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Abnormal redox reactions in photosynthetic O,-evolving centers
in NaCl /EDTA-washed PS II. A dark-stable EPR multiline
signal and an unknown positive charge accumulator
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Redox events that occur in photosynthetic O,-evolving centers in NaCl /EDTA-washed PS II membranes were
investigated by means of low temperature EPR and thermoluminescence. The following results have been obtained: (i)
In the washed membranes, O, centers could maintain the S, state more than 3 h in darkness at room temperature. This
dark-stable S, was modified as seen by a multiline EPR signal with reduced hyperfine line spacing and also by a
thermoluminescence band with upshifted peak temperature. (ii) This modified S, state had an abnormally long life of
t;,2="7h at 20°C, and its appearance required the presence of EDTA in the medium. On addition of exogenous Ca’*,
the modified S, was converted in darkness to normal S,, and then decayed rapidly to be undetectable. (iii) On
illuminating this modified S,, an EPR signal centering at aroung g =2 was newly induced at no expense of the
dark-stable EPR multiline signal. This EPR signal was accompanied by a new thermoluminescence band peaking at
around 5 ° C, suggesting the presence of a new redox component whose oxidized form is capable of providing a positive
charge for thermoluminescence in place of Mn. (iv) This new component was efficiently oxidized by illumination at
—5°C but much less at —60°C, showing a half-inhibition temperature at around —40°C. (v) Addition of various
divalent cations in place of Ca®* variously affected both thermoluminescence glow peaks arising from the dark-stable S,
or from the new redox component, suggesting a cation-species-dependent modulation of the redox properties of both
components. (vi) Both of these two thermoluminescence bands showed no dependency on flash number, suggesting
interruption of further oxidation beyond their respective abnormal states. On addition of Ca?*, all these abnormal
properties were abolished and normal period-four flash pattern was restored. These abnormal properties of the redox
events in NaCl /EDTA-washed PS II membranes were discussed in relation to the demand for exogenous Ca’* in
recovery of normal properties.

Introduction

O, evolution by thylakoid or PS II membranes pre-
pared from higher plants shows no or very little demand
for exogenous Ca®*. However, when the membranes are
treated with concentrated NaCl [1-3], low pH medium
(4,5] or trypsin [6], O, evolution becomes markedly
suppressed, and its maximum rate exhibits clear de-

Abbreviations: PS, photosystem; TL, thermoluminescence; Mes, 2-
(N-morpholino)ethanesulfonic acid; DCMU, 3-(3’,4’-dichloro-
phenyl)-1,1-dimethylurea; Q,, primary quinone acceptor of Photosys-
tem II; Chi, chlorophyll.
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mand for exogenous Ca’*. These phenomena are in-
ferred as suggesting that Ca®* originally serves as an
indispensable cofactor for O, evolution, although the
mechanisms of inhibition of O, evolution reported for
various treatments are not always the same: NaCl wash
blocks S,-S, and/or S;-S, transition(s), while low pH
treatment blocks S,-S; transition [5). In fact, higher
plant PS II membranes and PS II particles capable of
O, evolution are known to contain one or two Ca atoms
per unit of PS II [4,7,8]. Cyanobacterial PS II also
contains one Ca atom, which is reported to be essential
for electron transfer near the reaction center P630 [9,10].

Major part of the studies about the Ca demand have
been done with so called NaCl-washed PS II mem-
branes which were prepared by use of variously mod-
ified washing protocols. It turned out through these
studies that the results derived differ considerably de-
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pending on the washing protocol employed. When a
NaCl wash is given in darkness, the resulted PS II
membranes show heterogeneous Ca’* demand among
the O, centers: only a part of the centers are inactivated
in darkness and the inactivation is enhanced during
continuous illumination for O, measurements [7,11].
Similar enhancement of inactivation can be induced by
inclusion of chelator in darkness [10]. These inhibitions
are restored and /or protected by the presence of exoge-
nous Ca’*. The other part of the O, centers, however,
remain non-inactivated and can evolve O, normally
even in the presence of chelator [10]. The ratio between
the inactivated and non-inactivated centers in these
protocols fluctuates around 50-70% depending on PS II
preparations [6,10,11]. When the NaCl wash is given in
the light, O, evolution is more severely inactivated to
10-20% of the original activity regardless of the pres-
ence of chelator, and the activity is again well restored
by the addition of Ca®* [12]. The resulting PS II
membranes, however, still show heterogeneous affinity
for Ca®* [13] and the enhanced inactivation by light
during NaCl wash has been attributed to an S-state
dependent change in the binding affinity of Ca%* [14].

There have been reported two alternative inhibition
sites in NaCl-washed membranes; S;-S, [15,16] and
$;-S, [11,17,18] transitions. Although some of these
results are attributable to partial C1~ depletion brought
about by an enhanced C1~ demand due to the loss of 24
and 16 kDa extrinsic proteins [19] and /or an indirect
effect on S, of high concentration of chelator [18], there
still appear inconsistencies difficult to be reconciled.
Conceivably, the large heterogeneity reflects different
types of modifications among the O, centers, although
all of these modifications are equally reversed by the
addition of Ca?* to restore O, evolution.

In this communication, we report EPR and TL prop-
erties of the O, centers in spinach PS II membranes
treated with NaCl in the light. We employed a very
stringent washing condition that is expected to effect a
strict removal of Ca’*: the PS Il membranes were
treated with NaCl under illumination, followed by an
addition of relatively high concentration of EDTA to
eliminate any free Ca** from the medium, which might
re-ligate to a high affinity Ca®*-binding site present or
created in the washed membranes. The O, centers in
thus treated PS II membranes showed characteristics
that are completely different from those reported previ-
ously. An abnormal S,, which is characterized by an
altered EPR multiline spectrum and by an upshifted
thermoluminescence (TL) glow peak, was stably ob-
served in the washed membranes with no illumination,
and exposure of this abnormal S, to light induced a new
redox component which is characterized by a new EPR
signal and a new TL band. All of these unusual proper-
ties were completely reversed to normal by the addition
of exogenous Ca®",

Regarding the assessment of the status of knowledge
related to this work, Boussac et al. [20,21], Sivaraja et al.
{22] and Baumgarten et al. [23] reported the dark-stable
multiline and flash-induced new EPR signals, and pro-
posed that the new EPR signal originates from an
oxidized amino acid [21]. Similarly, we have reported
the dark-stable multiline signal at the 8th International
Congress on Photosynthesis in Stockholm [24] and sub-
sequently the flash-induced g =12 signal at the 15th
Annual Midwest Photosynthesis Conference in French
Lick, U.S.A. [25]. The EPR signals we report here are
very similar to those reported by the other two groups,
but there appear some significant differences. In this
paper, we discuss our results referring to the previous
interpretation in particular to those in Ref. 21.

Materials and Methods

BBY-type Triton X-100 solubilized PS 1 membranes
capable of O, evolution (> 600 pmol - O,/mg Chl per
h) were prepared from spinach [11], and stored in liquid
N, until use. After thawing, the membranes were washed
twice with 400 mM sucrose, 20 mM NaCl and 40 mM
Mes-NaOH (pH 6.5), and then suspended in the same
medium. For NaCl wash, the membranes were resus-
pended in 2 M NaCl, 400 mM sucrose and 40 mM
Mes-NaOH (pH 6.5) to a sample concentration of 0.5
mg Chl /ml, and incubated under room light at 0° C for
30 min (denoted NaCl-washed PS II). EDTA - 2Na was
then added to the washed membranes to a concentra-
tion of 1 mM in the dark followed by further 5 min
incubation at 0°C (denoted NaCl/EDTA-washed PS
II). The following procedures were all done under dim-
green safe light when otherwise noted. NaCl-washed PS
II (without EDTA addition) and NaCl/EDTA-washed
PS II (with EDTA addition) were further washed with
400 mM sucrose, 20 mM NaCl, 0.2 mM EDTA - 2Na
and 40 mM Mes-NaOH (pH 6.5), and then resuspended
in the same medium. EDTA - 2Na was omitted from the
washing and resuspending medium for NaCl-washed PS
1I. Both PS II membranes were dark-adapted for more
than 3 h at 0° C before EPR and TL measurements.

Low temperature EPR spectra were recorded at 6 K
with a JEOL JES-FE1XG X-band EPR spectrometer
equipped with an Oxford-900 continuous flow cryostat
as reported previously [26]. A JEOL-ES-PRIT 23 EPR
data system was used for averaging and subtraction of
spectra. EPR samples in calibrated quartz tubes were
illuminated with continuous light at —60°C for 2 min
or at —5°C for 30 s. Sample temperature during il-
lumination was controlled within +1°C using a JEOL
ES-DVT-1 temperature control system. In some experi-
ments, 50 uM DCMU and/or 1 mM phenyl-p-benzo-
quinone was added to the sample. For TL measure-
ments, the samples were excited with a saturating Xe
flash, cooled quickly in liquid N, unless otherwise noied



and then the light emission during warming (approx. 1
C°/s) was recorded against sample temperature [11].
0, evolution was measured at 25°C with a Clark-type
O, electrode with phenyl-p-benzoquinone (1 mM) as an
electron acceptor as previously described [11]. DCMU
and phenyl-p-benzoquinone were dissolved in dimethyl-
sulfoxide as a stock solution.

Results

Fig. 1 shows the effect of NaCl/EDTA wash on
EPR multiline signal arising from the Mn cluster in S,
state [27] before (left panel) and after illumination at
—60° C (right panel). In untreated control PS 11, no S,
multiline signal could be observed without illumination,
and a normal multiline signal was generated by il-
lumination at —60°C. In NaCl/EDTA-washed PS II,
whose O,-evolving activity was reduced to less than 15%
of the control, however, a clear multiline signal was
found without any illumination, and its amplitude was
neither increased nor decreased by illumination at
—60°C, indicative of the presence of a dark-stable
multiline signal. The hyperfine structure of this dark-
stable signal was modified, exhibiting a reduction in
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Fig. 1. Low-temperature EPR S, multiline spectra of NaCl-washed or
NaCl/EDTA-washed PS II membranes before (left panel) and after
(right panel) continuous illumination at —60° C for 2 min. Untreated
control PS II membranes supplemented with 15 mM CaCl, (a, e);
NaCl-washed (without EDTA) PS II supplemented with 30 mM NaCl
(b, f); NaCl/EDTA-washed PS II supplemented with 30 mM NaCl
(¢, g) and NaCl/EDTA-washed PS II supplemented with 15 mM
CaCl, (d, h). NaCl or CaCl, was added to the washed membranes
followed by 30 min dark incubation at 0 ° C. Basal suspending medium
contained 20 mM NaCl and 50 uM DCMU., Instrumental settings:
temperature, 6 K; microwave power and frequency, 0.4 mW and 8.95
GHz; modulation frequency and amplitude, 100 KHz and 20 G,
respectively. Chl concentration was 3.5 mg Chl/ml. See Material and
Methods for detailed protocols for NaCl and NaCl/EDTA washing.
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Fig. 2. TL glow curves (S,Q, charge pair) of NaCl/EDTA-washed PS
II membranes in the presence of 20 M DCMU. Untreated control
PS II membranes (right panel) and NaCl/EDTA-washed PS II mem-
branes (left panel). One flash excitation at —10°C was followed by
continuous illumination at 77 K for 1 min (a, ¢); one flash excitation
at —10°C (b, f); continuous illumination at 77 K for 1 min without
preceding flash illumination (c, g); no illumination (d, h). Broken
glow curves on (a) are the reproductions of curves (b) and (c) in the
same figure.

average hyperfine line spacing from 89 G to 65 G. This
dark-stable signal was found regardless of the presence
of inhibitor of electron transport (DCMU), electron
acceptor (phenyl-p-benzoquinone) or sucrose in the
medium, but strictly required the presence of chelator
(0.2 mM EDTA - 2Na). The chelator at this concentra-
tion did not affect the formation of normal multiline
signal in untreated control PS II (data not shown). In
the absence of chelator, the NaCl-washed (without
EDTA) PS II did not show the dark-stable signal, but a
normal multiline signal could usuvally be induced by
illumination at —60° C, although the O,-evolving activ-
ity was largely inhibited by approx. 70% in these mem-
branes (data not shown). When Ca?* was added to the
NaCl/EDTA-washed PS II, the dark-stable signal dis-
appeared, and a normal multiline signal could be again
generated by illumination at —60°C.

If we assume that this dark-stable EPR signal repre-
sents an oxidation state of the Mn cluster analogous to
the normal S, state, a TL emission can be expected
when we make this oxidized equivalent recombine with
an electron on the acceptor side of PS II. As shown in
Fig. 2, the untreated control PS II showed the TL
Q-band arising from S,Q, recombination [28] after a
flash at —10°C in the presence of DCMU. But this
Q-band was not generated by continuous illumination
at 77 K, since S, to S, transition did not occur at 77 K
[29,30]. In NaCl/EDTA-washed PS II, however, a TL
band was generated by 77 K illumination without any
preceding flash illumination. This is interpreted that 77
K illumination delivered one electron from cytochrome
b-559 to Q, [28], and a charge recombination occurred
between the newly generated Q, and the dark-stable S,
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which had been stably stored in NaCl/ EDTA-washed
PS II. Notably, this TL band was upshifted in its peak
temperature, suggesting a decreased oxidation potential
of the positive charge (the dark-stable S, state) [31,32].
The decreased oxidation potential may be correlated to
the abnormally stable property of the dark-stable S,.
This TL emission did not occur unless the 77 K il-
lumination was given. Obviously, no recombination is
possible because of the absence of a reduced quinone
acceptor as the negative counterpart for the dark-stable
S,, a positive equivalent.

Interestingly, flash excitation of the NaCl/EDTA-
washed PS 1I could induce another TL band. This band
showed almost the same peak temperature as that of
normal Q-band (S,Q,) of untreated control PS II ex-
cept for a broad shoulder below 0°C. A sharp dip
around 0°C is ascribed to the change in heating rate
due to melting of ice: the dip was prevented by inclu-
sion of 30% ethylene glycol in the sample medium (data
not shown). When the fiash excitation was followed by
77 K illumination, the resulting TL band roughly over-
lapped on the imaginary envelope of the two indepen-
dently induced TL bands, one induced by continuous
illumination at 77 K and the other by flash illumination
at —10°C. It seems that about 80% of the TL arising
from the dark-stable S, is lost and replaced by the
flash-induced TL. This result leads us to assume that
these two TL bands originate from two different, dis-
tinguishable redox components both residing in the
oxidizing side of the same PS II unit: if the two differ-
ent O, centers are independently responsible for the
respective two TL bands, the resulting glow curve will
not be restricted within the envelope, but will be a
simple sum of the two independent emissions. The
partial survival of the TL component corresponding to
the dark-stable S, after the flash implies that a portion
(less than 20%) of the Q, acceptor existed as its oxidized
form even after the flash excitation at —10° C and was
converted to Q, by 77 K illumination. This is probably
due to a rapid charge recombination between the flash-
induced Q, and the positive charge on the new EPR
component, which would have occurred during cooling
to 77 K. This is reasonably expected from the low peak
temperature of the flash-induced TL component [31,32].
When NaCl/EDTA-washed PS II was supplemented
with exogenous Ca’*, no TL band was induced by 77 K
illumination, but a normal Q-band (S,Q) was induced
by flash illumination as was observed in control PS 1I
(see Fig. 7). Likewise in NaCl-washed (without EDTA)
PS II, no TL band was induced by 77 K illumination,
but a normal Q-band was induced by flash illumination
(data not shown).

Fig. 3 shows the stability of the dark-stable S,. The
NaCl/EDTA-washed PS II membranes were incubated
at 20 ° C in darkness for varying periods, and the amount
of dark-stable S, remaining was estimated from the
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Fig. 3. Decay course of dark-stable S, state as measured by TL.
NaCl/EDTA-washed PS II membranes were incubated at 20°C in
darkness for varying periods, and then excited by continuous il-
lumination at 77 K for 1 min for TL measurement. Inset: Semiloga-
rithmic plot of the decay course. Broken line indicates extrapolation.
DCMU (10 pM) was added immediately before TL measurements.

amplitude of the TL band induced by 77 K illumina-
tion. As expected from the observation that the EPR
multiline signal could be found in the sample dark-
adapted for more than 3 h at 0°C (see Figs. 1 and 2),
the dark-stable S, was abnormally stable compared with
the normal S, which decayed with a half decay time of
approx. 1 min at 25°C {33]: even after a 4 h dark
incubation at 20°C, approx. 70% of the signal was still
preserved. The half decay time estimated was as large as
7 h at 20° C as shown by extrapolation of the semiloga-
rithmic plot (Fig. 3, insert).

In Fig. 4, the temperature dependence for charging
the new TL band additionally induced by flash excita-
tion of NaCl/ EDTA-washed PS II was compared with
that of normal S, formation in untreated control PS Il
In control PS II, the TL intensity showed a constant
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Fig. 4. Temperature dependence for charging the new TL component
induced by flash excitation of NaCl/EDTA-washed PS II. One flash
illumination of NaCl/EDTA-washed PS II membranes (®); one flash
illumination of untreated PS II membranes (©). Samples were excited
in the presence of 10 yM DCMU at varying temperatures and the
amplitude of glow peak was plotted against excitation temperature.



maximum level when excited above —60°C, and de-
creased gradually with lowering the excitation tempera-
ture to a very low level at around —150°C, showing a
half-inhibition temperature at around —90°C which
agrees with the reported threshold temperature of S,
formation [29,30]. In contrast, the new TL band showed
a different temperature dependency; the band height
became sharply suppressed below —20°C, showing a
half-inhibition temperature at around —40°C, and this
sharp decrease was followed by a gradual decrease
down to around —120°C. Presumably, the gradual
decrease is due to the non-inhibited O, centers remain-
ing in the washed sample (less than 15%). Judging from
this difference in temperature dependence, the positive
charge for this new TL component is not the normal S,
state, although its peak temperature and shape of glow
peak are similar to those of normal Q-band (S,Q4) as
shown in Fig. 2. It is worthwhile to note that this
temperature dependency resembles that for the transi-
tion from S, to S; in untreated membranes {29,30].

The origin of this new TL component was further
studied by means of low-temperature EPR. The washed
PS 1I retaining the dark-stable S, multiline signal was
further exposed to continuous light at two different
temperatures. As shown in Fig. 5A, the amplitude of the
dark-stable multiline signal was not much changed by
the continuous illumination either at —5 or at —60°C.
However, a new EPR signal was additionally induced
between 3100 and 3500 G after illumination at —~5°C,
although the whole feature of this new signal was dif-
ficult to be clearly recognized in this spectrum because
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of interference by Signal II. When illuminated at
—60°C, the new signal was much smaller (approx.
30%), and instead, photooxidation of cytochrome 5-559
was clearer. This suggests that the new signal is attribu-
table to a redox component which donates electron to
Z* in competition with high potential cytochrome 5-559.
As shown in Fig. 5B, subtraction of dark spectrum from
the light spectrum revealed a characteristic feature of
the new signal, a broad, derivative-shaped signal center-
ing at around g = 2. The feature of the new signal was
more clearly seen when the microwave power was in-
creased to a level at which both the multiline and Signal
II were saturated. A g=1.9 and 1.82 FeQ, signal was
also markedly induced under these conditions, indicat-
ing that an electron was delivered to Q, from the donor
side of PS II, although this illumination did not induce
any change in the intensity of the dark-stable multiline
signal. The untreated control and Ca2*-supplemented
NaCl/EDTA-washed PS II did not exhibit this new
signal either after — 5 or —60° C illumination (data not
shown). Apparently, the spectral feature and tempera-
ture dependency for formation of this signal are similar
to those reported by Boussac et al. [20,21] in which
reconstitution of 16 and 24 kDa extrinsic proteins after
NaCl wash is claimed to be required for observing both
the two EPR signals.

As shown in Figs. 1 and 2, the dark-stable S, was not
found when Ca?* was externally added. This quenching
by Ca’* may be explained in two ways: (a) Ca’*
converts the dark-stable S, to normal S, which decays
rapidly in darkness; (b) Ca?* directly stimulates the

g- value g-value
24 2.0 1.8 24 2 1.8 24 2.0 1.8
T T T T T T T T T T T T T
A B
a . a
; b\/\/‘
1 1 1. 1 1 i 1 A —_
2500 3500 2800 3800 3000 4000

Magnetic field, Gauss

Magnetic field, Gauss

Fig. 5. Changes in low temperature EPR spectrum on illumination of NaCl/EDTA-washed PS II retaining the dark-stable muitiline signal. (A)

Whole features of the multiline signal and the newly induced g = 2 signal before (broken curves) and after (solid curves) illumination. Left panel

(a), at 0° C for 30 s; right panel (b), at —60° C for 2 min. (B) Light-minus-dark difference spectra of the newly induced g = 2 signal: (a) difference

before and after illumination at 0°C for 30 s (cf. A, left panel); (b) difference before and after illumination at —60°C for 2 min (cf. A, right

panel); (c) the same spectra as for (a) measured with a higher microwave power of 100 mW before (broken) and after (solid) illumination at 0°C

for 30 s. Chl concentration was 3.5 mg Chl/ml. DCMU (50 pM) was added. Instrumental conditions are the same as those in Fig, 1 except for the
two spectra in (B) c.
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decay of the dark-stable S,. Fig. 6 shows the effect of
Ca®" addition on the dark-stable EPR signal, in which
the NaCl/EDTA-washed sample exhibiting the dark-
stable multiline signal, was warmed to 0° C, added with
Ca’" in darkness and quickly re-frozen, and then EPR
signal was recorded. The dark-stable and normal muiti-
line signals can be characterized by their respective
typical superfine lines indicated by downward and up-
ward arrows (Fig. 6A). On addition of Ca**, the lines
with downward arrows diminished concomitantly with
development of the lines with upward arrows, as a
consequence, the resulting spectrum considerably re-
sembled the normal multiline spectrum. The amplitude
of the Ca**-supplemented signal amounted to 70-80%
of that of the normal signal induced by 210 K illumina-
tion in untreated control PS II. This indicates that the
dark-stable signal arose from the major population of
the Mn cluster in NaCl/EDTA-washed PS II. Simi-
larly, the effect of quick addition of Ca’* on TL glow
curve was examined (Fig. 6B). The abnormal TL band
with an elevated peak temperature due to the dark-sta-
ble S, was transformed to a band showing a lower peak
temperature similar to that of normal Q-band (5,Q,),
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Fig. 6. Effect of CaCl, addition on dark-stable multiline signal (A)
and TL glow curves (B). (A): NaCl/EDTA-washed PS II membranes,
non-illuminated (a); NaCl/EDTA-washed PS II membranes supple-
mented with CaCl,, non-illuminated (b); untreated control PS II
membranes, illuminated for 2 min at 210 K (c). For (b), NaCl/
EDTA-washed membranes in a sample tube were warmed in darkness
to 0°C, added with 20 mM CaCl,, and then refrozen in liquid N,
within 55 s. Chl concentration was 3.5 mg Chl/ml. Instrumental
settings are the same as those in Fig. 1. (B): Untreated control PS II
membranes were excited by 1 flash at 0° C (a); NaCl/EDTA-washed
PS II membranes were supplemented with CaCl, excited by 77 K
illumination for 1 min (b); NaCl/EDTA-washed PS II membranes
were excited by 77 K illumination for 1 min (c, solid curve) or by 1
flash at 0° C (c, broken curve). For (b), the washed membranes were
supplemented with 20 mM CaCl,, incubated in darkness at 0°C for
40 s, and then frozen in liquid N,. DCMU (10 pM) was added
immediately before freezing.
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Fig. 7. Effects of various divalent cations on TL glow curves of
NaCl/EDTA-washed PS 11 membranes. No addition (a, h), additions
of CaCl, (b, i), SrCl, (¢, j), CdCl, (d, k), MgCl, (e, 1), BaCl, (f, m)
and MnCl, (g, n). NaCl/EDTA-washed PS 1l membranes were
supplemented with 20 mM of respective divalent salts, incubated at
0°C for 30 min, and then excited by one flash at 10° C (left panel) or
by continuous illumination at 77 K for 1 min (right panel). DCMU
(10 uM) was added.

indicative of reconstitution of normal S, by the addition
of Ca’*. Both these EPR and TL data indicate that the
dark-stable S, in NaCl/EDTA-washed PS II is easily
converted by Ca’* to normal S,, the mechanism (a) in
the above-mentioned two alternatives.

Fig. 7 shows the effects of various cations on TL
bands in the washed PS II membranes. As depicted in
the right panel, NaCl/EDTA-washed PS II showed the
TL band arising from recombination of dark-stable S,
with Q5 at around 20°C after 77 K illumination (see
also Fig. 2). On addition of Ca’*, Sr?*, Cd** or Mn®",
the glow peak of this band was markedly suppressed,
leaving a small peak at around 40°C in cases of Ca?*
and Sr?*. In contrast, Mg?* and Ba’* did not show
such quenching, but rather upshifted the peak tempera-
ture to 35°C in case of Ba’*. As already indicated by
Fig. 6 experiments, the quenching effect by Ca*" is due
to reconstitution of normal S,. By analogy, we may
assume that a normal or an abnormal S, but with nearly
normal oxidation potential was reconstituted by Sr?*
and Cd?*. In this context, it is interesting to note that
the upshifted TL peak arising from the abnormal S,
formed in low-pH-treated PS II is converted by Ca’*,
Sr?* or Cd?* to an ordinary peak suggesting a normal
oxidation potential of S,, although the degree of re-
storation of O, evolution differs very much among the
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Fig. 8. Oscillation of TL from NaCl/EDTA-washed PS II membranes
on illumination with a series of flashes. (®) untreated control PS II
membranes; (©) NaCl/EDTA-washed PS II membranes; (30) NaCl/
EDTA-washed membranes supplemented with CaCl,. CaCl, (20 mM)
was added to washed membranes followed by 30 min dark incubation
at 0° C. Dark-adapted memranes were excited by a series of flashes at
0°C followed by 1 min continuous illumination at 77 K and total
luminescence (integration of the area under the glow curve) was
plotted as a function of flash number. DCMU (20 uM) was added
immediately after flash excitation.

three cations [34]. In contrast to these, the glow curve
arising from the new redox component (induced by
flash excitation) was not much affected by the addition
of Ca?*, Sr?*, Cd** and Mg?”, although Sr’* en-
hanced its amplitude and Ba?* upshifted its peak tem-
perature (left panel). Unlike these cations, the addition
of Mn?* resulted in strong suppression of both of the
two TL components. This suppression could also be
observed when Mn?* was added immediately after flash
excitation (data not shown). Presumably, Mn?* binds to
the Ca?*-binding site, simultaneously approaches to the
positive equivalent stabilized on the Mn cluster as
dark-stable S, and neutralizes it by electron donation,
as previously suggested for low-pH-treated PS II [34].
Incubation of untreated PS II with these cations did not
induce any changes in TL peak temperature (data not
shown).

Fig. 8 shows the flash pattern of TL band. Samples
were illuminated with a series of flashes followed by
DCMU addition and then by 77 K illumination for 1
min. In this protocol the negative charge on Q, is
provided by one electron delivery from cytochrome
5-559 in all the PS II centers [28], so that the changes in
TL amplitude can be a priori ascribed to the difference
in the amount of positive charges in the Mn cluster.
Untreated PS II showed typical period-four pattern
with maxima at 2nd and 6th flashes as previously
reported [26,28]. In NaCl/EDTA-washed PS II, an
intense TL band arising from dark-stable S, was ob-
served after 77 K illumination without any preceding
flash illumination (flash number = 0). When one flash is
given, the TL intensity was enhanced due to the ad-
ditionally induced new TL band. However, the intensity
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of this composite band did not much change when
illuminated with more flashes, indicating that neither
the dark-stable nor the flash-induced bands show any
flash dependency. On addition of Ca®*, a normal
period-four oscillation was reconstituted. These results
suggest that the interruption of S-state advancement
after the first flash is the main cause for the loss of O,
evolution in NaCl/ EDTA-washed PS II.

Discussion

The present study clearly showed that an abnormally
stable S,, modified EPR S, multiline signal, can be
detected in NaCl/EDTA-washed PS II without il-
lumination, and that Ca?* addition reverses this
abnormal signal to normal in complete darkness. Based
on the finding that the amplitude of thus reconstituted
signal amounted to 70-80% of that of normal signal
induced in untreated control PS II, we may assume that
the major population of the O, centers in NaCl/
EDTA-washed PS II retains positive equivalent as a
dark-stable form. Two alternative explanations may be
possible for this phenomenon: (i) conformational struc-
ture of the Mn cluster is modified in NaCl/EDTA-
washed PS II to make S, state more stable than S, state,
in other words, S, is spontaneously oxidized in darkness
by a bulk oxidant to yield S,; (ii) an abnormal S, is
formed from S, by the illumination during NaCl/EDTA
wash, and this abnormal S, state remains after the
treatment because of its abnormally high stability. We
prefer the second possibility based on the facts that (a)
the recombination between Q, and the dark-stable S,
occurs at an abnormally high temperature as shown in
Fig. 2, and that (b) the dark-stable S, shows appreciable
deactivation, although its rate is very slow in the ab-
sence of Q. (see Fig. 3). We cannot, however, exclude
the possibility that a portion of dark-stable S, is in
equilibrium with S, state.

As shown in Fig. 2, an additional TL component was
generated when the PS II retaining the dark-stable S,
were further excited by a flash at room temperature.
The TL features of this new component indicated that
the positive charge responsible for this TL emission is
trapped on a redox component in the same O, center as
that exhibiting the dark-stable multiline signal. The
temperature dependence for charging this TL compo-
nent, furthermore, resembled that for S,-to-S, transition
[29,30]. At a simple glance, these appear to suggest that
the dark-stable S, is transformed to S; to exhibit the
flash induced TL component. However, this does not
seem to be the case. The appreciable decrease in the TL
component (emitting at 20-30°C) arising from the
dark-stable multiline signal as the positive counterpart
is caused, in this case, by the significant loss in Qj
amount due to recombination (at around 0°C) with
another positive counterpart, the newly photoinduced
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g =2 EPR signal. Note that under the present condi-
tions, one equivalent of negative charge (Q,) shares two
equivalents of positive charges in the same center,
dark-stable multiline and the new g=2 EPR compo-
nent. This interpretation is clearly consistent with the
observation that the amplitude of the dark-stable multi-
line signal did not change after illumination at —5°C.
Based on these considerations, the new TL component
cannot be attributed to S; state. Whichever will be the
case, we are forced to assume that the positive charge
responsible for this TL band is stored on a redox
component other than the Mn cluster, since almost all
the Mn centers in NaCl/EDTA-washed PS II have
been already stabilized as the dark-stable S,.

An EPR signal was found to be photoinduced in
NaCl/EDTA-washed PS II (Fig. 5). This broad signal
at around g = 2.0 was efficiently induced by illumina-
tion at —5°C, but much less at —60°C. Notably, this
signal could not be detected when Ca’* was present.
The good parallelism between this EPR signal and the
flash-induced TL component led us to presume that the
species responsible for this EPR signal is the positive
counterpart for the new TL component.

Chemical entity of this new redox component is
unclear at present. However, we can preclude Z* and
D* from possible candidates, because they are com-
pletely different in their temperature dependence for
formation and in EPR spectrum [35]. We may also
preclude cytochrome b-559, since its oxidized form does
not recombine with reduced quinones to emit TL (see
Fig. 2). Padhye et al. [36] have proposed that an im-
idazole moiety of histidine residues can provide a re-
dox-active ligand in place of Mn, and Tamura et al. [37]
have suggested the involvement of histidine residue(s) of
D1 protein as a ligand for Mn. Thus, oxidized cation
radical of histidine could be one of the possible candi-
dates for this redox component to exhibit the new EPR
signal and the new flash-induced TL component. There
may be two interpretations for such redox component:
(i) the component is located on the main path of S-state
transition, or (ii) an auxiliary component will be oxidized
when the main path is impaired. As to the former
interpretation (i), Boussac et al. proposed that this
oxidant will be the formal S, state [21]. If we extend
their speculation by taking into account the observation
that the temperature dependence of oxidation of this
component resembles that of S,-to-S; transition, this
component might be a precursor state for S;. A specula-
tive entity of such precursor could be a state in which
electron abstraction from S, is completed but proton
release is blocked. Presumably, the H*-release accom-
panying the S,-to-S; transition was interrupted in the
NaCl/EDTA-washed PS II, and thereby further transi-
tion to normal S; was interrupted. However, in view of
our observations that the amplitude of dark-stable mul-
tiline signal does not decrease on illumination, and that

Ca depletion by low-pH treatment results in interrup-
tion of S, to S, transition {5], the latter interpretation (ii)
is also possible: histidine oxidation is an auxiliary reac-
tion which is manifested upon blocking of the S, to S,
transition.

Ca** is clearly required for normal S-state transition
as reported and discussed above, but the mechanism of
Ca’" action is not clear. The fact that the redox proper-
ties of both the dark-stable and flash-induced TL com-
ponents were variously modified depending on the ca-
tion species (Fig. 7) seems to suggest that cation sub-
stitution at the putative Ca*-binding site causes these
modifications. Of particular interest among these is
Sr2* substitution, which modifies the fine structure of
multiline signal in a way similar to that found for the
dark-stable multiline signal, although the S, in Sr?*-
substituted centers is not dark-stable (Fig. 7). This may
imply that a moiety of Mn cluster responsible for the
modification of the multiline signal is not directly re-
lated with its function in water oxidation which can be
affected by NaCl wash. Our present resuits appear
consistent with a view that NaCl/EDTA wash removes
functional Ca?* atom from PS II. However, the exact
number of Ca?* in PS II or the number of Ca atoms
removed by NaCl wash is a matter of debate, and two
contradictory results have been reported: loss of 1 Ca
atom {7], or no change in Ca content [8]. In this rela-
tion, we note that the protocols of NaCl wash and/or
Ca determination used in some of previous studies are
not always compatible with the stringent treatment em-
ployed in this study. Thus, the conclusion has to await a
more exact Ca determination with the NaCl/EDTA-
washed PS 1I membranes that are prepared according to
the protocol as we used in this study.

Our present results are significantly different from
those reported by Boussac and Rutherford [18] who
observed normal multiline signal by 210 K illumination
in PS II membranes which were treated with NaCl
under room light followed by addition of 50 pM EGTA.
The contradictory observation in this case will possibly
be due to incomplete Ca’* depletion in Ref. 18 as
already discussed in Ref. 24. Our results also differ
significantly from those more recently reported by
Boussac et al. [21]. The differences have mostly been
mentioned in the above discussions, but will be sum-
marized again as follows: (i) they claim that reconstitu-
tion of 16 and 24 kDa extrinsic proteins is closely
related with the generation of dark-stable multiline sig-
nal and g=2 signal, while we consider, as clearly
shown in this study, that the crucial factor required for
generation of both signals is not reconstitution of the
extrinsic proteins, but rather the complete elimination
of free Ca’™ by excess chelator; (ii) they claim that
illumination of dark-stable S, at 0° C results in a loss of
the dark-stable multiline signal concomitant with for-
mation of the new g = 2 signal, while we observed that



the amplitude of the dark-stable multiline signal does
not change after illumination. At present, it is difficult
to reconcile the two contradictory results. Obviously,
these are the points that should be clarified in future
studies.
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