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Across the thylakoid membrane of spinach chloroplasts a diffusiop potential of defined magnitude can be created by rapid
changes in the KCl concentration. The resulting electric field 1eads to an increase in the yield of photosystem 11 (PS ID
fluorescence for positive membrane voltages — positive in the inn@y thylakoid space - and a decrease for negative membrane
voltages (Dau and Sauer, 1991, BBA 1098, 49-60). We have now studied this phenorienon by measurement of picosecond
fluorescence decay. Based on the kinetic PS II model of Schatz ¢t al. (1988, Biophys. 1. 54, 397-405), the fluorescence decays
were interpreted in terms of the rate constants of primary charge separation (formation of reaction center cation radical and
pheophytin anion radical), primary charge recombination (recombination of primary biradical 1o chlorophyll singlet state) and
secondary charge separation (reduction of primary quinone acceptot)- For increasingly positive thylakoid voltages. the results arc
indicative of a relatively small but significant decrease in the rate constant of primary charge scparation {by about 8% per + 100
mV thylakoid voltage) and a much larger increase (by about 509% per + 100 mV) of the ratc constant of prinary charge
recombination. Nevertheless, due to the high sensitivity of the PS 11 fluorescence vield to changes in the rate constant of primary
charge separation, the field-induced increase of fluorescence 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 freec energy differcnce of the primary radical pair was found to change by 17 meV per 100 mV thylakoid
voltage. The relation between the rate constant of primary charge Separation and the free energy difference appears to be lincar
within the accessible range of free energy changes (— 15 meV to +22 meV); the rate constant of primary charge scparation
increases with increasingly negative free energy differences by 6% per 10 meV. This free cnergy dependence is compared with
model calculations for a sequential two-step and for a super-exchange model of the primary PS 11 charge separation.

Introduction

In Photosystem II (PS H), a pigment/protein com-
plex embedded in the thylakoid membrane of higher
plants, light is absorbed by about 200 antenna pig-
ments. The excitation energy is transferred rapidly to
the reaction center, called P680, which is often as-
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Abbreviations: Fy, fluorescence with oxidized Q,; F,, fluorescence
with reduced Q_; AG, free energy difference; Pheo, primary accep-
tor pheophytin of PS IL: P680, reaction center chlorophyll of PS 1I;
PS, photosysiem; Q,, primary quinone acceptor of PS 1I; ¥, thyl-
akoid voltage.

sumed to be a dimer 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 (P6807) and a pheophytin anion radical
(Pheo ™). This primary charge separation may be fol-
jowed by a secondary charge separation resulting in the
reduction of a quinone (Q,). by formation of triplet
states or by recombination and reformation of the
¢xcited singlet state of the donor. The primary charge
separation reaction competes with back transfer of
¢xcitation energy 1o the antenna and the consequent
fluorescence. Membrane potentials and the resulting
electric fields seem to affect the charge separation
and /or recombination reactions, and thereby the so-
called “prompt’ fluorescence emission of PS 11 {3-8].
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It has been proposed that electric fields, which
result from an clectric potential difference between
inner and outer thylakoid space, may be of physio-
logical importance for the control of PS II electron
transfer [7.9,10]. Schatz et al. [11] put forward the
hypothesis that local electric ficlds may be respotsible
for the fluorescence increase observed upon Q, reduc-
tion, the so-called variable 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.c., with oxidized Q,, the PS 11
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 11 charge secparation reactions. However, the ob-
served electric ficld cffect 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 Al0 in the Appendix). The analysis of the steady-
state fluorescence emission cannot determine which
charge transfer reuction effects result in the electric
field effect on the fluorescence emission or how the
rate constants, which describe the different PS 11 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.

To relate the picosecond fluorescence kinetics of PS
Il to the charge separation reactions, it is necessary to
use a specific kinetic model. Our analysis of the elec-
tric ficld effect on the PS Il 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 II's, which is outlined in
the Appendix. This model has been confirmed by pi-
cosecond studies on the fluorescencz emission [9.18-
201, 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 1l 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 distance between the donor chlorophyll(s) and
the pheophytin 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-
siderations [24] and experiments on different inner-
protein clectron 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 analogy 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 recctions 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 1l 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 MgCl, and 2 mM Hepes, adjusted to pH 7.1 with
NaOH. The KCl concentrations were chosen as speci-
fied in the text. To obtain always the same osmotic
strength of the medium [8), the sorbitol molar co-cen-
tration was determined according to: [sorbitol] = 330
mM — 2 -[KCI]L.

To create a diffusion potential across the thylakoid
membranes, the inner thylakoid space was ‘pre-loaded’
with a KCl concentration [KCl], and then various
outer-thylakoid salt concentrations, [KCI]*", were es-
tablished by means of the flow and mixing technique
described below.

10 min before starting the experiment, the thylakoid
membranes, and 2 pM of the potassium-specific
ionophore valinomycin, were suspended in a solution
with the KCI concentration [KCl], = 27 mM, except in
the case of data points in Figs. 6 and 7 marked by a
square, where it was (.65 mM.

During the measurements the dark-adapted thyl-
akoid-containing solution was continuously mixed with
solutions of different KCl content as follows. The two



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 pg/ml

The thvlakoid voltage after mixing was calculated
from the KCl concentration of the initial thylakoid
solution, [KCl],, and the KCl concentration of the
medium resulting from the mixing proccss, [KCI*™,
according to

V =59 mV-log([KCI* /[KCl]y) (4}

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 low-intensity laser pulses (50 W m~?) 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
I1 (F;-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,, per decay); the sequence of KCl concentra-
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tions was random and not monotonically increasing or
decreasing.

By curve-fitting, employing iterative dcconvolution
with the instrument response function, all fluorescence
decay data were resolved into a sum of cxponcntials
described by the pre-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 x? value. Visual inspection of the plot of the
weighted residuals never revealed any deviations which
appeared to be non-random. Reduced y? values of the
fits were always between 1.0 and 1.15. The plots of the
weighted residuals and the x? 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, A4,, the time-constants, T;,
and the measuring time for each experiment, r:

relative amplitudes a,= A, /(ZA,) 2)
amplitude A= (ZAi)"d (3)
initial slope So= Ea\ /T 4)
mean lifetime T,=YaT (5)
second moment M=Ya T} (%)
deconvoluted decay  F(1) = Za, el (7)
difference decay AF()y=F'(1)—- F(1) (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, T,, and M were calculated
from the data sct shown in Fig. 3. The plots of these
parameters vs. the thylakoid voltage were fitted by
straight lines (linear regression), the standard errors of
*he slope values and the zero-field values (given in the
Results section) were relatively low. Thercfore, we
used the standard deviation from the straight line
(AS,. AT, and AM, respectively) as an estimate of the
respective error. The errors of these three parameters
were assumed to be independent; the errors of the rate
constants and of the change in free energy were calcu-
lated according to (y =k, k_,, k, and AAG, respec-
tively)

Ay = SORT{{(dy /48,)4S,}" +{(Ay /4T,,) AT, )’
+ 1Ay /M) AMY)

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

Results

Thylako.d membranes suspended in a 27 mM KCl
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 details see Materials and Methods).

Fig. 1 shows the fluorescence decays measured with-
out thylakoid volrage (lower curve) and with a positive
thylakoid of 46 mV (upper curve). Already upon appli-
cation of this relaiively low thylakoid voltage, an elec-
tric-field-induced difference in the fluorescence-relaxa-
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Fig. 1. Fluorescence decay with a salt-induced thylakoid voltage of
+45 mV (lower line) and the zero-voltage decay (upper line). The
curve-fitting results for both dzcays are given in Fig. 3.
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Fig. 2. Flnorescence 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-fitting results for both 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
taylakoid voltage (—69 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 resuits 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



electric field dependence; however, the yield of this
component (=a,-7T;) remains almost constant (not
shown). This long-lived component is assumed to origi-
nate from ‘impurities’, such as a small amount of
closed PS Il reaction centers and/or 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 {ilowing, this lifetime com-
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ponent 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 thie same results.)
Fig. 3C gives the amplitude and the mean iifc 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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[gn. 8 from the data shovn in Fig, 2 (AY Ditference decays within 200 ps after delta-pulse excitztion: (B) difference decays within 2.5 ns after
exciation.

Appendix A, Egns. A7, AR). Because the amplitude
remains constant, our previous conclusion, that the
clectric ficld does not change the radiative decay rate
constants, is confirmed. The mean lifetime. which was
calculated according to Egn. 5 from the amplitudes
and time-constants of the three exponential compo-
nents, increases linearly with the thylakoid voltage by
i1 +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 Ref. 8 the question was raised about which PS 11
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 1o changes of individual
charge-transfer rate constants were simulated, based
on the reversible radical-pair model [11] using the rate
constants determined by Roelofs et al. [20].

The experiment curve in Fig. 4 gives the difference
between 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 shown). Some essential features of these
difference decays calculated from the curve-fitting re-
sults 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 =0, the maximum is
rcached at about 430 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 decays resulting from changes of the rate
constanis of primary charge separation (k,), primary
charge recombination (k _,) and secondary charge sep-
aration (k,). respectively. For each of the three simu-
lated difference decays, one rate constant was changed
to get an increasc in the mean lifetime by 3.49%, while
the other rate constants remained unchanged. This was
accomplished by a change of k, by 3.8%, of k_, by
31%. and of k, by 23%. (The magnitude of the 4k,
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 amplitudes (1 = 0) of the simulated decays and
the measured decays were set to be equal. This consti-
tutes an approximuiion, because PS I contributes to
the amplitudes of the measured decays. Consideration
of a PS I contribution, which does not depend on the
thylakoid voltage, would require only a rc-scaling of
the expcrimental 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 (sec also Discussion).

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

(1) changes of individual rote constants influence
the fluorescence decays in distinctive ways. Thus, anal-



ysis of time-resobved fluorescence data should help 1o
clucidate the origin of the clectric-ficld cffect on the
fluprescence crussion;

(2} all threc charge separation/ recombination rate
constants influence the fluorescence decavs, However
to get a comparable effect on the mean lifetime, the
relative changes of &k, and &, have 10 be much
greater than the changes of k. This means that. as
predicted by Eqn. Ai0, reiatively small changes ¥ &,
are more likely 1o be detectable than comparable
changes of k_, and k,, which may bec 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 1l fluorescence
em.ssion results from a change of the rate constant of
primary charge separation and most likely also of the
rate constant of primary charge recombination. The
origin of the electric field-induced change in the fluo-
rescence vield secems to be not a change of the rate
constant k, (though changes of &, cannot be ruled
out, sce Discussion). A nearly p--riect fit (not shown) of
the experimental curve is obtamned, if k, is changed
from 3 to 2.885 ns™' and k_, from 0.3 10 0.329 ns ™' if
k, 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 /
decreasc in the PS II fluorescence yield arises mainly,
but not exclusively, from a decrease/increase of the
charge separation rate constant k,; about one third of
the electric field effect on the fluorescence vield 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 11 charge separation reactions using the reversible
radical pair model of PS 11 (see Appendix A). To do so
the initial slope. 5, of the decay, the mean lifetime,
T,,. and the second moment, M, were calculated (Eqns.
4-6). ANl three parameters depend lincarly on V. the
thylakoid voltage: S, = 4.83(0.2%) - 2.0{13%} V. T, =
0.283{(0.29%} + 0.32{5%} V; M = 0.130{0.5%} +
0.33{(5%} V; S, in ns™'. T,, in ns, M in ns’: 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 §; and M
curves are not shown. These parameters were cor-
rected for the PS I contribution according to Eqn. BS.
It was assumed that the PS I 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_,, kX, and the change of the free energy
difference, AAG,, were determined according to Eqns.
Al1-A17 with a value of 0.3 ns™! for k,, the rate
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Fig. 5. Thylakoid-voltage dependence of the PS 1 rate comiants for
primary charge sepiration (k. chned squares). primary charge re-
combination (& . open crcles), and secondary charge separation
(k5. cloned triangles).

constant for radiative and nonradiative decays of ¢x-
cited antenna chliorophylls. The resulting rate con-
stants are shown in Fig. §.

The slope of the &, line in Fig. 5 indicates that the
rate constant k&, decreases by 8 + 1% per 100 mV
increase in thylakoid voltage; the rate constant & _,
increases by 36 + 6% per 100 mV. Also the rate con-
stant k, seems to increase by 15 + 6% with increasing
thylakoid voltages. However, taking into consideration
the relatively small sensitivity of the fluorescence decay
to changes of k,, as discussed above, and the apprecia-
ble scatter of the k, values, we consider this increase
to be of doubtful significance.

Using the results of Fig. 5, ie. the &k, and k|
values, it becomes possible to calculate the shift in the
free energy difference, 446G, which results from the
salt-induced thylakoid voltage. In Fig. 6 the relation
between changes in the free energy difference of the
primary charge separation reaction and the thylakoid
voltage is shown.

In the case of the data set discussed so far, the
initial potassium chloride content of the thylakoid solu-
tion was [KCl}, =27 mM. The choice of the {KCl],
detenuines the accessible range of positive thylakoid
voltages I8]. To extend this range, experiments with
[KCll, =0.65 mM were done; 44G,; and k; were
determined as described above. In Fig. 6 and Fig. 7,
the resulting values are displayed, together with the
vatues of the data set with [KCi], = 27 mM.

It was a goal of this study to determine the free
energy dependence of the primary charge sepaiation
reacticn. Fig. 6 provides a calibration of the changes in
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free energy, A3/, which result from the salt-induced
thyvlakoid voltage. The slope of the straight line in Fig.
6 indicates that the free energy difference of the pri-
mary charge sepaiation reaction 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 zero-field value) of the rate con-
stant of primary charge separation, as a function of the
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ficld-induced change in free energy difference, is plot-
ted in Fig. 7. The relation between free energy shift
and the rate constant of primary charge separation, k.
appears to be linear; the rate constant increases for an
increasingly negative free energy difference by about
6% (+0.5%) per 10 meV.

Based on the PS 1] mode! of Schatz et al. {11], the
rate constants k,, k _, and &, were determined from
the experimental data, as described above. To do so,
we corrected for the PS | contribution to the picosce-
ond fluorescence kinetics, assuming a mono-exponen-
tial PS | decay with Ty = 100 ps, dpgy = 22%. and we
used a value for the rate constant of antenna decay,
k=03 ns"'. The parameters (Tpg, dpg, ka) were
not experimentally determined. Although the assumed
values are reasonable and in good agreerent with
other studies [20,28,29], the precise values are not
known. To test the chosen values for the PS 1 correc-
tion, we also analyzed the zero-field decays of the
fluorescence emission at 725 nm, which is enriched in
contributions of PS L. Correction of the 683 nm decay
and the 725 nm decay with Tpg = 102 ps, dpg s =
0.225 and g, 15, = 0.57 results in the same set of rate
constant values, Such a consistent interpretation of the
two decays measured at these two emission wave-
lengths was not obtainable fur other values for Ty, or
dpg. However. if the time constants or amplitudes,
which result from the tri-exponential fits of the meas-
urcd decays, are varied slightly, a consistent interpreta-
tion of the decays measured at different wavelengths is
obtained with clearly different values for Tpg and
dpg. We conclude that there remains an uncertainty
about which values are most appropriate for the PS I
correction,

To assess how sensitive the determined parameters
are to the PS I correction and to the value of k,, the

TABILE]

Parui ter changes resulting from a (ariation of the assumed PS [

tirve-comtant, Tpyy. by 107 or the antenna decay rate constant, k 4, by
bl

The histed values were obtained I evaluating the data set shown in
Fig. 3. The values stem from a keast-squares fit of the parameter vs.
thylakoid-voltage relation 1o 2 <traight line. The rate constants and
3G, gve the resuliing 0 mV vaiue of this fit; the bottom three lines
refer to the slopes.

Tpgt (ps) 100 110 100
kaftas ') 3 K] 0.15
Aot D) 308 333 323
Aofos B 0.31 0.65 0.29
kytns 1) 22 29 214
AG, tmeV) - 182 - 16} ~179
33G (eV)/ 100 mV i8 12 186
3k, /100 mV (%) -8.2 -7.5 ~18
Sk /100 mV (%) +56 + 44 +58




data shown in Fig. 5 were also evaluated with o 1077
higher Tu, and a 5% lower k. respectively. The
results are summarized in Tabic L

It s obwious from Table | that the resulis do not
depend critically on the vulue of & ,. However, some of
the determined parameters are highly sensitive 1o the
PS 1 correction. Especially, the value of the rate con-
stant for primary charge recombination. £ . is ex-
tremely sensitive 10 Ty, indicating a considerablc
resulting uncertainty in the zero-field free cnergy dif-
ference of the primary charge separation reaction. Also,
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 30% from 18 to 12 eV /100 mV. By
conirast, the rate constant of primary charge separa-
tion, k,, and its relation to the thylakoid voltage arc
not especially sensitive to the PS I correction.

Discussion

Origin of the electric field effect on the fluorescence
emission

The comparison of the fluorescence difference de-
cays with simuiauons based on the kinetic PS H model
of Schatz et a'. [11] identifies which charge separation
reactions are responsible for the eiectric field effect on
the yield of PS 11 fluorescence: the previously observed
electric field effect on the fluorescence yield, ie.. an
increase of the yield by arout 10% per 100 mV in-
crease in thylakoid voltage [8], results mainly (about
two thirds) from a decrease of the rate constant of
primary charge szparation 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 secondary charge-separation reaction.
(However, as discussed below, this secondary 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 11 model of Schatz et ai.
{1} 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 lincar relation be-
tween thylakoid voltage and free energy shown in Fig.
6);

{2) an appropriate set of rate constants for the
zero-field decay {20] iz assumed. This assumption is
unproblematic, because variations of these rate con-
stants within a reasonable range do not affect the
conclusion that the electric field effect results mainly
from an effect on the primary charge separation (about
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two thirds) and 1o a lesser extent (about one thitd) on
the rate constant of «econdan charge separation How.
ever. the soro-ficld rate comaants influcnce the magns
tude of the relative changes of & which have 10 be
invoked 1o simulate the oxpenmoental decays (data not
shown. but see also Table 1)

(35 it s assumed that the PS 1 fluorescence does not
exhibit an clectric ficld effect. Thas assumption is based
on the spectral dependence of the electne field in-
duced increase in the fluoresconce emission and the
sensitivity of this increase to DOMU (8] (The prompt
PS 1 fluorescence i only slightly or sot at all deter-
mined by the charge separation reactions, as indicated
by the absence of a variable PS 1 fluorescence [39]
Therclore. the insensitivity of the prompt PS | fluores-
cence to eleciric ficlds docs not imply that the PS 1
charge separation reactions do not respond o clectric
ficlds):

{4} the rate constant for non-radiative decays is
assumed 10 be not affected by electric fields. Gottfnied
et al, found that in the isolated BR-ES0 antenna
complex of photosynthetic bacieria. electric ficlds af-
fect the non-radiathe decays of exciled anlenna states
{31]. However. the absence of any clectric field offect
on the fluorescence vield of PS 1 in the dosed reac-
tic 4 conter state {reduced quinone acceptor) [8) indi-
cates that this phenomenon is not of relevance {or the
electric field effect discussed here. {(Funhermore. simu-
lations of difference decays. based on the assumption
that the observed clectric field effect results exclusively
from a change of the rate constami for non-radiative
decays. are not in agreement with the experimentally
determined difference decavs - results not shown),

For the evaluation of diffcrence decays. in contrast
to the daa evaluation leading 1o the rate consianis
shown in Fig. 5, it was not necessary 10 correct the data
for the PS | cortribution to the fuorescence decays.
Also. 2 minor PS 1 subpopulation, insensitive 1o clec-
tric ficlds. should not affect the conclusion stated above.
In this event the conclusion would refer only w the
field-sensitive fraction.

Determination of PS5 1l charge separation rate constanis

Our approach to correct for the PS | conuibution
and 1o calculate the rate constants from the vorrected
initial slope. mean lifetime and the scoond moment has
oot been used previously, Therefore. we will discus
this method i3 more detad, A related approach, the so
called ‘method of moments’. has been used for the
analysis of picosccond fluorescence <ecays of non-
photosynthetic materials {for Refs, see 32, 330

in several recent studics. rale constants of the PS
charge separation reactions were determined from
time-resoived flucrescence data wsing the kinetic model
of Schatz et al. {11} The ratc constants were cither
caiculated from the amplitudes and Ume-constants of
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two cxponential components of preparations which
were assumed to be free of any PS 1[9,18,34], or the
rate constants were determined by means of the so-
called ‘target analysis' [20,28]. The first approach is not
feasible in combination with the salt-jump technique
used to create the electric field. The reason is that this
technique requires intact thylakoid membranes which
almost inevitably do contain PS 1. Also, the amount of
sample needed for the combination of the flow-and-
mixing technique with timc-resolved fluorescence
measurement and the very long measuring time re-
quired for the target analysis, as done by Roclofs et al.
[20} and Lee ct al. [28], arc not compatible.

We mcasured fluorescence decays of thylakoid
membranes at a single emission wavelength with 1.0 -
104 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
[10.35-41]. Most researchers also agree that none of
these components can be assigned to the fluorescence
emission of PS I exclusively (reviewed in Refs. 21, 42).
Thus, the exponential components obtained from
curve-fitting of the measured fluorescence decays rep-
resent the fluorescence kinetics of PS I and PS II; the
curve-fitting by cxponentials does not permit scpara-
tion of the PS I contribution of the fluorescence kinet-
ics.

The underlying idea of the data evaluation proce-
dure is to correct for the PS I contribution by assuming
that PS | contributes to the fluorescence decay with
fixed, a priori-known relative amplitude and time-con-
stant. It is often assumed that the PS 1 fluorescence
kinetics can be approximated by a one-exponential
model with a lifc 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 ag; = 22% and
Tpg = 100 ps or 110 ps. The influence of the chosen
value of Tpg, is demonstrated by Table L. the influence
of a 10% change of apg, (not shown) is comparable.

To do the correction we determined three parame-
ters (initial slope, S,; mean lifetime, 7, ; second mo-
ment. M) from the fluorescence decay of the thylakoid
membrane. These parameters are given by the sum of
the respective parameters of PS Il 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,, 7., and M were
calculated from the exponential representation of the
decays, which resulted from the curve-fitting proce-
dure. In principle, ali three 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 curve-fitting program takes into account
the possibility of a so-called *shift’ between the meas-
vred IRF and the measured fluorescence decay (see
Materials and Methods), which often is not zero. Val-
ues of 7, and M, calculated directly from the meas-
ured decay, arc sensitive to a non-zero shift. And third,
the initial slope, S, cannot be determined with reason-
ablc 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 1l fluorescence, were used to calculate
the charge sepnration rate constants of PS Il using
Egns. All, A16, Al7. These equations were derived
directly, i.e., without any approximations or additional
assumptions, from the differential equations (Eqgns.
AS, A6) which describe the reversible radical pair
model.

The values of the PS II charge separation rate constants

From the fluorescence decays the rate constants of
primary charge separation, k,, primary charge recom-
bination, k_,, and sccondary charge separation, k,,
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, 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 ecrror bars in the Figs. 5-7 were calculated from
the crrors of the parameters §,, T,, and M, using error
propagation (for details see Materials and Methods).
In the case of k_,, k, and 4AG,, 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
assumption, the errors of 5, T, 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 I, 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 Roelofs et al. for PS I, 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 Il particles {9].

The k, value is of reasonable magnitude, as already



discussed elsewhere {9,11,21]. The &, value is propor-
tional to the (intrinsic) rate constant of primacy charge
separation according to Egn. A4. To get an estimate
for ¢, and N of Eqn. A4 we assume that PS 11 particles
closely resembie the PS 11 found in the intact thylakoid
membranes. Furthermore, we assume that all chloro-
phyll b and carotenoid molecules transfer excitation
energy rapidly and irreversibly to chlorophyll 4. 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 10
660 nm do not arise from chlorophyll a, we computed
a value of ¢, = 1.35 for this energy concentration fac-
tor. Using a value of N =140 for the number of
chlorophyll @ molecules per reaction center [44], we
eventually find for the intrinsic rate constant of pri-
mary charge separation:

kP =(N/c) ky=(140/1.35) 3.0 ns "= (3.0 ps) ! 9

This number is in excellent agreement with the rate of
radical pair formation measured in PS II reaction
center preparations (about 3 ps at 277 K. sce ref. 2). In
consideration of the uncertainties in the values of N
and c_ (e.g., numbers of chlorophyll molecules per PS
11 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™ demon-
strates that the rate constant k, determined from our
data is of reasonable magnitude. Using this ki and the
rate constant for the reverse reaction, k_,, given in
Table I, we find a zero-ficld free energy difference of
AG = — 182 meV, calculated by Eqn. Al14. between the
excited state of the reaction center (P680%*) and the
primary radical-pair state. (This frec-energy difference
is differcnt from the free-energy difference bctween
the excited antenna state and the charge separated
state, which is determined by the ratio of &, and & _,.)
If we estimate the uncertainty in N to be —30 and
+40 and for k _, 1o be ~50% and + 100% (due to the
uncertainties of the PS 1 correction) we find an uncer-
tainty range for AG, of 182 + 25 meV.

Relation between thylakoid voltage and free energy dif-
ference

A thylakoid voltage leads to an electric field which
interacts with the dipoles of charge separated states
Thus, a thylakoid voltage changes the free energy dif-
ference of the charge separated state {8]. Electrostatics
predict that, at lecast at relatively low thylakoid volt-
ages, the relation between thylakoid voltage, V. and
free energy shift, AAG, is linear {8,45], ie., 343G =¢, ;-
eV with e denoting the electron charge and ¢, a
dimensionless constant. However, as already pointed

13

out in {8}, a prediction of ¢, purely by means of
theoretical considerations or calculations appears to be
difficult. In Ref. 8 we estimated a value of 0.2 for ¢, of
the primary charge separation step. Fig. 6 delivers o
value for ¢, of (117, which is in reasonable agreement
with our previous estimate. However, the obvious scat-
ter in Fig. 6 and the sensitivity of the number of the PS
I correctiorn (Table D) indicates a considerable uncer-
tainty in the experimentally determined value for ¢,

Free energy dependence of primary PS 1 charge separa-
tion

As shown in Fig. 7, the relation between free energy
shift and the rate constant of primary charge separa-
tion, &,, appears to be linear. The rate constant in-
creases for an increasingly negative free energy differ-
ence by about 6% per 10 meV.

Emploving semiclassical and {ully quantum mechan-
ical approaches it has been possible to predict the
relations between free energy differences and the rate
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 1 luminescence. Boxer
and co-workers and also Moser ¢t al. employed mo dod
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 thesc studies. the ratc
constant vs. free energy relation depends on the model
emploved and on the values chosen for still unknown
parameters {e.g.. reorganization energies). The ques-
tion arises of whether the free energy dependence
determined for the primary charge separation of PS 1l
may be useful as a criterion to elucidate the validity of
different theoretical concepts and to determine un-
known parameters. Or 15 the observed lincar relation
over a relatively small free energy range trivial and in
agreement with anyv mode!?

The electric field dependence (but not absolute
value) of the rate constant of primary PS H charge
transfer separation was calculated for four different
theoretical models by Edns. C1-C7. Some results are
shown in Fig. 8; the calculations are briefly discussed
below.

The dotted line in Fig. B represents the esperimen-
tally found increasc of the rate constant of primary
charge separation of 67 per 10 meV (Fig. 7). For all
calculations a AG, value of 182 meV was used (as
given in Table 1)

{1) The lowest Gaussian-shaped curve was obtained
for an activationless one-sicp clectron transfer in the
high-temperature limit {Egn. C1, Refs. 24, 26). Al
vibrational modes which couple to the electron transfer
are assumed 10 be so-called low frequency (1) modes.
i.e.. the mode enecrgics are smaller than &7 (high-tem-
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two-step
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1.1

1.0

N
0.9 one-step "

Rate Constant
of Primary Charge Separation [r.u]

0.8
superexchange
0.7 R
-50 -25 G 25 50

Free Energy Change AAG1, meV
Fiz. B, Free energy dependence of the rate constant of primary
charge separation. & . a~ suggested by the experimental results and
by modet calculations. The dotted line gives the change of & by 677
per 10 meV change in free energy difference. as found in Fig. 7. The
curve for the vne-step electron transfer was calculated for an activa-
tionkess one-step electron (ransfer coupled to fow-frequency modes
only [24.46]. Using the ireatment of Bixon and Jortner [12], the line
fabeled "superexchange’ was obtained for a superexchange-mediated
clectron transfer involving a virtual intermediate with £ = 165
meV, v =05 (v and §F as defined in the text). The two-step models
assume an intermediate electron acceptor between P680 and pheo-
phytin. The lines labeled with “two-step,” were obtained under the
assumption of an activationless 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 = 0.7 (botiom
curve). The “two-stepy” was calculated for a scquential electron
transter coupled to high-frequency nuclear modes represented by an
average mode energy of 70 meV. For further details. see text.

perature limit); the rcorganization energy is assumed
to be cqual to the zero-ficld free energy difference
resulting in an activation energy of zero. There are no
free parameters.

{2) The three Gaussian-shaped curves give the free
energy difference of k™ for a {(sequential) two-step
model of activationless energy transfer in the high-tem-
perature limit (Eqn. C2, C3, see Refs. 12. 24, 46)
involving an hypothetical intermediate. X. Because in
the isolated PS 1 reaction-center compiex the disap-
pearance of the exrited 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 coastant k}"). The electric field-induced free
energy change of this step is given by d-AAG,. 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 = dpyy x/dpgg.phe, With  dpggyx  and
dpeno-preo DEINE projections of the respective distance

vectors on the membrane normal.) The zero-field free
cnergy difference of the rate-limiting step, 4G, is
assumed to be —90 meV. For any combination of the
free parameters d and DG, the calculated relations
do not match the experimental results.

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

3E =1-330 meV (10)

(8E gives the vertical energy difference between the
virtual intermediate energy surface and the intersec-
tion point of the {P680* Pheo) and the {P680*,Pheo "}
cnergy surface, see ref. 12; the field-induced changes
of 8E are given by AGE =v-AAG,, where v is a
dimensionless constant.)

(4) The frec energy dependence was calculatea for a
two-step mechanism with coupling to high-frequency
nuclear modes with an average mode energy of 70 meV
(according to Egn. 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 AG,, = ~90 meV
(d and AG | | defined as in (2)) a fit of the experimen-
tal data is obtaincd 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 decrcase of the rate con-
stant of primary charge separaiion accompanies a de-
crease in temperature from 277 K to 15 K [2,22]. It is
often assumed that the activationless character of bio-
logical electron transfer reactions results from an evo-
lutionary optimization of the rate of electron iransfer.
There is no proof that the primaiy electron transfer is
still activationless in the case of the PS Il complex
which is embedded in the thylakoid membrane. How-
ever, the identity of k" determined in this study and of
the rate constant measured fo: 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 argumeit would
not be reasonable, if it held for isolated rc+ tion center
compl2xes but not for electron transfer v " in vivo
environment.



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 1]
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:cepts requires knowledge of
free parameters (Model 3: v, AG, |, 8E; Mode! 4: d,
AG,, A) or/and 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. Nevertheiess, 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 isotropic samples
(Fig. 9 in Ref. 14), is characterized by an approximately
linear relation for free energy levels close te the zoio-
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 obt~ned by as,uming a
superexchange model with a of value close to the
value predicted by Eqn. 10. In conciusion, not only the
values for the rate constants of primary charge 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 reasons, the data presented here do not
allow us to make z 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
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free energy shift for the quinone-chlorophyll biradical.
second, the scatter for the k, value in Fig. 5 is fairly
large. Third, most likely k. 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, 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 Il fluorescence

Upon reduction of the primary quinone acceptor,
Q,, the fluorescence yield of PS Il increases by a factor
of 2 to 5 [50]. The origin of this variable fluorescence
has been a matter of discussion since its 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 [51-34] and the observation that the
variable fluorescence results from reduction of Q, in
the presence of the unreduced pheophytin, invalidated
this simple explanation for the origin of the variable
fluorescence. Then, Klimov proposed that. in the pros-
ence of the reduced quinone acceptor, the primary
electron transfer reaction is initiated; however, this
initial charge separation is followed by the recombina-
iion 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 vanable fluorescence.
The pure version of this elegant hypothesis. however,
cannot be reconciled with more recent time-resolved
fluorescence studies {17]. Schatz et 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 vecombination rate upon Q, reduc-
tion as proposed by Klimov. However, the main reason
for the fluorescence increase is considered to be a
decrease in the rate of primary charge separation upon
Q, reduction which arises from a still unknown mecha-
nism. Schatz et al. suggested that this decrease results
from an electric field which is the 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
hypothesis of Schatz et al. {11}

According to Leibl et al. [9] the rate constants of
primary charge separation and primary charge recom-
bination change upon Q, 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. QOur results indicate that both reactions
(primary charge separation and primary charge recom-
bination) are clectric-field dependent. This finding
seems to be more in line with the results of Leibl et 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
clectric ficlds used in this study. Thercfore, it cannot
be excluded that at a certain field strength the valuc
for the charge recombination rate constant is very
similar to its zero-ficld value.

Influence of PS 11 heterogeneities

In the interpretation of our electric field data we did
not consider the possibility that different populations
of PS Il may be characterized by a different set of rate
constants and that they might exhibit a different sensi-
tivity to electric fields.

Roeclofs et al. were assuming that the time-resolved
fluorescence data are best described by assuming two
different PS Il populations. In the F-state. i.c.. with
oxidized quinone acceptor. these populations were
characterized by nearly the same rate constant values
for k, k_, and 4&,; under F,, conditions the rate
constant sets of the two populations were found to be
different. These results arc 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 cxtent possible PS H heterogencities influence
our conclusions; further studics on this question are
required.
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Appendix A

The reversible 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) chlorophyli(s) is fast, and so-called exci-
ton equilibration is obtained within about 20 ps. Exci-
ton equilibration means that the probability for the
excited sfate to reside on a certain pigment is approxi-
mately proportional to the Boltzman factor ¢ ~#</(&D

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

P =cdl/N) (AD)
with
N = number of antenna pigments = }:N‘ (A2)

¢, = energetic concentration factor
= ('\““,/’/{Z(N./N)'C e u\;k?‘)} (A3)

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

ky= pekit = /Ny kY (Ad)

For c.=1. Eqn. A4 corresponds to the Pearlstein
equation for the trap-limited case (Eqn. 14 in Ref. 57).
“xcited antenna states may also decay by radiative
decays, k.. and nonradiative decays, k. these two
decay paths are summarized under the rate constant
k.. The primary biradical state {P680*,Pheo”} is
formed by the primary 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
{P680 " .Pheo "} may decay by means of electron trans-
fer 1o the primary quinonc or by triplet formation.
These decay paths are summarized under the rate
constant k.. Thus, the kinetics of excited antenna
states (statc A) and the primary biradical (state B)
after delta-pulse excitation are described by the follow-
ing differential equations:

ddsdr=—(k +k ) A+k (B, A(=0)= A, (AS)

dB/dt= —(k [+ hyB+kiA. Bu=0 =0 (A6)

By solving these differential equations, a bi-exponential
decay of the excited antenna state A, is found: the
fluorescence emission F(1) is given by k- A(1). The
amplitude ratio and both time-constants are relatively
comyp't ! functions of all rate constants. They can
be founa in Refs. 9, 11,



For the fluorescence yield, y, and the mean lifetime,

T,,, of the fluorescence decay we obtain:
y=kp /(ka+ (- 0)ky) (AT)
To=1/ka+(1=r)ky) (AR)

with the reversibility factor, r, is given by:
r=k ;/(k (+k3) (A9)

Small changes of the fluorcscence vield which originate
from changes of k,, k _, or k, are approximatcly given
by (for k, < k)

Ay/y ==k, /k vk /k_ —r Ak, /k, (AL)

From the initial slope S, the mean lifetime 7, and the
second moment M of the resulting fluorescence decay
(Eqns. 4-6) the following parameters can be calculated
if a value for k, is assumed. (In this work we assume
that k, = 0.3 ns™'; however. the k, value is uncritical
as long as k, < S, sce also Table L)

ky=38,-ku (A1)
re=k (ko k) =(S, - 1/T )/ k, (AL2)
gi=k /k =(M/T -1)/r" (A13)

AG, = —kT-In(k{"/k )= - kT-In(g,) + kT-In(c_ /N)  (A13)

34G, = kT-{In(¢,)~ In(2))} (A15)
k_=ki/g (A16)
ky=(1/r -k (AI7)

Appendix B

PS I correction
The initial decay rate R,,, =dF/dt is the sum of
the initial decay rates of PS II and PS |.

R = Riwpsi + Rinwpsu (Bh

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

Sa=Ryy /A with A= Apgy + Apsy (B2)
So=kupipst / A+ Kigiipsis /A= (Apyy Spst ). A + (Apgyy Spsp )/ A

(B3)
Sesn = (A Apsu) {Sg ~ (Apg £ A) Spy) (B4)

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

Npsy = (A7 Aps) (X —(Apyy /Ay Xpgy) With X =S, T, M

me

(BS)
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Appendix C

Flectric field dependence of the primary charge sepura-
tion

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

KL kS = (1 / VY (FC 7FCY) («

with V', V" matrix clements of electronic coupling;
FC'. FCY, Frank-Condon factors.

Four models, which differ in respect to the electric-
field dependence of cither the electronic coupling or
the Frank-Condon factors, were considered. In all cal-
culations, a value of 26 meV was used for k7: AG,
gives the zero-field free encrgy difference for the elec-
tron transfer from the donor P680 to the acceptor
phecophytin, dAG, gives the electric field induced
change of this free energy difference.

(1) One-step activationless electron transfer in the
high temperature limit (sec Refs. 24, 46, the reorgani-
zation energy is assumed to be equal to the free energy
difference).

ViV =1, FC/FC" = exp{ ~ 3AGT /(4G kT))} ('l

(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;x "/'l‘:-,( = I";J /'lk‘!’.l ((2)

UL AV = FC /RO = exp{ — (- 33G ) /(3G kT
(3

with the subscript “1.17 referring to the first electron

transfer reaction. The factor ¢ is defined as:

d= 133G, , /3G, (C4)

(3) Superexchange mechanism treated as a one-step
activationless eleciron transfer in the high-temperature
limit mediated by a virtual intermediate (sce refs, 12,
14).

V7V =8E /(8E + v-14G ).
FC{ s FCY = exp{ ~ 13G] /(343G kT }} (C3)
with: ¢ =18 /448G, (C6)

S8E 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) Two-step electron tramsfer with coupling to
high-frequency modes with an average mode energy of
70 meV (sce Ref. 261,

Voo /VE =1 FC RO = 1A 7128 meVE A [ /125 meV)

(C7y
with p’'= -(3G ), +d-33G)/70 meV, p, =
—AG, /70 meV, A the reorganisation energy. d given

by Eqn, C4 and [{} denoting modificd Bessel fune-
tions of order p.
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