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ABSTRACT: Doublet signal and singlet-like signal induced in Ca2+-depleted PS II were investigated by
pulsed EPR in one-dimensionally oriented photosystem (PS) II membranes. The doublet signal showed
marked angular dependent change in its spectrum in term of the applied magnetic field, indicating that
the magnetic dipole-dipole interaction is mainly responsible for the doublet signal. The singlet-like signal
also showed angular dependence, which was less pronounced than that of the doublet signal. The parameters
of dipole and exchange interactions used to simulate the doublet signal indicate that the signal arises
from a magnetically coupled organic radical pair. Angular dependence of the doublet signal indicates that
the radius vector of the radical pair (r) and the normal of the thylakoid membrane is at an angle of 65°.
Pulsed ELDOR studies in the oriented membranes indicate that the vector (R) connecting the doublet-
signal center with the YD• radical and the plane of the thylakoid membrane are at an angle of 8°.
Furthermore, the angle between the projections of theR and r vectors on the plane of the thylakoid
membrane was determined to be 64°. The location of the doublet-signal species in PS II is discussed.

Photosynthetic oxygen evolution is carried out by an
oxygen-evolving complex (OEC)1 containing a tetra-nuclear
Mn-cluster located at the lumenal side of PS II protein
complexes. Oxidized equivalents generated in the PS II
reaction center by the successive absorption of four photons
are accumulated on the Mn-cluster and are used for water
oxidation. Kinetical analyses have revealed that a molecular
oxygen is produced by a series of reactions with five distinct
intermediate states labeled Si (i ) 0-4), in which S1 is
thermally stable in the dark. By absorbing each photon, the
S1 state advances stepwise to reach the S4 state that is the
highest oxidation state, which decays spontaneously to the
S0 state with the concurrent release of a molecular oxygen
(reviewed in refs1-4). The S-state transitions are ac-
companied by periodic changes in the oxidation state of the
Mn-cluster (5, 6), although the valences of manganese ions
in the respective S-states still remain a matter of debate.

Calcium is an indispensable metal cofactor for the normal
function of OEC. An X-ray absorption study has demon-
strated the presence of Ca2+ in close vicinity to the Mn-

cluster (7). It has been proposed that Ca2+ is associated with
the Mn-cluster presumably through a carboxylate bridge (8)
and that Ca2+ depletion directly affects the electronic
structure of the Mn-cluster (9). Oxygen evolution is inhibited
by selective depletion of Ca2+ and is restored by reconstitu-
tion of Ca2+. The formation of the S2 state in Ca2+-depleted
PS II has been depicted by the generation of a multiline EPR
signal, the spectral features of which depend on the proce-
dures conducted for Ca2+-depletion (10-13). Upon il-
luminating the Ca2+-depleted PS II in the S2 state, another
EPR signal with a splitting line width of 160 G is generated
aroundg ) 2 by CW EPR (14). This split signal has been
called “S′3-state signal”, but it may not directly associate to
the normal S3 state that shows a completely different EPR
signal (15). The S′3-state signal arises from an unknown
auxiliary redox reaction in PS II due to an interruption in
the normal oxidation process beyond the S2 state in the
absence of Ca2+. A similar g ) 2.0 split signal has been
induced by illuminating acetate-treated PS II membranes
(16).

Theg ) 2.0 split signal has been thought to arise from an
organic radical withS) 1/2 interacting with the S2-state Mn-
cluster, where an oxidized histidine (17, 18) or YZ tyrosine
(16) is attributed to the putative radical. Involvement of the
YZ

• radical in the split signal has been supported by pulsed
ENDOR and ESEEM studies (19-21). The signal has been
interpreted to be the interaction between the YZ

• radical and
the oxidized Mn-cluster withS) 1 (19). This interpretation
is based on simulation of the ESE-field swept spectrum in
Ca2+-depleted PS II, with an interdistance of 4.5 Å between
both species (19). An alternative interpretation is that the
signal accounts for the interaction between the YZ

• radical
and the S2-state Mn-cluster withS ) 1/2. This is based on
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simulation of the ESE field-swept spectrum in acetate-treated
PS II, where the distance between the two species was
assumed to be 3.5 Å (21). The involvement of the Mn-cluster
in the split signal has been supported by results of high-
frequency pulsed ENDOR study that shows the presence of
manganese ion signal in the split signal in acetate-treated
PS II, where the distance between the YZ tyrosine and Mn-
cluster was estimated to be between 8.6 and 11.5 Å (22).
The suggestion that the YZ tyrosine is present in close
proximity to the Mn-cluster seems to be compatible with a
proton abstraction model for water oxidation (23).

In these studies, the split signal has been analyzed by
assuming that the signal arises from a single magnetic
species. However, it has been revealed that the split signal
consists of two different signals that overlap at theg ) 2
region: a symmetric doublet signal and a singlet-like signal.
The former signal has a splitting of approximately 150 G at
g ) 2 and is induced by illuminating the Ca2+-depleted PS
II in the S2 state for a short period at 273 K, while the latter
signal is induced by a longer illumination period (19, 24).
Distinctly, the presence of DCMU did not inhibit the
formation of the doublet signal but inhibited that of the
singlet-like signal, indicating that the latter signal requires
at least two turnovers of PS II beyond the S2 state. The
doublet signal has been simulated by assumingD0 ) 130 G
andJ ) (-)40 G, which are consistent with its characteristic
spectral features that are typical of the interaction between
paired organic radicals (24). However, the origin of the
singlet-like signal remains equivocal. Pulsed ENDOR-
induced EPR study indicates that the YZ

• radical is associated
with the doublet signal, but not with the singlet-like signal
(24).

In the present study, we measured the magnetic anisotropy
of the doublet and singlet-like signals in partially oriented
PS II membranes. The doublet signal showed marked
orientation dependence, indicating that a dipole-dipole
interaction between two organic radicals mainly attributed
to the signal in consistent with the assumed magnetic
parameters for the simulation of the doublet signal (24). The
ELDOR results provide information on the relative orienta-
tion of the putative radical pair and the YD

• radical with
respect to the thylakoid membrane. On the basis of the
present and previously reported results, the location of the
putative radicals for the doublet signal in PS II is evaluated.

MATERIALS AND METHODS.

Sample Preparations.Oxygen-evolving PS II membranes
were prepared from spinach as described in a previous study
(25) with subsequent 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 0°C for 5 min, and then, 10% vol
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 approximately 6.5 as described in ref27. 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 stated. Ca2+-depleted PS II
membranes were collected by centrifugation at 35000g for
20 min and were suspended in a buffer solution containing
400 mM sucrose, 20 mM NaCl, 0.5 mM EDTA, and 20 mM
Mes/NaOH (pH 6.5). The membrane suspensions were
partially dried on pieces of Mylar sheet for 12 h at 4°C
under a wet N2 stream (28). Six to eight pieces of Mylar
sheets coated with oriented PS II membranes, were put into
an EPR tube. The EPR tubes were purged with Ar gas,
sealed, and then stored in liquid N2 until use.

Pulsed EPR Measurements.Electron spin-echo experi-
ments were performed using a Bruker ESP-380 pulsed EPR
spectrometer equipped with a cylindrical dielectric cavity
(ER4117DHQ-H, Bruker) and a gas flow-temperature control
system (CF935, Oxford Instruments). Microwave (m.w.)
pulses of 16 and 24 ns duration forπ/2 andπ pulses were
used for a 2-pulse (primary) ESE sequence. ESE field-swept
spectra were measured using the 2-pulse sequence with a
time interval of 200 ns between the m.w. pulses. For ESE
ELDOR measurements, a 2+ 1 pulse sequence was used,
where m.w. pulses of 16, 24, and 24 ns duration were
provided for the spin rotation angles ofπ/2, π, and π,
respectively. A microwave synthesizer (HP83751A, Hewlett-
Packard) was used as a second m.w. source. The output of
the synthesizer was fed into the resonator through the m.w.
pulse-former unit of the pulsed EPR spectrometer and the
TWT amplifier to produce the second pulse in the pulse
sequence. EPR samples were illuminated with a 500 W
tungsten-halogen lamp through an 8 cm-thick water layer.
The Ca2+-depleted S2 state was produced by illuminating
the samples for 1 min at 273 K followed by dark adaptation
for 60 min at 273 K based on the abnormal stability of the
S2 state formed in the Ca2+-depleted PS II obtained by the
low-pH treatment (24, 27). The membrane samples in the
Ca2+-depleted S2′ state were illuminated for further 5 s at
273 K to form the doublet signal, or for a further 1 min at
273 K to form the singlet-like signal (24).

Simulation of Doublet Spectra.The spin Hamiltonian for
two spinsR1 and R2 with S )1/2 coupled by the magnetic
dipole-dipole interaction (D) and exchange interaction (J)
is given by

whereg is the electrong-factor,â is the Bohr magneton,S1

andS2 are spins of the coupled radicals,respectively, andaj,k

and mj,k are the hyperfine constants and the nuclear spin
projection onto the static magnetic field vector (H0), respec-
tively (24). The dipole-dipole interaction (D) is defined as
D0(1 - 3 cos2 θ), whereD0 ) g1g2â2/r3 andr is the distance
between two spins. The exchange interaction (J) is defined
as HamiltonianHexch ) -JS1 ‚ S2. In the calculation, the
hyperfine terms of each spin were represented by a Gaussian
line shape (24). In a one-dimensionally oriented sample, the
resonance condition,f(H0,R), derived from eq 1 is averaged
over anglesθ and æ on polar coordinates and is given by

H ) g1âH0S1z + g2âH0S2z + S1z∑ja1jm1j +

S2z∑ja2jm2j + (-J + D)S1zS2z-

(2J + D)(S1
+S2

- + S1
-S2

+)/4 (1)

〈f(H0,R)〉 ) ∫0

π
dθ ∫0

2π
dæ f (H0,R)p(θ - θ0)sin θ (2)
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whereθ0 is the angle between the normal of the thylakoid
membrane (n) and the vector of the external magnetic field
(H0 ), R is the angle betweenn and the radius-vector
connecting the two radical spins (r), and æ is the angle
between the projections ofH0 and an arbitrary axis onto the
membrane plane.p(θ - θ0) is a Gaussian distribution used
to evaluate the membrane orientation and is defined by the
expression

where∆ is the mean-square deviation.

RESULTS

Figure 1 shows the field-swept ESE spectra of partially
oriented Ca2+-depleted PS II membranes recorded at 0°
(panel A) and 90° (panel B) angles between the external
magnetic field and the normal of the membrane, respectively.
Illuminating the EPR samples for 1 min at 273 K followed
by dark adaptation generated the multiline signal (trace b),
which is superposed on the cytb559 signal that is present in
the dark spectrum (trace c). Illuminating the EPR samples

for a further 5 s at 273 Kinduced a doublet signal atg ≈ 2
concomitant with a partial decrease in intensity of the
multiline signal (trace a). The doublet signals were obtained
by subtracting the multiline spectra (trace b minus trace c)
from the multiline plus doublet spectra (trace a minus trace
c) after adjusting the intensity of the multiline, which was
partially decreased concurrent with the formation of the
doublet signal (24). The doublet and cytb559 signals show a
marked angular dependency; the spectra recorded at 0° and
90° are considerably different, whereas the multiline spectra
are very similar at the two angles in consistent with the
isotropic properties of this signal (29). The doublet spectrum
(trace d) shows a distinct trough between the peaks at 90°
(panel B), but the trough is shallow at 0° (panel A). The
anisotropy of the cytb559 signal is due to the perpendicular
arrangement of the heme plane with respect to the normal
of the thylakoid membranes. This unique arrangement was
used as an internal standard to evaluate the orientation of
the sample membranes. The value of mean-square deviation
(∆) was determined to be 15° by measuring the angular
dependence of the gz component of the CW spectra of the
oxidized cytb559 as described in ref29 (data not shown).

Figure 2 shows the field-swept ESE spectra of partially
oriented Ca2+-depleted PS II membranes recorded at 0°
(panel A) and 90° (panel B) angles between the external
magnetic field and the normal of the membrane. Illuminating

FIGURE 1: Field-swept ESE spectra detected in partially oriented
Ca2+-depleted PS II membranes at 0° (panel A) and 90° (panel B)
angles between the external magnetic field and the normal of the
membrane, respectively. The dark adapted PS II membranes (trace
c) were illuminated for 1 min at 273 K followed by dark adaptation
for 60 min at 273 K in order to form the Ca2+-depleted S2 state
(trace b), then illuminated for 5 s at 273 K for theformation of the
doublet signal (trace a). The spectra of the doublet signal (trace d)
were obtained by subtracting the multiline spectra (trace b minus
trace c) from the spectra of the multiline plus doublet signal (trace
a minus trace c) after adjusting the intensity of the multiline spectra.
The center parts of the spectra corresponding to the YD

• signal were
deleted. Primary field-swept ESE conditions; microwave frequency,
9.71 GHz; pulse length, 16 ns forπ/2 pulse and 24 ns forπ pulse;
π ) 200 ns; pulse repetition rate, 2 ms; temperature, 6 K.

FIGURE 2: Field-swept ESE spectra detected in partially oriented
Ca2+-depleted PS II membranes at 0° (panel A) and 90° (panel B)
angles between the external magnetic field and the normal of the
membrane, respectively. The dark-adapted PS II membranes (trace
b) were illuminated for 1 min at 273 K followed by dark adaptation
for 60 min at 273 K, then illuminated for 1 min at 273 K (trace a).
The singlet-like signal overlapped with the doublet signal (trace c)
was obtained by subtracting trace b from trace a. The center parts
of the spectra corresponding to the YD

• signal were deleted. EPR
conditions are as described in the Figure 1 legend. See text for
other details.

p(θ - θ0) ) (2π∆2)-1/2 exp[-(θ - θ0)
2/2∆2) (3)
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Ca2+-depleted PS II in the S2 state (see trace b in Figure 1)
for 1 min at 273 K induces a singlet-like signal concomitant
with the disappearance of the multiline signal and partial
loss of the doublet signal under the present conditions (trace
a). Trace c shows the difference spectra obtained by
subtracting the dark adaptation spectra (S1-state) (trace b)
from the illumination spectra (trace a), which consist
predominantly of the singlet-like signal. Small but distinct
difference was observed between the 0° and the 90° spectra
of the singlet-like signal, although the difference is not as
pronounced as that of the doublet signal. This may imply
that the singlet-like signal is less anisotropic than the doublet
signal.

Figure 3 shows the spectra of the doublet signal at 0° (a),
30° (b), 60° (c), and 90°(d) (panel A) and the angular
dependency of the splitting width of the spectrum (panel B).
Both the separation and depth of trough decrease with
decreasing the angle. The results show that the doublet signal
has a large magnetic anisotropy, indicating that the doublet
signal is attributable to the dipole-dipole interaction between
two radicals. This view is compatible with that the doublet
signal shows Pake’s pattern typical of a pair ofS)1/2 spins
(30).

Figure 4 shows experimental (a, c) and simulated spectra
(b, d) of the doublet signal at 0° (A) and 90° (B), respectively.
For the simulation, the experimentally obtained∆ angle (15°)

and the parameters for magnetic interactions (D0 ) 130 G,
J ) -40 G) deduced by simulation of the powder spectrum
(24) were used. The overall features, the width of doublet-
splitting and the angular dependence of the spectra, were
well reproduced when theR angle is 65°. The results,
therefore, strongly indicate that the dipole-dipole interaction
between two organic radicals is the predominant cause of
the doublet signal.

To obtain information on the location of the doublet signal
center in PS II, the relative arrangement of the doublet
species and YD• radical was determined with respect to the
thylakoid membranes by measuring ESE-ELDOR spectra for
the radical pair composed of the YD

• radical and the doublet
center in the oriented membranes. For the pulsed ELDOR
measurement, the first and third pulses were chosen to
produce the ESE signal of the doublet center, while the
second pulse was used to invert the magnetic moment of
the YD

• radical (31-34). The ESE amplitude depends on
the interval between the first and second pulses (31-34) and
is given by the expression

whereτ is the time interval between the first and third pulses,
τ′ is the time interval between the first and second pulses,
p(θ - θ0) is the orientation distribution function defined in
eq 3,C is the fraction of the YD• radical excited by the second
m. w. pulse,DELD is the dipole interaction between the two
spins, andθR is the angle between the external magnetic field
and the radius-vector (R) connecting the doublet center with
the YD

• radical.gA andgB are theg-factors for the doublet
center and the YD• radical, respectively, both of which are
assumed to be 2.â andh are the Bohr magneton and Plank
constant, respectively.

FIGURE 3: Orientation dependence of the doublet signal of the
partially oriented Ca2+-depleted PS II membranes (panel A), and
the polar-plot (panel B) of the peak-to-peak separation width of
the doublet signal in a range of 40-170 G. The numbers represent
the angles between the external magnetic field and the normal of
the membrane. The center parts of the spectra corresponding to
the YD

• signal were deleted. EPR conditions are as described in
the Figure 1 legend.

FIGURE 4: Simulation of the doublet signal by a radical pair model.
Experimentally obtained spectra (traces a and c), and their simula-
tions (traces b and d) at angles of 0° (panel A) and 90° (panel B)
between the external magnetic field and the normal to the
membrane. The parameters used for the best fit in simulation were
D0 ) 130 G,J ) -40 G, and the Gaussian distribution∆ ) 15°
for deviation of orientation. Each spectrum of the radicals was
represented by the Gaussian line shape with the width of 20 G
(24). See text for other details.

〈V(τ,τ′)〉 ∝ ∫0

π ∫0

2π
dæ dθ V(τ,τ′)p(θ - θ0)sin θ (4)

V(τ,τ′) ∝ 1 - C[1 - cos(DELDτ′)] (5)

DELD ) 2πgAâgBâ/hR3(1 - 3 cos2 θR) (6)
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As shown in Figure 5, the anglesR, ε, θR, andæR define
the relative arrangement between the external magnetic field
(H0), radius-vector (R), and radius-vector (r) for the two
radicals in the doublet center with respect to the normal of
the thylakoid membrane (n). The angleR was determined
to be 65° by simulating the oriented spectra of the doublet
signal in the present study, and the angleε betweenr andR
has been estimated to be 70° in a previous study (33). æR is
the angle required to rotateR along the circular cone until
the angle betweenn andR is equal to the sum of the angles
of R and ε. The relation between these angles is given by
the following equation:

where the (θ,æ) is the direction ofH0 to Z-axis, which is
taken to be parallel to the membrane normal in polar
coordinate system.

Figure 6 shows the experimental (open circles) and the
simulated (solid line) ESE ELDOR spectra of partially
oriented Ca2+-depleted PS II membranes for the pair spins
composed of the YD• radical and the doublet signal center.
The spectra were recorded at angles of 0° (panel A) and 90°
(panel B) between the external magnetic field vector and
the normal of the membrane, where the magnetic field was
fixed at the 45 G upfield position from the center of the YD

•

radical signal (inset figure). The resulting spectra showed
pronounced angular dependency and the spectra at 0° and
90° were considerably different. The lines for best fit
simulation of both spectra were obtained whenæR is 71°.

DISCUSSION

The results of the present study indicate that the oriented
field-swept ESE spectra of the doublet signal is well
reproduced by the dipole-dipole and exchange interactions
which are consistent with those determined by simulation
of powder spectra (24). The results are compatible with the
view that an organic radical pair is responsible for the doublet
signal. The results of the present study also provide informa-
tion on the angleR ()65°) between the radius-vector (r) of
the radical pair for the doublet signal and the normal of the
thylakoid membrane, and the angleæR ( )71°) (see Figure
5). These angles and the reported angleε ()70°) between
ther vector and theR vector connecting the YD• radical with
the doublet signal center, as well as the reported distances
between the doublet signal center and the YD

• radical (29.7
Å), and between the two radicals for the doublet signal center
(5.3 Å) allow us to derive the relative arrangement of the
doublet signal center in PS II.

A schematic model of the arrangement of the doublet
signal center in PS II is illustrated in Figure 7, where the
XZ and XY planes correspond to the plane including the
radius vector of the radical pair for the doublet signal (r)
and the plane of the thylakoid membranes, respectively.â
is the angle between the projection of theR vector on the
membrane plane and X-axis, andγ is the angle between the
R vector and the membrane plane. The anglesâ andγ are
a function of the anglesR, æR, andε:

and are determined to be 64° and 8°, respectively. The vector
R connecting the YD• radical and the doublet signal center
has a distance of 29.7 Å and tilts by 8° with respect to the
membrane plane, indicating that the vector is almost parallel

FIGURE 5: Illustration of the relative arrangement between the
membrane normal (n), radius vector of the radical pair for the
doublet signal (r), radius vector connecting the doublet signal center
with the YD

• radical (R), and external magnetic field (H0). The
vectors are defined by the anglesθR, R, ε, andæR. æR is the angle
required to rotateR along the circular cone until the angle between
n andR is equal to the sum of the anglesR andε.

FIGURE 6: ESE-ELDOR spectra detected in partially oriented Ca2+-
depleted PS II membranes at 0° (a) and 90° (b) angles between the
external magnetic field and the normal of the membrane (open
circles), and their simulations (solid line). The sample membranes
were illuminated for 5 s at 273 K for theformation of the doublet
signal as described in the Figure 1 legend. The magnetic field was
fixed at the 45 G upfield position from the center of the YD

• radical
indicated by an arrow in the inset figure. ESE-ELDOR conditions:
first and third pulses, 9.75 GHz; second pulse, 9.85 GHz;τ, 1400
ns; H0, 3532 G; temperature, 6 K

cosθR ) sin θ cosæ (cosR cosæR sin ε +
sin R cosε) + sin θ sin æ sin æR sin ε +

cosθ(-sin R cosæR sin ε + cosR cosε) (7)

â )
tan-1{(cosR cosæR sin ε + sin R cosε)/sin æR sin ε}

γ ) sin-1(sin R cosæR sin ε - cosR cosε)
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to the thylakoid membranes. Notably, these values coincide
well with the distance between the YD and YZ tyrosine ()30
Å), and the angle between the YD-YZ vector and the
membrane plane ()10°) (34). These results lead us to believe
that the YZ

• radical is the counterpart of the radical pair for
the doublet signal center. Furthermore, this view is compat-
ible with the result deduced by pulsed ENDOR-induced EPR
measurement that shows the association of the YZ

• radical
to the doublet signal (24).

Detailed analysis on the split signal observed at theg )
2.0 region have been reported in acetate-treated PS II
membranes (16, 20-22, 35-39). However, the obtained
results and conclusions of these studies are not necessarily
consistent with each other. Reported ESE field-swept spectra
of the split-signal in the acetate treated PS II differ consider-
ably according to study (21, 22): the signal obtained by
Force et al. (21) was similar to the doublet signal and was
simulated mainly by dipole interaction, whereas the signal
obtained by Peloquin et al. (22) was rather similar to the
singlet-like signal and was simulated mainly by exchange
interaction. Taking into account the results obtained in Ca2+-
depleted PS II, these can be reconciled if the doublet and
singlet-like signals are induced with variously different ratio
in the g )2 region to yield a split signal in acetate-treated
PS II. In fact, the sample membranes were illuminated for
5-60 s at room temperature in the absence of DCMU (21,
22, 35-39), which conditions may result in both the doublet
and the singlet-like signals that overlap in theg ) 2.0 region
in Ca2+-depleted PS II. Our preliminary result shows that
illuminating the acetate-treated PS II membranes for 6 s in
the absent of DCMU, the conditions which induce the
doublet signal in Ca2+-depleted PS II, generates a doublet
signal (data not shown). These considerations lead us to the
view that the doublet signal could be induced by illuminating
the Ca2+-depleted and acetate-treated PS II, although the
fraction of the signal will depend on the sample preparations
and the illumination conditions.

The high-frequency pulsed ENDOR study of the split-
signal in acetate-treated PS II indicates the involvement of
the Mn-cluster in the signal, which has been simulated by a
large exchange interaction between the Mn-cluster withS

)1/2 and a radical withS)1/2. The latterS) 1/2 radical has
been assigned to the YZ

• radical based on the similarity
between the pulsed ENDOR spectra of the split-signal and
the YZ

• signal (19), and the modification of the ESEEM
spectra of the split-signal by labeling of deuterated tyrosine
(20). On the other hand, the pulsed ENDOR-induced EPR
study shows that the YZ• radical is associated only with the
doublet signal in Ca2+-depleted PS II (24). Therefore, we
may assume that the YZ

• radical found in the split signal in
acetate-treated PS II is caused by the doublet signal, and
that the Mn-cluster is associated with the other singlet-like
signal. The dipole interaction between the YZ

• radical and
the other radical is responsible for the doublet signal, while
the interaction between the Mn-cluster and an unknown
radical is responsible for the singlet-like signal, respectively.
The latest simulation study of the split-signal in acetate-
treated PS II by Peloquin et al. (22) has indicated that the
distance between the Mn-cluster and the putative radical is
8.6-11.5 Å, which was assigned to the distance between
the Mn-cluster and the YZ• radical. However, it may be
possible to assume that the distances may reflect that between
the Mn-cluster and the putative radical other than the YZ

•

radical since the contribution of the doublet signal to the
obtained split signal seems to be small because of the
similarity of the split signal to the singlet-like signal.

Detail simulation studies of split signal obtained by CW
EPR experiments in acetate treated PS II revealed that the
spectrum is reproduced by using a large exchange interaction
with a small dipole interaction (36-39). However, it should
be noted that the integration of the obtained and simulated
CW split spectra (35, 36, 38) cannot reproduce the reported
ESE field swept absorption spectra (21, 24). Although we
cannot define the precise reason for the marked inconsistency
between the spectra obtained by CW and pulsed EPR
measurements at present, it may be rational to consider that
the split spectra in CW measurements are inhomogeneously
broadened by the local fields, while it does not influence
spin-echo intensity in pulsed measurement.

At present, little is known about the origin of each radical
species, which is the counterpart of the YZ

• radical to form
the doublet signal or the counterpart of the Mn-cluster to
form the singlet-like signal. It has been suggested that His190
of the D1 protein closely associates with the photoassembly
of the Mn-cluster and may be functionally involved in
oxygen evolution (2). Furthermore, a structural model of the
D1/D2 protein based on the apparent homology with the L/M
reaction center of the photosynthesis bacterium as well as
energy calculation claims that His 190 is also located close
proximity to the YZ tyrosine (40). The histidine radical of
D1-190 can, therefore, be a possible candidate for the
putative radical species responsible for the doublet signal or
singlet-like signal, although how this can be achieved has
not been resolved. Further studies will be necessary in order
to clarify the origin and function of the putative radicals.
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