lifetime T m = ]~a  i " T. (5) 

second moment M = ~-~a t • 7", z (6) 

deconvoluted decay F ( t ) = ~ ' a i . e - , / r .  (7)  

difference decay AF(t )  = F ' ( t ) - F ( t ) (8) 

Error ranges and error propagation 
The straight lines in the Figs. 3C, 5, 6, 7 were 

determined by a least-squares fit to the data points. 
The slope values and the zero-field values given in the 
text and in Table 1 result from these fits to a straight 
line (linear regression); error ranges given for the slope 
values and the zero-field values are the standard errors 
of the estimated values. 
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The error bars displayed in the Figs. 5-7 were 
determined as follows: S 0, 7 m and M were calculated 
from the data set shown in Fig. 3. The plots of these 
parameters vs. the thylakoid voltage were fitted by ~* e- 
straight lines (linear regression), the standard errors of o 
:he slope values and the zero-field values (given in the " 
Results section) were relatively low. Therefore, we E 
used the standard deviation from the straight line o" 
(z.IS o, A T  m and A M ,  respectively) as an estimate of the o 
re,;pective error. The errors of these three parameters o e. 
were assumed to  be independent; the errors of the rate • O 
constants and of the change in free energy were calcu- • 
lated according to (y = k  I, k I, k 2 and A A G ,  respec- o 
tivelj) r;" 

Ay = SQRT{{(~b'/;~St,)AS~,} 2 + { (ay /aL,  , A T , , , }  2 

+ [(~b'/;*M) 23,1}:} 

with th,~ valucs of the partial derivatives taken at the 
zero field values of S 0, T m and M. The error bars given 
in the Figs. 5-7 indicate the range given by y _+ Ay. 

10000~ 
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80001~]~ b = o Negativegoltage 
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0.2 0.4 0.6 0.8 1.0 1.2 1.4 
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Fig. 2. Fluorescence decays with +45 mV and -69 mV thylakoid 
voltage. The fluorescence counts per channel are given for all chan- 
nels which cover a time-range of 1.5 ns after the peak-channel. The 

curve-fqting results for both decays are given if', Fig. 3. 

Results 

ThylakoM membranes suspended in a 27 mM KCI 
medium we:e continuously mixed with a medium of the 
same or a d;fferent KCI content as described in Mate- 
rials and Methods. The resulting thylakoid voltage is 
given by Eqn. 1 [8]. We have analyzed the influence of 
these salt-induced thylakoid voltages on the pulse-in- 
duced relaxation kinetics of the chlorophyll fluores- 
cence within a time window of 9.5 ns after the laser 
flash (for detail,.', see Materials and Methods). 

Fig. 1 shows t~he fluorescence decays measured with- 
out thylakoid vo!:age (lower curve) and with a positive 
thylakoid of 46 mV (upper curve). Already upon appli- 
cation of this relatively low thylakoid voltage, an elec- 
tric-field-induced difference in the fluorescence-relaxa- 
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Fig. t. Fluorescence decay with a salt, induced thylakoid voltage of 
+45 mV (lower line) and the zero-voltage decay (upper line). The 

curve-f i t t ing  results  for  bo th  decays  are  given in Fig. 3. 

tion kinetics is detectable by a visual inspection of the 
decay plots (see inset of Fig. 1). However, mainly due 
to high-frequency noise components, the difference is 
obscured by noise. 

In Fig. 2 the decays obtained upon application of a 
positive thylakoid voltage (+46  mV) and a negative 
thylakoid voltage ( - 6 9  mV) are shown. The zero-field 
decay curve, which is not shown, lies between the two 
curves. Already these 'raw data' demonstrate that the 
initial slope of the decay (slope of a straight line 
through the fi~ ~ five data points, corresponding to the 
first 50 ps) is changed upon application of the electric 
field; the difference between the decay curves is maxi- 
mal between 300 and 600 ps after the peak of the 
decay and the absolute difference at 1.5 ns, though 
low, is not zero (about one third of maximum differ- 
ence). However, the raw data decays shown in Fig. 2 
are still the result of the convolution of the measuring 
system response-function and the biological system re- 
sponse-function, and the 'fast' noise is still of consider- 
able magnitude. Therefore, the decays were subjected 
to curve-fitting and iterative deconvolution (as de- 
scribed in Materials and Methods) and the results were 
used for a more detailed analysis of the electric-field 
effect. 

Curve-fitting of the measured fluorescence decays 
reveals that they are very well described by a sum of 
three exponentials. The resulting amplitudes and 
time-constants are shown in Fig. 3A and B for a typical 
set of fluorescence decays. 

The slowest lifetime component contributes to the 
amplitude by only 0.2 to 0.4%. The time-constant and 
relative amplitude of this component show a slight 
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electric field dependence; however, the yield of this 
component ( = a  3 - T 3) remains almost constant (not 
shown). This long-lived component is assumed to origi- 
nate from 'impurities' ,  such as ~ small amount of 
closed PS II reaction centers a n d / o r  free chlorophylls 
[10,19,20,21,28]. We assume that the slight observed 
electric field dependence results from the incapability 
of the curve-fitting routines to resolve this component 
with sufficient accuracy in the presence of electric-field 
dependent  lifetime components of 100-times greater 
relative amplitude. In the t,,llowing, this lifetime com- 
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portent is not considered further. In the calculations of 
parameters from the amplitudes and time-constants 
described below the slow component was not included. 
(In any event, due to its small amplitude an inclusion 
of this component leads to almost the same results.) 

Fig. 3C gives the amplitude and the mean iife time 
calculated according to Eqns. 3 and 5, respectively, 
from the results of the exponential fit° Obviously, the 
electric field affects the mean life time and not the 
amplitude. Changes of rate constants for fluorescence 
decays should lead to changes in the amplitude (see 
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Fig. 3. Results of tri-expone,ltial fits of fluorescence decays for different thylakoid voltages. The upper scales give the KCI concentration after 
mixing. The lower scales indicate the resulting thylakoid voltages calculated according to Eqn. l. (A) Time-constants; (B) relative amplitude; (C) 
peak amplitude and mean lifetime. (In A, the time-constant value for T 3 has been divided by a fac:or of 100 to avoid inflation of the 

ordinate scale.) 
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Fig. 4. S imula ted  and  experimentally d e t e r m i n e d  d i f fe rence  decay~. The stmulati tm,,  are  ba sed  on the  re'~ersible radial  pa i r  moOel with the  

fl~llo,~ing zero-f ield rate con,4anl~: A i = 3 n~ ~. ~, ~ = ~t. 1 n-  ~. k ,  = 2 3  n', ~ [2(~j. For  each of  the th ree  s~lid hnes  only one  rate cons tan t  h a s  

been ~aricd to ~,c! a change in m~.:an iifetm~c h~ 3.4~; (~ariali~*n of ], ~ to 2.V,~5 ns ~, oI k t to {i.393. of  k : to 1.76 ns I ). The  e xpe r imen t a l  cu rve  
g~vc~, the d i f ference  b c t ~ c c n  :t decay ~ i th  46 m V  thyJakt~id ~oltage and a decay wi th  0 m V  thylakoid vol tage,  respect ively,  ca lcula ted  acco rd ing  to 

Eqa.  S from the da ta  , , h ~  n in Fig. ~t (A)  D i f f e r ence  decays whh in  200 p~ af ter  del ta-pulse  e×c i ta tkm;  (BY d i f f e r ence  decays  within 2.5 ns a f t e r  

exc i t a t i on  

Appendix A, Eqns. AT, AS). Because the amplitude 
remains constant, our previous conclusion, that the 
electric field does not change the radiative decay rate 
constants, is confirmed, The mean lifetime, which was 
calculated according to Eqn. 5 from the amplitudes 
and time-constants of the three exponential compo- 
nents, increa~s linearly with the thylakoid voltage by 
11 +_ 0.6% per 100 mV thylakoid voltage. This com- 
parcs very well with the previously observed increase of 
the steady state fluorescence emission at 680 nm [8]. 

in Rcf. 8 the question was raised about which PS It 
charge-transfer reaction is responsible for the electric 
field effect on the fluorescence emission. To assess 
whether the time-resolved fluorescence data have the 
potential to answer this question, the changes in the 
fluorescence decays due to changes of individual 
charge-transfer rate constants ~ere  simulated~ based 
on the reversible radical-pair model [1 I] using the rate 
constants determined by Roelofs et al, [20]. 

The experiment curve in Fig. 4 gives the difference 
betwccn the 0 mV and the +46 mV fluorescence 
decay, as calculated from the data shown in Fig, 3 
according to Eqn. 8. The difference decays calculated 
for other thylakoid voltages have essentially the same 
shape (not showr,). Some essential features of these 
difference decays calculated from the curve-fitting re- 
suits are also obvious from a closer inspection of the 
raw-data decay shown in Fig. 2: namely, the difference 
rises with a positive slope at t = 0, the maximum is 
reached at about 450 ps, the difference at 1.5 ns is 
about one fourth of the maximum difference. The 

other lines in Fig. 4 show simulated differences in the 
fluorescence dccays resulting from changes of the rate 
constants of primary charge separation (kt) ,  primary 
charge recombination (k._ t) and secondary charge sep- 
aration (k2). respectively. For each of the three simu- 
lated difference decays, one rate constant was changed 
to get an increase in the mean lifetime by 3.4%, while 
the other rate constants remained unchanged. This was 
accomplished by a change of k, by 3.8%, of k I by 
31,~. and of k by 23%. (The magnitude of the Ak~ 
change of the simulation, which leads to a change in 
the mean lifetime by 3.4%, was chosen to get a fit of  
the initial slope of the experimental decay.) 

The ampl[tudes (t = 0) of the simulated decays and 
the measured decays were set to be equal. This consti- 
tutes an approximation, because PS ! contributes to 
the amplitudes of the measured decays. Consideration 
of a PS ! contribution, which does not depend on the 
thylakoid voltage, would require only a re-scaling of  
the experimental difference decay, resulting in an in- 
crease of all ordinate values of the experimental differ- 
ence decay by the same factor (10 to 30% increase, 
depending on the assumed contribution of PS I). The 
conclusions given below, however, are the same, re- 
gardless of whether the PS 1 contribution to the ampli- 
tude is considered (see also Discussion), 

The simulation of the difference decays and the 
comparison with experimentally determined difference 
decays reveal: 

( l )  changes of individual r : t e  constants influence 
the fluorescence decays in distinctive ways. Thus, anal- 
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y~is of time-received f luore~cncc data .~hould help t(~ 

elucidate the origin of the electric-field eflecl on the 
fluorescence emission; 

(2) all three charge .~para t ion/ recombinat ion  r~tc 
constants influence Ihe fluorescence decays. H,~cver 
to get a comparable effect on the mean l i fel ine,  the 
relative changes of  k t and k 2 have to be much 
greater than the changes of kt .  This means that, as 
predicted by Eqn. AI0, relatively small changes c ¢ k i 
are more likely to be detet table  than comparable 
changes of  k ~ and k z. which may be below the 
detection limit; 

(3) already a visual comparison of  the experiment 
curve in Fig. 4, with the simulated curves, indicates 
that the electric field effect on the PS !i fluorescence 
emL,sion results from a change o¢ the rate constant of  
primary charge separation and most likely also o f / h e  
rate constant of primary charge recombination. The 
origin of the electric field-induced change in the fluo- 
rescence yield seems to be not a change of the rate 
constant k 2 (though changes of  k~ cannot be ruled 
out, see Discus~sion). A nearly p, 'rfect fit (not shown) of 
the experimental curve is obtained, if k t is changed 
from 3 to 2.885 ns -  t and k _ ~ from 0.3 to 0.329 ns -  t if 
k 2 remains constant. Also the difference decays for 
other thylakoid voltages were calculated and compared 
to simulations (not shown). In each case the compar- 
isons indicate that  the electric field-induced increase /  
decrease in the PS 11 fluorescence yield arises mainly, 
but not exclusively, from a decrease / increase  of  the 
charge separation rate constant k t; about one third of 
the electric field effect on the fluorescence yield seems 
to originate from increase /decrease  of charge recom- 
bination rate constant k_ ~. 

Now we shall relate the amplitudes and time-con- 
stants shown in Fig. 3 directly to rate constants of the 
PS !I charge separation reactions using the reversible 
radical pair model of PS 11 (see Appendix A). To do 
the initial slope, So, of  the decay, the mean lifetime, 
Tr,, and the second moment, M, were calculated (Eqns. 
4-6). A!! three parameters  depend linearly on V. the 
thylakoid voltage: S O = 4.83{0.2%}- 2.0{13%} V; T,, = 
0.283{0.2%} + 0.32{5%} V; M = 0.130{0.5%} + 
0.33{5%} 1/; S 0 in n s - t  Tm in ns, M in ns2; the values 
in brackets give the standard errors of the estimates; 
the thylakoid voltage dependence of T,, and the fit by 
a straight line are shown in Fig. 3C, the S 0 and M 
carves are not shown. These parameters  were cor- 
rected for the P S I  contribution according to Eqn. B5. 
It was assumed that the PS 1 fluorescence can be 
represented by a single exponential, with an amplitude 
of 22% of the peak amplitude and a time-constant of 
100 ps. Using the corrected parameters,  the rate con- 
stants k~, k t, k 2 and the change of the free energy 
difference, AAG~, were determined according to Eqns. 
A I I - A I 7  with a ~alue of  0.3 ns -~ for k,x, the rate 
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constant for radiative and nonradiative decays of ex- 
cited antenna chlorophylls. The resulting rate con- 
stants are shown in Fig. 5. 

The slope of the k a line in Fig. 5 indicates that the 
rate constant k~ decreases by 8 ± 15~ per 100 mV 
increase in thylakoid voltage; the rate con~ant  k 
increases by 56 ± 6% per 100 inV. Also the rate con- 
stant k 2 .seems to increase by 15 ,+ 6q~ with increasing 
th.vlakoid voltages. However, taking into consideration 
the relatively small sensitivi~ of the fluorescence decay 
to changes of k 2, as discussed above, and the apprecia- 
ble scatter of the k 2 values, we consider this increase 
to be of  doubtful significance. 

Using the results of Fig. 5, i.e.. the k t and k 
values, it becomes possible to calculate the shift in the 
free energy difference, AAGt which results from the 
~ l t - induced thylakoid voltage. In Fig. 6 the relation 
between changes in the free energy difference of the 
primary charge ~para t ion  reaction and the thylakoid 
voltage is shown. 

In the case of the data set d i~ussed ~ far, the 
initial potassium chloride conlent of the thylakoid solu- 
tion was {KCI] 0 = 27 mM. The choice of the IKCII, 
de t en , ines  the accessible range of positive thylakoid 
voltages [8]. To extend this range, experiments with 
[KCI]~=0.65 mM were done; A,~IG l and k~ were 
determined as described above. In Fig. 6 and Fig. 7, 
the resulting values are displayed, together with the 
values of the data set with [KCi]~ = 27 mM, 

It was a goal of this study to determine the free 
energy de~oendencc of  the primary charge sepm alton 
reactio.n. Fig. 6 provides a calibration of  the changes in 
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frec energy..1A(;~, which result from the sah-induccd 
thylakoid voltagc. Thc slope of the straight line in Fig. 
6 indicates that the free energy' difference of the pri- 
mary charge separation rcaction changes by 17 meV 
(_+1 meV) per 100 mV thylakoid voltage. Using this 
calibration factor, i.e. 0.17 meV/mV, the relative value 
(normalized to the zcro-ficld valuc) of the ratc con- 
stare of primary charge separat ion,  as a function of  the 
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before mixing was either 0.65 mM (closed squares) or 27 mM (ck~,ed 
circles); the thylakoid voltage is calculated according to Eqn. 1. The 

slo1~ of the straight line is indicated in the figure. 

f ie ld-induced change in frcc energy differcncc,  is plot- 
ted in F ig  7. The relation be tween free energy shift 
and the rate constant  o f  primary charge ~ p a r a t i o n ,  k ~. 
appears  to hc linear; the rate constant  i n c r e a ~ s  tot art 
increasingly negative free energy d i f ference  by alx)ut 
(~C:~i ( _ + 0 . 5 c ~ )  per  10 mcV.  

Based on the PS II m(~¢l  of  Schatz et al. f i l l  the 
rate constants  k),  k .  ) and k ,  were  de t e rmined  from 
the exper imental  data, as descr ibed  above. To do  .so, 
v,c correc ted  h)r the PS ! contr ibut ion to the p i c ~ -  
oral f l u o r e ~ e n c e  kinetics, a~suming a mono-exponen-  

tim PS 1 decay with Tt,s) = 100 ps, aps t = 22%, and  we 
used a value for the rate cons tant  of an tenna  decay, 
k A = 0.3 ns ' ~. The pa ramete r s  (Tps,, a ~ t ,  k A) were  
not exper imental ly  de te rmined .  Al though the  assumed 
values are reasonable  and in good agree tnent  with 
o thcr  s tudies  [20,28,29], the precise values are not 
km)wn. To test the chosen  values for the  P S I  correc-  
tion, we also analyzed the zero-field decays of  the 
f luorescence emission at 725 nm, which is enr iched  in 
contr ibut ions  of  PS !. Correct ion of  the 683 nm decay 

and the 725 nm decay with T~t  = 102 ps, a ~ t , ~  3 = 
0.225 and apst.T25 = 0.57 resl~lts in the same set o f  rate 
constant  values. Such a cons tden t  in te rpre ta t ion  of  the 
two decays measured  at tl~ese two emission wave- 
lengths was not obta inable  f,,r o the r  values for Tes, or  
a ~ t .  However.  if the t ime constants  or  ampl i tudes ,  
which result from the t r i -exponential  fits o f  the meas-  
ured decays, are varied slightly, a consis tent  in terpre ta-  
tion of  the decays measured  at d i f ferent  wavelengths  is 
ob ta ined  with clearly d i f ferent  values for Test and  
aesv We conclude that  there  remains  an uncer ta inty 
about  which values are most appropr ia te  for the  PS I 
correct  ion, 

To ass~ess how sensitive the de t e rmined  pa ramete r s  
arc to the PS 1 correct ion and to the value of  k A, the 

TABLE I 

t)ara~ "ter changes re~edtmg from a t ar~atton o f  the assumed P S I  
tmte-~ on,.tant. T¢,~t. by 10~;'~ or the antenna dz'cay rate comtant, k /i. by 
50' ; 

"[hc listed values v, ere obtained b~ evaluating the data set sho'~n in 
Fig. 3. The values stem from a least-squares fit of the parameter vs. 
lhylakoid-voltage relation to a ~traight line. The rate constants and 
AG~ give the resulting 0 mV w~iue of this fit; the bottom three lines 
refer to the slopes. 

Tps~ (ps} I0(~ 110 100 
k~, (ns I) 0.3 {).3 0.15 

/') ~n,, ~) 3(b~ 3.33 3.2.3 
/, l(ns i) 031 0.66 0.29 
kz(ns )) 2.12 2.9 ZI4 
3G~ (meV) - l,~2 - 161 - 179 

.L:IG I (eV)/100 mV 18 12 18.6 
3/, ~/10~1 mV (%) - 8.2 - 7.5 - %8 
3 k  t/Ifff)mV(q~, ) +56 ,44 +5ti 



data sh¢~'n in Fig. 5 were al.~ evaluated a ilh a tOr:; 
higher T~= and a 50c~ lower k~. resl>cclivc[y. The 
results are summarized in Table I, 

It is O|~ious from Table I thai the rcsul~ do not 
depend crilically on the value of k a. However. ~.,mc of 
the determined parameters  are highly sensitive to the 
PS 1 correction. Especially, the value of the rate con- 
stant for primary charge recombination, k ~. is ex- 
tremely sensitive to Tes p indicating a considerable 
resulting uncertainty in the z~ero-field free energy dil- 
ference of the primary charge separation reaction~ A I ~ .  
the important calibration factor given in the seventh 
line, which relates the thylakoid voltage to the shift of 
the free energy level of  the primary radical pair. 
changes by about _~1)% from 18 to 12 eV/100  inV. By 
contrast, the rate constan! of  primary charge separa- 
tion, k~. and its relation to the thylakoid voltage are 
not especially sensitive to the P S I  correction. 

Oiscossiem 

Origin of the electric field effect on the fluore.~-ence 
emission 

The comparison of the f luore~ence difference de- 
cay,~ with simulauons based on the kinetic PS II model 
of Schatz e t a ! .  [111 identifies which charge separation 
reactions are respon~;ible for the electric field effect on 
the yield of PS II fluorescence: the previously observed 
electric field effect on the fluorescence yield, i.e.. an 
increase of  the yield ~ al-gut 10% per 100 mV in- 
crease in thylakoid voltage [8], results mainly (al~mt 
two thirds) from a decrease of the rate constant of 
primary charge seoaration and, to a smaller extent 
(about one third of  the yield change), from an increase 
in the rate constant of primary charge recombination; 
the yield increase does not stem from an electric field 
effect on the sex~ondary charge-separation reaction. 
(However, as discussed below, this seconda~  charge 
separation reaction may be affected to some extent, 
but this effect is too small to result in detectable 
fluorescence changes.) The simulations which lead to 
these conclusions rely on four premises: 

(1) the validity of the PS I1 model of Schatz et  aL 
[11] is assumed. This point has already been discussed 
in the Introduction. Furthermore,  confidence in the 
validity of this model is strengthened by this study. 
because this model leads to a consistent interpretation 
of the electric field data (e.g., the linear relation be- 
tween thyiakoid voltage and free energy sho~,n in Fig. 
6); 

(2) an appropriate  set of  rate constants for the 
zero-field deca~, [20] is assumed. This assumptk~n is 
unproblematic, becau.~ variations of thc~e rate con- 
stants within a reasonable range do not affect the 
conclusion that the electric field effect results aminly 
from an effect on the primary charge separation (about 

I'--~o thirds) and t~ a lesser extcnl (ah~ul cmc |hi~d) ~m 

ever. Ihc 1¢'~o-~¢Id la lc  conManls mfh~cnfe lhc magm~ 
lude ~*[ the rck~H~c ehangc~ o[ /~ ~ ~hich h~vc h~ bc 
invoked Io simula|c the expcrimcmat dccayn (da~a not 
sh(rwn, bul ,,,ee also Table l): 

(3~ il is assumed lhat the PSi  fll~oresccncc d ~ s  no~ 
exhibit an e~ectrie field eflccl. "Ibis as~,umplion is based 
on the speclrat depend~cncc '.d the electric field im 
duccd inctca~,c in the fluorc,~,:ncc cmin~i~m and ~hc 
sensitivity of  this inc~ea.,~ to I~)MU [g], (The prompt 
P S I  flta)re~'ence is on|y ~iightly or not at a|t de~er- 
mined by lhe charge separation reactions, as indicated 
by the absence of a variable PS 1 fl,~ore~enee [Y)]. 
Therefore.  the insen~itivi~ty of the 19r~'npl P S I  fluores- 
cence to electric fie~ds does not impt~ ~hal the [~  I 
eharg~ ~paral~an readi<m~ do nol ~esp~md t~ electric 
fields): 

(4) the ra~e cx)ns~ant for non-radiative decay~ is 
assumed ~o be no~ affected by electric fields. Gotffried 
et al. kmnd thal, in lhe i~)[aled B ~ - g S 0  antenna 
complex ot  photosynthetic bacteria, electric fields af- 
l e o  the non-radiative deca:~ ot excited antenna states 
[31|. Howtwer. the ab~ncc  of any ek~tric field effect 
on the f luore~encc yiekJ o | P S  II in the ck~ed rcac- 
tk ,l center stale (reduced quinone aceeplor~ IS} indi- 
cate% that th~s phenomenon is v, ol of rekwance for the 
electric field effect die, cussed here. (Furthermore.  simu- 
lations o~ differ~:nce detyays, ba~*,ed on the a~umption 
that the ob~rved  electric field effect results exclusively 
from a change of the rate cxmstant for non-radiative 
decays, are not in agreement ~ieh the expenmental[y 
determined difference decays - results r~ot sh(m~n), 

For  the eva~uation of difference deca~ ,  in contrast 
to the aa ta  evaluation leading to the rate constants 
shown in Fig. 5, il ~as  not necessaD ~o correci the data 
for the PS ! co~,~ribution to tht- fl~o~e,~encc decays. 
Also. a minor PS ii subpopuladon, in~nsltive ~o ctec- 
IGc fields, should not affec~ the c~nduskm stated abjure. 
In this c-~enl ~he conclusion woa!d refer on|y to the 
field-.~,ensifive fraction. 

De~ermanaffof~ of [LS II charge s~para~m raw conslanta 
Our approach ~o correcl t~3r the PS I ~ntribt~li~m 

and to calculate the rate ¢xmslanl~ from ~h¢ c~r~ec~cd 
initial slope, n~an  lifetime ~nd the secor~d mom=nl ha~ 
nc~t been ~ d  previously, "therefore. we wi|t dis¢~u~s 
this method in more delail .  A related appr~acL, the 
called "m,ethtl~d of fragments', has been u~ed fi:~r ~he 
analysis of  p ico~cond fl~orescenc~: ~e~ay~ of n~n- 
photosynlhetie materials ~for Refs. ~ 32, 33k 

in severa~ recent .studies. rate c~mstants of  the PS i |  
charge ~pa ra t ion  reac~i~n.~ were determined from 
time-resolved flu,~rc~ence data using the kinetic rnc~el 
of Schatz e~ aL ~1 t]. The rate c~n.~ants ~ere  ei ther 
calculated from the amplitudes and time-constants of  



I (lO 

two exponential components of preparatiCms which 
were assumed to be frec of any P S I  [9,18,34], or thc 
rate constants were determined by means of thc so- 
called ' target analysis' [20,28]. Thc first approach is not 
feasible in combination with the salt-jump tcchniquc 
used to create the electric field. The reason is that this 
technique requires intact thylakoid membranes which 
almost inevitably do contain PS I. Also, the amount of 
sample needed for the combination of the flow-and- 
mixing technique with time-resolved fluorescence 
measurement and the very long measuring time re- 
quired for the target analysis, as done by Roclofs et al. 
[20] and Lee et al. [28], arc not compatible. 

We mcasurcd fluorescence decays of thylakoid 
membranes at a single emission wavelength with 1.0. 
I04 counts per peak channel, and we fit with three 
exponential components. There is general agreement 
that under these experimental conditions a resolution 
of morc than three components is not reasonable 
[I0,35-41]. Most researchers also agree that none of 
these components can be assigned to the fluorescence 
emission of P S I  exclusively (reviewed in Refs. 21, 42). 
Thus, the exponential components obtained from 
curve-fitting of thc measured fluorescence decays rep- 
resent the fluorcsccnce kinetics of PS 1 and PS I1; the 
curve-fitting by exponentials does not permit separa- 
tion of the P S I  contribution of the fluorescence kinet- 
ics. 

The underlying idea of the data evaluation proce- 
dure is to correct for the P S I  contribution by assuming 
that PS 1 contributes to the fluorescence decay with 
fixed, a priori-known relative amplitude and time-con- 
stant. It is often assumed that the PS I fluorescence 
kinetics can be approximated by a one-exponential 
model with a life time of about 100 ps, which con- 
tributes to the peak amplitude of a thylakoid prepara- 
tion by about 20% [20,28,29], We used aps t = 22% and 
Tps w = 100 ps or 110 ps. The influence of the chosen 
value of Tes ~ is demonstrated by Table 1, the influence 
of a 10% change of aps I (not shown) is comparable. 

To do the correction we determined three parame- 
ters (initial slope, S,; mean lifetime, T~; second mo- 
mcnt, M) from the fluorescence decay of the thylakoid 
mcmbrane. These parameters are given by the sum of 
the respective parameters of PS I! and PS 1 weighted 
by their respective contribution to the peak amplitude. 
In this manner the correction of these parameters can 
easily be accomplished by Eqn. B5. 

The fluorescence parameters S~, T m and M were 
calculated from the exponential representation of the 
decays, which resulted from the curve-fitting proce- 
dure. In principle, all thrcc parameters can be calcu- 
lated from the measured decay without any curve-fit- 
ting. For three reasons we prefer to calculate these 
parameters from the fitted decay. First, the curve-fit- 
ting procedure delivers the iterative deconvolution. 

Second, the curvc-fitting program takes into account 
the possibility of a so-called 'shift '  between the meas- 
ured IRF and the measured fluorescence decay (see 
Materials and Methods), which often is not zero. Val- 
ues of T,, and M, calculated directly from the meas- 
ured decay, are sensitive to a non-zero shift. And third, 
the initial slope, S0, cannot be determined with reason- 
able accuracy directly from the (deconvoluted) decay, 
due to the interference of high-frequency noise compo- 
nents. 

The corrected parameters,  which are assumed to 
give the initial slope, mean lifetime and second mo- 
ment of the PS !1 fluorescence, were used to calculate 
the charge separation rate constants of PS Ii using 
Eqns. AI 1, AI6,  A17. These equations were derived 
directly, i,e., without any approximations or additional 
assumptions, from the differential equations (Eqns. 
A5, A6) which describe the reversible radical pair 
model. 

The cables of the PS H charge separation rate cottstants 
From the fluorescence decays the rate constants of 

primary charge separation, k~, primary charge recom- 
bination, k j, and secondary charge separation, kz, 
were determined as described above. The estimation of 
error ranges for the rate constant values is difficult. 
The reason is that the errors of the time-constants and 
those of the amplitudes, as determined by the expo- 
nential fits, are not independent.  (Visual inspection of  
Fig. 3 reveals that the 'scatter '  of a~ and T 2 are 
correlated.) Thus, a first-order error analysis, starting 
with these errors, would lead to unreasonable error 
ranges for the calculated rate constants and free en- 
ergy levels. In this work we chose a different approach. 
The error bars in the Figs. 5 -7  were calculated from 
the errors of the parameters So, Tm and M, using error 
propagation (for details see Materials and Methods). 
In the case of k ~, k ,  and AAG~, the error ranges 
indicated by the error bars in the Figs. 5 -7  appear  to 
be much greater than the deviations from the straight 
line would suggest. This disagreement might be fortu- 
itous. Another explanation could be that, in contrast to 
assumptioq, the errors of S,, Tm and M were also not 
independent. In this case an overestimate of the result- 
ing errors is likely. In any event, as demonstrated by 
Table l, the most significant source of errors is proba- 
bly the uncertainties resulting from the PS I correction 
applied. 

The zero-field values of the charge separation rate 
constants are given in the first column of Table I. 
These values deviate by less than 10% from the values 
determined by Roeiofs et ai. for PS II,, units of pea 
chloroplasts in the open reaction center state [20], and 
they are very similar to the values determined by Leibl 
et al. for trypsinated PS I! particles [9]. 

The k 2 value is of reasonable magnitude, as already 
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di~ussed elsewhere [9,11,21]. The k~ value is propor- 
tional to the (intrinsic) rate constant of prima,~y charge 
separation according to Eqn. A4. To get an estimate 
for ce and N of Eqn A4 we assume that PS II particles 
closely resemble the PS il found in the intact lhylakoid 
membranes. Furthermore, we assume that all chloro- 
phyll b and carotenoid molecules transfer excitation 
energy rapidly and irreversibly to chlorophyll a. Based 
on the deconvolution of the absorbance spectrum of 
these particles into Gaussian components done by Jen- 
nings et al. [43] and assuming that Gaussian compo- 
nents with a peak wavelength smaller than or equal to 
660 nm do not arise from chlorophyll a, we computed 
a value of c, = 1.35 for this energy concentration fac- 
tor. Using a value of N =  140 for the number of 
chlorophyll a molecules per reaction center [44], we 
eventually find for the intrinsic rate constant of pri- 
mary charge separation: 

ki"=(N/c,~)'kl=(140/l.35)'3.l ns l=(3.1ps) ~ (9) 

This number is in excellent agreement with the rate of 
radical pair formation measured in PS !I reaction 
center preparations (about 3 ps at 277 K, see ref. 2). In 
consideration of the uncertainties in the values of N 
and c~ (e.g., numbers of chlorophyll molecules per PS 
!! is a literature value and was not determined for the 
thylakoid preparation actually used in the experiments 
reported here), the almost pe ,ect agreement might be 
fortuitous. However, the calculation of k~ "t demon- 
strates that the rate constant k~ determined from our 
data is of reasonable magnitude. Using this k'," and the 
rate constant for the reverse reaction, k ~. given in 
Table I, we find a zero-field free energy difference of 
ziG = - 182 meV, calculated by Eqn. A14. between the 
excited state of the reaction center (P680") and the 
primary radical-pair state. (This frec-energy difference 
is different from the free-energy difference between 
the excited antenna state and the charge mparated 
state, which is determined by the ratio of k~ and k v) 
If we estimate the uncertainty, in N to be - 3 0  and 
+40 and for k , to be -509~ and + 100% (due to the 
uncertainties of the PS 1 correction) we find an uncer- 
tainty range for .IG~ of 182 +_ 25 meV. 

Relatioti between thylakoid voltage and free ener~,9" dif- 
ference 

A thylakoid voltage leads to an electric field which 
interacts with the dipoles of charge .separated state~ 
Thus, a thylakoid voltage changes the free energy dif- 
ference of the charge separated state [8]. Electrostatics 
predict that, at least at relatively 1o~ thylakoid volt- 
ages, the relation between thylakoid voltage, V. and 
free energy shift, a , lG ,  is linear [8A5L i.e,, a . l G  = ,',;" 
e" V with e denoting the electron charge and c~ a 
dimensionless constant. However, as already pointed 

out ia [8]~ a prediction of Q; purely by me,ms ot 
theoretical considerations or calculatkms appears to bc 
difficult, in Rcf. 8 we estimated a vatuc of {).2 for ~,, ol 
the primau; charge separation step. Fig. 6 delivers a 
value fl)r ~¢, oJ 0.17. which is in rca,~mable ~igrcemem 
with our previous estimate. However. the obvious scat- 
ter in Fig. 6 and the sensitivity of the number of the PS 
1 correctior. (Table !) indicates a considerable uncer- 
tainty in the experimentally determined value fl)r c , .  

Free energy dependence ~ff prunao" PS !I cha~xe st7~ara- 
tiotl 

As shown in Fig. 7, the relation between frec energy 
shift and the rate constant of primary charge separa- 
tion, k~, appears to be linear. The rate constant in- 
creases for an increasingly negative free energy differ- 
ence by about 6c~ per I0 meV. 

Employing ~miclassical and fully quantum mechan- 
ical approaches it has been possible to predict the 
relations between free energy differences aqd the ratc 
constants of charge transfer reactions ([24,46]; for a 
review see ref, 24). The theoretically derived relations 
were used by Vos and Van Gorkom [16] to interpret 
electric field effects on the PS l luminescence. Boxer 
and co-workers and also Moser ct al. employed tn~ i¢1 
calculations on the free energy dependence of charge 
transfer rates to analyse their experimental results on 
the electric field effect on the bacterial reaction center 
[13-15]. As demonstrated by these studies. ~_he rate 
constant vs. free energy relation depends on the model 
employed and on the values chosen for still unknown 
parameters (e.g.. reorganization energies). The ques- 
tion arises of whether the free energ~ dependence 
determined for the primary charge ~parat ion of PS 11 
may be useful as a criterion to elucidate the validit3 of 
different theoretical concepts and to determine un- 
known parameters. Or is the observed linear relation 
over a relatively small free energy range trMal and in 
agreement with any model? 

The electric field dependence (but not ab,,olute 
value) of the rate constant of pr ima~ PS 11 charge 
transfer separation was calculated for four differem 
theoretical models by E~ns. C1-C7. Some results are 
shown in Fig. 8; the calculations are briefly di~ussed 
below. 

The dotted line in Fig. N represcnt~ the c~pcrimcn- 
tally found increa~ ol the rate constanl of primary 
charge ~parat ion of 6r~ per 10 meV (Fig. 7). l-'or all 
calculations a AG~ value of 182 meV was usod {as 
given in Table 1). 

(1) T.he lowest Gat~ssian-shal~d cur~,e was ~ t a i n e d  
for an activationiess one-s~ep electron transter in the 
high-temperature timi~ (Eqn. CI, Refs. 24, 26). All 
vibrational modes which couple to the electron trans~:r 
are assumed to be so-cal]od Icr~' freq~cnQ (If} modes. 
i.e., the mode energies are smaller than k T  thigh-tern- 
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labeled 'supcrcxchange' ~as obtained for a supcrexchange-mcdiated 
electron transfer inw~hing a virtual intermediate with BE=  !t~5 
meV. ~, = I t .50'  and ,,SE as defined in the text}. The two-step models 
assume an intermediate electron acceptor bet~een P680 ~,nd pheo- 
phytin. The lines labeled e, ith "two-stepjt" were obtained under the 
assumption of an aetivationless energy transfer for the first rate- 
limiting step coupled to low-frequency modes, with (d as defined in 
the text}: d = 0.2. (lop curve), d = 0.5 {middle curve}, d = ll.7 {bottom 
curve). The 'lwo-step~t' v, as calcula|ed for a s~tquenlial electron 
tr';nsfer coupled to high-frequency nuclc~r modes represented by an 

average mode energy of 70 meV. For further details, see text. 

pcrature limit); the reorganization energy is assumed 
to be equal to the zero-field free energy difference 
resulting in an activation energy of zero. There ore no 
free parameters. 

(2) The three Gaussian-shaped ct, rves give the free 
energy difference of k'," for a (sequential) two-step 
model of activationless energy transfer in the high-tem- 
pera:urc limit (Eqn. C2, C3. sec Refs. 12. 24. 46) 
inw)lving an hypothetical intermediate. X. Because in 
the isolated PS I1 reaction-center complex the disap- 
pearance of the excited state and the formation of a 
bi-radical seem to occur with approximately the same 
time-constant [2,22], we conclude that the first step 
should be rate-limiting (i.e., only this step determines 
the rate constant k~). The electric field-induced free 
energy change of this step is given by d - J i G  t. The 
factor d is determined by the distances between the 
redox centers and by the dielectric properties of the 
intervening medium. (To a first approximation d is 
given by: d =dp~,sn_x/dp~,so.e~,, with dph8o_ x attd 
dr~sn.ph~o being projections of the respective distance 

vectors on the membrane normal.) The zero-field free 
energy difference of the rate-limiting step, JGt .  I is 
:tssumed to be - 9 0  meV. For any combination of the 
free parameters d and DGLt,  the calculated relations 
do not match the experimental results. 

(3) The free energy dependence fo: the superex- 
change mechanism was calculated according to Bixon 
and Jortner [12] for a one-step electron transfer medi- 
atcct by a hypothetical virtual intermediate, X. There- 
li)re, the change of the electronic coupling was ca!cu- 
lated according to Eqn. C5. (In (1), (2), and (4)calcula- 
tions the electronic 'mpling is assumed to be field-in- 
dependent.) A reasonable fit of the experimental rela- 
tion is obtained if: 

8E = ~,'330 meV (10) 

(BE gives the vertical energy difference between the 
virtual intermediate energy surface and the intersec- 
tion point of the {P680*,Pheo} and the {P680+,Pheo -} 
energy surface, see ref. 12; the field-induced changes 
of 8E are given by A 6 E =  u . z l A G  t, where u is a 
dimensionless constant.) 

(4) The free energy dependence was calculaten for a 
two-step mechanism with coupling to high-frequency 
nuclear modes with an average mode energy of 70 meV 
(according to Eqn. C7). It has been shown by Moser et 
al. [26] that the free energy dependence of a variety of 
biological electron-transfer reactions is in agreement 
with this concept. For d = 0.5 and zlGt.t = - 9 0  meV 
(d and JGt .  l defined as in (2)) a fit of the experimen- 
tal data is obtained with a reorganization energy of 370 
meV. For d values smaller than 0.3, with reasonable 
parameter sets, no fit is possible. 

For the calculations (1)-(3) it was assumed that the 
activation energy for the charge-separation reaction is 
zero The assumption of activationless energy transfer 
is based on the finding that, for the isolated PS II 
reaction center complex, no decrease of ihe rate con- 
slant of primary charge separation accompanies a de- 
crease in temperature from 277 K to 15 K [2,22]. It is 
often assumed that the activationless clmracter of bio- 
logical electron transfer reactions results from an evo- 
lutionary optimization of the rate of electron transfer. 
There is no proof that the primaly electron transfer is 
still activationless in the case of the PS II complex 
which is embedded in the thylakoid membrane. How- 
ever, the identity of k i" determined in this study and of 
the rate constant measured fot the primary charge 
separation of the isolated complex supports the conclu- 
sion that the membrane environment does not add an 
activation energy which leads to a decreased rate con- 
stant. Furthermore, the optimization argument would 
not be reasonable, if it held for isolated r~" lion center 
complexes but not for electron transfer i~ '~c in vivo 
environment. 
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We compared four different theoretical concepts for 
the primary charge separation with our experimental 
results. This comparison does not lead to a simple 
conclusion as to which mechanism of the primary PS il 
charge separation is the ' real '  one. Obviously, the 
treatments involving a one-step or two-step activation- 
less electron transfer in the high temperature limit are 
not in agreement with our experimental results. Model 
3 or model 4 may be appropriate;  however, a more 
conclusive test of these cc :cep ts  requires knowledge of 
free parameters (Model 3: v, AGI. . BE; Model 4: d, 
ziGt. t, A) o r / a n d  a much more extended range of free 
energy changes. Furthermore, more complex theoreti- 
cal models may be required to get an adequate descrip- 
tion of the kinetics of photosynthetic charge-separation 
reactions. In any event, the comparison with model 
calculations shown in Fig. 8 demonstrates that the 
observed linear free energy dependence is not trivial. 
A comparison of the experimentally determined free 
energy dependence of the rate constant of primary 
charge separation with model calculations appears to 
be a potentially useful tool to elucidate the validity of 
different concepts of primary charge separation. 

The observed free energy dependence cannot be 
compared directly with results from electric field stud- 
ies on the primary charge separation of photosynthetic 
bacteria [14,47-49]. The reason is that different ap- 
proaches were used to create the electric field, which, 
for the experiments on bacteria, results in multiple 
orientations of the electric field relative to the charge 
transfer reaction. Nevertheless, some features can be 
compared. The free energy dependence of the rate 
constant of primary charge separation whic', Lockhart 
et al. proposed, based on results on isotrooic samples 
(Fig. 9 in Ref. 14), is characterized by an approximately 
linear relation for free energy levels close to the z,.,o- 
field value with a slope of about 2.5% per 10 meV. 
Also, the data of Popovic [49] are suggestive of a linear 
relation between primary charge separation and free 
energy difference for free energy levels close to the 
zero-field value. According to the analysis given in Ref. 
13, the best fit of the data is obtz:'aed by assuming a 
superexchange model with a o/:  value close to the 
value predicted by Eqn. 10. In conclusion, not only the 
values for the rate constants of primary chvrge separa- 
tion, but also their free energy dependence seem to 
indicate a remarkable kinetic similarity between the 
primary charge separation in the reaction centers of 
purple bacteria and in those of PS II of higher plants. 

Free energy dependence of the quinone reduction 
For three rea~ns ,  the data presented here do not 

allow us to make a clear statement about the free 
energy, dependence of the rate constant of  secondary 
charge separation. First, we do not know the factors 
which mediate between the thylakoid voltage and the 

free energy shift for the quinone-chlorophyll biradicat. 
second, the scateer for the k :  value in Fig. 5 is fairly 
large. Third, most likely k 2 represents mainly the sec- 
ondary charge separation° i.e., quinone reduction, but 
to some extent also the decay of the primary bi-radical 
by other pathways (radiationless recombination, triplet 
decays). The only possible statement is that the depen- 
dence of k 2 on the thylakoid voltage is not very pro- 
nounced. We estimate that k~ changes by less than 
15% within the accessible range of thylakoid voltages. 

Mechanism of the variable PS lI fluorescence 
Upon reduction of the primary quinone acceptor, 

Q, ,  the fluorescence yield of PS II increases by a factor 
of 2 to 5 [50]. The origin of this variable fluorescence 
has been a matter of discussion since it~ discovery. 
Initially Q~ was assumed to be the primary acceptor. 
Therefore, the decay of fluorescent antenna states by 
initiation of the electron transfer reaction to Q,  was 
assumed to be blocked upon Q~ reduction. However, 
the discovery of pheophytin acting as the primary elec- 
tron acceptor [51-54] and the observation that the 
variable fluorescence results from reduction of O~, in 
the presence of the unreduced pheophytin, invalidated 
this simple explanation for the origin of the variable 
fluorescence. Then, Klimov proposed that. in the p:es- 
once of the reduced quinone acceptor, the primary. 
electron transfer reaction is initiated; however, this 
initial charge separation is followed by the recombina- 
tion of the primary biradical leading to an excited state 
of the electron donor [53]. The decay by fluorescence 
of this re-excited state of the chlorophyll donor was 
assumed to be the origin of the variable fluorescence. 
The pure version of this elegant hypothesis, however. 
cannot be reconciled with more recent time-resolved 
fluorescence studies [17]. Schatz el al. [11] extended 
the Klimov model by formulating the reversible radical 
pair model described in the Appendix A. According to 
this model the variable fluorescence results partially 
from an increased ~ecombination rate upon Q~ reduc- 
tion as proposed b~ Klimov. However, the main reason 
for the fluoresce'nee increase is considered to be a 
decrease in the rate of primary" charge separation upon 
0., reduction which arises from a still unknewvn mecha- 
nism. Schatz et al. suggested that this decrease results 
from an electric field which is lhe consequence of the 
reduced quinone. There can be no doubt that the 
quinone reduction leads to local electric fields. Our  
study now demonstrates that electric fields indeed af- 
fect the rate constant of primary charge separation~ 
thus providing experimental evidence in favor of the 
h3pothesis of Schatz et al. [11]. 

According to Leibl et al. [9] the rate constants of 
primary charge separation and primary charge re.com- 
bination change upon O~ reduction; according to Schatz 
et al. [11,18] the recombination rate constant remains 
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unaffected. The reason for this discrepancy is not 
known. Our results indicate that both reactions 
(primary charge separation and primary charge recom- 
bination) are electric-field dependent. This finding 
seems to be more in line with the results of Leibl el al. 
[9]. However, the local electric field, which may lead to 
the increase in the fluorescence emission upon trap- 
closure, is likely to be much larger than the external 
electric fields used in this study. Therefore, it cannot 
be excluded that at a certain field strength the value 
for the charge recombination rate constant is very 
similar to its zero-field value. 

hlJhtotce o f  PS//heterogeneities 
In the interpretation of our electric field data we did 

not consider the possibility that different populations 
of PS 11 may be characterized by a different set of rate 
constants and that they might exhibit a different sensi- 
tivity to electric fields. 

Roelofs et al. were assuming that the time-resolved 
fluorescence data are best described by assuming two 
different PS II populations. In the F~-state. i.e., with 
oxidized quinone acccptor, them populations were 
characterized by nearly the same rate constant values 
lor k~, k j and k_,; under /-],, conditions the rate 
constant sets of the two populations were found to be 
different. These results are a hint that there may exist 
a heterogeneity in the primary" and secondary charge 
separation reactions. At the moment it is not clear to 
what extent possible PS II heterogencities influence 
our conclusions: further studies on this question arc 
required. 
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Appendix A 

The reverzible radical pair model 
According to the reversible radical-pair model, exci- 

tation energy transfer between different antenna pig- 
ments and between antenna pigments and the reaction 
center (P680) chlorophyll(s) is fast, and ~)-called exci- 
ton equilibration is obtained within about 20 ps. Exci- 
ton equilibration means that the probability for the 
excited state to reside on a certain pigment is approxi- 
mately proportional to the Boltzman factor e -~ ' ' '~7~ 

with A giving the wavelength at the absorption peak of 
the pigment. (For a more detailed theoretical analysis 
of the excitation equilibration approximation see refs. 
55, 56.) Thus, after exeiton equilibration has taken 
place, the probability for the excited state to reside on 
the reaction center, pr~, is given by (N i = number of 
pigments with absorption peak at a~; A~¢ = 680 nm); 

P.  = % t l / N J  (AI }  

with 

N = number of antenna pigments = Y'~N~ (A2) 

% = energetic concentration factor 

= e  t . . . . . . .  , t  , ' { E ( N ~ / N ) ' e  ' . . . . .  .,7,} (A3) 

(The assumption of rapid exciton equilibration is 
definitely not valid at low temperatures, nor for phyco- 
bilisome-containing PS !I complexes of cyanobacteria.) 
After exciton equilibration, the effective rate constant 
of excited state decay by primary charge separation, k ~, 
is given by the product of the probability to find the 
excited state at the reaction center, p~, times the 
(intrinsic) rate constant for the electron transfer from 
P680 to the pheophytin. 

k t = pr.k~i " = c c . ( I / N ) . k ~ l  ~ (A4) 

For c~. = 1, Eqn. A4 corresponds to the Pearlstein 
equation for the trap-limited case (Eqn. 14 in Ref. 57). 
Excited antenna states may also decay by radiative 
decays, k v. and nonradiative decays, k.r. these two 
decay paths are summarized under the rate constant 
k A. The primary biradical state {P680+,Pheo -} is 
formed by the primat3r charge separation. The decay of 
this state by recombination to the excited singlet state 
of the reaction center (reformation of P680") is de- 
scribed by the rate constant k ~. Also, the state 
{P081)'.Phco } may decay by means of electron trans- 
fer to the primary quinone or by triplet formation. 
These decay paths are summarized under the rate 
constant k,.  Thus, the kinetics of excited antenna 
states (state A) and the primary biradical (state B) 
after delta-pulse excitation are described by the follow- 
ing differential equations: 

d A / d t = - ( k  l + k , , ) - A  + k  fiB. A ( t = 0 ) = A ~  (AS) 

d B / d t = - ( k  ~ + k : ) ' B + k ~ ' A .  B ~ I = 0 ) = 0  (A6) 

By solving these differential equations, a bi-exponential 
decay of the excited antenna state A, is found: the 
fluorescence emission F(t)  is given by k v . A ( t ) .  The 
amplitude ratio and both time-constants are relatively 
comf~i t functions of all rate constants. They can 
be founo m Refs. 9, 11. 



105 

For the fluorescence yield, y, and the mean lifetime, 
T m, of the fluorescence dccay we obtain: 

Y = k l / ( k a + ( l ' -  r ) k j )  (A7) 

7]~,= l / ( k A + ( I -  r )k l )  (AS) 

with the reversibility factor, r. is given by: 

r = k  i / ( k  i + k 2 )  (A9)  

Small changes of the fluorescence yield which originate 
from changes of k~, k ~ or k 2 are approximately given 
by (for k A << k I ): 

A y / y = - A k l / k l + r ' . l k  I / k  i - r ' . . l k 2 / k 2  ( A I 0 )  

From the initial slope S o, the mean lifetime T m and the 
second moment M of the resulting fluorescence decay 
(Eqns. 4-6) the following parameters can be calculated 
if a value for k A is assumed. (In this work v,e assume 
that k A = 0.3 ns - I ;  however, the k A value is uncritical 
as long as k A << S o, see also Table 1.) 

k I = S . -  k, x ( A l l )  

r = k  t / ( k  i + k z ) = ( S . - I / T m ) / k l  (AI2)  

g , = k , / k  , = ( M / T d - I ) / r  2 (AI3)  

A G l = - k T ' l n ( k ~ n / k  , ) = - k T ' i n ( g , ) + k T ' l n ( c . / N )  (AI4)  

aAG,  = k T ' { l n ( g l ) - I n ( g [ )  } (AIS)  

k i = k l / g l  (AI6)  

k 2 = ( I / r  - I)k _ I (AtT) 

Appendix B 

PS I correction 
The initial decay rate Ri, . = d F / d t  is the sum of 

the initial decay rates of PS II and PS i. 

R,nil = R,n,,.psl + R,n,l.psl t (BI) 

The initial slope, S.. of the fluorescence decay is given 
by the initial decay rate divided by the peak amplitude. 
Hence: 

S n = R,n . / . 4  with A = Aps I + .4psll (B2) 

S 0 = k,niLpS I / A  + kinii.psi | / A  = (ApM "'~PSI ).m if- ( A f.,.,i I "Spglt ) / A  

(B3) 

SPSII = t A / A P S I I ) ' { S I I - t A p s  I / A ) ' S p s  l} ( f t4 t  

The same consideration holds for the mean lifetime. 
T m, and the second moment. M. Thus: 

X ~ n = ( A / A p s .  I ' { X - t A ~ . ; I / A ) ' X p s j }  wilh X = S . . ' F m .  ~f 

(B5) 

Appendix C 

Eh'ctric ]h'M dependem'e o1" the primao'  cha~:qe s~7mra- 
tion 

The ratio between two electron transfer rates was 
calculated according to Fermi's Golden Rule: 

/ t,,, ) ( FC:, / F¢ ~., ) (('1) 

with V', V" matrix elements of electronic couNing: 
FC' ,  F (  "°, Frank-Condon factors. 

Four models, which differ in respect to the electric- 
field dependence of either the electronic coupling or 
the Frank-Condon factors, were considered. In all cal- 
culations, a value of 26 meV was used for kT:  .:IG~ 
gives the zero-field free encrgy difference for the elec- 
tron transfer from the donor P680 to the acccptor 
phcophytin, A,3G 1 gives the electric field induced 
change of this free cnergy difference. 

(I) One-step activationless electron transfer in the 
high temperature limit (see Rcfs. 24, 46, the reorgani- 
zation energy is assumed to be equal to the frec energy 
differencc). 

v ' / v " =  ;. FC'/FC" =exp{ - aAGi/(a.a(;~kl~ } (('t) 

(2) Two-step activationless electron transfer in the 
high-temperature limit with the first step being rate- 
limiting (see Refs. 12, 24. 46, the reorganization energy 
of the first step is assumed to be equal to its free 
energy, difference). 

k;, /k'!, = k;,,/k', ' . ,  (c2)  

~',',/v,';, : I. FC;,/FC',', = ~,p{ -~J.a.~C;,//t4JC;,.,kTq 

(('3) 

with the subscript "1,1" referring to the first electron 
transfer reaction. The factor d is defined as: 

d = J..]GIA /J . . lG I (C4) 

(3) Superexchange mechanism treated as a one-step 
activationlcss electron transfer in the high-temperature 
limit mediated by a virtual intermediate (see rcfs. 12, 
14). 

I " / 1 : "  = ~iE / (  6E * t ' -- lJ(;  ~ ). 

FC~ / FC*i'= e x p { -  A.3G ~ / ( 4AGikT )} (c5) 

"aith: t, = .16E/A.3G I (('6) 

8 E  gives the vertical energy difference between the 
virtual intermediate energy surface and the intersec- 
tion point of the {P680*,Pheo} and the {P680*.Pheo-} 
energy surface. 
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(4) T w o - s t c p  e lec t ron  t r ans fe r  v,,ith coupl ing  to  

high-frequency- m o d e s  with all average  m o d c  e n e r g y / o f  

70 m c V  (see Ref. 26I. 

L-')'l/L/u"~= t. I,(~)/1"¢ ~ I/{ ,~/125mcV}<l~,Ja/'125meV} 

t('7 ) 

wi th  p'  = --(A(;)r ~ ~" d " , . IAGt ) /70  m c V ,  p() = 

- , : I G L ~ / 7 0  meV,  a lhc rc t ) rganisa t ion  cnergy ,  d given 

by Eqn,  C4 ar)d /~){ } dcno l ing  modi f ied  Bcssel  func- 

l ions o f  o r d e r  p. 
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