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Abstract

Oxygen evolution is inhibited when leaves of chilling-sensitive plants like cucumber are treated at 0 °C in the dark. The activity is
restored by moderate illumination at room temperature. We examined the changes in the redox state of the Mn-cluster in cucumber leaves in
the processes of dark-chilling inhibition and subsequent light-induced reactivation by means of thermoluminescence (TL). A TL B-band
arising from S,;Qg charge recombination in PSII was observed upon single-flash illumination of untreated leaves, whereas four flashes were
required to yield the B-band after dark-chilling treatment for 24 h. This three-step delay indicates that over-reduced states of the Mn-cluster
such as the S_ , state were formed during the treatment. Fitting analysis of the flash-number dependence of the TL intensities showed that the
Mn-cluster was more reduced with a longer period of the treatment and that S_ 3 was the lowest S-state detectable in the dark-chilled leaves.
Measurements of the Mn content by atomic absorption spectroscopy showed that Mn atoms were gradually released from PSII during the
dark-chilling treatment but re-bound to PSII by illumination at 30 °C. Thus, dark-chilling inhibition of oxygen evolution can be ascribed to
the disintegration of the Mn-cluster due to its over-reduction. The observation of the S_ 5 state in the present in vivo system strongly suggests
that S_ 3, which has been observed only by addition of exogenous reductants into in vitro preparations, is indeed a redox intermediate of the
Mn-cluster in the processes of its disintegration and photoactivation.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photosynthesis is a process that produces oxygen and
carbohydrate utilizing light energy. The sequential redox
reactions in photosynthesis are conducted by the electron
transport chain in thylakoid membranes of chloroplasts.
Through electron-transfer reactions by two photosystems,
electrons are ultimately extracted from water, resulting in
the formation of molecular oxygen. This photosynthetic
water oxidation takes place at a tetranuclear Mn-cluster
located in Photosystem II (PSII) (for a review, see Ref.
[1]). Oxygen-evolving reaction in the Mn-cluster is known
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to proceed through a cycle of five intermediates, termed S;
states (i=0-4) [2]. Each S-state transition, except the
S4— Sy transition, is driven by a single flash of light via
the electron transfer in PSII reaction center. The reaction is
accompanied by redox changes in the Mn-cluster, and S,
and S, are thought to be the most reduced and oxidized
states, respectively. The S state is stable in the dark and O,
is released in the S; — S transition. It is generally accepted
that the functional Mn-cluster includes high oxidation states
(II, TV) of Mn (for reviews, see Refs. [3,4]).

Experiments of selective extraction of Mn ions and
reassembly of the Mn-cluster have been carried out using
in vitro preparations [5—7]. Treatment with Tris or milli-
molar concentrations of hydroxylamine releases Mn ions
from PSII, and subsequent illumination in the presence of
Mn?" jons can induce the reassembly of the Mn-cluster.
This light-induced reactivation process is known as photo-
activation (for a review, see Ref. [8]). On the other hand, it
has been reported that treatment with various reductants
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such as hydrazine [9,10], hydroxylamine [10—14], hydro-
quinone [12], hydrogen peroxide [15,16], and nitric oxide
[17] induces the delay of flash-induced oxygen evolution,
which is proposed to be due to production of over-reduced
forms of the Mn-cluster such as the S_;, S_, and S_ ;.
These lower S-states have been postulated to be intermedi-
ates in the process of photoactivation. However, very few
studies have been made on the over-reduced states of the
Mn-cluster in vivo.

Cucumber is known as a chilling-sensitive plant [18], and
when its leaves are treated at 0 °C in the dark, the oxygen-
evolving activity markedly diminishes [19-21]. The site of
damage was assumed to be the Mn-cluster in PSII because
the electron-transfer activity in the presence of an artificial
electron donor, diphenylcarbazide (DPC), was unchanged
by the treatment [20] and oxygen evolution was fully
restored by illumination at room temperature [19,21]. Thus,
dark-chilling inhibition and light-induced reactivation of the
oxygen evolution in cucumber leaves is an ideal system to
investigate the redox properties of the Mn-cluster in the
processes of disintegration and reassembly in vivo.

Thermoluminescence (TL) is a powerful tool to inves-
tigate the properties of the redox components in photo-
synthetic apparatus (for a review, see Refs. [22,23]). TL is
an outburst of light emission from a preilluminated sample
during increase of the temperature. The temperature at
which TL emission occurs reflects the energetic depth of a
trapped charge pair. TL has been extensively applied to the
studies of PSII especially of the Mn-cluster, because the S,
and S; states of the Mn-cluster exhibit specific TL bands
by recombination with reduced quinone acceptors, Q5 and
Qg . The detection of TL emission provides information
about the S-state distribution of the Mn-cluster under a
certain condition. In addition, TL is useful to characterize
the Mn-cluster in vivo since it can be measured using
intact leaves. In this study, we have investigated the redox
properties of the Mn-cluster in cucumber leaves in the
processes of dark-chilling inhibition and subsequent photo-
activation by means of TL measurement. We have
observed over-reduced states of the Mn-cluster including
the S_ 5 state, which is the lowest S-state ever detected in
vivo.

2. Materials and methods
2.1. Plant materials

Cucumber (Cucumis sativus L. cv. Nanshin; Takii, Japan)
plants were grown hydroponically [24] at 30 °C under the
conditions of 14 h light (300 pmol photons m~ 2 s~ ') and
10 h darkness in a growth chamber (LPH-200-RDS; Nihon-
ika, Japan). Fully expanded leaves were used for experi-
ments. For dark-chilling treatment, detached leaves were
wrapped in aluminum foil and then placed on ice for
indicated times.

2.2. Isolation of thylakoid membranes and PSIl-enriched
membranes

Thylakoid membranes were isolated from cucumber
leaves as described previously [24]. PSlIl-enriched mem-
branes were prepared as in Ref. [20]. Thylakoid membranes
from cucumber leaves were suspended (2 mg Chl/ml) in a
buffer containing 0.4 M sucrose, 50 mM Mes/NaOH (pH
6.5), 10 mM NaCl, and 5 mM MgCl,, and were solubilized
with Triton X-100 (20 mg/mg Chl) at 4 °C for 10 min in the
dark. The solubilized thylakoid membranes were centri-
fuged at 35,000 X g for 20 min. The precipitates were re-
suspended in the same buffer, and then centrifuged at
5000 x g for 10 min. The PSII-enriched membranes with
a Chl a/b ratio of 1.9-2.1 were collected from the super-
natant by centrifugation at 35,000 X g for 20 min. Chloro-
phyll concentration was determined after extraction with
80% acetone/water according to Ref. [25].

2.3. Oxygen-evolving activity

The rate of oxygen evolution under continuous illumi-
nation (2500 umol photons m~? s~ '; COLD SPOT, PICL-
NRX; Nippon P.I., Japan) was determined at 25 °C with a
Clark-type oxygen electrode (Rank Brothers Ltd., England)
in the presence of 0.2 mM 2,6-dichloro-p-benzoquinone as
an electron acceptor. The assay mixture contained thylakoid
membranes (10 pg Chl/ml), 50 mM Mes/NaOH (pH 6.5),
0.4 M sucrose, 10 mM NaCl and 5 mM MgCl,.

2.4. Thermoluminescence measurement

TL glow curves were measured with a home-built
apparatus [26]. Dark-adapted cucumber leaves were excited
at 10 °C by saturating xenon flashes (SL-230S; Sugawara,
Japan) with a repetition rate of 1 Hz, and then rapidly frozen
to about — 180 °C by spurting cold N, gas. The frozen
samples were then heated at a constant rate (40 °C/min) and
TL emission was detected with a photomultiplier (Hama-
matsu, R943-02).

2.5. Determination of Mn content

PSII-enriched membranes were washed twice with a
buffer containing 50 mM Mes/NaOH (pH 6.5), 0.4 M
sucrose, 15 mM NaCl and 2 mM EDTA and then finally
diluted with MilliQ (Autopore WR 600A; Yamato, Japan)
water. The Mn content of the PSII-enriched membranes was
determined with an atomic absorption spectrophotometer
(AA-6800, Shimadzu, Japan) equipped with a graphite
furnace atomizer (GFA-EX7, Shimadzu).

2.6. Calculation of S-state distribution

S-state distributions of the Mn-cluster in cucumber
leaves were calculated from the flash-number dependence
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Fig. 2. TL grow curves of cucumber leaves dark-chilled for 0 (A), 12 (B), 24 (C), and 36 (D) h. The leaves were excited with a series of saturating flash (1 Hz)
at 10 °C before freezing.
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chilled for a longer period, e.g. 48 h, suggesting that a part of
PSII was irreversibly inhibited by longer treatment. This
irreversible inhibition might be caused by damage to the
acceptor side of PSII or death of cells and tissues. When
cucumber leaves were incubated at room temperature in the
dark for 24 h, oxygen evolution retained more than 80% of
the activity of untreated leaves. This indicates that not only
darkness but also low temperature is a prerequisite for the
inhibition of oxygen evolution. Closed triangles show the
Mn content in the PSII-enriched membranes isolated from
cucumber leaves in the course of dark-chilling treatment.
The Mn content and the oxygen-evolving activity were well
correlated with each other, suggesting that the direct cause
for the decrease in oxygen evolution by dark-chilling treat-
ment is the release of Mn from PSII complexes. When the
dark-chilled leaves were illuminated with photon flux den-
sity at more than 150 pmol photons m™ 2 s~ ', oxygen
evolution did not recover completely. When the oxygen-
evolving capacity is eliminated by Tris treatment, PSII
reaction center became susceptible to photoinhibition com-
pared to intact samples [28]. Dark-chilled leaves might also
be vulnerable to light damage due to the release of Mn.
Fig. 2 shows TL glow curves of untreated leaves (A) and
of the leaves dark-chilled for 12 (B), 24 (C), and 36 (D) h.
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Fig. 3. Flash-number dependence of TL B-band intensities of cucumber
leaves dark-chilled for 0 (A, open circles), 12 (B), 24 (C), and 36 (D) h.
Data of at least four independent experiments were averaged. Open
triangles show flash-number dependence of TL B-band intensities for the
leaves that were incubated at room temperature in the dark for 24 h.

1.2

o o
(=)} o]

Relative TL intensity
<
S

0 1 1 1 1 1
0 100 200 300 400 500

Flash number

Fig. 4. Relative TL intensities of cucumber leaves dark-chilled for 24 h after
excitation with a series of flashes (1 Hz). Data of at least three independent
experiments were averaged.

TL B-bands arising from S,/Qp or S;/Qp recombination
showed a peak at 20—40 °C at every number of flashes in
the untreated leaves. In contrast to untreated leaves, the TL
B-band was not detected upon the first flash in 12-h-treated
leaves (Fig. 2B) (note that the band at about 50 °C is
probably the C-band arising from the Y7, radical [29] and
commonly observed in all the samples). A B-band-like
signal was observed at about 40 °C after two flashes. These
observations indicate that the Mn-cluster is not in the S;
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Fig. 5. Recovery of flash-number dependence of TL B-band intensities.
Cucumber leaves were incubated at 0 °C in the dark for 12 h and then
illuminated (80 pmol photons m~ 2 s~ ') at room temperature for 30 min
(closed squares). Data of three independent experiments were averaged.
Open circles show flash-number dependence of TL B-band intensities for
the untreated leaves.
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state any more but in the Sy or even lower S-states. More
numbers of flashes were required to induce sufficient B-
band in the 24- and 36-h-treated leaves (Fig. 2C,D). The
first strong B-band signal was observed at the fourth and
fifth flash in the leaves dark-chilled for 24 and 36 h,
respectively. The TL intensity plotted against flash number
showed a typical pattern of period-four oscillation with
maxima at the second and sixth flash in the untreated leaves
(Fig. 3A, open circle). Flash-number dependence of TL
intensities did not show an obvious oscillation pattern in the
dark-chilled leaves (Fig. 3B—D), indicating that the Mn-
cluster does not exist in a single redox state but rather in a
mixture of different states. Open triangles in Fig. 3A show
flash-number dependence of TL B-band intensities for the
leaves that were incubated at room temperature in the dark
for 24 h. Oscillation pattern of these leaves was almost the
same as untreated leaves, indicating that the dark incubation
of leaves at room temperature did not cause the modification
of the Mn-cluster.

In addition to the increase of flash number to give the
first strong TL signal, absolute TL intensity was signifi-
cantly altered after dark-chilling treatment. As shown in Fig.
2, the maximum TL intensity in relative units decreased
from about 700 (at second flash) in untreated leaves to about
300 (fourth flash), 140 (fourth flash), and 90 (fifth flash)
after dark-chilling treatment for 12, 24 and 36 h, respec-
tively. The TL intensities were, however, gradually recov-
ered by illumination with a larger number of flashes. Fig. 4
shows the B-band intensity of the 24-h-treated leaves upon
excitation with consecutive flashes (1 Hz) at 10 °C. The TL
intensity increased with more flashes, and the intensity upon
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Fig. 6. Mn content in PSII-enriched membranes of dark-chilled cucumber
leaves after continuous illumination. Cucumber leaves were dark-chilled for
24 h and then illuminated at 80 pmol photons m~ % s~ ' at 30 °C for
indicated times. Data of at least three independent experiments were
averaged.

500 flashes reached about 80% of that of the 24-h-treated
leaves reactivated with continuous illumination for 30 min.
When the leaves dark-chilled for 12 h were illuminated at
room temperature for 30 min, oscillation of the B-band
intensity was also restored, i.e. it exhibited a period-four
oscillation (Fig. 5). This is consistent with the result that
oxygen evolution recovered after illumination for 30 min
(Fig. 1). After the dark-chilling treatment for 24 h, however,
the leaves illuminated for 30 min did not show typical
oscillation pattern although the B-band signal was observed
at the first flash (data not shown). This might be caused by
modification of the Qp site with longer dark-chilling treat-
ment.

The Mn content was also measured during the reactiva-
tion process of the leaves dark-chilled for 24 h (Fig. 6). The
Mn content in PSII gradually increased and reached satu-
ration after illumination for about 20 min, indicating that the
Mn-cluster was reassembled in PSII.

4. Discussion

When cucumber leaves were subjected to dark-chilling
treatment, the number of flashes necessary to induce sig-
nificant TL B-bands increased along with the decrease of
the TL intensity. Because this observation was concomitant
with the decrease in oxygen-evolving activity and the Mn
content in PSII (Fig. 1), the delay of flash-number depend-
ence can be ascribed to over-reduced forms of the Mn-
cluster produced as intermediates during the disintegration
process of the cluster. For instance, about 70% of Mn was
released from PSII in the leaves dark-chilled for 24 h (Fig.
1), and the remaining Mn-cluster was distributed in the
over-reduced states, presumably in the S_ , state, since four
flashes are required for the observation of the first intense
TL band (Fig. 2).

The S-state distribution in the remaining Mn-cluster in
dark-chilled leaves was estimated by least-squares fitting of
the flash-number dependence of TL intensities (Fig. 3). The
parameters of miss and double-hit probabilities and the
intensity ratio of luminescence from S3;Qp and S,Qgp
recombination were calculated using the oscillation pattern
of untreated leaves (Fig. 3A) assuming the S-state popula-
tions of 75% S; and 25% S, and 1:1 distribution of Qg and
Qg. The best fit was obtained with 15.9% misses and 8.6%
double hits and with the luminescence ratio of 4.0. The S-
state distributions including the over-reduced states of S_ 1,
S_, and S_ 3 in dark-chilled leaves were calculated with
these parameters fixed. The obtained result in Table 1 shows
that the population of the distribution shifted to the lower S-
states with longer dark-chilling treatment. After the treat-
ment for 12 h, the Sy and S; populations markedly
decreased and more than 80% of the remaining Mn-cluster
was in the over-reduced states (S_, S_, and S_3). The
major population of the Mn-cluster was in the S_, state
after 24 h dark-chilling treatment. In 36-h-treated leaves,
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Table 1

Estimated initial S-state populations of cucumber leaves under dark-chilling conditions

Chilling S-state population (%)* Mn content
time (h) S, So S, S, S, in PSII (%)
0° 75.0 25.0 0.0 0.0 0.0 100.0

12 5.7 2.1)° 6.2 (2.3) 26.6 (9.8) 36.6 (13.4) 249 (9.2) 36.7

24 0.1 0.0 28.9 (8.3) 35.9 (10.3) 35.1 (10.1) 28.7

36 0.0 0.0 11.7 (1.2) 26.8 (2.8) 61.5 (6.5) 10.6

# S-state populations were calculated by least-squares fitting of the flash-number dependence of TL B-band intensities (Fig. 3). Miss and double-hit
probabilities for all S-state transitions were fixed to 15.9% and 8.6%, respectively, which were determined for untreated leaves.

® Initial S-state populations of untreated leaves were assumed to be 25% S, and 75% S;.

“ Numbers in parentheses are the S-state populations calculated by taking account of the Mn content in PSIL.

more than half of the Mn-cluster was in the S_ ;3 states. In
spinach chloroplast, the intensity ratio of luminescence from
S3;Qg and S,Qg recombination is estimated to be 1.7 [30].
The ratio determined in the present study (4.0) is much
higher than this value, and this may be due to the specific
characters of PSII in cucumber. To check whether the
difference in the intensity ratio of luminescence from
S;Qp and S,Qp recombination influences the calculated
S-state distribution, we also calculated the S-state distribu-
tion using the value of 1.7 as the intensity ratio. The best fit
was obtained with 19.4% misses and 3.3% double hits. S-
state distribution thus calculated showed similar pattern as
Table 1. Difference of S-state distribution between two
fittings was less than 10%, so that the difference in the
TL intensity ratio does not influence the conclusion on the
S-state distribution obtained here.

With the data of 24- and 36-h-treated leaves, it might be
difficult to determine whether S_ ; state actually exists or
not because the leaves illuminated for 30 min did not show
period-four oscillation. Nevertheless, the fitting clearly
shows that S_ 5 state can be detected in 12-h-treated leaves
that showed normal oscillation patterns after photoactivation
(Fig. 5). It should be noted that fraction of S_4 and S_ 5
were negligible in the fitting analysis, although measure-
ments with eight to nine flashes may be necessary for
precise analysis for these states. In addition, no further
delay in the flash number for the appearance of TL B-band
was observed in the leaves dark-chilled for more than 36 h
(data not shown). Thus, the S_ 5 state is presumably the
lowest S-state detectable in cucumber leaves under dark-
chilling conditions.

There have been a few studies that reported the presence
of over-reduced states of the Mn-cluster in vivo. The S_
and S_, states were observed in the mutant either lacking
the PsbO protein [31,32] or having short deletions in the
lumenal E loop of the CP47 protein [33,34]. To our knowl-
edge, however, the present study is the first case in which
the S_ 3 state was observed in vivo. In in vitro studies, the
S_ 5 state has been obtained by the treatment of exogenous
reductants. Messinger et al. [9] reported the relatively stable
S_ 5 state in hydrazine-treated thylakoids, while hydroxyl-
amine and hydroquinone appeared to form unstable S_ 3 in
PSII preparations [12,14]. Messinger et al. [10] also

reported the presence of the S_ 4 and S_ 5 states in hydra-
zine-treated thylakoids of Symechococcus elongatus,
although these intermediates were relatively unstable.

The possibility was previously argued that the S_ 5 state
produced in vitro may actually reflect the S_ | (or S_ ,) state
with a reductant bound at the catalytic site [9]. Our result
that S_ 5 state was detected in cucumber leaves under dark-
chilling condition strongly suggests that the S_ 5 state found
in vitro is not due to a bound reductant but a genuine redox
intermediate of the Mn-cluster, because our experiments
were carried out under physiological condition without any
reductant. The possibility, however, is not strictly excluded
that an endogenous reductant is bound to the Mn-cluster in
cucumber leaves and is responsible for the flash-number
delay.

TL intensities of 24-h-treated leaves exhibited a sudden
increase upon the fourth flash (Fig. 3C), which provides
about 30% of the saturation level, followed by slow increase
of the TL intensity by a larger number of flashes (Fig. 4).
This slow TL increase was correlated with the recovery of
oxygen evolution (Fig. 1) and the increase in the Mn content
in PSII (Fig. 6). These observations indicate that the over-
reduced Mn-cluster that retains the basic structure of a
tetranuclear cluster can be activated by several flashes with
high efficiency, whereas released Mn®" ions are reas-
sembled by a photoactivation process with much lower
efficiency. In the process of photoactivation, the over-
reduced states of the Mn-cluster are thought to be transient
intermediates [8,35]. The first stable intermediate in photo-
activation is formed by two-flash oxidation of Mn” " ions
with an interval of a dark step, leading to the view that this
stable intermediate has an oxidation state of (II),(II),
(including a (III), dimer and two free Mn® ") [5-8,36,37].
In the current study, it is considered that the S_ ; state is the
lowest stable S-state. Thus, assuming single oxidation of
Mn upon each flash, the oxidation state of the S; state is
presumed to be (III),(IV),, which is consistent with the
previous conclusion of X-ray absorption near edge structure
(XANES) studies [12,38,39].

The question still remains as to why the Mn-cluster is
reduced under dark-chilling conditions. It was reported that
tonoplast H'-ATPase is uncoupled at chilling temperature in
the dark [40]. The change in cellular pH due to this
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uncoupling could inactivate the Mn-cluster. Dark-chilling
treatment of cucumber leaves was also reported to cause
dissociation of the PsbP and PsbQ proteins from PSII [20].
The presence of these two proteins was shown to protect the
Mn-cluster from the effects of reductants, such as hydro-
quinone [41]. Since these proteins dissociate from PSII at
acidic pH [42], their release by the change in cellular pH
might promote reduction of the Mn-cluster. Thus, the Mn-
cluster might be disintegrated by the attack of bulk endog-
enous reductants under dark-chilling condition. Ascorbate is
known to serve as a reductant in the violaxanthin deep-
oxidase reaction in the thylakoid lumen [43,44]. The Mn-
cluster might be reduced by endogenous reductants such as
ascorbate as a consequence of cellular acidification. Further
investigation is required to answer this question.
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