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The re-reduction course of P-680*, the photooxidized PS II primary donor, was measured as a function
of excitation number in Cl--depleted PS II membranes. After the 1st and 2nd excitations the signal ampli-
tude of P-680* is small, indicating a submicrosecond reduction of P-680* by Z, the secondary donor of PS
II. After the 3rd excitation, however, a larger P-680* signal with a 40-50 us half-life is observed. The slow
decay of this signal is attributed to a back-reaction with a reduced acceptor in the presence of the Z*S,
state on the donor side. The state Z*S, has a lifetime longer than 300 ms and its formation was found to
depend on the presence of the abnormal S, state created by the 1st excitation. The P-680 data and thermo-
luminescence measurements show that the S-state advancement beyond S, is blocked in the absence of Cl~
and that the Cl-free abnormal S, state has a lifetime about 10-times longer than the normal S, state.

Oxygen evolution

1. INTRODUCTION

Cl™ is an indispensable cofactor for photosyn-
thetic O, evolution [1]. A study by Izawa et al. [2]
was the first to provide an indication that the func-
tional site of Cl~ is in the water-oxidation enzyme.
Recent developments in protein chemistry of the
water oxidase system have confirmed this view. In
particular it was proposed that the role of the two
extrinsic proteins (24 and 16 kDa) was to afford
high-affinity binding sites for Cl~ in the vicinity of
the water-oxidation center [3,4]. Since the finding
of Muallem et al. [5] that the Cl™-depleted water
oxidase is able to accumulate some oxidized
equivalents, various approaches have been

Abbreviations: PS, photosystem; Mes, 4-morpholine-
ethanesulfonic acid; Chl, chlorophyll; Qa, primary
quinone acceptor of PS II; Qs, secondary quinone ac-
ceptor of PS II
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employed to investigate the S-state turnover in
Cl™-depleted PS 11, e.g. by means of fluorescence
quenching by P-680* [6,7], flash O, yield
measurements [8] or thermoluminescence oscilla-
tion [9,10]. The results are largely consistent with
respect to the fact that one or two oxidized
equivalents can be accumulated on the donor side
of the reaction center, but there remain some am-
biguities as to the precise site of inhibition in the S-
state turnover.

Here, we report a direct spectroscopic measure-
ment of P-680* re-reduction kinetics in
Cl™-depleted PS II membranes after the 1st, 2nd
and 3rd flash excitation. The results show that two
positive equivalents are stored, presumably in the
state S;Z*, and then permit the observation of
long-lived P-680" after the 3rd flash. Mea-
surements of P-680* and thermoluminescence
show that the state induced by the I1st flash
(presumably a modified S;) lasts much longer than
the normal S; state.
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2. MATERIALS AND METHODS

Spinach PS II membranes capable of O, evolu-
tion [11] were prepared as in [12] and stored in
liquid N». After thawing, the membranes were
suspended in 0.4 M sucrose/20 mM NaCl/40 mM
Mes-NaOH (pH 6.5) and centrifuged (35000 X g,
10 min). The pelleted membranes were resuspend-
ed in a low ClI- medium, 0.4 M sucrose/2 mM
NaCl/4 mM Mes-NaOH (pH 6.5), after two
washes with the same low C1™ medium. Aftera2 h
dark relaxation at 0°C, the following treatments
were carried out under dim green safe light: C1™
depletion was accomplished by SO3~ replacement
[10] by diluting the membranes (18 xl, 3 mg
Chl/ml) with 2ml of 0.4 M sucrose/50 mM
Na;S04/40 mM Hepes-NaOH (pH 7.5), and the
samples were subjected to measurement after
2 min incubation in the dark at room temperature.
C1™ repletion was done by readdition of NaCl to
the depleted membranes at a final concentration of
50 mM. CI™ -sufficient control particles were ob-
tained by diluting the low Cl~ particle suspension
with a high CI” medium, 0.4 M sucrose/50 mM
NaCl/40 mM Hepes-NaOH (pH 7.5).

The re-reduction kinetics of P-680" were
measured spectroscopically at room temperature
as in [13]. The membranes (30 xg Chl/ml) were ex-
cited with an actinic laser flash at 595 nm from a
dye laser pumped by a frequency-doubled
Nd/YAG laser (Quantel, duration 15 ns) and the
absorption change at 820 nm was recorded. The
actinic laser flash was eventually preceded, as
described in section 3, by a xenon flash
(Stroboslave, white, 5 xs) and/or a variable
number of preilluminating flashes from the same
laser. All flashes were saturating for PS II reac-
tions. For the measurement of 44, we used the
same instrument as described in [14]. The optical
path of the cuvette was 10 mm, and 0.2 mM
2,5-dimethylquinone was added as an electron
acceptor.

Thermoluminescence glow curves were mea-
sured as described [12,15]. The membranes
(0.2 mg Chl/ml) were excited with a saturating
xenon flash (Sugawara, MS-230, white, 5 4s) at
room temperature, cooled quickly or after various
periods of dark incubation at room temperature,
and then the light emission during warming
(1°C/s) was recorded against the sample
temperature.
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3. RESULTS AND DISCUSSION

The effect of CI™ depletion on the reduction
kinetics of P-680* was measured by the absorption
change at 820 nm. In a first series of experiments,
PS II membranes were excited by a laser flash
which was preceded by 0-3 laser flashes with a
time interval of 10s. In both Cl -sufficient and
Cl™-deficient membranes, only a small signal was
observed decaying in the microsecond time range
(5—20 us), accompanied by a minor component
with a much longer lifetime as in fig.1, lanes a,b,
first flash. The signal amplitude showed no
dependence on the excitation number (not shown).
The amplitude of the 44 corresponds to about
15% of the total photooxidizable P-680, which was
measured after Tris treatment of the membranes:
P-680" then decays with a ¢, of 8 «s at pH 6.0 (in
agreement with [16]) and corresponds to one
P-680% per 240 chlorophyll molecules, assuming
an extinction coefficient of 7000 M~'.-cm™! at
820 nm. These results are in agreement with the
reports that about 80% of P-680% is reduced
within the submicrosecond time range by the elec-
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Fig.1. Effect of Cl~ depletion and repletion on the
820 nm absorption change induced in PS II membranes
on excitation with a laser flash. Excitation regimes: 1st
flash, single laser flash; 2nd flash, a 5 s xenon flash —
50 ms — single laser flash; 3rd flash, a laser flash —
10 s — a 5 s xenon flash — 50 ms — single laser flash.
The absorption change was recorded for the final laser
flash. Each trace was recorded using a fresh sample
(30 zg Chl/ml). (a) Control particles, (b) Cl™-depleted
particles, (¢) Cl -replete particles.
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tron donation from the water-oxidizing system,
while the remaining 20% is slowly reduced within
the microsecond time range [17,18]. The micro-
second phase of P-680* reduction is thus little in-
fluenced by the S states. The data also show that
Cl depletion does not impair the coupling of Z
with P-680, as already proposed on the basis of
fluorescence measurements [6].

Assuming that the donor side of PS II is essen-
tially constituted of a short linear sequence com-
prising the S state complex, Z and P-680, we ra-
tionalized that counting the number of stored ox-
idizing equivalents would require an additional
flash fired before the last laser flash, in order to
keep Z oxidized. The result of such an experiment
is shown in fig.1, 2nd and 3rd flash. In
Cl™-depleted PS II (lane b) a large signal is ob-
served when the last laser flash is preceded by both
one xenon flash, given 50 ms before, and one laser
flash, given 10 s before. This result is interpreted
as follows: the first flash induces the S, to S; tran-
sition and the 2nd flash oxidizes Z which is not yet
re-reduced when the last flash is fired, permitting
observation of a slow decay of P-680* (f,, =
40—-50 us). This slow decay takes place in 60—70%
of the PSII centres. It is implied that, in
Cl™-depleted PS II, Z* cannot oxidize S;, perhaps
because Cl~ is required for the S; to S transition.
This is in agreement with the fluorescence data of
Itoh et al. [6] and Theg et al. [7] and with recent
EPR measurements [19]. The large P-680" signal is
observed when the xenon flash is preceded by 1-3
laser flashes, with a time interval of 10 s, but not
when there is no laser flash before the xenon flash.
This indicates that the oxidation of S; by Z* is
faster than 50 ms. The depletion of C1~ is responsi-
ble for the change of the P-680* reduction kinetics,
since the large 40—50 xs signal was absent in the
CI™-sufficient control (fig.1a) and since the reple-
tion of CI™ could nearly restore the behaviour of
the control (fig.1c).

As shown in fig.2, the 40—50 4s phase of the
P-680" reduction kinetics, in C1™-depleted PS 11, is
still markedly induced (50% of the maximum)
when the time interval between the 2nd and 3rd
flashes is 300 ms instead of 50 ms. A preliminary
set of experiments with a variable interval between
the 2nd and 3rd excitations indicated that Z* was
reduced in a biphasic manner, about half in the
hundreds of milliseconds domain and about half in
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Fig.2. Effect of an increased interval between the 2nd
and 3rd excitations on the 820 nm absorption change in
Cl™-depleted PS II membranes. For the 2nd excitation,
two laser flashes were fired 300 ms apart. For the 3rd
excitation, three laser flashes were fired 1 s and 300 ms
apart between the 1st and 2nd and between the 2nd and
3rd flashes, respectively. Each trace was recorded using
a fresh sample (30 xg Chl/ml).

the seconds domain, in reasonable agreement with
the results of Itoh et al. [6]. From this, it may be
deduced that the electron donation from S, to Z*
is shut off or greatly slowed down in the absence
of CI".

On the basis of thermoluminescence and EPR
measurements, it has been shown that, in
Cl™-depleted PS I, the S; state has unusual pro-
perties: great stability (as shown by its long lifetime
and the appearance of the thermoluminescence
band at 42°C instead of 30°C) and abnormal EPR
properties [9,19]. Since the large and slow P-680*
signal after the 3rd excitation of Cl -depleted
membranes observed in the present study results
from an excitation in the presence of the Z*S, state
on the donor side, we may expect that the
amplitude of the P-680" signal after the 3rd excita-
tion will depend on the number of the centers hav-
ing the abnormal S, state after the 1st excitation.
To check this hypothesis we changed the time in-
terval between the Ist and 2nd flashes and
measured the amplitude of the P-680* signal in-
duced by the 3rd flash in Cl™-depleted PS II (fig.3,
O). We found that the state induced by the 1st
flash is long-lived (#1,2 ~5 min) and decays like the
thermoluminescence amplitude which probes the
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Fig.3. Dependence of the 3rd flash excited P-680" signal
on the interval between the Ist and 2nd excitations, as
compared with the deactivation course of the S, state.
P-680* was measured after the 3rd excitation as in fig.1
by changing the interval between the 1st and 2nd flashes
(D). Each point was measured with a fresh sample of
Cl -depleted PSII membranes (30xg Chl/ml).
Deactivation of S; state was measured from the height of
thermoluminescence band which arises from the charge
pair (S:Qg) remaining after various dark incubation
times (room temperature) between the flash excitation
and the subsequent cooling to 77 K; PS Il membranes
were Cl -depleted (O) or Cl™ -sufficient (®).

S2Qs state (fig.3, O). The state S2Qg decays much
faster in a Cl™-sufficient control (fig.3, e).

In conclusion, this study has demonstrated that
only one turnover from S; to S; is allowed in the
Cl--depleted O,-evolving center and the resulting
Cl -free S, state is abnormally stable in com-
parison with the Cl -sufficient S, state. This in-
dicates that Cl~ works to maintain the redox
property of S; to guarantee the normal S-state
transitions. We have not precisely discussed the
reason why P-680* decays with a #1,2 of 40—50 us
when Z is oxidized. It has been previously shown
in Tris-treated chloroplasts that, when Z is oxi-
dized, P-680" decays via a back-reaction with Qx,
with 1,2 of 130 s [18,20]. It is quite possible that
the 40—50 xs decay observed here is also due to a
back-reaction with Qj; the difference in kinetics
may originate in the Tris treatment which,
presumably, also weakens the coupling between Z
and P-680. Although a decisive conclusion on this
point awaits simultaneous measurements of
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P-680" reduction and Qa oxidation in Cl™-de-
pleted samples, the idea appears probable in view
of the close structural relationships between the
photochemical center of PSII and the water-
oxidation center [21]. Alternatively, the 40—50 xs
phase could be identical to the 35 s phase
reported by Renger and co-workers and attributed
to a back-reaction between P-680 and an electron
acceptor different from Qa [22,23]. In our hands
the CI™ depletion, as studied here, provided the
first example of a slow reduction of P-680" under
conditions where a good coupling is maintained
between the donor Z and P-680.
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