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Abstract

A `2+1' electron spin echo (ESE) method, to measure the dipole interaction between paramagnetic centers directly, has
been applied to determine the orientation of the radius-vector RDÿQ (YD to QA) in a membrane oriented Fe2�-depleted
preparation of Photosystem II. Using the distance of RDÿQ = 38.5 þ 0.8 Aî determined for the non-oriented membranes, the
angle between RDÿQ and the membrane normal n was determined to be a0 = 13.0 þ 4.0³. The distance and angle of another
related pair of radicals, RP680ÿD, were suggested to be 20 Aî and 42³, respectively, based on the above data and ESEEM of the
P680�Q3

A in the oriented membranes. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In higher plant Photosystem II (PS II) that oxi-
dizes water and reduces quinones is a membrane
protein complex composed of several intrinsic and
extrinsic polypeptides. Two 32-kDa polypeptides
are called D1 protein containing QB (quinone B)

and YZ (tyrosine Z), and D2 protein containing QA

(quinone A) and YD (tyrosine D). The reaction cen-
ter P680 (pigment 680 nm) in PS II is thought to be a
chlorophyll a dimer situated at the symmetry center
of both proteins [1^3].

Only one component, the tyrosine radical Y�D, is
usually observable at 273 K in the dark by electron
paramagnetic resonance (EPR) [2]. Y�D has been
known to give an EPR signal at g = 2.0046 with
about 2 mT width. Though YD does not directly
participate in the reactions related to the normal
electron transfer process and its role in PS II is rather
unclear, a variety of works have been carried out on
the EPR of Y�D as a monitor for the structure and
functions of PS II [1^3].

The primary electron acceptor quinone, QA, is a
plastoquinone-9, normally participating in one elec-
tron redox chemistry involving a semiquinone state.
The electron on Q3

A is transferred to another plasto-
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quinone, QB, which, by contrast, exists under phys-
iological conditions not only in semiquinone, but
also in a quinol form.

In ordinary untreated or Tris-treated PS II mem-
branes [4], the magnetic interaction of the reduced
Q3

A with the nearby non-heme Fe2� leads to a 40
mT width EPR spectrum. This Fe2�Q3

A signal can
be observed only under temperatures below 8 K at
¢eld positions of g = 1.65, 1.82, and 1.95, depending
on pH [1,4]. However, there are several methods to
decouple the magnetic interaction of Q3

A from the
non-heme iron: (1) removal of the non-heme Fe2�

[5,6] ; (2) substitution by diamagnetic Zn2� as de-
scribed in [7] ; (3) cyanide treatment to convert the
high spin (S = 2) to low spin (S = 0) of the non-heme
Fe2� [8] ; (4) high pH (about 11) treatment [9]. With
one of these means, a sharp Q3

A EPR signal (at
g = 2.0045 with a 0.9 mT width), magnetically de-
coupled from the non-heme Fe2�, can be observed.

In this work, we used PS II preparations depleted
of the non-heme Fe2� to eliminate the strong mag-
netic interaction, because iron-depleted samples re-
tained the native function and structure more than
the cyanide-treated PS II membrane fragments [10].

For PS II of oxygenic photosynthesis, a detailed
structural model based on X-ray or electron crystal-
lography has not yet become available and the posi-
tions of electron transfer components are unknown.
ESEEM of spin polarized radical [11,12] and the
`2+1' electron spin echo (ESE) method (a special
case of general electron^electron double resonance
(ELDOR) methods) were applied to measure directly
the dipole interaction between the radical centers
[13,14]. By using these methods, it has been possible
to improve the accuracy in determining distances be-
tween the redox-active components in PS II [15^19].
Furthermore, it is highly desirable to clarify a three-
dimensional arrangement of electron transfer compo-
nents using the oriented PS II particles. There are
several works about the orientated PS II membranes
used to elucidate the molecular orientation of the
electron carrier under investigation with respect to
the membrane plane [20^24].

In this work, we have used the oriented mem-
branes to obtain the angular information for YD^
QA distance vector RDÿQ in Fe2�-depleted prepara-
tion of PS II by using the `2+1' pulse sequence ESE
method.

2. Materials and methods

The PS II membranes were prepared from spinach
by the method of Kuwabara and Murata [25]. The
PS II core complexes were prepared by removing the
light-harvesting proteins from the PS II particles, as
described in [26]. Tris-treatment was performed by
incubation of the core complexes on ice in a bu¡er;
0.8 M Tris-HCl (pH 8.8), 10 mM Na2-EDTA, for 30
min under room light [4].

Removal of non-heme Fe2� from the core complex
was carried out by a slightly modi¢ed procedure of
Klimov et al. [5] in the presence of a serine type
proteinase inhibitor (PMSF, 100 WM) in all the proc-
ess of preparation. These core complexes were sus-
pended in a bu¡er solution of 0.4 M sucrose, 10 mM
NaCl, 50 mM MES (pH 6.0). After centrifugation at
35 000Ug, the pellets were suspended in the above
bu¡er solution with 70% glycerol added and stored
in liquid nitrogen until use. All treatments were per-
formed at about 4³C under a dim green light.

For measurements of oriented PS II particles, after
elimination of glycerol, the membranes were dried on
pieces of mylar sheets at 0³C for about 16 h using
nitrogen gas £ow under controlled humidity of 90%
[20]. Five mylar sheets with 3U20 mm2 with each
dried sample were put into an EPR tube of an inner
diameter of 4 mm.

Before EPR experiments, the sample was illumi-
nated by a 500-W tungsten-halogen lamp through a
10-cm-thick water ¢lter at 273 K for 5 min, followed
by dark-adaptation for 3 min at 273 K to make
Chlz� radicals decay [27]. Then the sample was fro-
zen quickly in liquid nitrogen to trap Y�DQ3

A radicals.
To check the trapped radicals, cw-EPR experi-

ments have been performed on a Varian E-109 X-
band EPR spectrometer equipped with a TE102 rec-
tangular cavity by using a ¢nger-type dewar at 77 K.

The `2+1' ESE experiments have been performed
on a Bruker ESP-380 X-band pulsed EPR spectrom-
eter equipped with a Bruker ER4117 DHQ-H cylin-
drical dielectric cavity and a nitrogen gas £ow system
(CF935, Oxford Instruments). The ¢eld sweep ESE
was obtained with a boxcar gate averager and a sig-
nal processor (EGpG Princeton Applied Research,
Model 4420 and 4402). The measurement tempera-
ture was about 80 K and microwave pulses of 16, 24
and 16 ns duration were applied. The m.w. magnetic
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¢eld amplitude, H1, in the three pulses was set to
provide the spin rotation angles of 30³, 60³ and
30³, respectively, in the pulse sequence shown in
Fig. 1.

3. Theory

The principles of `2+1' ESE method have been
described in detail [13,14,28,29] and in our previous
works on PS II [15,17^19]. In `2+1' ESE method, the
pulse sequence was applied as shown in Fig. 1.

A primary ESE signal is formed by the ¢rst and
third m.w. pulses separated by the time interval d.
When the second pulse with varying time interval
dP is applied, the ESE amplitude oscillates with a
frequency proportional to the value of magnetic di-
pole interaction at a given orientation. The oscilla-
tion amplitude of this signal is given as a function of
the second pulse, dP [15].

V �d ; d 0�O132GS3fsin2 �ZDd �32GS2fsin2�ZDd 0� �

GS2S3f �sin2�ZDd 0�3sin2 �ZD�d 03d �� � sin2�ZDd ��
�1� and

D � D0 �133cos2a R� �2�
where, D is the secular component of the dipole in-
teraction between the radical spins with aR being the
angle between the static magnetic ¢eld B0 and the
radius-vector R joining the spins in the pair, S2 and
S3 characterize the excitation of spins by the second
and third m.w. pulses, respectively. The dipole inter-
action constant D0 is derived by ¢tting Eq. 1 to the
observed `2+1' ESE, from which the distance be-
tween the spins can be calculated using a point-di-
pole approximation as given;

D0 � �gL �2=hR3 �3�
The calculation of the angle aR between RDÿQ for
Y�DQ3

A, and the membrane normal n is given by [19].

cosa R � cosa 0 cosa B � sina 0 sina B cos�P B3P �
�4�

here, aB is the angle between B0 and n, PB is the
angle describing a rotation of B0 around the n-axis
as shown in Fig. 2. In an oriented system, Eq. 1 is to

Fig. 1. The pulse sequence for a `2+1' ESE method. The pri-
mary ESE signal is formed by the ¢rst and third m.w. pulses
with a carrier frequency g, separated by the time interval d.
The amplitude of the ESE signal is observed as a function of
the position dP of the second m.w. pulse with the same carrier
frequency g as shown in Eq. 1. The m.w. ¢eld amplitude, H1,
in three pulses was set to provide the spin rotation angles 30³,
60³ and 30³, respectively.

Fig. 2. Orientation of membranes and the magnetic ¢eld H0

with respect to the membrane coordinate system (l, m, n),
where n-axis is the membrane normal while l and m are arbitra-
rily selected orthogonal axes in the membrane plane. All orien-
tations obtained by rotation of PS II around n by an arbitrary
angle B are assumed to have equal probability. Deviation of
the n-axis from an average orientation is taken into considera-
tion as a Gaussian distribution function of j which is converted
to the deviation of the magnetic ¢eld direction a^aB. See text
for details.
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be averaged over the angles P, and PB ;

GV�d ; d 0�fori:O
Z 2Z

0

Z 2Z

0
V �d ; d 0� dP BdP �5�

Actually, the deviation from the average orienta-
tion of the membrane normal should be taken into
consideration as a Gaussian distribution G(a3aB).

GV�d ; d 0�fori:O
Z Z

0

Z 2Z

0

Z 2Z

0
V �d ; d 0�

dP BdPG �a3a B�sin a da �6�
where G(a3aB) = Nexp(3j2/j2

0) with j= a3aB and j0

is a root mean square deviation and N is a normal-
ization factor.

4. Results

Fig. 3 shows the cw-EPR spectra in Fe2�-depleted
PS II observed at the angles aB of 0³ (a) and 90³ (b),
respectively. Traces 1 and 2 show the spectra of
dark-adapted (Y�D only) and illuminated (Y�D and
Q3

A) PS II particles, respectively. Traces 3 in Fig.
3a and b show the di¡erence spectra of illuminated
and dark adapted PS II samples. EPR spectra for
oxidized tyrosines Y�D and reduced Q3

A overlapped
in the sample trapped in liquid nitrogen, after illumi-
nation for 5 min followed by dark adaptation for
3 min. The trapped tyrosine can be assigned to Y�D
only (not Y�Z ) as reported by [18]. Trace 1 for the
dark-adapted sample indicates the signal of Y�D only.
Traces 2 give the trapped Q3

A EPR signal at the an-
gles aB of 0³ and 90³, respectively, by subtraction of
trace 1 as shown in traces 3. Obtained structureless
Q3

A EPR signals have about 0.9 mT widths at
g = 2.0045. The yield of Q3

A in Trace 3 estimated by
division with double integration of the spectra in
Trace 1 was about 60% of that of Y�D. The Q3

A sig-
nals showed only a slight anisotropy, while Y�D signal
did typical line shapes depending on orientation [20].

In Fig. 4, the `2+1' ESE trace of Y�D and Q3
A rad-

ical pair in non-oriented sample observed at 80 K is

Fig. 3. The cw EPR spectra in Fe2�-depleted PS II at the an-
gles aB of 0³ (a) and 90³ (b), respectively. Y�D and Q3

A radicals
were trapped by illumination at 273 K for 5 min followed by
dark-adaptation at 273 K for 3 min. Traces 1 and 2 show the
signals of dark-adapted (Y�D only before illumination) and illu-
minated (Y�D and Q3

A) samples, respectively. Traces 3 show sub-
tracted spectra (2)3(1) corresponding to Q3

A spectra. The arrow
shows the spectral position g = 2.0045 (the center of Q3

A signal),
where the `2+1' ESE was measured. Experimental conditions of
cw-EPR: temperature, 77 K; microwave frequency, 9.34 GHz;
microwave power, 0.25 WW; ¢eld modulation frequency, 100
kHz; ¢eld modulation amplitude, 3.2 Gauss.

Fig. 4. The `2+1' ESE trace of Y�D and Q3
A radical pair in a

non-oriented sample observed at 80 K. Solid line, calculated for
the dipole interaction constant D0 = 0.91 MHz (D0 = (gL)2/hr3).
From this value, the distance between Y�D and Q3

A is derived to
be 38.5 þ 0.8 Aî . Dashed lines, calculated for frequencies of error
limits of þ 0.7 MHz. Experimental conditions: temperature, 80
K; d= 2000 ns; the magnetic ¢eld, 3460 Gauss; m.w. frequency,
9.61 GHz.
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shown. In this experiment, a ¢xed d= 2000 ns, with dP
varying from 40 to 1960 ns, was applied, where the
magnetic ¢eld was ¢xed at the center of the over-
lapped signal (g = 2.0045) as indicated by the arrows
in Fig. 3. This ESE signal shows an oscillation due to
the dipole interaction between Y�D and Q3

A. To deter-
mine the value of the dipole interaction constant D0,
simulations were carried out to ¢t the experimental
time pro¢le as in [15]. These calculations allowed one
to determine the value of dipole interaction
D0 = 0.91 þ 0.07 MHz. From this value, the distance
between Y�D and Q3

A is estimated r = 38.5 þ 0.8 Aî .
The distance of 38.5 Aî in Fe2�-depleted PS II was
almost same as that in a cyanide-treated PS II sam-
ple [18].

Trace 1 in Fig. 5 was recorded for dark-adapted
Fe2�-depleted PS II particles with the orientation
aB = 0³ that shows Y�D signal only. For other orien-

tations the similar time pro¢les were obtained. In this
experiment, a ¢xed d= 1080 ns, with dP varying from
40 to 960 ns was applied, where the magnetic ¢eld
was ¢xed at the center of signal as indicated by the
arrow in Fig. 3.

The `2+1' ESE traces were recorded for the illumi-
nated Fe2�-depleted PS II particles at the orienta-
tions with aB = 0, 30, 60 and 90³, respectively, in
trace 2 of Fig. 5. The dP dependence reveals about
one period of low frequency oscillation for aB = 90³,
especially, and di¡ers remarkably from that obtained
in the dark-adapted sample. Therefore, in the illumi-
nated sample, there exists the dipole interaction be-
tween Y�D and Q3

A. The spectrum of illuminated sam-
ple for aB = 0³ has an approximate twice the
oscillation frequency of that for aB = 90³. The fast
oscillation component of about 70 ns period is as-
cribed to matrix proton ESEEM as in [19].

Using D0 = 0.91 MHz found for the Y�D and Q3
A

pair, the value of the dipole interaction in Fig. 4, we
determine the angle between the radius vector from
YD to QA, RDÿQ, and the membrane normal, n. For
the deviation of orientation from the average nor-
mal, a Gaussian distribution function of j
( = a3aB) as given by (1/

������
2Z
p

Gj2
0f)exp[(1/2) j2/Gj2

0f] is
taken into consideration, where Gj2

0f is a mean square
deviation. Taking j0 = 15³, simulations were carried
out applying Eqs. 1^4 to ¢t the oscillation pattern.
Successful ¢ts with the oscillation time pro¢le ob-
served by `2+1' sequence for aB = 0^90³ were ob-
tained.

In Fig. 5, the straight lines show the simulation
values for orientations aB = 0^90³, respectively. The
angular dependence of `2+1' ESE spectra suggests
that the angle between RDÿQ, and the n-axis is
13.0 þ 4³.

5. Discussion

The distance between YD and QA radical pair was
estimated to be 38.5 þ 0.8 Aî in this work, which is
consistent with that in our previous work for cya-
nide-treated PS II [18]. The angular dependence of
`2+1' ESE spectra in this work suggests that the an-
gle between RDÿQ, and the n-axis was to be
13.0 þ 4.0³. In the recent works [30,31], an electron
crystallography method was applied to analysis of

Fig. 5. The `2+1' ESE traces recorded in the Fe2�-depleted
membranes for the orientations with aB = 0³, 30³, 60³ and 90³,
respectively. Trace 1 shows the time pro¢le observed in the
dark-adapted (Y�D only) for aB = 0³ and traces 2 show the pro-
¢les in the illuminated (Y�D and Q3

A ) samples, for 0³, 30³, 60³,
and 90³, respectively. Experimental conditions: the same as in
Fig. 4 except for d= 1080 ns. Solid lines show calculated values
based on Eq. 5 for D0 = 0.91 MHz in Fig. 4, and the angle
a0 = 13.0³, between RDÿQ and the n-axis. Deviation of the mem-
brane normal from the average orientation is taken into consid-
eration as a Gaussian distribution function of j ( = a3aB) with
the value of j0 = 15³. See text for details.
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the three-dimensional structure of the plant PS II.
However, the resolution of 8 Aî was not enough to
determine the positions of electron transfer compo-
nents except for chlorophyll molecules. The structur-

al analyses of PS II by pulsed EPR have given im-
portant information to investigate the function and
structure relation of PS II in the present situation of
the lack of direct X-ray structure data.

In the previous works [32], the redox properties of
PS II and bacterial reaction centers are similar on the
acceptor side. Furthermore, there has been suggested
also a structural similarity in the primary sequences
of PS II and purple bacterial reaction center proteins
[33,34]. However, they are quite di¡erent on the do-
nor side. In purple bacteria, the oxidized donor is
reduced by a cytochrome. On the contrary, in the
PS II the secondary donor is a tyrosine located at
161 in D1 protein. Accordingly, the bacterial reac-
tion center structure will not be applied to deduce the
angle between RDÿQ and the n-axis.

In our previous works, several distances were de-
termined in pairs of paramagnetic components of PS
II, YD^Mn cluster, YZ^YD, YD^QA YD^ChlZ by
pulsed ELDOR and `2+1' pulse sequence [17,18]
and P680^QA by spin-polarized ESEEM [11]. These
distances are accurate enough within 1 Aî error. The
angles of distance vector relative to the membrane
normal were determined within 2³ uncertainty [19].
The distance from YZ or YD to another electron
transfer component on the donor side may be de-
rived using these data.

Recently, the angle between RP680ÿQ for P680�Q3
A

radical pair and the n-axis has been determined to be
21³ [35] in addition to the distance of 27 Aî [11].
Combining with the result obtained in this work
and the distance of 29 Aî determined [15,17] between
Y�D and Y�Z radical pairs, the distance between P680
and YD or YZ can be derived by a geometrical draw-
ing. In Fig. 6, a three-dimensional arrangement of
electron transfer components YD, YZ, P680 and QA

are derived using the assumption that YD and YZ are
thought to be located in C2 symmetry with respect to
P680. Actually, the direction from YD to YZ is in-
clined by about 10³ from the membrane plane [19],
which may be neglected as the ¢rst approximation.
Using these values of distances and angles, the dis-
tances of YD^ and YZ^P680 are calculated to be
about 20 Aî , respectively. The angles of RP680ÿD for
P680^YD or RP680ÿZ for P680^YZ is estimated to be
about 42³ from the membrane normal n. In this work
combined with the results of our previous works
[15,35], new structural information about P680 and

Fig. 6. The relative positions of electron transfer components
YD, YZ, P680 and QA. YD and YZ are thought to be located
in C2 symmetry with respect to P680. The distance between
P680 and YD or YZ is about 20 Aî . Their orientations are about
tan31 (13/14.5) = 42³ from the membrane normal n. The direc-
tion cosine of the vector RP680ÿD from YD to P680 on the
membrane plane is about 40³ from that of RP680ÿQ. The circled
dark areas show the ranges for ambiguity of positions of P680
and QA, respectively.
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the secondary donors have been derived. However,
we have to notice some limitation of distance and
angle determination, because we used an assumption
of point dipole on each radical. Actually, the spin
density is delocalized especially on the P680� dimer
with the one dimer half dominantly occupied [36].
Therefore, the above-derived values are considered
to be tentative ones. Further re¢nement for the dis-
tance and angle for RP680ÿD or RP680ÿZ will be ex-
pected when the correct molecular shape and spin
density distribution of the oxidized P680 will be
found.
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