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ABSTRACT: Illuminating Ca2+-depleted photosystem (PS) II membranes generated two new EPR signals
at g ) 11 and 15 by perpendicular and parallel polarization modes, respectively. Two turnovers of the
oxygen evolving center (OEC) beyond the modified S2′ state are required for the appearance of these
signals. The formation of the signals correlated with that of an asymmetric (singlet-like) EPR signal
observed atg ≈ 2. Spectral simulation indicated that both signals arose from a transition between|2(>
levels with intradoublet splitting of∆ ) 0.276 cm-1 in an S ) 2 spin system. Furthermore, the two
signals in parallel and perpendicular modes were formed at the same time, indicating that the same metal
center was responsible. The molecularz-axis of theS) 2 spin system for the signals was almost parallel
to the plane of thylakoid membranes. These results indicate that the Mn cluster in the photosynthetic
oxygen evolving center is the source of the new EPR species which may be a Mn(IV)-Mn(IV) or Mn-
(III)-Mn(III) dimer or a Mn(III) monomer. Redox events of the Mn cluster in the Ca2+-depleted PS II
are discussed based on these observations.

Photosynthetic oxygen evolution is carried out by an
oxygen evolving center (OEC) containing a tetranuclear Mn
cluster located at the lumenal side of photosystem (PS) II
protein complexes. Oxidized equivalents generated in the
PS II reaction center by the successive absorption of four
photons accumulate on the Mn cluster and are used for water
oxidation. Molecular oxygen is produced by reactions with
five distinct kinetically characterized, intermediate states
labeled Si (i ) 0-4), of which S1 is thermally stable in the
dark. By absorbing each photon, the S1 state advances
stepwise to reach the highest oxidation state, S4, that decays
spontaneously to the S0 state with the concurrent release of
molecular oxygen (reviewed in refs 1-4). The S-state
transitions are accompanied by cyclic changes in the oxida-
tion state of the Mn cluster (5, 6), although the valences of
manganese ions in the respective S states remain a matter
of debate.
Calcium is an indispensable metal cofactor for the normal

function of an OEC. Oxygen evolution is inhibited by Ca2+

depletion and is restored by reconstitution of Ca2+. It has
been proposed that Ca2+ is associated with the Mn cluster
presumably through a carboxylate bridge (7) and that Ca2+

depletion directly affects the electronic structure of the Mn
cluster (8). The S2 state formed in Ca2+-depleted PS II is
abnormally stable. It is manifested as a modified multiline
EPR signal with a greater overall width and number of lines,
as well as reduced hyperfine splitting, as compared with the
normal multiline signal in untreated control PS II (9-12).
Upon illuminating the Ca2+-depleted PS II in the S2 state,

another EPR signal with a 13-16 mT splitting line width
appears aroundg ) 2 (13). This signal has been called the
“S3-state signal”, although it has not been clearly correlated
with the normal S3 state because the latter does not generate
EPR signal in the oxygen evolving PS II. “S3-state signal”
has been observed in Cl--depleted, NH4Cl-treated and
acetate-treated PS II (14-18), although theg value and line
width of the signals varied with the preparation.
The “S3-state signal” has been thought to originate from

an organic radical withS) 1/2 interacting with the S2-state
Mn cluster, where an oxidized histidine has been ascribed
to the radical on the basis of UV-visible and FTIR spectra
(19, 20). Alternatively, it has been proposed that YZ

• is
attributable to the radical species responsible for the “S3-
state signal” (15). In fact, pulsed ENDOR1 and ESEEM
spectra for the “S3-state signal” were similar to those of a
tyrosine radical (21-23).
Recently, Astashkin et al. (24) reported that the “S3-state

signal” involves two signals that overlap at theg≈ 2 region.
Short illumination of the Ca2+-depleted PS II at 273 K in
the S2 state results in the formation of a doublet signal with
splitting of about 15 mT atg ≈ 2. Further illumination at
273 K led to the formation of a singlet-like signal. Adding
DCMU after formation of the stable S2 state did not inhibit
generation of the doublet signal but inhibited that of the
singlet-like signal, indicating that at least two turnovers
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beyond the S2 state are required for formation of the latter
signal. Pulsed ENDOR-induced EPR indicates that YZ

• is
associated with the doublet signal, but not with the singlet-
like signal. Therefore, the redox events in the Ca2+-depleted
OEC are more complex than was previously considered.
In this paper, we describe a new EPR species that is

generated after illumination of the Ca2+-depleted PS II for
20-30 s at 273 K. This species produced EPR signals at
low magnetic fields (g ) 11-15) in parallel polarized and
in conventional (perpendicular) modes. The signals showed
non-Kramers behavior and were attributed to anS) 2 spin
system. These and other observations suggest that the signals
originate from a monomeric Mn(III), a Mn(IV)-Mn(IV)
dimer, or a Mn(III)-Mn(III) dimer.
MATERIALS AND METHODS
Oxygen evolving PS II membranes were prepared from

spinach as described (25) with modifications (26). The
membranes were washed twice with a solution containing
400 mM sucrose, 20 mM NaCl, and 0.1 mM MES/NaOH
(pH 6.5) and resuspended in the same buffer solution. For
Ca2+ depletion, the membranes were suspended in a medium
containing 400 mM sucrose, 20 mM NaCl, and 10 mM citric
acid/NaOH (pH 3.0) at 273 K for 5 min, and then 10%
volume of a solution containing 400 mM sucrose, 20 mM
NaCl, and 500 mM MOPS/NaOH (pH 7.5) was added to
adjust the final pH to about 6.5, as described (27). The
treated membranes were washed and resuspended in a final
buffer solution containing 400 mM sucrose, 20 mM NaCl,
and 20 mM MES/NaOH (pH 6.5). All procedures were
carried out in the dark or under a dim green light to maintain
the OEC in the S1 state unless otherwise noted. Some of
the Ca2+-depleted membrane samples (0.5 mg of Chl/mL)
were illuminated for 1 min followed by dark adaptation for
30 min to bring the OEC into the dark-stable S2 state.
DCMU (0.05 mM, 10 mM dimethyl sulfoxide solution as
stock) was then added to the solution to ensure a single
electron-transfer event beyond the S2 state.

Membrane samples were collected by centrifugation at
35000g for 20 min and transferred to Suprasil quartz tubes
of 4-mm inner diameter. The final chlorophyll concentration
was approximately 20 mg of Chl/mL. To measure angular
dependence of the EPR spectra, membrane samples sus-
pended in a buffer solution containing 400 mM sucrose, 20
mM NaCl, 0.5 mM EDTA, and 20 mM MES/NaOH (pH
6.5) were dried on pieces of Mylar sheets for 12 h at 4°C
under wet N2 stream; 6-8 pieces of Mylar sheets were put
into an EPR tube. The EPR tubes were sealed after Ar gas
purge and then stored in liquid N2 until use. EPR samples
were illuminated with a 500-W tungsten-halogen lamp
through a 8-cm thick water filter at 273 K.

Conventional (perpendicular) and parallel polarization
mode EPR measurements were performed using a Bruker
ESP 300E X-band spectrometer and a ER4116 DM X-band
(TE102) dual mode resonator. The microwave frequency was
changed to resonate in perpendicular and parallel modes. An
Oxford 900 continuous-flow cryostat was used to regulate
the sample temperature at 6 K.

RESULTS
Figure 1 shows the effect of illumination for 60 s at 273

K on perpendicular EPR (A) and parallel polarized EPR (B)
spectra in Ca2+-depleted PS II membranes. The light (trace
b) minus dark (trace a) difference spectrum (trace c) reveals
a broad signal at approximate magnetic field of 50 mT with
a peak-to-peak width of about 40-50 mT in perpendicular
or parallel mode measurement. Theg values of the
perpendicular and parallel mode signals were 11 and 15,
where resonating microwave frequencies were 9.68 and 9.34
GHz, respectively. The S1-state Mn cluster in untreated PS
II shows a broad signal at approximately 150 mT (g ) 4.9)
with a line width of about 60 mT detected by parallel mode
(28). However, Figure 1B shows no indication of the S1-
state signal which is consistent with the report that S1 signals
are undetectable in Ca2+-depleted PS II (28). These signals
observed atg) 11 and 15 were not detected in Mn-depleted
sample washed by Tris buffer (data not shown). The
relatively high background in the spectrum (panel B, traces
a and b) was due to impurities in the sample tubes. A
derivative type sharp signal detected by perpendicular mode
at approximately 150 mT in the difference spectrum (panel
A, trace c) was ascribed to artifacts of signal subtraction due
to the presence of a sharp signal of rhombic iron and partly
to an anomalous signal that appeared in the region, although
its intensity varied among samples. It is of note that the
anomalous signal was not detected by the parallel mode
detection as shown in Figure 1B.

Figure 2A shows illumination for 60 s at 273 K induced
the so-called "S3-state signal" atg ) 2 in Ca2+-depleted PS
II membranes (trace a). This signal disappeared after dark
adaptation concomitant with the formation of the modified
multiline signal (Figure 2A, trace b) and then was regenerated
by further illumination of the dark-adapted membranes
(Figure 2A, trace c) in agreement with the reported results
(9-12). Figure 2B (perpendicular detection) and 2C (parallel
detection) shows that both new signals disappeared after dark
adaptation (trace b) and were regenerated by further il-
lumination (trace c). The reversible formation of the new
signals implies that they are not due to PS II damaged by
prolonged illumination. The results showed that the forma-

FIGURE1: EPR spectra detected in Ca2+-depleted PS II membranes
by perpendicular (A) and parallel polarization (B) modes: spectra
of dark-adapted membranes (a), after illumination for 1 min at 273
K (b), and light-minus-dark difference spectra (c). EPR conditions
for perpendicular mode: microwave frequency, 9.684 GHz; mi-
crowave power, 0.2 mW; field modulation amplitude, 8 G at 100
kHz; scan time, 168 s; time constant, 0.2 s; temperature, 6 K. EPR
conditions for the parallel mode: microwave frequency, 9.345 GHz;
microwave power, 3.2 mW; field modulation amplitude, 8 G at
100 kHz; scan time, 168 s; time constant, 0.2 s; temperature, 6 K.
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tion of both new signals clearly correlates with that of the
“S3-state signal”.
Figure 3 shows light minus dark difference EPR spectra

detected by perpendicular (panels A and B) and parallel
(panel C) modes in Ca2+-depleted PS II. The membranes
were illuminated for 60 s followed by dark adaptation for 1
h to accumulate the dark-stable S2-state and then illuminated
at 273 K for (trace a) 5 s, (trace b) 20 s, and (trace c) 60 s.
The perpendicular (panel B) and parallel (panel C) mode
signals developed almost simultaneously during illumination
and reached the steady-state high level after illumination for
60 s. As shown in Figure 3A, the shape of the “S3-state
signal” also changed depending on the length of illumination
time. Illumination for 5 s produced a 16 mT wide,
symmetrical doublet signal. However, the shape of the signal
significantly changed, becoming rather asymmetric upon
further illumination (>20-30 s), and no further change was
induced after illumination for 60 s. Similar spectral change
of the so-called “S3-state signal” has been reported, when
the Ca2+-depleted PS II was illuminated with varying
numbers of repetitive flashes (29).
A recent pulsed EPR study has revealed that illuminating

Ca2+-depleted PS II induces two different radical species that
generate two signals overlapping atg) 2 region (24). One
radical induced by 5-s illumination at 273 K gives the doublet
signal with a split of about 15 mT. The other is induced by
longer (>20-s) illumination at 273 K to give the singlet-
like signal. Therefore, it is conceivable that the illumina-
tion-time-dependent change in theg ) 2 spectrum shown
in Figure 3A reflects the cumulative formation of the doublet

and singlet-like radical species. The coincident time courses
of the formation of these signals suggest that the parallel
and perpendicular mode signals associate with the singlet-
like species but not with the doublet species.

It has been reported that the doublet and singlet-like signals
are generated after one and at least two turnovers of PS II
beyond the modified S2 state (24). Adding DCMU to the
sample after the formation of the modified S2 state inhibits
the illumination-time-dependent change in the spectrum of
the “S3-state signal” (Figure 3A, trace d), supporting the view
that the formation of the singlet-like signal is responsible
for the observed change in theg ) 2 spectrum. DCMU
inhibited the formation of both parallel and perpendicular
mode signals (trace d in Figure 3B,C). The results strongly
indicate that the two new signals correlate with the “singlet-
like signal” and that at least two turnovers beyond the S2

state are required for their formation.

Figure 4 shows the angular dependence of theg ) 15
parallel polarized EPR signal in the oriented membranes. The
signal intensity shows a large anisotropy: the intensity is
maximal and minimal at angles of 90° and 0°, respectively,
between the external magnetic field direction and the
membrane normal. Detection of the species by parallel mode
EPR and the large anisotropy of the signal indicate that an
S) 2 system is responsible for the signal, and the transition
between|2+> and |2-> levels attributes the signal to be
represented by eq 4 given in the Appendix.

FIGURE 2: Effects of illumination on perpendicular (A, B) and
parallel (C) mode EPR spectra in Ca2+-depleted PS II membranes.
EPR spectra (B, C) were obtained after subtraction of the dark-
adapted spectrum. PS II membranes were dark-adapted (d in panel
A), illuminated for 1 min at 273 K (a), dark-adapted again for 60
min at 273 K after illumination (b), and illuminated again for 1
min at 273 K (c). EPR conditions were the same as those described
in the legend to Figure 1.

FIGURE 3: Effects of illumination time and addition of DCMU on
perpendicular (A, B) and parallel (C) mode EPR. PS II membranes
were sequentially illuminated for 1 min at 273 K, dark-adapted for
60 min at 273 K, and then illuminated for 5 s (a), 20 s (b), and 60
s (c, d) at 273 K. DCMU (50µM) was added to the membrane
samples before the second illumination for trace d. Spectra are
shown after subtracting S1 spectrum of dark-adapted membranes
(a-c) or S2 spectrum of the membranes dark-adapted for the second
time after illumination (d). EPR conditions are the same as those
described in the legend to Figure 1. See text for details.
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The parallel mode signal was then simulated by diago-
nalizing S) 2 spin Hamiltonians (eqs 1 and 2) for every
magnetic field value. The transition probability was evalu-
ated by calculating<2+|Sz′|2-> for the signal. Ag value
of 2 was assumed since the simulation is not sensitive to a
relatively small change in theg anisotropy. The results of
the simulation are shown in Figure 5a (solid line) with the
experimentally obtained signal (dotted line). The signal was
simulated by assuming an intradoublet splitting parameter
of ∆ ) 0.276 cm-1. Notably, the perpendicular mode signal
can be simulated (trace b in Figure 5) with the same
intradoublet splitting parameter that was determined by
simulation of the parallel mode signal, where the transition
probability was evaluated by<2+|Sx′|2->. The result
indicates that the two signals originate from the transition
between|2+> and|2-> levels in theS) 2 state of a single
magnetic center, although the possibility that two magnetic
centers with identical magnetic moments are responsible for
the two signals cannot be completely excluded. The∆ value
obtained by the spectral simulation coincided with that
independently deduced from theg values and the resonated
microwave frequency of the perpendicular (g ) 15 at 9.35
GHz) and parallel (g ) 11 at 9.65 GHz) signals using eq 5
(Appendix).

DISCUSSION
The present study demonstrated that illumination of the

Ca2+-depleted PS II induces new EPR signals withg values
of 15 at 9.35 GHz in parallel mode and of 11 at 9.68 GHz
in perpendicular mode. The two signals developed with the
same time course and required at least two turnovers of PS
II beyond the stable multiline S2 state. Furthermore, both
signals were simulated by assuming anS) 2 system using

the same intradoublet splitting value, which accounts for the
difference in the effectiveg value of the two signals
measured at different microwave frequencies. Therefore,
these findings indicate that one magnetic center with a typical
S ) 2 spin system is responsible for generating the two
signals at low magnetic field in perpendicular and parallel
mode EPR. In this system, a transition between the
intradoublet|2(> with ∆ms ) 0 participates in the parallel
mode EPR signal and that with∆ms ) (1 participates in
the perpendicular mode. The line shape and field positions
of the parallel and perpendicular mode signals found in the
study are similar to those reported inS) 2 spin system (30,
31).
An S) 1 spin system may reveal a signal at low magnetic

field, but it does not usually show large anisotropy in the
parallel mode (32). A half-integer spin system (S > 3/2)
may also give a low magnetic field signal ifD is close to
hυ. However, the observed signals could not be simulated
by assuming S) 3/2, 5/2, and 7/2 (data not shown). In
principle, any integer spin systems (Sg 3) can generate a
low-field signal that may be indistinguishable from that of
theS) 2 system, and the possibility that a spin system of
S g 3 contributes to the new EPR signals cannot be
completely excluded. However, it is notable that a low-field
EPR signal from anSg 3 system has never been described
in the literature as far as the authors know.
The effectiveg factor of the low-field signals is large,

indicating that the signals originate from a transition-metal
center (33). In PS II membranes, manganese in OEC, and
iron in cytochromeb559, the non-heme center, the Rieske
iron-sulfur center, and the cytochromeb/f complex are the
transition metals that potentially give the low-field signals.
However, signals attributed to the Rieske center (g ≈ 1.9),
high-spin iron in the cytochromeb/f (g ≈ 3.5), the cyto-

FIGURE 4: Orientation dependence of a low-field EPR signal
measured by parallel polarization mode. Ca2+-depleted PS II
membranes were illuminated for 1 min at 273 K. Spectra are shown
after subtracting S1 spectrum of the dark-adapted membranes.
Numbers represent angle between external magnetic field and the
membrane normal. EPR conditions are as described in the legend
to Figure 1.

FIGURE 5: Simulation of low-field EPR signals. Light-minus-dark
difference spectra with parallel (a) and perpendicular polarization
(b) EPR (dotted line) and their simulations (solid line). Ca2+-
depleted PS II membranes were illuminated for 1 min at 273 K.
Parameters used for simulation were∆ ) 0.276 cm-1, g ) 2, and
Gaussian line width) 1000 MHz. EPR signals were detected at
9.35 and 9.68 GHz for parallel and perpendicular mode EPR,
respectively, and used for simulation.
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chromeb559 ligated by OH- (g ≈ 5-7), and the non-heme
iron (g ≈ 5-8) were not induced by illumination for low-
field signals as shown in Figures 1 and 3 (34-36). Some
oxidized high-potential cytochromeb559 signal was induced
by this illumination (data not shown), but oxidation of Fe2+

to Fe3+ cannot cause the formation ofg ) 11-15 signal
that might arise from Fe2+ species. Furthermore, the
reversible formation of the low-field signals shown in Figure
2 and the time course of the signal generation in Figure 3
are not compatible with the redox reactions of any of the
iron centers in PS II. Illumination of the Ca2+-depleted PS
II for a short period in the absence of DCMU (Figure 3a-
c) generated the doublet signal but did not induce the low-
field signals. Therefore the acceptor side of PS II is not
associated with the low-field signals.
We conclude from these considerations that the only

transition metal attributable to theS) 2 spin system in PS
II is manganese.S) 2 state EPR spectra similar to the low-
field signals found in this study have been reported in
synthetic Mn(III) monomer andµ2-carboxo-µ2-oxo-bridged
Mn(III)-Mn(III) dimer (37). Therefore, a monomeric Mn-
(III) nuclei, dimeric Mn(III)-Mn(III), or dimeric Mn(IV)-
Mn(IV) is a good candidate for generating the low-field
signals. XAFS and EPR studies have demonstrated one or
two di-µ2-oxo-bridged Mn dimers in the Mn cluster in the
OEC (reviewed in refs 1-4). The low-field signals,
however, cannot be ascribed to the di-µ2-oxo-bridged Mn
dimer, which is strongly antiferromagnetic (38), since the
exchange interaction for Mn dimers withS) 2 spin system
in this work may be rather weak.
Astashkin et al. (24) have reported that the so-called “S3-

state signal” observed at approximatelyg ) 2 consists of
doublet and singlet-like signals. The appearance of the
doublet signal is accompanied by a 40% decrease in intensity
of the stable S2 multiline signal, probably due to oxidation
of the Mn cluster (21, 24). It has been suggested that the
doublet signal arises from an organic radical pair consisting
of YZ

• and another one that remains undefined. Although
the origin of the singlet-like signal has not been identified,
the asymmetric and broad line shape of the signal typical of

systems containing a metal center indicates that the singlet-
like signal is attributable to the manganese cluster. This is
consistent with the loss of the remaining 60% multiline,
concomitant with the appearance of the singlet-like signal.
The conditions for the generation and time course of the

development of the low-field signals coincided well with
those of the singlet-like signal. This indicates that the low-
field signals and the singlet-like signal arise from the same
PS II center. AnS) 2 spin system may have a resonance
condition atg ) 2 region in principle, whenD is relatively
small, but the huge anisotropy of the system broadens the
putative signal to become undetectable (30, 33). In addition
it has been suggested that the singlet-like signal behaves like
an S ) 1/2 spin system (24). These imply that the two
signals originate from different magnetic centers in the same
PS II unit. Since monomeric or dimeric manganese can be
responsible for the low-field signals as already discussed,
we assume that the Mn cluster is modified by a partial
breakage of exchange coupling in the cluster to form a
magnetically isolated center responsible for the low-field
signals. This may be consistent with the view that a strongly
coupled manganese tetramer cannot be attributable to both
theS) 2 andS) 1/2 spin systems.
On the basis of these considerations, we propose a working

hypothesis for the reaction scheme of the Mn cluster caused
by illumination in the Ca2+-depleted OEC as shown in
Scheme 1. The oxidation state of the normal S2-state Mn
cluster is assumed to be Mn(III)+ 3Mn(IV) by XANES
(39). [A study of EPR simulation assumed 3Mn(III)+ Mn-
(IV) (40).] The oxidation state of the S2′-state Mn cluster in
Ca2+-depleted sample can be assumed to be Mn(III)+ 3Mn-
(IV) since addition of Ca2+ to the membranes in the S2′ state
restores the S2 state exhibiting the normal multiline signal
(1-4). Illumination oxidizes approximately 40% of the S2-
state OEC by 1 equiv to give the radical pair for the doublet
signal and the EPR silent 4Mn(IV) cluster (24). The
remaining 60% of the center is oxidized by 2 equiv to yield
the two isolated magnetic centers via an EPR silent state;
one is the Mn(IV)-Mn(IV) dimer with anS) 2 spin system,
and the other is anS ) 1/2 spin system. We tentatively
assume the Mn(IV)-Mn(IV) dimer interacts with a radical
(denoted as X+ in Scheme 1) to give the singlet-likeS )
1/2 spin state. The quantum efficiency is assumed to be
much higher in the doublet signal formation than in the
singlet-like and low-field signal formation that involves a
structural modification of the Mn cluster. It is of note that
the putative structural change will not be due to damage of
the OEC caused by prolonged illumination. This is because
the dark adaptation led to regeneration of the modified S2

multiline, concomitant with the disappearance of the low-
field and singlet-like signals as shown in Figure 2. Further
studies are required to evaluate this scheme and its relation-
ship to the normal S-state cycle.

APPENDIX
The spin Hamiltonians for a spinS g 1 system in the

molecular principal axis frame are given by the following
equations (30, 33):

Scheme 1: Redox Events in OEC Caused by Illuminating
Ca2+-Depleted PS IIa

a See text for details.

HZeeman) âH‚g‚S (1)

Hzero-field ) D[Sz
2 - 1/3S(S+ 1)] + E(Sx

2 - Sy
2) (2)
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whereD andE are rhombic zero-field parameters,â is the
Bohr magneton andg, theg-tensor.
In an S ) 2 spin system, the zero-field eigenstates are

separated by two non-Kramers doublets,|2s′,a> and |1s,a>,
and a singlet,|0′>. The energy levels and eigenstates in
zero magnetic field are expressed as

where

The eigenfunctions for the EPR detectable transition,
within the |2(> doublet, are given by the expression:

whereR( is

g′ is 4gza+ cosθ, gz is thez-component ofg factor,∆ is the
energy separation within the doublet (E2s′ - E2a) defined as
∆ ) 2 [(D2 + 3E2)1/2 - D], andθ is the angle between the
z-axis andH direction. Therefore, the resonance condition
is given by
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