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The stabilization of the photosynthetic charge separation in Photosystem II by secondary reactions was studied using
chlorophyll luminescence induced by electric field pulses in a suspension of preilluminated osmotically swollen
chloroplasts. This ‘electroluminescence* was measured as a function of the delay time between illumination and field
pulse, and as a function of the number of preilluminating flashes. The result is a survey of, in principle, all stabilization
and deactivation processes beyond the state Z *Q, , which is formed within the approx. 20 us time resolution of the
method. Most of these could be identified with known secondary electron transfer reactions. A 20-fold stabilization with
a half-time of 330 ps is attributed to Q, reoxidation. No further stabilization at the acceptor side seemed to occur and
no flash number dependence was detected, although a normal Qg /Qy oscillation was found in ultraviolet absorbance.
With regard to the donor side, the data are consistent with the known S-state-dependent Z* reduction times and
indicate values of 9, 5 and 65 for the equilibrium constants asseciated with this reaction on the transitions S, — S,,
S, — S, and S; — Sy(0,) respectively. Z* reduction was found to be electrogenic and exposed to about 5% of the
membrane potential. An 0.1 s phase in S, is attributed to oxygen release. S, and S; are further stabilized in two phases
of unknown origin with half-times of 15 ms and 0.4 s, followed by a final 20 s phase attributed to deactivation. In S,
Z ™ reduction was probably hidden in an unresolved fast phase present on all transitions, but in addition a 350 us phase
was found, which might be related to proton release. In nearly 20% of the Photosystem Il reaction centers electron
transfer beyond Q. was inhibited. In these centers Z* reduction appeared to take about 1 ms and charge
recombination followed in phases of about 8, 80 and 800 ms half-time.

Introduction

Photosynthesis is reversible. No matter how many
secondary electron transfer reactions, (dejprotonations
and other stabilizing processes have occurred, the prod-
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uct will be in Boltzmann equilibrium with the singlet
excited state of chlorophyll, which will sometimes be
lost by fluorescence emission before it is retrapped.
Especially in Photosystem II this delayed fluorescence is
easily detected. Its intensity is expected to decrease with
every step during a series of stabilization reactions
which follow the photochemical charge separation and
should provide very detailed information on the kinetics
and thermodynamics of the stabilization process [1,2]. It
has proved difficult, however, to correlate the decay of
delayed fluorescence with known electron transfer reac-
tions, presumably because the signals are often
dominated by a small fraction of PS II in which stabili-
zation fails and the luminescence yield is consequently
much higher [3,4].

This problem can be minimized by inducing charge
recombination in all centers by applying a strong exter-
nal field and measuring the resulting burst of ‘electro-
luminescence’ emission [5,6]. Here the external field
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changes the reaction rates of electrogenic redox reac-
tions by changing the relative potentials and/or posi-
tions of the reactants. Sufficiently large membrane
potentials can be generated by using the local amplifica-
tion of the electric field strength in the membrane of
large vesicles, e.g., the ‘blebs’ formed by unfolding of
the thylakoid system upon hypotonic swelling of chloro-
plasts [7]. The time resolution of the method then is
Iimited by the risetime of the local electric field [8],
which is typically a few tens of microseconds.

At this time after a photosynthetic charge separation
in PS 11, the state Z*Q} has already been formed. By
applying the field at progressively later times after the
primary charge separation one should obtain decreasing
electroluminescence intensities as Z*Q, is transformed
into more stable states (e.g., by manganese oxidation at
the donor side and Qp or Qg reduction at the acceptor
side [9-11]). Under conditions where the stabilization at
the acceptor side was blocked beyond Q. formation
such a decrease in electroluminescence was indeed ob-
served in the ps time range and ascribed to reduction of
Z* by the M*—> M?* transition [12]. We will use
M..M?>* as in Ref. 13 to denote the four redox states of
the oxygen-evolving complex; the term S, will be used in
its original genecral sense [14], e.g., S, denotes (P-
680" ZM* = P-680 Z*M™ 2 P-680 ZM?™"), except that
S, will not be used and S; will refer to whatever state is
present after the turnover in S,.

The dependence of the reaction rates of the stabiliza-
tion reactions on the redox state of the reaction center
(15] implies that, when dark adapted samples are il-
luminated with a series of saturating flashes, signals
oscillating with flash number are to be expected. In-
deed, the appearance of oscillating electroluminescence
signals with delay times between flash and pulse in the
(sub-)ms range have been reported {8,16,17}]. We have
extended this time range up to 20 s and decomposed the
obtained data set into electroluminescence kinetics and
decay phases associated with the various S-states and
with non-oscillating centers.

Materials and Methods

Chloroplasts from laboratory-grown spinach were
prepared and stored as described before [12]. Blebs were
formed by diluting a suspension of chloroplasts with a
chlorophyll concentration of 1 mg,/ml 200-fold in a 1
mM Mops buffer (pH 6.6). The blebs were formed at
least 10 min before the start of the measurements. To
suppress contributions of PS I electroluminescence 50
pM ferricyanide was added [12]. An important dif-
ference with previous experiments on PS II electro-
luminescence in blebs [8,12] is that we added 1 mM
CaCl, to the buffer. This raises the conductivity of the
sample and decreases the maximal applicable field
strength, but the use of a cuvette with an electrode

spacing of 2 mm placed in the focus of an ellipsoidal
mirror enabled us to impose a higher field-strength
(1500 V/cm) than before [12] and to collect enough
emitted light to obtain a good signal to noise ratio
without much signal averaging. The emitted light was
detected with a gated photomultiplier through a 686 nm
interference filter and a Schott RG 665 cut-off filter.
Saturating laser flashes (15 ns, 532 nm) were provided
at 10 Hz, unless stated otherwise. For measurements at
less than 200 ps after the flash the signal observed
without electric pulse was subtracted after digitaliza-
tion. At longer delay times a linear baseline correction
was applied. This correction was insignificant at delay
times longer than 1 ms. Absorbance difference measure-
ments at 325 nm were performed with the appararatus
described before in Ref. 18. The optical pathlength of
the measuring light was 1 cm and actinic flashes were
given with a xenon flash lamp (10 ps half-width) and
filtered with a Corning CS 4-96 broad blue filter. All
measurements were performed at 22 °C. For each mea-
surement a fresh sample was used, which was dark-
adapted for at least 10 min. The signals were decom-
posed into contributions by each of the different S-states
and by non-oscillating centers, as will be described in
the Results section. The decrease of each contribution
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Fig. 1. Flash number dependence of electroluminescence with the

onset of the pulse at various delay times. Average of 1 (0.04, 0.5 and

3.6 ms), 3 (100 ms) and 5 (15000 ms) traces. The bars at the left

indicate the scaling in relative units; the arrows mark the onset and

end of the pulses. Each trace is 0.2 ms (0.04 and 0.5 ms) or 2 ms
(others).




as a function of the delay time between flash and
electric pulse was fitted by a sum of exponentials without
a priori assumptions on half-times, amplitudes, or num-
ber of exponentials needed, unless otherwise indicated.
A logarithmic fit criterion was used to account for the
orders of magnitude differences in the data.

Results

Electroluminescence signals were recorded as a func-
tion of flash number (1 to 11) and delay time between
the last flash and pulse (40 ps to 20 s). In Fig. 1
electroluminescence kinetics at different times after the
flashes one to five are displayed. Over the range of
delay times studied (6 orders of magnitude) the signal
amplitude decays by more than 3 orders of magnitude.
The following qualitative observations can be made:

PS 1 electroluminescence was effectively suppressed
by the use of ferricyanide. The kinetics of PS I electro-
luminescence during the pulse differ considerably from
those of PS II; most PS 1 electroluminescence is emitted
within 50 ps after the pulse onset at the applied field-
strength {12].

The most pronounced oscillations with flash number
are observed around 0.5 ms after the flash and in the
seconds time range. At intermediate times a non-oscil-
lating signal dominates the electroluminescence kinetics.
This signal is lower after the first flash than after the
later flashes and its initial kinetic shape resembles that
of the oscillating electroluminescence at shorter times.

The oscillations at delay times around 0.5 ms display
a maximum at flash 3 (and 7,11, etc.) as has been
reported before [8,16,17], in agreement with the notion
that Z* reduction is slowest in S, [15,19]. At very long
delay times (15 s) strong oscillations are observed with a
maximum on flash 2 (and 6, 10 etc). This indicates that
the signal arises mainly from S, and possibly also from
S, (flash 1, 5, 9 etc.). These oscillations are also present
at much shorter delay times than 15 s, just after Z*
reduction, as can be seen from the end of the electro-
luminescence traces in the millisecond time range (Fig.
1, 3.6 ms trace). The kinetics of the electroluminescence
are much slower than at shorter times (notably around
0.5 ms) after the flash; ie., the electroluminescence
kinetics are much faster when the pulse is given in the
state Z*Q, than when a pulse is given after stabiliza-
tion reactions have taken place at the donor- and accep-
tor side. As will be explained in the Discussion, this
implies that the stabilization reactions at the donor side
and /or the acceptor side are electrogenic.

Fig. 2 shows the electroluminescence, integrated over
the pulse duration, as a function of flash number and
for a series of delay times. Qur data differ from electro-
luminescence oscillation patterns that have been re-
ported before [8,17] in two respects: (a) the overall
increase of the signal amplitude with increasing flash
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Fig. 2. Flash number dependence of the integrated electrolumines-
cence recorded during pulses of 1.2 ms at various delay times.

number is much less than in Ref. 8 and (b) the relative
amplitude of the signal after the flash number 2, 6, etc.
is less, suggesting a faster Z*M?*— ZM?>" transition.
Both phenomena were found to be related to the pres-
ence of CaCl,; at 1 mM (the concentration used) these
effects were saturated (not shown).

Qp/ Qg oscillations

As stated above, Z*Qj is thought to be the electro-
luminescence precursor in the (sub-)ms domain. At times
longer than the Qj reoxidation time (about 0.5 ms
[20,21]) presumably some Q, is always present in equi-
librium with Qg . The Q5 concentration is expected to
oscillate with flash number with a periodicity of 2. Also
the rate of electron transport from Q, to Qp may
depend on the redox state of Qp and therefore oscillate
binarily [21]. To investigate the influence of the Qgz/Qp
oscillation an experiment analogous to that of Lavergne
in ultraviolet absorbance {22] was performed. Electro-
luminescence oscillations were monitored in the pres-
ence of FCCP, an agent which accelerates the deactiva-
tion of the S-states {23]. We monitored the kinetics of
the deactivation by FCCP by observing the phase shift
of the oscillation pattern as a function of dark time
between preflashes and a measuring flash series. When
50 nM FCCP was added the half-time of deactivation
was about 0.5 s (not shown). Fig. 3A and B shows
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Fig. 3. The influence of the acceptor side on electroluminescence
oscillations. In all experiments 50 nM FCCP was present. (A,B) 0
(solid squares), 1 (open squares), 2 (solid circles) or 3 (open circles)
preflashes, spaced at 3 s, were given; 5 s after the last preflash a series
of flashes (40 Hz) was given. The electroluminescence was measured
with delay times of 0.4 ms (A, 0.12 ms pulse) and 50 ms (B, 1.2 ms
pulse, integrated over the second half of the pulse only). (C) Flash
induced absorbance difference at 325 nm. Average of 100 traces.
Flash frequency 0.5 Hz.

electroluminescence oscillations measured 5 s after 0, 1,
2, or 3 preflashes, spaced at 3 s. The Q5 concentration
before the measuring flash series should then oscillate
with the number of preflashes, whereas the centers
should be in the S, state irrespective of the number of
preflashes (except for 0 preflashes if some centers are in
Sp in the dark). The oscillation patterns with delay
times of 0.4 ms (Fig. 3A) and 50 ms (Fig. 3B, integrated
over the second half of the 1 ms pulse time to select the
oscillating part, see Fig. 1) did not change when the
preflashes were given. Only the first flash signal in-
creased upon preillumination; this is presumably due to
the non-oscillating centers (see above).

Fig. 3A and B reveals no oscillation with the number
of preflashes. To further substantiate this observation
the electroluminescence as a function of flash number
was monitored after 0.4 ms in the presence of FCCP

and with a flash interval of § s. Under these conditions
the S-state distribution should be the same after each
flash (except possibly the first), whereas the redox state
of the acceptor side is expected to oscillate. The electro-
luminescence revealed no such oscillation (not shown).

To verify whether the Q5 concentration did osciliate
as expected, the flash induced absorbance changes at
325 nm were monitored (Fig. 3C) at a flash interval of 2
s, which was long enough to deactivate the S-states
between flashes. It is clear that the Qf concentration
oscillated with a period 2. It might be expected that Qg
1s reoxidized on a seconds time-scale by ferricyanide,
However, using longer flash intervals (6 s) a period 2
was also observed (not shown), indicating that the used
concentration of ferricyanide (50 uM) was too low to
rapidly reoxidize Qp between flashes. We have to con-
clude that the electroluminescence is not sensitive to the
oxidation state of Qy.

The dark distribution of S-states

Figs. 3A and B also show that the phase of the
period 4 oscillation did not shift upon preflashing and
deactivation of the donor side. This implies that the
dark distribution of the S-states did not change and
hence a 100% S, concentration in the dark must be
assumed. To substantiate this assumption a similar ex-
periment was done shortly after the S-states were rando-
mized by strong continuous illumination and deactivated
(Fig. 4). In this case the phase is retarded compared to
the dark adapted case (cf. Fig. 3A). The dark adapted
result is restored after 1 or 2 preflashes and deactiva-
tion. These observations confirm the presence of S,
(presumably 25%) after the strong continous pre-
illumination and its absence after dark adaptation.

A different way to estimate the initial S-state distri-
bution is to analyse the electroluminescence oscillations
at very long delay times by fitting to the Kok model
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Fig. 4. Integrated electroluminescence, recorded with a 0.12 ms pulse

given 0.5 ms after the last flash, in blebs which were dark adapted for

5 s after preillumination with strong light for 3 s. Oscillation patterns

(flash frequency 40 Hz) were recorded without (solid squares) and

with (open squares) two preflashes as in Fig. 3. 50 nM FCCP was
present.
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Fig. 5. Oscillations of the integrated electroluminescence recorded

with a 1.2 ms pulse given 15 s after the last flash. The line is a fit

assuming 7% misses, 100% S, in the dark, relative contributions of

centers in S, and S, and non-oscillating centers of 2:11:1 and an
overall decrease of the signal of 0.5% per flash.

[14]. The stable states S, and S, may then be expected
not to contribute any electroluminescence. The first
flash was not included in the fit (see above) and it was
assumed that centers are either in §; or in §; in the
dark. The fit was obtained by iteratively minimizing the
sum of squares of the deviation of a calculated and the
measured oscillation pattern (obtained by varying the
number of preflashes in the series) when the following
parameters were varied: contributions by centers which
are in S, and in S, after the last flash of the series and
from non-oscillating centers, the dark concentration of
S, misses and the relative change in the total amount of
active centers per flash. Thus deactivation after the last
flash is reflected by a decrease in the contribution of the
centers which are in S, and S; at long delay times. If
any deactivation occurs in the flash interval this is
reflected in the miss parameter. In Fig. 5 the optimal fit
is shown to the oscillation pattern of the integrated
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electroluminescence measured at 15 s after the flash.
The corresponding fit parameters are: contributions of
S,, S; and non-oscillating centers 2:11:1, dark con-
centration of S, 100%, misses 7% and decrease of the
number of active centers per flash —0.5%. So this
analysis also indicates that S, is absent after dark
adaptation.

Conversely, taking the experiments of Figs. 3A,B and
4 as evidence for the dark distribution of 0% S, and
100% 8,, the fit of Fig. 5 implies that if S, and S,
contribute significantly to the electroluminescence at a
delay time of 15 s their contributions have to be equal.
This was true also at other delay times in the seconds
time range (see below), indicating that also these contri-
butions were equal. It is most likely, therefore, that they
are due non-oscillating centers and that S; and S,
indeed do not contribute to electroluminescence in the
seconds time range.

Kinetic decomposition

The kinetic shapes of the different contributions to
the electroluminescence kinetics during the pulse were
obtained by performing a fit as above for each point of
the kinetics rather than for the integrated electro-
luminescence. We assume that, after the reduction of
Z*, centers which are in S, do not contribute to the
electroluminescence (see above) and hence the contribu-
tions of Sy, S,, S; and the non-oscillating component
are taken as fit parameters for each point of the kinet-
ics. The values for the misses (7 %) and dark-distribu-
tion of S-states (100 % S,) were kept fixed in those fits.
The result of this procedure is a set of curves repre-
senting the contribution of centers in each separate
S-state S;, S, and S;, and of the non-oscillating centers
to the observed signals. The results for the delay time of
15 s are shown in Fig. 6B, right column of traces. These
traces clearly illustrate the absence of S, electrolumines-
cence at this delay time. The decay of S, electrolumines-
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Fig. 6. Decomposition of electroluminescence contributions at various delay times as described in the text. The bars indicate the scaling (a.u.). (A)
0.12 ms pulse; only contributions by oscillating centers were assumed. (B) 1.2 ms pulse; contributions by centers in S, S, and S; and by
non-oscillating centers were assumed.
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(open circles) and S, (solid squares) on the last flash as in Fig. 6A. (B) Contributions of centers which are in S, (solid squares}, S, (solid circles) and
S, (open circles) after the last flash and from non-oscillating centers (solid triangles) as in Fig. 6B.

cence during the pulse is found to be somewhat faster
than that of S,.

This procedure allows us to decompose the electro-
luminescence oscillations into contributions of four dif-
ferent precursors at all delay times. Consequently, the
kinetic shape of the electroluminescence during the pulse
and the kinetics of the precursors can be obtained for
all S-states or, alternatively, for three S-states and a
non-oscillating component. Thus, at longer delay times
we can decompose the observed signals into contribu-
tions from centers in S,, S, and S; and from non-oscil-
lating centers as above. At shorter delay times, however,
all four S-states may be associated with Z* and contrib-
ute to the electroluminescence. This implies that, at
shorter delay times, we have essentially one free param-
eter too many. For this reason the analysis was per-
formed in two domains of delay times: one from 2.5 ms
to 20 s and one up to 5 ms.

At all delay times a small change of the amount of
active centers with increasing flash number had to be
taken into account. At long delay times this parameter
is slightly negative (see above). At delay times of up to
about 1 s this parameter was found to have a small
positive value. It did not exceed 2% per flash. This
effect is presumably due to the filling of the plasto-
quinone pool. In the delay time range of about 1 ms to
1 s a much stronger increase was found when the flash
sequence was extended beyond 11 flashes (not shown).

Delay times of 40 ps to 5 ms

As explained above, one cannot simultaneously ex-
tract contributions by all four S-states and a non-oscil-
lating component from the data. At short delay times
all those are expected to be present. To cope with this
problem only S-state-dependent contributions were as-

sumed; decay phases which are equal for all S-states
may therefore be regarded as arising from a non-oscil-
lating precursor. Another difference with the analysis at
longer delay times (Figs. 5,6B) is that only the centers
which were hit by the last flash and thus performed an
S-state transition were considered to contribute to the
electroluminescence.

The results from this procedure, using the initial dark
distribution (0% S,, 100% $,) and misses (7%) obtained
earlier, are shown for a delay time of (.44 ms in Fig.
6A. It can be seen that the electroluminescence kinetics
during the pulse are similar for all S-states. In the
submillisecond delay time range the decomposed elec-
troluminescence kinetics do not change; only at delay
times of tens of us the kinetics are somewhat faster (not
shown, cf. Fig. 1). The decays of the integrated contri-
butions were fitted by a multi-exponential decay and
are shown in Fig. 7A. In all cases a mimimum of four

TABLE 1
Fit parameters from Fig. 74

Fit parameters of the decay of integrated electroluminescence contri-
butions from pulses of 0.12 ms given at delay times up to 5 ms
corresponding to the fits in Fig. 7A (only centers making a turnover
on the last flash were assumed to contribute to EL). Half-times in
milliseconds; amplitudes (between parentheses) in relative units. The
half-time of the 0.03 ms phase was kept fixed. The > 5 ms phases and
most of the approx. 1 ms phases {except for S,) are ascribed to the
non-oscillating electroluminescence (see text).

8 s, Ss S
0.03 (1800) 0.03 (2300) 0.03 (1700) 0.03 (1000)
0.17 (330) 0.14 (270 0.17 (500) 0.26 (750)
0.9 (33) 0.8 (30) 1.5 (19) 1.2 (67)
>5 (33) >5 (35) >5 (38) >5 (35)




exponentials was required. The fit parameters are listed
in Table L. It is clear that on all contributions a phase is
present with a half-time of approx. 30 ps. This phase is
too rapid for a reliable determination of its half-time
and amplitude. The slowest decay phases all have a
similar amplitude. This suggests that they originate
mainly from the non-oscillating centers. The amplitude
of the slowest phase associated with the S, — S; transi-
tion is slightly, but significantly, higher. This is con-
sistent with the observation that electroluminescence
from S; dominates the oscillations at longer time-scales
(Figs. 5, 6B). The two intermediate phases have half-
times of around 0.2 and 1 ms. The time constants of the
approx. 1 ms phases, which have relatively low ampli-
tudes, could not be determined precisely due to the
scatter in the data; satisfactory fits for all half-times
between 0.8 and 4 ms could be obtained with similar
amplitudes. The reoxidation of Q, is expected to con-
tribute to the approx. 0.2 ms phase on all S-state
transitions; a 1.2 ms phase is expected to occur on the
Z+*M3** - ZM(O,) transition only [15,19). The approx.
1 ms phase on the other transitions is in fact much
smaller and may indicate a contribution by the non-
oscillating centers. Note also that the amplitude of the
approx. 0.2 ms phase is smaller for the S, — S, and S,
— S, transitions than for the S, —S; and S, - S,
transitions.

Delay times of 1.6 ms to 20 s

The electroluminescence contributions in the delay
time range of 1.6 ms to 20 s were obtained the same
way as described before for the contributions at 15 s.
For a few delay times the results are shown in Fig. 6B.
The integrated contributions were fitted to exponential
decays. The results are displayed in Fig. 7B and the fit
parameters are listed in Table 11.

A minimum of three exponentials was required to fit
the decrease of electroluminescence contributions by S,
and by S; as a function of the delay time between flash
and pulse. Both for S, and for S; the half-times were
about 15 ms, 400 ms, and 20 s. The half-time of the

TABLE II
Fit parameters from Fig. 7B

Fit parameters of the decay of integrated electroluminescence contri-
butions from pulses of 1.2 ms given in the time range of 2.5 ms to 20 s
after the flash series corresponding to fits in Fig. 7B (all centers were
assumed to contribute to EL). Half-times in milliseconds; amplitudes
(between parentheses) in relative units and corresponding to those in
Table I as described in the text.

S, S, So Non-osc.
16 (3.3) 15 (9.6) 1.2(37 8 (9.1
350 (2.0) 460 (4.9) 100 () 80 (12.6)
800 (2.5)
22000 (0.8) 19000 (6.0) 15000 (0.6)
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slowest phase is in the time range of deactivation of S,
and S; [24,25]. The ratio of the amplitudes of the phases
for S, and S, contributions is significantly higher for the
15 ms (0.35) and 400 ms (0.45) phases than for the 20 s
phase (0.13). Also note that the kinetic shape of the S,
and S, electroluminescence contributions remains simi-
lar throughout the time range (Fig. 6B).

In the decay of the electroluminescence precursor
associated with centers which are in S; after the flash, in
addition to the 1.2 ms phase (Fig. 7A, Table I), ascribed
to centers in which Z*M?>* is still present, a minor but
definitely significant phase with a half-time of about 0.1
s is found. The kinetics during the pulse of the electro-
luminescence associated with this phase resemble those
of S, and S;. The 0.1 s phase may reflect a stabilization
of S, by oxygen release, which has about the same time
constant ([26]; oxygen evolution in blebs was measured
as in Ref. 26 and was found to occur with a similar time
constant {(not shown}).

The precursor of the non-oscillating electrolumines-
cence decays multi-exponentially. At least four phases
of 8, 80 and 800 ms and 15 s were required to obtain a
reasonable fit. The time constant of the 8§ ms phase
could not be determined precisely; the scatter in the
data allows fits with half-times of 2 to 10 ms. Hence this
phase might be the same as the approx. 1 ms phase
mentioned above. The kinetics of the non-oscillating
electroluminescence during the pulse are similar for all
phases, except for the minor 15 s phase. The electro-
luminescence associated with this phase decayed much
more slowly during the pulse (Fig. 6B).

Non-oscillating electroluminescence and the effect of
DCMU

To investigate the origin of the non-oscillating elec-
troluminescence we monitored the flash saturation char-
acteristics -of electroluminescence with delay times of
0.5 ms (when the S-state dependent signal dominates)
and 100 ms (when the non-oscillating signal dominates).
No differences were observed (not shown), suggesting
that the a-f8 heterogeneity [27] is not involved here.

The precursor of the non-oscillating electrolumines-
cence decays in a multiphasic and perhaps non-ex-
ponential manner. Such kinetics have been reported
before for S,Q. recombination in the presence of
DCMU [28,29]. Therefore, this emission may be ascribed
to centers in which the reoxidation of Q. by Qg is
inhibited. The existence of such centers has been pro-
posed before to explain an anomalous ultraviolet ab-
sorbance change on the first flash of a series {22,30].
Also the electroluminescence kinetics in the presence of
DCMU (not shown) are similar to those of the electro-
luminescence from non-oscillating centers at inter-
mediate delay times. At longer delay times (the 15 s
phase) the kinetics of the non-oscillating electrolumines-
cence are different; the decay during the pulse was
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slower. This suggests that the signal originates from a
different precursor at this time scale.

A remarkable feature of the non-oscillating electro-
luminescence is that its amplitude after the first flash is
lower than after subsequent flashes (Fig. 1). The ampli-
tude of the electroluminescence upon the later flashes
depended on the flash interval and the presence of
ferricyanide. In the presence of ferricyanide this ampli-
tude was about 20% higher when the flash interval was
several seconds than when it was 0.1 s. The half-time of
this phenomenon was 0.9 s (not shown). In the absence
of ferricyanide this effect was not observed. We propose
that the increase in amplitude is related to reoxidation
of Q. by ferricyanide; upon a second flash possibly
S,Q4 could then be formed. ,

Finally, it should be noted that the electrolumines-
cence of non-oscillating centers, which presumably
originates from S5,Q,, displays much faster kinetics
during the pulse than electroluminescence from S,Qg
(Fig. 6B).

Discussion

As pointed out in the Introduction, the time resolu-
tion of the technique used here is limited to a few tens
of microseconds by the rise of the local electric field
and therefore only reactions beyond the state Z7Q,
can be studied. The field-induced luminescence increase
in PS Il presumably arises from an increase in the
concentration of P-680*1” and, if electron transport
from P-680 to I is electrogenic, an increased recombina-
tion rate from this state. If the reaction centers are in
the state Z*Q, at the onset of the pulse, the new
(pseudo-)equilibrium is brought about by reversed elec-
tron flow from Qj to I and from P-680 to Z*. The
former reaction is strongly electrogenic [31,32]; the latter
presumably is not [33]. Therefore the oxidation of P-680
is presumably the rate-limiting step in the kinetics of
electroluminescence in this case. Indeed, comparison of
electroluminescence measured under conditions in which
P-6807 QL [34] and Z*Q, [29] are precursors reveals
that in the former case the electroluminescence kinetics
are faster. Also the PS I electroluminescence [12], which
arises from a charge pair that is not stabilized at the
donor side, is much faster than PS II electrolumines-
cence from Z* Q.

As could be expected from ultraviolet absorbance
studies [22,30] a substantial contribution was found to
come from ‘inactive centers’ that do not exhibit the
characteristic period 4 oscillation with flash number.
The analysis of the kinetics was seriously complicated
by the highly polyphasic decay of this contribution. On
the other hand, analysis of the oscillating components
was simplified by two findings. Firstly, all centers were
found to be in the S, state after dark adaptation (per-
haps due to the presence of ferricyanide [35]). Secondly,

the Qp/Q; oscillation did not influence the electro-
luminescence, at least up to 50 ms after the flash; this
was quite unexpected, but clearly demonstrated by the
data shown in Fig. 3.

Some of the decay phases listed in Tables I and 11
are easily identified. The deactivation of S, and S,
probably accounts for the approx. 20 s phases associ-
ated with these states. The pronounced 1.2 ms compo-
nent which is responsible for the phase shift of the
period 4 oscillation (from maxima on flash 3, 7, 11 to
maxima on 2, 6, 10) is undoubtedly due to the Z* M3+
— ZM(O,) transition. The small but significant 0.1 s
phase remaining after this transition is in the time range
of oxygen release [26]. This indicates that bound oxygen
is in fact detectable via the equilibrium ZM(O,) 2
Z*M?**, which illustrates the sensitivity of the method.
The 0.26 ms phase preceding the Z*M?** — ZM transi-
tion (Table 1) may safely be attributed to reoxidation of
Q. by Qp. This reaction should have a half-time of 0.33
ms in order to account for the observed (.26 ms half-time
(1/0.33 + 1/12 = 1/0.26), which is in the range
expected [20,21,25]. Moreover, in view of its flash num-
ber independence (Fig. 3, in coutrast to Ref. 21), the
same Q, reoxidation time (0.33 ms) would contribute
to the 0.17 ms phase observed in S;, which indicates
that the reaction Z*M?*— ZM?** should then have a
half-time of 0.35 ms. This value coincides with data
from ultraviolet absorbance and EPR spectroscopy
[15,19].

By the same reasoning the 0.17 ms and the 0.14 ms
phases in e¢lectroluminescence observed in S; and S,
(Table I) would reflect the reactions Z*M — ZM™ and
72 M* - ZM?* with half-times of 0.35 ms and 0.24 ms,
respectively, together with the 0.33 ms Q. reoxidation.
The Z*M* — ZM?™* transition is expected to take
0.11 ms [15,19] and should have resulted in an 0.09 ms
phase. Imposing this time in the analysis instead of the
observed 0.14 ms led to an acceptable fit. However, the
0.35 ms reaction in S, cannot be ascribed to the Z*M
— ZM™ stabilization as this reaction is known to be
about 10 times faster [15]. This indicates that it must
reflect some other process which stabilizes the S, state,
perhaps deprotonation, which was reported to take 0.25
ms [36], and that the Z*M — ZM™ transition is hidden
in the 0.03 ms phase (Table I). It should be noted that
the above interpretation of the various approx. 0.2 ms
phases implies that no such phase is attributed to elec-
troluminescence from non-oscillating centers.

The 15 ms and approx. 400 ms phases seen after the
Z*M*—ZM?" and the Z*M?* > ZM?" transitions
(Table II) may in principle be due to stabilizations at
the donor side and /or the acceptor side. The stabiliza-
tion is more prominent in S, than in S;, whereas no
period 2 effect on the acceptor side was monitored. This
indicates that at least one of the stabilization phases is
due to the donor side. The nature of the stabilization



remains unknown. No charge transport processes in this
time domain are known at the donor side. However, the
electroluminescence presumably is very sensitive to any
structural changes or charge displacements. The absence
of a 15 ms phase in the decay of the signal associated
with centers which are in §; indicates that the 15 ms
phases in S, and S, are not due to to a stabilization at
the acceptor side. On the other hand, it cannot be
excluded that the 400 ms phase is due to oxidation of
the acceptor side by ferricyanide. It was observed that
without ferricyanide the electroluminescence after flash
1, 5, 9 etc. was higher relative to the other flashes than
in the presence of ferricyanide (not shown). This might
be interpreted as an oxidation of the acceptor side
which is accelerated in centers connected with S,, which
state is correlated with a high concentration of Q4 (Fig.
3C). The absence of a period 2 effect in the electro-
luminescence measured after 50 ms (Fig. 3B) does not
support such an explanation for the 15 ms phase, but
we could not obtain information on the period 2 effect
on a longer time-scale due to the FCCP-induced
deactivation of the S-states.

Electrogenicity

The charge recombination kinetics during the field
pulse depend on the stage of the stabilization process at
which the field pulse is applied. Its change as a function
of the delay time between flash and pulse should not
only reflect the stabilization process, but also reveal any
electrogenicity of the reactions involved. This point is
clarified by calculations based on the reaction scheme
depicted in Fig. 8. Here one stabilization reaction at the
donor side and one at the acceptor side are taken into
account and before the charge separation all reaction
centers are assumed to be in the state M‘*ZQ,Qy. In
the absence of an electric field efficient photosynthesis
requires that the rate constant of recombination from
Z*Q,, k,, is small compared to the sum of the rate
constants of the stabilization reactions, k, and k,.
After equilibration at the donor and the acceptor side
the equilibrium concentrations Z*M™* and Q. Qy are
determined by the equilibrium constants k,/k; and
k,/ks respectively and four different redox states are
present. In the presence of an electric field k, is strongly
enhanced. We have calculated the kinetics of Z*Q}
(and therewith of the electroluminescence) according to
this scheme assuming that the external field would also
increase k, with a factor «, but not change k,, k, and
ks. In this case the transition Z*M'*— ZMU*D+ jg
electrogenic and the corresponding equilibrium constant
K = k,/k; is decreased by a factor a. The result for
the onset of the field (assumed to be immediate) before
equilibration is shown in Fig. 8A. The amplitude de-
creases mainly with k; + &, + k,. When a field pulse is
applied after equilibration (Fig. 8B, solid curves) the
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Fig. 8. Calculation of the time-course of the concentration of the state
Z* Qj after the onset of an immediately rising electric field accord-
ing to the depicted scheme when all centers are in the state Z*Qy
(A) and when equilibrium between the four states has been reached
before the pulse, assuming k; = 0 (B). The solid curves are calculated
with k; = 6 ms! (in the presence of the field), k, = 2 ms™ and k;
= 0.2 ms ™! (in the absence of the field), k, = 2 ms™' and k5 = 0.1
ms™!; k, is enhanced by a factor a by the pulse. The dashed curve is
calculated for the case of no Q, reoxidation by Qyg, i.e., k4 = 0, and
modified rate constants at the donor side: k, = k3 = 0.6 ms™! (in
the absence of a pulse) and & = 6. The dashed curve is normalized on
the initial value of the solid curves. Its significance will be discussed
later.

initial amount of Z*Q is smaller by a factor {k;/(k,
+ k)Y {ks/(ky+ks)} (ks without field) and this
amount will decay with the same kinetics as in Fig. 8A,
but now the slow phases due to regeneration of this
state via k, and k, are not negligible anymore. It can
be shown that, if k, is enhanced by the field by more
than a factor (1 + k,/k,), the Z*Q, concentration will
actually increase initially. Thus the kinetics of the elec-
troluminescence during the pulse are very sensitive to
electrogenicity of the stabilizing reactions, whereas its
initial amplitude is simply proportional to the amount
of Z*Q, present just before the pulse.

Analogous results are obtained for the case of an
electrogenic acceptor side stabilization reaction and a
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non-electrogenic donor side stabilization reaction. How-
ever, the fact that the kinetics during the pulse of the
electroluminescence associated with centers performing
the Z*M?** — ZM transition do not significantly change
upon reoxidation of Q, implies that the stabilization
reaction at the acceptor side is not electrogenic. Elec-
tron transfer from Q, to Qp has also been found to be
non-electrogenic in the purple bacterium Rhodopseu-
domonas viridis [37]. .

The electroluminescence due to the centers in the
state Z*M?* decays during the pulse with a half-time
of roughly 0.1 ms (Fig. 6A). As discussed above, the
Z*M?** - ZM?* transition itself has a main half-time
of about 0.35 ms. At times longer than this transition
time an equilibrium concentration Z*M?* must still be
present. If the equilibrium between Z*M?* and ZM**
were not altered by an external field, i.e., if the Z*M?™
— ZM?** would not be electrogenic, then upon the
onset of the field the centers which are in Z*M?**
should give rise to an electroluminescence which decays
initially in 0.1 ms and be followed by a much slower
phase due to the newly installed (pseudo-)equilibrium
between Z*M?* and ZM3"* (Fig. 8B, solid curve, a =
1). Such kinetics are not observed (Fig. 6B). Instead,
after the initial rise in about 10 ps, presumably reflect-
ing the rise of the field, a further rise with a half-time of
about 0.1 ms is observed. The signal then decays with a
half-time much longer than 1 ms. We therefore con-
clude that the Z*M?**— ZM?** transition is electro-
genic.

The values for the rate constants in the calculations
of the solid curves of Fig. 8 were chosen such that they
fit with our data for the Z*M?>*— ZM>" transition.
Comparison of Fig. 6B with Fig. 8B (solid curves)
would' indicate that, if the electrogenic effect is only
reflected in an increase of k,, this reaction is accel-
erated about 6-fold. Our data exclude the possibility
that the electrogenicity only affects the stabilizing rate
constant k, (by decreasing it), because in this case the
electroluminescence kinetics would always display an
initial decay (not shown). If the electrogenicity both
decreases k, and increases k,, as would be expected on
the basis of reaction rate theory [38], the decrease of K
would have to be larger than a factor 6 to describe the
observed kinetics. It is reasonable to estimate that in
our conditions K is enhanced with a (Boltzmann) factor
which is in the order of 10, which corresponds to an
electric field-induced potential difference of about 50
mV between Z and the component which is oxidized at
the M**— M** transition.

In our samples a distribution of local field strengths
(and hence free energy differences between the redox
components) is present during the pulse [7], but the
higher field strengths dominate the electroluminescence
contribution. At the external field used here, 1500 V /cm,
this corresponds to a membrane potential of about 1 V,

the maximum membrane potential, above which dielec-
tric breakdown occurs [7]. It is concluded that M**
oxidation by Z* spans about 5% of the hydrophobic
core of the membrane.

The kinetics of the electroluminescence during the
pulse are very similar for the various S-states both
before (Fig. 6A) and after (Fig. 6B) Z* reduction. This
indicates that the reasoning leading to the conclusion
that the Z*M?*— ZM?>" transition is electrogenic can
also be applied to the Z*M* — ZM?2* and the Z*M?**
— ZM (with bound oxygen, see below) transitions. As
no evidence for electroluminescence from ZM™ after
Q. reoxidation was obtained, no statement on the
electrogenicity of Z*M — ZM™ can be made. We con-
clude that Z* reduction is moderately electrogenic at
leastin S,, S, and S;. The predicted percentage of about
5% is within the noise of the electrochromism data of
Conjeaud and co-workers [33], which did not reveal any
electrogenic stabilization reactions on this time-scale.

Amplitudes of kinetic phases and stabilization potentials
of the S-state transitions

One of the aims of this investigation was to de-
termine the equilibrium constants between Z* and the
S-states. The decrease of the Z*Q, concentration with
each stabilization step is reflected in the decrease of the
initial electroluminescence amplitude, i.e., the amplitude
reached with the risetime of the field, with increasing
delay time between illumination and electric pulse. To
enhance the precision, the kinetic analysis was per-
formed on the integrated electroluminescence rather
than on the initial amplitudes. When necessary a correc-
tion will therefore be made when comparing amplitudes
of kinetic phases associated with different signal shapes.

The equilibrium constant of the stabilization reaction
due to the Qj reoxidation equals the ratio of the
amplitudes of the 0.26 ms and the sum of the ampli-
tudes of the 1.2 ms and 0.1 s phases associated with the
Z*M3* > ZM transition. The amplitude of the latter
phase is negligible compared to those of the former
phases. The amplitude scaling of Table II was chosen
such that the amplitude of the 1.2 ms phase due to
Z+*M3** > ZM(0,) corresponds to the scaling of Table
I; no correction is needed for a difference in kinetics
during the pulse as they remain similar before and after
Q, reoxidation. It follows that this stabilization reac-
tion has an equilibrium constant of 20 and hence a
standard free energy difference of 75 meV. This result is
in accordance with reported values for the equilibrium
constant [Q, Qp1/1Q.Q51[25,39]. However, we have to
mention again that the assumption that the electro-
luminescence precursor of the acceptor side is in equi-
librium with Qj is hard to reconcile with the absence of
a period 2 effect on the observed oscillations. Further
research is needed to solve this puzzle. For the interpre-
tation of the equilibria at the donor side it suffices at



TABLE III
Equilibrium constants

Amplitudes of electroluminescence at 20 us after the onset of the
pulse and equilibrium constants associated with Z* reduction. The
latter were calculated as desribed in the text.

Z+M+ Z+M2+ Z+M3+
- ZM** - ZM3* - ZM(0,)
Ampl. Z* Q1 270 500 790
Ampl. ZQ, 15 5.0 0.62
VAV(VAS 9 5 65
AGP (meV) 55 40 105

present to know that the reoxidation of Q} is accompa-
nied by a decrease in Z*Q, concentration by a factor
of 20, which does not oscillate with flash number.

We determined the amplitude of the electrolumines-
cence in §,, S, and S, before the stabilization reactions
had occurred (Table III, row 1) and also when Q, was
reoxidized and Z* rereduced (Table III, row 2). These
data were obtained from Tables I and II after correcting
for the difference in kinetics during the pulse of the
electroluminescence. The data in the upper row corre-
spond to the sum of the amplitudes of the decay phases
ascribed to the Z* M’ + — ZM“* D™ transition and with
Q reoxidation (the approx. 0.2 ms phases and also the
1.2 ms phase in S;); those in the second row with the
sum of the amplitudes of all decay phases slower than
the 1.2 ms phase.

Special care was taken when determining the ampli-
tude of the 0.1 s phase associated with S,(0,). The
results of Table II were based on S-state fits assuming
that all centers can give rise to electroluminescence,
irrespective if they made a turnover on the last flash.
This may cause minor errors in the time range in the
order of the flash interval. When it was assumed that
only centers which made a turnover on the last flash
contributed to electroluminescence an about 1.5-times
larger 5,(0,) contribution was found. The decay time of
0.1 s equals the flash interval and hence for the value in
Table 111 the average of the amplitudes found with the
two procedures was used. It should be noted that the
much larger amplitudes of the S, and S, electrolumines-
cence were relatively much less sensitive to the S-state
fit procedure.

With the known 20-fold stabilization at the acceptor
side the equilibrium constants and standard free energy
changes for electron transfer between Z and the
oxygen-evolving complex could be calculated and they
are also listed in Table III. It should be stressed that
these values apply to the states before and immediately
after Z* reduction. If the 15 ms and the 400 ms phase
are due to stabilizations at the donor side a further
stabilization by a factor of at most 6in S, or 2.5in S, is
reached (Table II).
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The stabilization in S, by Z*M?** reduction is about
a factor 65 (Table I1I). Further stabilization in this state
1s achieved by a process with a time constant of about
100 ms. As in this state oxygen is released this stabiliza-
tion is probably of a different nature than the 15 and
400 ms phases in 8, and S,. The half-time of oxygen
release measured with a bare platinum electrode at
weak polarization is, in contrast to that measured with
more indirect methods 40,41}, also about 100 ms {26],
The electroluminescence intensity after completion of
the 100 ms phase was at least 10-times lower than the
amplitude of the 100 ms phase. This implies that the
stabilization by S;(0,) = S, + O, exceeds a factor 10.

Table I also shows that the electroluminescence
depends not only on the amount of Z*Q, present
when the pulse is applied, but also on the S-state. As the
electroluminescence kinetics during the pulse do not
depend much on the S-state, it seems likely that the
luminescence yield is S-state-dependent. A higher
luminescence yield in S, than in S, can also be deduced
from ‘normal’ delayed luminescence data [42] and has
also been reported for thermoluminescence [43].

The miss parameter needed to fit oscillation patterns
in Photosystem 1I is presumably due to the presence of
equilibrium concentrations of Z* and of Q4 at longer
times after a flash. The equilibrium concentration which
we calculated for Z7 is on the average less than 8%
(<1.5% in S, negligible in S, 10% in S, and 17% in S;;
if the 15 ms and/or the 400 ms phase is due to
stabilization at the donor side this number becomes
smaller at longer times after the flash). With an equi-
librium concentration of 5% Qj, this is roughly in
agreement with the observed value of 7% for the average
miss parameter.

Non-oscillating electroluminescence

A fast phase with a half-time in the order of 30 ps
was present in all decays. The time resolution of our
method did not allow a detailed study of this phase. As
mentioned above, one would expect a contribution by
Z7 reduction in S, [15], but most of it may be due to
the non-oscillating centers. It may also be related to the
35 us phases observed in ordinary luminescence [3,4]
and in P-680% reduction [44}], which have been attri-
buted to an apparently non-electrogenic charge sep-
aration [29,45]. A small electrogenicity is sufficient to
explain the appearance of the 30 ps phase in our
electroluminescence measurements, because the involve-
ment of P-680" would otherwise predict a much larger
and more rapidly decaying electroluminescence.

On a longer time-scale the non-oscillating component
displays a polyphasic decay and we tentatively attri-
buted it to centers in which Q reoxidation by Qj is
inhibited. Assuming that no kinetic phases faster than
approx. 1 ms are associated with this signal, the ampli-
tude of the signal is about 20% of that associated with
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M*Z*Q,. This indicates that about 17% of PS II was
non-oscillating.

The approx. 1 ms phase may reflect modified Z*
reduction kinetics in these centers. The amplitude ratio
of this phase and the sum of the slower phases of the
non-oscillating electroluminescence is about 1 (Table I)
and hence the equilibrium constant of this stabilization
reaction then is also about 1. This value is much lower
than the value of 9 found for Z* reduction in S, in
centers in which QJ is reoxidized. With rate constants
corresponding to this interpretation the simulation of
the S,Qj electroluminescence kinetics during the pulse
as in Fig. 8 with &« = 6 (dashed curve) indeed confirms
the observed kinetics. The inhibition of Qg reduction
alone cannot account for this (a rise of the signal would
still occur, not shown). The fact that similar kinetics
were observed for ‘normal’ M?*ZQj in the presence of
DCMU suggests that the modified electron transfer
between Z and the oxygen-evolving complex in non-
oscillating centers is caused by the presence of Q. The
similarity of the non-oscillating centers with ‘normal’
centers in the presence of DCMU [29] further suggests
that the slower decay phases are, at least partly, due to
charge recombination. The 0.8 s phase is attributed to
charge recombination, simultaneously with some re-
oxidation of Q, by ferricyanide.

Summarizing, the approx. 1 ms decay of the non-
oscillating electroluminescence can be ascribed to a
Z*M* - ZM?* transition, modified by the presence
of Q,; the slower decay phases are due to recombina-
tion. Further research is necessary to clarify the in-
fluence of the redox state of Q, on the stabilization
reactions at the donor side.

Concluding remarks

The electroluminescence technique used here allowed
the detection of stabilization reactions in PS II over six
time decades. Decomposition procedures for the period
4 oscillations of the S-states yielded the decay of the
amplitude and the relaxation of the shape of the signal
for each S-state separately. These results constitute a
first general survey by the electroluminescence tech-
nique of all stabilization reactions in PS II after the
state Z* Q. The interpretation was necessarily tenta-
tive and incomplete; many questions must await more
extensive studies on specific points. Nevertheless, the
results presented here have already allowed several im-
portant conclusions and revealed some apparent incon-
sistencies which may prove useful guides for future
research.
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