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Abstract

A study is described of the heterogeneous kinetics of Photosystem 11 (PSIH) electron transport in osmotically swollen spinach
chloroplasts (*blebs’) on illumination by a series of laser flashes. The existence of a broad distribution of the number of plastoquinone
molecules rapidly accessible for reduction by PSII is confirmed by chlorophy!l fluorescence yield and electroluminescence
as a function of the number of preilluminating flashes. The oscillation of electroluminescence with flash number as a function of flash
energy was used to calculate the best-fitting antenna-size distribution of the oxygen evolving PSIL. The results suggest that, in blebs at
least, electrogenic charge separation leading to electron transport from water to the plastoguinone pool is carried out by PSII 8 as well as

PSII a.
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1. Introduction

In the presence of DCMU the light-induced increase of
the chlorophyll fluorescence yield in Photosystem I re-
flects a single photoreaction resulting in the photo-
reduction of Q,, as originally proposed by Duysens and
Sweers [1]. At rate-limiting light intensity the kinetics of
the process are clearly biphasic [2], which has been at-
tributed to the presence of two different types of PSII: PSII
a and PSII B [3.4]. Both systems have a high quantum
yield of Q, photoreduction [5.6), so the kinetic difference
is due to a different absorption cross section. The antenna
size of PSII a is 2-3-times larger than that of PSII 8.
During the fluorescence induction the effective antenna
size of PSII « further increases due to energy transfer
between units, leading to a sigmoidal fluorescence rise
curve, whereas PSII B centers behave as separate units
and cause a simple exponential fluorescence increase. This
is attributed to their different locations: PSII « is thought
to be concentrated in the appressed membrane regions in
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the grana, while PSIT B is located in the stroma-exposed
membrane regions, interspersed among PSI [6].

The functional significance of PSII B8 has never been
fully clarified. A heterogeneity in antenna size suggests a
role in adaptation to the wide range of light intensities to
which plants are exposed. Support for such a role comes
from variations in the relative abundance of PSIl B8 be-
tween sun and shade pfants and plants grown at different
light intensities [7.8]. However, various observations indi-
cate that also electron transport by PSIl 8 may be differ-
ent from that by PSII a and suggest that PSII B is unable
to reduce the plastoguinone pool [9.10}. If PSII B is active
in efectron transfer at afl, the electron transfer pathway
could be totally different, not involving quinones and not
associated with a membrane potential [11.12]. Some data
indicate that PSII B does evoive oxygen when lipophilic
quinones are added as artificial electron acceptors [13,14].
It has been propused that PSII B represe:. s a transient,
inactive stage in a continuous repair cycle triggered by
irreversible photoinhibition of PSII [8]. This hypothesis
might also account for the observed correlation with growth
conditions, although the amount of PSH 8 normally pre-
sent in non-photoinhibited material, about one-third of the
reaction centers, seems wastefully large.

In the absence of DCMU, PSII photochemistry brings
about the transfer of electrons from water to plastoguinone.
When the plastoquinone pool becomes reduced the reoxi-
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dation of the electron acceptor Q is also inhibited and the
chlorophyll fluorescence yield increases correspondingly.
The long-known fact that photo-accumulation of Q3 fol-
lows the reduction of the pool much closer than redox
equilibration would predict led Joliot et al. [15] to propose
that only local equilibration in isolated domains can be
attained and a wide distribution of pool sizes in different
domains determines the measured kinetics. The most obvi-
ous support for this model came from the observation that
the decrease of oxygen production due to accumulation of
Q. upon photo-reduction of the pool by a series of
saturating flashes is not associated with a corresponding
increase in ‘misses” in the oscillation of oxygen yield with
flash number. When PSH is illuminated by a series of
saturating flashes the oxygen yield shows a damped oscil-
lation with a maxima on flash numbers 3. 7. 11, etc. [16].
Kok et al. [17] proposed that each reaction center cycles
through five redox states, now referred to as the "S-states’:

Sy=8,=8,=5,=(5,-)S, +0;

The damping of the oscillation was attributed to imper-
fect single-turnover flashes: ‘double hits’ may be pre-
vented by the use of sufficiently short flashes, but even
with saturating flashes there are always some ‘misses’
because the stabilization of the charge separation after the
flash fails. e.g.. because Q, was already in the reduced
state.

If the fluorescence yield increase accompanying plasto-
quinone pool reduction is due to a dynamic redox equilib-
rium between Q, and the pooi as a whole, the probability
of misses should increase comespondingly. Clearly, this is
not observed in the oxygen sequence [15] and also the
shape of the fluorescence rise curve is difficult to explain
unless a broad distribution of pool sizes is assumed [18].
Joliot et al. [19] have argued that the number of plasto-
quinone molecules accessible to a PSII center is a statisti-
cally distributed value which changes only slowly (1, ,, =6
s} because the high protein density in the membrane causes
a fragmentation of the lipid space available for free diffu-
sion of plastoquinone. Satisfactory agreement with percola-
tion theory was obtained [20}, and the lateral diffusion of
plastoquinone in the thylakoid membrane was indeed found
to be at least two orders of magnitude slower than in
phosphatidylcholine membranes [21].

We have investigated the kinetics of S-state oscillation
and pool reduction in osmotically swollen chloroplasts
(*blebs’), where the reduction kinetics of the plastoquinone
pool can be studied conveniently because its reoxidation
by PSI is inhibited {22}, and where the S-state oscillation
can be probed conveniently by the electroluminescence
(EL) technique [23]. In this way plastoquinone reduction
and S-state oscillation could be detected by measuring
chlorophyll fluorescence emission. so that the same appa-
ratus, experimental conditions and material could be used.
By comparison of measurements in the presence and ab-
sence of the artificial electron acceptor DCBQ, which fuily

reoxidizes Q; between flashes, the effects of photo-
reduction of the plastoquinone pool were easily distin-
guished from other phenomena. Variations of the flash
energy allowed the determination of the antenna sizes of
the PSII units involved.

2. Materials and methods

Chloroplasts were isolated from laboratory-grown
spinach. Freshly harvested leaves were depetiolated,
washed and ground in a cooled blender in 50 mM Hepes
(pH 7.5)/0.4 M NaCl/1 mM EDTA/0.2% (w/v) BSA.
After filtration through a 25-pm mesh nylon cloth, chloro-
plasts were sedimented by 10 min centrifugation at 10000
X g. The pellet was resuspended in 50 mM Hepes (pH
7.5)/0.15 M NaCl/5 mM MgCl, to a chlorophyll concen-
tration of 2 mg/ml. The preparations were stored at 77 K
until use. Blebs were formed by diluting the chloroplast
suspension 400-fold in 1 mM Mops (pH 6.6)/1 mM
CaCl,. Where indicated the artificial PSII electron accep-
tor 2,5-dichloro-p-benzoquinone (DCBQ) was added. The
measurements were performed about 10 min after dilution
at about 18°C. For each measurement a fresh sample was
taken (successive points in a flash series thus result from
mutually independent experiments). Each point is the aver-
age of two measurements.

The measuring cuvette, which was placed in the focus
of an ellipsoidal mirror for efficient collection of emitted
light, consisted of two 10X 10 mm platinum electrodes
spaced at 2 mm by the surrounding glass sides. Slits next
to one of the electrodes allowed sample replacement by an
automatic stopped-flow system. Two opposite sides could
be illuminated via small holes in the mirror; one was used
for the actinic flashes and one for the measuring beam to
probe the fluorescence yield. Emitted light was reflected
by the mirror, through a Balzers 686 nm interference filter
and a Schott RG665 nm cut-off filter, on a photomultiplier
which was shut off during the excitation flashes by an
electronic gate. The excitation flashes were obtained from
a Nd-YAG laser (!0 Hz, 532 nm, 20 ns half-width) and
filtered by a Balzers Calflex C and Corning CS 4-96.

For electroluminescence (EL) measurements, at 500 us
after the last flash a 140 us square pulse of 330 V was
applied to the electrodes, resulting in an electrical field
strength of 1650 V /cm in the cuvette. The signal from the
photomultiplier, recorded by a Datalab 905 transient
recorder and fed into a microcomputer, was integrated
from 25 us to 125 us after the onset of the pulse.

For fluorescence yield measurements, after the last flash
a shutter was opened to admit a weak probing beam,
filtered by a Calflex C and a CS 4-96 and modulated by a
photoelastic modulator (Hinds International) placed be-
tween crossed polarizers. The signal from the photomulti-
plier, first demodulated by a lock-in amplifier and then
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recorded as above, was integrated from 50 ms to 150 ms
after the last flash. The integrated fluorescence signal as a
function of flash number was normalized for zero flashes.

The accuracy of the integrated fluorescence and EL
values appeared to be limited by a relative error of about
2% root-mean-squarc deviation. Fitting was therefore per-
formed by minimizing the RMS relative difference be-
tween the simulated and the measured values, using the
NAG Library routine EO4JAF. The program allowed global
fitting of several data-sets, variables could be made con-
stant/iree, upper and lower bound, set-dependent/inde-
pendent and heterogeneous/homogencous. In order to de-
termine a distribution of values of a variable, the simula-
tion is calculated for a series of fractions with successive,
fixed values of the variable and the size of each fraction is
a fit variable. The resolution of the distribution is rather
low because of the limited number of fractions which
could be handled, especially when many other variables
were set free as well. When a broad distribution, extending
over many fractions, is obiained, the procedure tends to
produce alternatingly high and low values for successive
fractions. This is an inherent instability of the method,
appearing when the difference between calculated signals
from successive fract:ons does not much exceed the noise
in the data. To cope with this problem, the distributions
shown in Fig. 3 were filtered by plotting not the actually
fitted size y(n) of each fraction n, but 0.5 y(n)+0.25
y(n — 1) +0.25 ¥(n + 1). The results obtained after filter-
ing were essentially independent of the initial values used
on entry of the fitting subroutine. The same fitting instabil-
ity does not play an important role in the narrow antenna-
size distributions of Fig. 7. In that case the fitted values are
shown without smoothing.

3. Results
3.1. S-state turnover

Fig. 1A shows the amplitude of EL signals measured on
a suspension of blebs as a function of the number of
preilluminating single-turnover flashes, in the presence of
the artificial electron acceptor DCBQ. The electrical pulse
was applied at 0.5 ms after the last flash to minimize the
relative contribution of non-oscillating centers [23] and the
emission during the first 25 us of the pulse was discarded
to avoid a contribution by EL from PSI [22]. The pro-
nounced period four oscillation with flash number was
analysed in detail in Ref. [23] It is similar to that of the
oxygen yield, because the largest signal is observed after a
flash fired in S5, but the contributions by the other S-states
are substantial. Fitting the period four oscillation with flash
number requires an S-state dependent EL contribution and
some variables to quantify the S-state turnover according
to the Kok model [17]. The kinetic parameters of the
S-state turnover are determined by the damping and period
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Fig. 1. Relative el lumi induced by an 0.14 ms electrical

field pulse applied at 0.5 ms after a variable number of single-tumover
flashes fired at 10 Hz in the presence of 50 uM DCBQ. Dashed line
(deviations shown in B): best fit according to the Kok-model. 8.3%
misses. Deviations in C: reversible inactivation of S, (39% inactivation.
71% reactivation). Solid line. with deviations shown in D: best fit
disregarding the first flash and assuming a fixed EL increase per electron

ported. Valucs obtained with this fit: misses 0%: §; inuctivation
38.6%: S, reactivation 75.5%: EL §,-8; 22.2, 14.2, 25.9 and 100: EL
increase /electron 0.0037.

of the oscillation. In view of the short flash duration and
the absence of measuring light during the flash sequence,
double hits could be excluded. The probability of misses
alone is clearly not enough to describe the oscillation
pattern (dashed line, deviations shown in Fig. 1B). The
amplitude of the oscillation decreases more rapidly than
can be explained by the maximum amount of misses
allowed by the period of the oscillation, as noted before
[25). The replacement of Kok's miss parameter by an
irreversible inactivation of a fraction of the centers on each
flash [25] was not satisfactory. The assumption of a ‘re-
versible inactivation of S;' [26], which entails two extra fit
variables, allowed a close fit of the oscillation patterns.
Typical values for S; inactivation and reactivation were 35
and 75%. respectively, with very few S-state independent
misses. This is probably not realistic and shows again that
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Fig. 2. Relative chlorophyll fluorescence yicld in blebs at 50-150 ms
after a variable number of single-turnover flashes fired at 10 Hz. in the
absence (solid circles) and presence (open circles) of 50 ¢M DCBQ. The
lines show the best-fitting simulation with a distribution of acceptor pool

sizes as explained in the text: the dashed line in is the best fit obtained for
a homogeneous plastoquinone pool size.

the details of S-state turnover are not quantitatively under-
stood. We will use the ‘reversible S; inactivation’ only by
lack of a more plausible model which allows an accurate
fit. From preillumination-deactivation experiments as de-
scribed in Ref. [23] it was clear that all centres started in
the state S, (not shown). The pattern of deviations (Fig.
1C) shows a small linear increase of the EL signal with
flash number. If this is accounted for by arbitrarily assum:-
ing a fixed increase of the EL signal for each electron
transported and the first flash is disregarded in view of the
possibly smaller contribution by non-oscillating centers
[23]. the residuals are reduced nearly to the noise in the
data (Fig. 1D).

3.2. Pool size distribution

The chlorophyll fluorescence yield of the same material
was measured in the same conditions as a function of the
number of preilluminating single-turnover flashes. both in
the absence and in the presence of the artificial electron
acceptor DCBQ (Fig. 2, solid circles and open circles.
respectively). The measurement started 50 ms after the last
flash, after equilibration of secondary electron transfer
reactions of PSIL and ended at 150 ms after the flash,
before significant S-state deactivation or reoxidation of the
plastoquinone pool took place. The lurge increase of the
fluorescence yield after many flashes in Fig. 2 (solid
circles) is attributed to the accumulation of Q5 when the
plastoquinone pool becomes exhausted, which could be
completely prevented by addition of the artificial electron
acceptor DCBQ (Fig. 2. open circles). Oscillations with
flash number are attributed to the four different S-states
and the two Qg-states. The larger difference between zero
and one flash is attributed to a minor fraction of *inactive

centers’. which are unable to proceed beyond the state
$,Q; [241

In order to verify if these data can be explained quanti-
tatively by the above interpretation with reasonable values
of all parameters involved. computer simulations were
carried out and optimized by mean-square minimalization
of the relative difference between simulated and measured
values. The lines in Fig. 2 indicate a simultancous fit of
the data with and without DCBQ, obtained as follows. To
accommodate the fluorescence increase due to inactive
centers a separate variable was included. They were as-
sumed to have the same fluorescence properties as normal
centers in S,.

The relative fluorescence yield (F/F, ) as a function
of the fraction of Q, in the oxidized state (g) was calcu-
lated according to Ref. [27] using the equation:

F/Fm;lx=l_q/((Fm:nx/Fl)i_p(l_q))

in which (F,,/F,); was treated as the only S;-state
dependent fit variable. F,_, is the fluorescence corre-
sponding to all Q, reduced and the variable fluorescence
(F,), is F,,, —(F,);,. with (F,), the fluorescence corre-
sponding to all Q, oxidized. If the reaction centers do not
quench fluorescence when Q, is reduced, as concluded in
Ref. [5), (F, /F,..); is the efficiency of excitation trapping
in *open’ PSII (Q, in the oxidized state). This parameter is
thought to depend on the S-state dependent local =lectro-
static field at the site of charge separation [28]. For S-state
kinetics as in Fig. 1, its fitted values were 0.710. 0.719,
0.692 and 0.676 for S, S,. S, and S;. respectively. These
values presumably include some dependence on the redox
state of Q. which was disregarded in the model.

The parameter P is the probability of excitation transfer
from a ‘closed” PSII (where Q, is in the reduced state) to
another PSH [29] (corresponding 10 o in Ref. [27]). The
best-fitting value was O, but the fit was quite insensitive to
the value of P. When a value of 0.8 was imposed, the
resulting delay in the calculated fluorescence rise as a
function of flash number was compensated in the fit by a
marginal increase of the small pool sizes and the value of
K (see below) was not changed.

The only difference between the fits of Fig. 2 in the
absence (solid circles) and in the presence of DCBQ (open
circles) was that in the latter complete reoxidation of Q,
between flashes was assumed. In the absence of DCBQ,
Q, was assumed to be in one-electron redox equilibrium
with the plastoquinone pool, disregarding the two-electron
gate Q. and g, the fraction of Q, in the oxidized state.
was calculated from the equation:

q=K/(K+r)

in which K is the apparent equilibrium constant and r is
the plastoquinol /plastoquinone ratio. The value of r fol-
lows from the number of electrons already transferred to
the pool, calculated from S-<t~te turnover, and the pool
size. The best-fitting simulation with a homogeneous pool



P.W. Hemelrijk, H.J. van Gorkom / Biochimica et Biophysica Acta 1274 (1996} 31-38

size was clearly not acceptable, as illustrated by the dashed
line in Fig. 2 and the fitted value of the equilibrium
constant (K =7) was much smaller than expected [30].
Also two and even three populations of PSII with different
fitted pool sizes could not satisfactorily describe the shape
of the fluorescence increase with flash number (not shown).
When a larger number of fractions with a fixed range of
pool sizes was allowed and their relative contributions
fitted, a broad and asymmetrical distribution from 4 to 15
plastoquinone molecules with a maximum at 7 was ob-
tained (Fig. 3A, solid circles). The shoulder at 12, related
to the irregularities at flash number 28-30 in Fig. 2. is
probably not significant. The value of the equilibrium
constant in this fit was K = 32, i.e.. larger than the size of
the acceptor pool. Larger values of K led to equivalent
fits. The accumulation of Q, in one domain must be
practically a step function, occurring when the locally
available plastoguinone has beer exhausted. This explains
why the fit results are independent of the simplifying
assumptions made about electron transfer to the pool. For
simplicity and speed of computation we assumed a one-
electron equilibrium between Q, and its local acceptor
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Fig. 3. (A) Best-fitting distributions of pror pool sizes ok 1 by the

fluorescence fit of Fig. 2 (solid circles) and the EL fit of Fig. 4 (open
squares), smoothed as described in Section 2. The open circle at a pool
size of zero indicates the amount ol inactive centers applied for the
fluorcscence fit. (B) Best-fitting size distribution (solid cireles) of the
plastoquinone pool for the oxygen flash yield sequence in chloroplasts
reported by Joliot et al. (heir Fig. 8) {19). Fined variables: initial
§, = 100%: misses = 8.4%: double hits = 2.2%: K, = 52: fractions con-
taining 1-20 plastoquinone per PSH (the last fraction. accounting for the
small continued O, evolution. may be replaced by 1.1% reoxidation of
plastoguinol between flashes). Open circles: distribution derived by
Lavergne et al. from the estimated accumulation of Q3 during the same
experiment [20].
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Fig. 4. Relative clectroluminescence yield during a 0.14-ms clectrical
field pulse applied at 0.5 ms after a variable number of single-turnover
flashes fired at 10 Hz as in Fig. 1. but without the addition of DCBQ. The
lines show the best-filting simulation with a distribution of acceptor pool
sizes (shown in Fig. 3A. open squares). The deviations are shown in B.
Fitted variubles as in Fig. 1 and Fig. 2 (misses 1.1%: 8; inactivation
346%: Sy reactivation 77.4%: K, 30.6: EL contribution S,-S; 18.5.
14.3. 23.0 and 100: EL S,Q7 /S8:Q~ 17.7: EL increase per clectron
0.028).

pool. Lavergne et al. [20] took into account that plasto-
quinol is a two-electron carrier. The open circles in Fig.
3B show the pool size distribution as derived by an
elaborate procedure in Ref. [20] from the oxygen measure-
ment shown in Fig. 8 of Ref. [19]. while the solid circles
indicate the distribution we obtain by a direct fit of the
same data. Although the approach and the inherent as-
sumptions are different, the result is similar. The last point
differs because Lavergne et al. [20] subtracted the small
residual oxygen evolution remaining after pool reduction.
This distribution of pool sizes is similar to that of Fig. 3A
(solid circles).

Fig. 4 shows the EL signals under the same conditions
as in Fig. 1 with the same batch of material but without
DCBQ. After complete reduction of the plastoguinone pool
and disappearance of the oscillation large signals are still
observed, presumably because the accumulation of Qj
enhances electric field-induced charge recombination and
half of the centers are in a high S-state. To simulate these
EL data the same kinetic parameters of S-state turnover as
in Fig. 1 and of pool reduction as in Fig. 2 were used and
almost identical values were obtained. This result does not
support the conclusion of Delrieu and Rosengard [25] that
the period four oscillation of the fluorescence yield at 80
ms after the flash is due to a small fraction of centers with
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unusual S-state turnover properties. The fitted relative
amiplitudes of EL signals after a flash fired in S,,. S,. S,
and S; were 18.5. 14.3, 23.0 and 100. That of centers
which were in $,Q; or $;Q; before the ilash was 17.7
(no distinction between these states could be made); cen-
ters in $,Q, or $,Q, before the flash were assumed not
to contribute to the EL.

Again a homogeneous pool size did not allow an ac-
ceptable fit: the decrease of the amplitude of the oscillation
upon reduction of the pool was not accompanied by a
corresponding increase of misses. The best-fitting distribu-
tion of pool sizes (Fig. 3A. open squares) was similar to
that obtained from the fluorescence yield measurements.
Again a fixed increase of the EL for each electron trans-
ported had to be assumed, as in Fig. 1. but with a larger
value (0.028). Moreover, the occurrence of such an in-
crease was obvious already without fitting in EL. measure-
ments on chloroplasts. and also on blebs when no divalent
cations are added (not shown). It was insensitive to uncou-
plers and its origin is not clear. The absolute values of the
integrated EL were substantially smaller in the presence of
DCBQ than in its absence. Since this could not be ac-
counted for by the extent of fluorescence quenching by
DCBQ. it was presumably due to accelerated reoxidation
of Q;

3.3. Antennu size distribution

The experiments described above show that all oscillat-
ing EL comes from PSII centers connected to the plasto-
quinone pool. Saturating flashes were used and any hetero-
geneity in the antenna size of the PSIHI involved would be
obscured. It was shown in Refs. [S] and [6] that the smaller
PSIl B has an even higher yield of stable charge separa-
ticn in a saturating flash than PSH a. In order to investi-
gate the participation of PSH £ in electron transport from
water to plastoquinone or to DCBQ. the oscillation of EL
with flash number was measured as a function of the
energy of the flashes, both with and without DCBQ (Figs.
5 and 6. respectively). For the measurements in the ab-
sence of DCBQ the values beyond flash nr. 10 were
discarded. so that limitation by the acceptor pool could be
disregarded in the fit. Sawration with flash energy (/) was
assumed to be a single exponential (I-exp(—1/1_,)) and
the characteristic *saturation” energy I_,. at which (1-1/¢)
of the maximum amount of charge separation occurs, was
the fitted variable, expressed in the same relative units as
the flash energy used with each flash series (here: %
transmittance of the neutral density filters placed in the
laser beam). The dashed lines in Fig. 5 show the best fit
assuming a single value of /. corresponding to a homo-
geneous antenna size. Especially at 20% and at 13% flash
energy the deviation from the data is clear.

The best-fitting distribution of saturation energies was
obviously bimodal. both with and without DCBQ. as shown
in Fig. 7 solid and open circles. respectively. In the
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Fig. 5. Elec in the pres of 50 uM

DCBQ as in Fig. 1. caried out at different flash energies (% transmit-

tance of the neutral density filters as indicated). The lines show the

best-fiting simulation of the complete data set with a distribution of

antenna sizes as explained in the text: the dashed fine is the best fit
btained for a homog size.

presence of DCBQ half of the oscillating EL signals is
saturated at about 2.3-times lower flash energy than the
other half. which comesponds to the difference between
PSIl a and PSHI B centers as proposed by Melis and
Homann [4]. The absorption cross-section or antenna size
is proportional to the reciprocal of the saturation energy. so
the relatively smaller contribution of the high energy peak
in the absence of DCBQ suggests a smaller contribution by
PSII B. as might have been expected. The fits may also
indicate that DCBQ causes a slight shift to higher energy
of both peaks. as expected due to excitation quenching by
DCBQ. However, the detailed shape of the distributions
should not be over-interpreted; considerable variations of
the distributions could be imposed without much increase
of the minimum deviation between fit and data: the only
definite conclusion was that the distribution must have two
well-separated maxima with comparable amplitudes, both
in the presence and in the absence of DCBQ.

When only two antenna sizes were allowed. the best
fitting saturation energies were 5.5 and 15.5% in the
absence of DCBQ (open squares in Fig. 7) and 7.5 and
18% inits p e (solid sq ). The relative amount of
B-centers was 38% and 50%, in the absence and presence
of DCBQ, assuming equal EL yields of « and B centers.
This assumption is probably not comect. Quenching by
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DCBQ will affect the smaller 8 units less than PSII a.
Besides, the S-state dependence of EL appeared to be
different. For homogeneous S-state turnover kinetics dif-
ferent EL contributions of the successive S-states were
obtained for PSII « and PSII B. Conversely. if those
contributions were kept homogeneous. the Kinetic parame-
ters were a/ B-dependent (with fewer misses in 8 than in

0.6t

Fraction of Reaction Centers

el

0.3

Fiash saturation (1-1/e)

Fig. 7. Best-fitting distributions of saturation enerzies for the EL data of
Fig. 5 (solid circles, with DCBQ) and those of Fig. 6 (open circles,
without DCBQ). The squares indicate the fitted and i
energies when only two fractions were allowed.

a, in agreement with Ref. [5]). Probably both are «/8-de-
pendent, but erratic fitting results were obtained when
heterogeneity was allowed simultaneously in the kinetic
parameters and the S-state dependent contributions to the
measured EL signal. More precise data or additional evi-
dence will be needed to proceed further.

4, Piscussion

The resulis reported here show that the oscillating EL
signals come from PSki centers that are involved in elec-
tron transport from water to the plastoquinone pool. The
absorption cross-section of those centers comes in two
discrete sizes apparently corresponding to the a/ hetero-
geneity of Melis and Homann [4]. The conclusion that 8
centers carry out electron transport to the plastoquinone
pool is hard to reconcile with earlier evidence indicating
that these centers are not connected to the two-electron
gate Qg [9.10). There are three solutions: (1) what we see
is not PSIT B: (2) our conditions reactivate PS 113: (3)
PSH B reduces plastiquinone without a two-electron gate.

Firstly, the centres with B-type antenna size might be
a-centres stripped of their peripheral LHC I by the bleb-
bing process. in analogy to what has been proposed to
occur upon short heat-treatment [31] and the true B-centers
might escape detection in our measurements because they
do not oscillate and/or are not sensitive to a membrane
potential [32]. This would imply that our preparations
should contain large amounts of detached LHCIl or an
increased antenna size of the centers left behind. However.
the overall F,,,/F, ratio of four does not suggest either.
Secondly, electron transport from water to plastoguinone
might be reactivated in PSII B8 by the blebbing process.
This seems uniikely. We have no evidence that the total
flash yield of oxygen increases and a redistribution of
plastoquinone is unlikely in view of the unchanged pool
size (Fig. 3) and earlier evidence for a normal plasto-
quinone contert of stroma lamellae [33.34], Thirdly. one
might design schemes to explain plastoquinone reduction
by PSII B without two-electron gate, involving a coopera-
tion between reaction centres, perhaps in association with
the cytochrome b /f complex [35]. The problem with this
interpretation, however, is that electrons arriving at PSI
seem to be limited by the two-electron gate [36]. On the
other hand, some electrons do arrive after a single flash.
and the hypothesis that this is due to the presence of some
(30%) Qg in the dark [36.37] has never been proven. In
fact it is inconsistent with the absence of a cotresponding
absorbance change at 325 nm after the first flash (e.g.. Ref.
[23D.

We conclude that all three interpretations would require
further research to become acceptable and none of them
can be ruled out at this stage. The key question is, if
plastoquinone reduction by the B-type PSII described here
proceeds via the two-electron gate Q. The finding that the
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EL signal is dependent on the redox state of Q, [38] opens
the possibility for a further study of this question.
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