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Abstract

The YZ-tyrosine radical was trapped by freezing immediately after illumination in Ca2�-depleted Photosystem II (PS II)
membranes and the pH-dependent characteristics of the radical were investigated using CW-EPR and pulsed ENDOR. The
spectrum of the Yc

Z radical trapped in the Yc
ZS1 state at pH 5.5 was cation-like as reported in Mn-depleted PS II (H. Mino et

al., Spectrochim. Acta A 53 (1997) 1465^1483). By illuminating the PS II-retaining S2 state, the Yc
Z radical and a broad

doublet signal formed in the gW2 region were trapped concomitantly. The spectrum of the trapped Yc
Z radical in the Yc

ZS2

state was cation-like at pH 5.5 but the pulsed ENDOR measurements reveals the involvement of the neutral Yc
Z radical in the

doublet signal. At pH 7.0, the resulting Yc
Z signal was the mixture of the cation-like and neutral radical spectra, and

considerably different from the neutral radical found in Mn-depleted PS II. pH-Dependent changes in the properties of the
Yc

Z radical are discussed in relation to the redox events occurring in Ca2�-depleted PS II. ß 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Photosynthetic water oxidation is carried out by
an oxygen evolving center (OEC) composed of a tet-
ra-nuclear 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 accu-
mulate on the Mn-cluster and are used for water
oxidation. A molecular oxygen is produced by reac-
tions with ¢ve kinetically characterized intermediate
states labeled Si (i = 0^4), where 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 concurrent release of a molecular oxygen (re-
viewed in [1^3]). S-state transitions are accompanied
by cyclic changes in the oxidation state of the Mn-
cluster [4,5], although the valences of manganese ions
in the respective S-states remain a matter of debate.

The oxidation of the Mn-cluster by an oxidized
reaction center of PS II (P680�) is mediated by a
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redox-active tyrosine residue (Tyr 161) of the D1
protein regarded as YZ (reviewed in [1^3]). YZ is
oxidized to a radical by P680�, and the Yc

Z radical
is quickly reduced by delivery of an electron from the
Mn-cluster. The radical is, however, rather stable in
the absence of the Mn-cluster and reveals a typical
EPR signal called Signal IIf (reviewed in [1,3]). The
other redox-active tyrosine residue (YD) in the D2

protein (Tyr 161) is present in PS II, and it functions
as an auxiliary redox component. The oxidized form
of YD is very stable in the dark, and shows an EPR
signal called Signal IIs. Both EPR signals had shown
very similar hyper¢ne splitting with an intensity ratio
of about 1:3:3:1 which arises from coupling with
one of the L-methylene protons and two equivalent
C�3�;�5�-ring protons except for a slight di¡erence at-
tributable to the di¡erence in the dihedral angle of
the L-methylene proton [6,7]. ESEEM results imply
that a neutral tyrosine radical is responsible for Sig-
nal IIs [8]. On the basis of the similarity in the line-
shape between the Signal IIf and Signal IIs, Yc

Z has
been considered to be a neutral radical also [6^9].

We reported that the EPR and pulsed-ENDOR
spectra of Yc

Z in Mn-depleted PS II membranes
change in a pH-dependent manner [10]. Above pH
6.5, the spectrum of the Yc

Z radical is quite similar to
that of the Yc

D radical that is assigned as neutral in
consistent with previously reported results [6^8]. The
spectrum is, however, distinct from the Yc

D spectrum
below pH 6.0, and can be reasonably simulated by
assuming a cation-like distribution of spin density on
a tyrosine molecule. These results are thought to in-
dicate that the oxidized YZ exists as a neutral radical
above pH 6.5 but as a cation-like radical below pH
6.0 in Mn-depleted PS II. The YZ tyrosine may func-
tion not only as a simple electron mediator between
P680 and the Mn-cluster but also as part of the water
oxidation machinery, in which the protonation and
deprotonation of YZ directly contribute to the pro-
ton abstraction from water molecules. Therefore, it is
important to de¢ne whether or not YZ is oxidized to
a cation-like radical in the presence of the Mn-clus-
ter.

In oxygen-evolving PS II, photogenerated Yc
Z is

detectable at room temperature only by time-re-
solved spectroscopy, which may not generate a su¤-
ciently high quality of spectrum. The Yc

Z radical,
however, can be trapped by rapid freezing after illu-

mination at about 253 K in Ca2�-depleted PS II that
preserves the Mn-cluster [11]. In this paper, we de-
scribe the e¡ect of pH on EPR and pulsed ENDOR
signals of the Yc

Z radical trapped in Ca2�-depleted PS
II. The spectrum of the trapped radical changed in a
manner that was pH-dependent and similar to that
found in Mn-depleted PS II. The results indicated
that the YZ is oxidized to a cation-like radical even
in the presence of the Mn-cluster.

2. Materials and methods

Oxygen-evolving PS II membranes were prepared
from spinach as described [12] with modi¢cations
[13]. For Ca2�-depletion, the membranes were
washed twice with a medium containing 400 mM
sucrose, 20 mM NaCl and 0.1 mM MES/NaOH
(pH 6.5), then suspended in the same medium. The
membranes were then suspended in a medium con-
taining 400 mM sucrose, 20 mM NaCl, 10 mM citric
acid/NaOH (pH 3.0) at 0³C for 5 min, 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 ¢nal pH to about 6.5, as
described [14]. The treated membranes were washed
and resuspended in a bu¡er medium containing
400 mM sucrose, 20 mM NaCl and 20 mM MES/
NaOH (pH 5.5^7.0). All manipulations proceeded in
the dark or under a dim green light to maintain the
OEC in the S1 state unless otherwise noted. Aliquots
of the Ca2�-depleted membrane samples (0.5 mgChl/
ml) were illuminated at 0³C for 1 min followed by
dark-adaptation at 0³C for 30 min to prepare the
OEC in the dark-stable S2 state [15]. DCMU
(50 WM, 10 mM dimethyl sulfoxide solution as stock)
was added to the S1 and S2 states sample membranes
to ensure a single turnover. For Mn-depletion, the
membranes were incubated with 800 mM Tris (pH
8.0) under room light at 0³C for 30 min [16].

Membrane samples were collected by centrifuga-
tion at 35 000Ug for 20 min, transferred to Suprasil
quartz tubes with a 4-mm inner diameter, purged by
Ar gas and stored in liquid N2 in sealed tubes. The
¢nal chlorophyll concentration was approximately
20 mgChl/ml. EPR samples were illuminated with a
500 W tungsten-halogen lamp through 8 cm path
length of water for 15 s and 5 s at 253 K in the S1
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state Ca2�-depleted and Mn-depleted PS II mem-
branes, respectively. The Yc

Z radical was trapped by
immersing the sample into liquid N2 immediately
after illumination. After measuring the spectrum of
the illuminated membranes, the samples were dark-
adapted for 30 min at 0³C for complete decay of the
Yc

Z radical. The Yc
Z spectrum was obtained by sub-

tracting the dark-adapted spectrum from the illumi-
nated spectrum. Alternatively, the sample mem-
branes in the dark-stable S2 state were illuminated
for 60 s at 0³C to produce a gW2 doublet signal
followed by rapid freezing in liquid N2. The charac-
teristic L-methylene proton ENDOR signal of Yc

D
served as the internal standard to normalize the in-
tensity of the pulsed ENDOR spectrum [10].

Electron spin echo experiments were performed on
Bruker ESP-380 pulsed EPR spectrometer equipped
with a cylindrical dielectric cavity (ER4117DHQ-H,
Bruker) and a gas £ow temperature control system
(CF935, Oxford Instruments). Microwave (m.w.)
pulses of 16 and 32 ns duration for Z/2-Z pulses
were used for 2-pulse (primary) ESE sequence.
Field-swept ESE spectra were measured by 2-pulse
sequence with a time interval d of 200 ns between
the m.w. pulses. Pulsed ENDOR measurements
used the sequence of m.w. and radiofrequency (rf)
pulses introduced by Davies [17]. The durations of
the m.w. pulses were 96, 48 and 96 ns. The separa-
tion between the ¢rst and the second m.w. pulses was
8 Ws and that between the second and the third m.w.
pulses was 200 ns. The 6-Ws rf pulse was ampli¢ed
using a 500 W ampli¢er (ENI 500A), and applied
between the ¢rst and the second m.w. pulses. The
external magnetic ¢eld was ¢xed at the peaks of
the Yc

Z and Yc
D signals, or at the peak of the doublet

signal on the high-¢eld side.
CW-EPR spectra were measured by JEOL JES-

FE1XG X-band EPR spectrometer. A ¢nger-type
Dewar was used for measurements at 77 K.

3. Results

Fig. 1 shows the X-band CW-EPR spectra (Fig.
1A) and pulsed ENDOR spectra (Fig. 1B) in Ca2�-
depleted (traces a, b and c) and Mn-depleted (trace
d) PS II membranes at pH 7.0. Panel A shows that
illumination followed by rapid freezing generated a

spectrum composed of the Yc
D and the trapped Yc

Z
radicals (trace a), and that the signal intensity was
decreased by dark-adaptation at 0³C for 30 min
(trace b) due to Yc

Z dissipation. The lineshape of
the Yc

Z spectrum (trace c) obtained by subtracting
the dark-adapted from the illuminated spectrum is
less resolved than that of Yc

D. This is in contrast
with the Yc

Z spectrum found in Mn-depleted PS II
membranes (trace d) that was quite similar to the Yc

D
spectrum (trace b). The Yc

D spectrum was not visibly
altered between Ca2�-depleted and Mn-depleted
membranes (data not shown).

Fig. 1B shows that the pulsed ENDOR spectrum
of the Yc

D radical (trace b) contains three peaks la-
beled A, B and C at 25, 28 and 31 MHz, correspond-
ing to proton signals with hyper¢ne splittings of 20,
27, and 31 MHz, respectively. The peaks A/AP have
been assigned to H�3� and H�5� protons on the phenol
ring of the tyrosyl radical [10,18^20]. Peaks B and C
are ascribed to one of the L-methylene protons HL

with the perpendicular (peak B) and parallel (peak
C) orientations, respectively, of the hyper¢ne tensor
axis with respect to the static magnetic ¢eld H0

[10,18^20]. The spectrum of the sample membranes
illuminated for trapping the Yc

Z radical in Ca2�-de-
pleted membranes (trace a) di¡ered considerably
from that after dark-adaptation (trace b). Illumina-
tion minus dark-adapted (trace a minus trace b)
spectrum (trace c) revealed several new peaks labeled
D/DP, E/EP and G at around 20, 22 and 32 MHz of
ENDOR frequency, corresponding to proton signals
with hyper¢ne splittings of 11, 15.5 and 34 MHz,
respectively. The spectrum was almost completely
devoid of peaks B and C, indicating little contribu-
tion of the Yc

D radical to the di¡erence spectrum.
The ENDOR spectrum of Yc

Z thus obtained (trace
c) di¡ered considerably from that in Mn-depleted
membranes (trace d): peaks D/DP and E/EP were
more intense but peak F became less pronounced.
Peak F has been ascribed to protons H�3� and H�5�
on the phenol ring of the tyrosyl radical [10,18^20].
Peak G found in both Ca2�- and Mn-depleted mem-
branes, which was less pronounced in the Ca2�-de-
pleted membranes, has been attributed to the
L-methylene proton typical of a neutral tyrosyl rad-
ical [10,18^20]. The presence of smaller hyper¢ne
splitting in the Yc

Z spectrum trapped in Ca2�-de-
pleted than in Mn-depleted membranes is consistent
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with the less resolved CW spectrum of Yc
Z in Ca2�-

depleted than Mn-depleted membranes shown in Fig.
1A.

Fig. 2 shows the X-band CW-EPR spectra (Fig.
2A) and pulsed ENDOR spectra (Fig. 2B) in Ca2�-
depleted PS II membranes (traces a^c) and Mn-de-
pleted PS II membranes (trace d) at pH 5.5. Panel A

shows that the CW-EPR spectrum of Yc
Z radical was

characteristic of broad EPR lineshapes in both Ca2�-
depleted (trace c) and Mn-depleted (trace d) mem-
branes, in contrast to the Yc

D radical spectra in which
the lineshapes were well-resolved (trace b and
[1,10,11,16]). As shown in panel B, the pulsed EN-
DOR spectra of the Yc

Z radical had pronounced D/
DP and E/EP peaks but no F and G peaks in both the
membranes (traces c and d). The presence of distinct
D/DP and E/EP peaks seems to be compatible with
the unresolved line shape of the CW-EPR spectrum
of the Yc

Z radical in panel A. The D/DP and E/EP
peaks correspond to proton signals with hyper¢ne
splittings of 11 and 15.5 MHz that have been as-
signed to the NMR transition of the protons H�3�
and H�5� on the ring carbons C�3� and C�5� of the
tyrosine radical in Mn-depleted membranes [10].

The CW-EPR and pulsed ENDOR spectra of the
trapped Yc

Z radical in Ca2�-depleted PS II mem-
branes were quite di¡erent from those of a typical
Yc

Z spectrum measured at pH 7.0 in Mn-depleted PS
II membranes. At a glance, one may presume that
di¡erence is attributable to the formation of the sig-
nals of Chl� and/or Car� radicals. Fig. 3 shows the
X-band CW-EPR spectra (Fig. 3A) and pulsed EN-
DOR spectra (Fig. 3B) of Ca2�-depleted PS II mem-
branes at pH 5.5, in which we illuminated the mem-
branes at 77 K in the presence of ferricyanide for the
formation of both Chl� and Car� radicals [21^24].
Panel A shows that the illumination generated a
spectrum composed of the Yc

D and Chl�/Car� signals
(trace a), and the signal intensity was decreased by
dark-adaptation at 0³C for 30 min (trace b). Subtrac-
tion of the dark-adapted from the illuminated spec-
trum gives a typical Chl�/Car� signal at g = 2.002

Fig. 1. CW-EPR (A) and pulsed ENDOR (B) spectra in Ca2�-
depleted PS II (a^c) and Mn-depleted PS II membranes (d) at
pH 7.0. Ca2�-depleted membranes were frozen rapidly after illu-
mination for 15 s at 253 K (a) and dark-adapted for 30 min at
0³C (b). Mn-depleted membranes were illuminated for 5 s at
253 K, then dark-adapted for 30 min at 0³C. Illumination mi-
nus dark-adaptation di¡erence spectra (c,d). DCMU (50 WM)
was added to sample suspension before illuminating Ca2�-de-
pleted PS II membranes. CW-EPR conditions: microwave
power, 0.05 mW; ¢eld modulation amplitude, 5 G at 100 kHz;
temperature, 77 K. Davies pulsed ENDOR conditions: m.w.
pulse lengths, tZmw � 96 ns, tZ=2

mw � 48 ns, tZmw � 96 ns and trf = 6
Ws; temperature, 30 K.
6
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Fig. 3. CW-EPR (A) and pulsed ENDOR (B) spectra in Ca2�-
depleted PS II membranes at pH 5.5. The membranes were illu-
minated for 10 min at 77 K (a) and dark-adapted for 30 min
at 0³C (b). Illumination minus dark-adaptation (a minus b) dif-
ference spectrum (c). Potassium ferricyanide (1 mM) was added
to sample suspension before illuminating Ca2�-depleted mem-
branes. CW-EPR and pulsed ENDOR conditions are described
in the legend to Fig. 1.

Fig. 2. CW-EPR (A) and pulsed ENDOR (B) spectra in Ca2�-
depleted PS II (a^c) and in Mn-depleted PS II membranes (d)
at pH 5.5. Ca2�-depleted membranes were frozen rapidly after
illumination for 15 s at 253 K (a) and dark-adapted for 30 min
at 0³C (b). Mn-depleted membranes were illuminated for 5 s at
253 K, then dark-adapted for 30 min at 0³C. Illumination mi-
nus dark-adaptation di¡erence spectra (c, d). DCMU (50 WM)
was added to sample suspension before illuminating Ca2�-de-
pleted membranes. CW-EPR and pulsed ENDOR conditions
are described in the legend to Fig. 1.
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(trace c). As shown in Panel B, the ENDOR spec-
trum of Chl�/Car� radicals (trace c) shows that there
are several peaks around 10^20 MHz in the ENDOR
frequency, but no D/DP and E/EP peaks found in the
trapped Yc

Z (see Fig. 2B). The results clearly indicate
that the Chl�/Car� radical does not contribute to the
CW-EPR and ENDOR spectrum of the trapped Yc

Z
signal. The results are, furthermore, consistent with
the report that 253 K illumination induced no Car�

radical as well as very little Chl� radical [21^24].

Fig. 4A shows the ¢eld-swept ESE spectra at pH
5.5 in Ca2�-depleted membranes, where sample
membranes with OEC in the Ca2�-depleted S2 state
(trace 1) were further illuminated at 0³C after adding
DCMU (trace 2). Illumination induced a signal with
a doublet splitting of about 150 G at gW2 and a Yc

Z
signal concomitant with the decrease in intensity of
the multiline signal by about 40%, consistent with the
reported results [15]. The pulsed ENDOR spectrum
in Fig. 4B of the Yc

Z radical (trace c), trapped in the
S2 state was quite similar to that trapped by illumi-
nating the membranes in the S1 state (trace c in Fig.
2B) at pH 5.5, although the intensity was about half
of that trapped in the S1 state. The ENDOR spec-
trum of the doublet type signal (trace d) resembled
that of the neutral Yc

Z radical in Mn-depleted PS II
membranes at pH 7.0 (trace d in Fig. 1B), con¢rming
the involvement of the Yc

Z radical in the doublet type
signal [15,20]. The ENDOR spectrum of the trapped
Yc

Z radical di¡ered considerably from that of the Yc
Z

radical responsible for the doublet-type signal (traces
c and d in Fig. 4B).

4. Discussion

The present results demonstrated that the Yc
Z rad-

ical trapped at pH 7.0 has considerably di¡erent
CW-EPR and pulsed ENDOR spectra between
Ca2�-depleted and Mn-depleted PS II, but has quite
similar CW and ENDOR spectra in both Ca2�-de-
pleted and Mn-depleted PS II membranes at pH 5.5.
Consequently, the spectral features of the Yc

Z radical
trapped at pH 7.0 in Ca2�-depleted PS II resembled

Fig. 4. Field-swept ESE (A) and pulsed ENDOR (B) spectra in
Ca2�-depleted PS II membranes at pH 5.5. Sample membranes
were illuminated at 0³C for 1 min followed by dark-adaptation
at 0³C for 30 min to form the dark-stable S2-state. The preillu-
minated membranes (1) were frozen rapidly after illumination
for 60 s at 0³C (2, d), or after illumination for 15 s at 253 K
(a) followed by dark-adaptation for 30 min at 0³C (b). Illumi-
nation minus dark-adaptation (a minus b) di¡erence spectrum
(c). DCMU (50 WM) was added to sample suspension after pre-
illuminating Ca2�-depleted PS II membranes. ESE conditions;
d= 200 ns; pulse repetition rate, 1 kHz. Pulsed ENDOR spec-
trum for doublet signal obtained at the 75 G up¢eld position
from the center of the tyrosine radical. Doublet and Yc

Z spectra
were observed at 6 K and 30 K, respectively.
6

BBABIO 44833 6-4-00

H. Mino et al. / Biochimica et Biophysica Acta 1457 (2000) 157^165162



those trapped in Mn-depleted PS II at pH 5.5. In
Mn-depleted PS II, a decrease in the spin densities
of the phenol-ring carbons C�3�;�5� of tyrosine radical
associated with a decrease in pH accounts for the
EPR spectra changing from a neutral-pH (pH 7.0)
to a low-pH form (pH 5.5) [10]. The similarity of the
EPR and ENDOR spectra of the Yc

Z radical at pH
7.0 in Ca2�-depleted S1 state to that in Mn-depleted
PS II at pH 5.5 implies that the low-pH form of the
Yc

Z radical is already induced in Ca2�-depleted PS II
at pH 7.0 to some extent. It is of note in this context
that optical absorption di¡erence spectra of
Y OX

Z 3Y Z at pH 7.5 in Ca2�-depleted PS II is similar
to that at pH 5.7 in Mn2�-depleted PS II [25,26].

As shown in Fig. 5, the CW and ENDOR spectra
of the trapped Yc

Z radical at pH 7.0 in Ca2�-depleted

PS II in the S1 state can be reasonably deconvoluted
by the neutral-pH and the low-pH forms Yc

Z radical
spectra of Mn-depleted PS II. This may be because
the pH dependence of the Yc

Z radical spectrum in
Ca2�-depleted PS II is not identical to that in the
Mn-depleted PS II; the conversion from the low-
pH to the neutral-pH forms proceeds at a higher
pH in Ca2�-depleted than in Mn-depleted PS II. Al-
ternatively, the Yc

Z radical may be primarily pro-
duced as the low-pH form in Ca2�-depleted PS II
even at pH 7.0 and the Yc

Z radical in Mn-depleted
PS II centers partially generated during Ca2�-deple-
tion process may cause the neutral-pH form spec-
trum. Uncertainty as to the population of the PS II
center damaged in the Ca2�-depleted membranes and
limited quanti¢cation of the EPR data preclude more
detailed analysis. Therefore, which of these explana-
tions is correct, cannot yet be determined.

The assumption that a neutral radical of tyrosine
is responsible for the neutral-pH form Yc

Z is rational
since the spectrum of the neutral-pH form is quite
similar to that of the Yc

D radical that is assigned as
being neutral radical [10,18^20]. The ENDOR spec-
trum of the low-pH form Yc

Z radical has been ac-
counted by the decreasing spin density on the ring
carbon C�3� and C�5� to the value typical of the cation
radical of tyrosine [10]. The direct formation of the
cationic tyrosine radical is, however, unlikely without
some abnormal microenvironment around the YZ ty-
rosine since the reported pKa for deprotonation of
the OH group in the oxidized phenols is generally the
order of 32 [27]. Another interpretation is that YZ

tyrosine is oxidized as a neutral radical but the spin
densities on C�3� and C�5� are varied by something
such as an electrostatic e¡ect of positive charges lo-
calized in a close vicinity of YZ tyrosine. In either
situation, an amino acid residue with a pKa value at
neutral pH are required to mediate the e¡ect of am-
bient pH to the vicinity of YZ tyrosine. His 190,
which is supposed to be pKa value of 7, is proposed
to locate close proximity to the YZ tyrosine
[26,28,29]. His 190, therefore, is a good candidate
for the putative residue to in£uence the pH depen-
dence of the Yc

Z radical formation.
In Ca2�-depleted PS II, the Mn-cluster is oxidized

at least up to the S2 state. Therefore, the Yc
Z radical

in the low-pH form may be implicated in the electron
transfer event between P680 and the Mn-cluster, at

Fig. 5. CW-EPR and pulsed ENDOR spectra of Yc
Z radical in

Ca2�-depleted PS II membranes at pH 7.0 (a), and spectra con-
voluted by Yc

Z spectra in Mn-depleted PS II membranes at pH
5.5 and pH 7.0 (b). Spectra were taken from Figs. 1 and 2. The
Mn-depleted CW-EPR spectra at pH 5.5 and pH 7.0 were
summed in one-to-one ratio in terms of their integrated inten-
sity, and the resulting spectrum was compared with the Ca2�-
depleted spectrum after normalization (panel A). The Mn-de-
pleted pulsed ENDOR spectra at pH 5.5 and 7.0 were summed
in one-to-one ratio in terms of integrated intensity of the matrix
region (b), and the resulting spectrum was compared with the
Ca2�-depleted spectrum after normalization (a) (panel B).
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least during the S1 to S2 transition. Whether or not
the low-pH form Yc

Z radical is functional in O2-
evolving PS II is of note, since the lumenal pH of
the thylakoid is low under physiological illumination
condition. In this context, the reported time-resolved
CW-EPR spectrum of the Yc

Z radical in O2 evolving
PS II [30] is similar to the low-pH form rather than
the neutral-pH form spectrum, although the quality
of the spectrum does not allow a decisive conclusion.
Alternatively, the low-pH form Yc

Z radical may be
induced only in somehow distorted PS II centers re-
gardless of the presence of the Mn-cluster in which
the Yc

Z radical is susceptible to the in£uence of ex-
ternal pH values, considering that the low-pH form
is induced in Mn-depleted PS II and Ca2�-depleted
PS II that cannot evolve oxygen. Measurement of a
high-quality spectrum of Yc

Z radical in O2 evolving
PS II is required to clarify the functional aspect of
the low-pH form Yc

Z radical.
Upon illuminating Ca2�-depleted PS II in the S2

state under conditions that limit PS II to a single
turnover, a doublet signal with a 150 G splitting
line width appears around g = 2 [15]. The pulsed EN-
DOR spectrum for the doublet signal induced at pH
5.5 was similar to that of the neutral radical of tyro-
sine (trace d in Fig. 3B). A slight di¡erence in the
hyper¢ne constant aL of the L-methylene proton be-
tween the ENDOR spectra of the Yc

Z radical at pH
7.0 (Fig. 1B, peak G) and the doublet signal can be
explained by a small rotation of the dihedral angle a
between the plane formed by C�1�, C�L� and H�L�, and
that determined by the p-orbital on C�1� and the C�1�-
C�L� bond (data not shown). The results therefore
indicate that the neutral Yc

Z radical participates in
the doublet signal even at pH 5.5, in agreement
with results obtained at pH 6.5 [15,20]. The genera-
tion of the neutral form Yc

Z radical at pH 5.5, how-
ever, seems to contraindicate the ¢nding that Yc

Z
radical trapped at this pH was the low-pH form as
shown in Fig. 2B. The trapped Yc

Z radical may be
ascribed to the Mn-depleted PS II center contaminat-
ing the Ca2�-depleted sample membranes. However,
this possibility can be excluded because the low-pH
form radical signi¢cantly contributed to the spectrum
of the Yc

Z radical trapped at pH 7.0 in the sample
illuminated in the S2-state (data not shown), at which
the low-pH form Yc

Z radical was not induced in Mn-
depleted PS II as shown in Fig. 1. It has been pro-

posed that an organic radical [15] or the Mn-cluster
[20] contributes to the doublet signal as a magneti-
cally coupled counterpart of the Yc

Z radical. There-
fore, such an interaction may in£uence the magnetic
structure of the Yc

Z radical to facilitate the neutral
form, although how this is achieved remains to be
resolved.
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