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Abstract

A 2+ 1 electron spin echo method was applied to estimate the dipole interaction between tyrosines Dt and Z* in
Mn-depleted preparations of plant Photosystem II. The value of dipole interaction obtained corresponds to the distance of

approx. 30 A between the two types of tyrosine radical.
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The information about the structural organization of
plant Photosystem II is essential for better understand-
ing of the mechanism of the light-induced chemical
reactions leading to water oxidation and release of free
oxygen molecules. With the lack of X-ray data for PS
I1, the structural information can be obtained by alter-
native methods, including IR, EXAFS and EPR spec-
troscopies. In recent years EPR has been extensively
applied to clarify the nature and function of various
components of the charge transfer chain in PS II (for
review see Ref. [1]) and to estimate the distances
between them [2-8].

Two types of tyrosine radical in PS II, Y7 and Y,
are known to give almost identical EPR spectra with a
g-factor close to 2.0046, width of about 2 mT and
partially resolved hyperfine structure of four lines [9-
11). These tyrosines belong to D, (Y,) and D, (Yp)
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proteins and are thought to be located symmetrically
with respect to the primary electron donor P680 [12-
15]. Even with this symmetric arrangement, Y, and Y,
have different functions in PS 1. Y, acts as an inter-
mediate redox-active species in the electron transfer
from the manganese cluster in OEC to the photo-
oxidized P680. The other tyrosine, Yy, does not di-
rectly participate in the reactions related to the oxygen
evolution and its role in PS II is rather unclear. At
room temperature, Yy, is oxidized with a characteristic
time of one second and rereduced within tens of min-
utes [16,17], giving rise to easily observable EPR signal
(Signal 11, ). The corresponding values for Y, in
intact PS II are nanoseconds and hundreds of mi-
croseconds [10,18,19], and its EPR signal (Signal .,
tast) €an be observed only with difficulty.

The difference in the properties of Y, and Y, could
probably be understood if more information about the
structure of their local surroundings and about their
spatial positions with respect to other electron carriers
in PS II were available. The studies of Y7 and Y; by
EPR, ENDOR and IR spectroscopies [11,20,21] have
shown some differences in their local structures. How-
ever, these data are too scarce to explain the functional
difference between the tyrosines. The measurement of
relative positions of the tyrosines with respect to other
electron carriers is a part of the problem of the global
mapping of PS II. Some steps in this direction have
already been taken and the distances between Y; and
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the Mn cluster in OEC (about 28 A, [2,6]), between Y;
and P680" (15 A, [3]) and between Y7, and Fe?*Qj
acceptor g:omplex (28 A [6], less than 52 A {71, more
than 38 A [8]) have been evaluated using continuous
wave and pulsed EPR spectroscopies. This set of dis-
tances does not determine any unique structure of the
charge transfer apparatus of PS II and additional struc-
tural information is necessary.

In Mn-depleted PS II Y; can be trapped with a
concentration comparable to that of Y and studied by
EPR [22]. In this work the ‘2 + 1’ ESE method [23-25]
is applied to estimate the distance between Y, and
YS in Mn-depleted PS II.

The Mn-depleted PS I membranes were prepared
from the oxygen-evolving PS II membranes (300-500
mmol O,/mg Chl per h) isolated from spinach by the
method of Kuwabara and Murata [26] and suspended
in a buffer medium containing 0.2 M sucrose, 20 mM
NaCl and 20 mM Mops-NaOH (pH 6.8). To remove
manganese with a loss of oxygen evolution activity, the
PS II membranes at the concentration of 0.2-0.3 mg
Chl/ml were suspended in 0.8 M Tris buffer (pH 8.5),
stirred for 30 min at 277 K under room light and
centrifuged at 35000 X g for 20 min. The final pellet
was suspended in the same buffer as the oxygen-evolv-
ing PS II. Then the Mn-depleted PS II membranes
with a concentration of 10 mg Chl/ml were transferred
into Suprasil quartz tubes and equilibrated on ice in
the dark for 2 h.

Before ESE experiments the Mn-depleted sample
was illuminated for 15 s at 253 K by a 500 W tungsten-
halogen lamp through a 10 cm - thick water filter.
Immediately after illumination, the samples were put
in liquid nitrogen in order to trap Y, radicals.

After ESE experiments with the illuminated sam-
ples, the samples were dark-adapted for 30 min at 273
K and the measurements were repeated. To ensure the
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Fig. 1. The pulse sequence of ‘2+ 1’ ESE method. The primary ESE
signal is formed by the first and third m.w. pulses separated by the
time interval 7. The amplitude of this signal is measured as a
function of the second pulse position, 7’.

accurate measurement of the relative ESE signal am-
plitudes in the illuminated and dark-adapted samples,
the dark-adapted samples were put into the cavity in
the same position as the illuminated samples. In a
separate experiment it was confirmed that in this case
the changes of the cavity coupling, resonance fre-
quency and quality factor were negligible and the error
of the ESE signal amplitude measurements did not
exceed 5%.

ESE measurements have been performed on a
pulsed EPR spectrometer ESP-380 (Bruker) using a
‘241 ESE sequence (see Fig. 1). The spectrometer
was equipped with a cylindrical dielectric cavity
(ER4117DHQ-H, Bruker) and a nitrogen gas flow sys-
tem (CF935, Oxford Instruments). The measurement
temperature was about 80 K and microwave pulses of
16 ns, 24 ns and 16 ns duration were used. The m.w.
magnetic field amplitude, H,, in the three pulses was
set to provide the spin rotation angles of 30°, 60° and
30°, respectively.

In the ‘2 + 1’ ESE method the spin system is excited
by three m.w. pulses (Fig. 1). The first and the third
pulses, separated by the time interval =, form the
primary ESE signal. The second pulse, separated from
the first one by the time interval 7' (v’ <), changes
spin projections from |a) to | ) and vice versa. If the
magnetic dipole interaction between the pairwise-dis-
tributed radicals is noticeable, flip of one of the spins
changes the local magnetic field for its partner in the
pair. As a result, the magnetization after the third
pulse cannot be completely refocused and the ampli-
tude of the primary ESE signal exhibits the depend-
ence on the second pulse position (i.e., on 7'). The
following expression [24] describes this dependence in
the case of pairwise-distributed radicals with similar
g-values and EPR spectrum shapes:

V(r, ) al—2(S8,)sin*( Ar/2) — 2(8,) sin®( Ar'/2)
+ (8,83 [sin?( A7'/2) — sin®( A(7-7') /2)
+sin?( Ar/2)] (1)

In this expression A =27 D(1-3 cos?8) is the secular
component of the dipole interaction between the radi-
cal spins, S, and S characterize the excitation of spins
by the second and third m.w. pulses, respectively, and
{...) denotes averaging over the EPR spectrum shape.
The values §, 5 are calculated as:

Sy =[w}/wk] sin*(wlt,/2) (2)

where ¢, is the duration of the corresponding m.w.
pulse, w,=2mwgBH, is its amplitude, w,=(w?+
Aw?)'/? is the nutation frequency of the electron spin
during the pulse and Aw =2mwgBAH, is a difference
between the m.w. frequency and the resonance fre-
quency of the spin.
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As seen from Eq. (1), with increasing the time
interval 7', the ESE amplitude oscillates with a fre-
quency proportional to the value of magnetic dipole
interaction at given orientation. The amplitude of these
oscillations is proportional to the values {S,), (53>
and (S,S;) that depend on the EPR spectrum width.
In a non-oriented system, Eq. (1) is to be averaged over
the angle 0 between the radius-vector r connecting
radicals in the pair, and the direction of the external
magnetic field H,:

WV(r, 7)o [V(r,7) sind do 3)
0

Now let us consider the results of ESE experiments.
The field-sweep primary ESE spectra measured at
7 =280 ns for Mn-depleted PS II are shown in Fig. 2.
Spectrum 1 corresponds to the illuminated sample
(containing Y3 and Y; radicals) and spectrum 2 cor-
responds to the dark-adapted sample (Y7, only). Spec-
trum 3 represents the difference between the first and
second spectra and refers to Y; radicals. A stick
diagram obtained by numerical simulations and quali-
tatively explaining the structure of the Y; spectrum is
given at the bottom of Fig. 2. The lower part of this
diagram shows splittings due to the hyperfine interac-
tions of two equivalent protons at 3 and 5 ring posi-
tions. The hfi constant of 0.62 + 0.02 mT obtained by
the simulation agrees well with the data presented in
[27]. The hyperfine splitting due to the B-methylene
proton (upper part of the stick diagram) is found to be
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Fig. 2. The field-sweep primary ESE spectra of oxidized tyrosine
radicals in Mn-depleted PS II. 1 — illuminated sample (Y7, and Y7),
2 - dark-adapted sample (Y[ only), 3 — difference (Y7 only). In
these experiments the m.w. pulses of 16 ns (90°) and 24 ns (180°)
length were used and the ESE signal intensity was monitored by the
boxcar averager with the integration gate of 180 ns. A stick spectrum
at the bottom shows the isotropic splittings due to 3.5 ring protons
and one B-methylene proton.
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Fig. 3. The dependences of the primary ESE signal of tyrosine
radicals on 7'. Open squares: obtained in the illuminated sample of
Mn-depleted PS II. Filled triangles: obtained in the same sample
after dark-adaptation. Solid line: calculated using Egs. (1-3) for the
dipole interaction constant D =2 MHz. The trace for the illumi-
nated sample was corrected by subtracting a constant value as
described in the text. All traces are normalized to unity at 7/ = 0.

1.08 £ 0.02 mT. This value is close to that determined
in [22]. The shape of the Y; field-sweep ESE spec-
trum is thus fully explained by the diagram presented
and we may suggest that the contribution of other
(contaminating) paramagnetic species is negligible.

The 2+ 1" ESE experiment was performed at a
fixed = = 1080 ns, with +' varying from 80 ns to 992 ns.
The dependence of the primary ESE amplitude on 7/,
recorded for the Mn-depleted PS II sample with
trapped Y radicals, is shown in Fig. 3 by open squares.
This dependence reveals about two periods of low-
frequency oscillations and differs remarkably from that
obtained in the same sample after dark adaptation
(filled triangles). In the dark-adapted sample, only Y
radicals survive. As their concentration is very low (one
radical per one reaction center), there is no detectable
dipole interaction between them, and the experimental
‘2 + 1’ trace shows no oscillatory behavior. The differ-
ence between these two traces allows one to ascribe
the oscillations, observed for the sample with trapped

7 radicals, to the dipole interaction between Y, and
YS.

The primary ESE amplitude in the dark-adapted
Mn-depleted sample was about 60% of that in the
illuminated sample. This decrease of the ESE ampli-
tude allows one to estimate the amount of trapped Y,
radicals as approx. 70% of the amount of the Y3
radicals. Accordingly, about 82% of the total ESE
signal intensity in the illuminated sample is determined
by pairwise-distributed radicals responsible for the
low-frequency oscillations in the dependence of the
ESE signal on 7. The other 18% of the ESE signal is
determined by ‘unpaired’ Y, radicals that do not give
the oscillations. Thus, to obtain a pure contribution of
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the pairwise-distributed radicals, the ‘2 + 1’ ESE trace
for the illuminated sample (open squares in Fig. 3) was
corrected by subtraction of a constant background with
an amplitude 30% of that observed in the dark-adapted
sample.

As stated in the beginning and as seen from Fig. 2,
the EPR spectra of Y7, and Y; radicals are similar (at
least from the point of view of the m.w. excitation
conditions). Hence, one can approximately consider
them to be a single pairwise-distributed species and
use Eq. (1) to describe the results of 2+ 1° ESE
experiment obtained for them.

To determine the value of the dipole interaction
between these two radical species, D, calculations were
done using Egs. (1-3). To estimate the quantities ¢S, ),
(S;) and {S,S;), the EPR spectrum shape of Y was
used. These calculations allowed one to determine the
value of dipole interaction D =2 + 0.1 MHz. The de-
pendence of the primary ESE amplitude on 7', calcu-
lated for D = 2 MHz, is represented in Fig. 3 by a solid
line. It shows a reasonable agreement with the experi-
ment.

In a point dipole approximation:

D= (gB)*/hr’ (4)
the distance between Y; and Yg, estimated from the
obtaoined value of D, is » =29.6 + 0.5 A. The error of
0.5 A has no physical meaning, since it is much smaller
than the size of theo tyrosine molecule. Hence, the
round value r ~30 A can be considered as a good
approximation for the distance between Y; and Yg
radicals in plant Photosystem II.

The distances of 14 A from Y and Y, to the closest
Mg atoms of P680 were predicted in Ref. [14] with the
aid of computer modelling of the structure of the
donor side of PS II. With a symmetric arrangement of
Y, and Y, with respect to P680, t!le distance between
the tyrosines must be close to 30 A in agreement with
the result of the present study.

Finally, it has to be mentioned that oscillations in
the 2+ 1" ESE experiment can be caused also by
electron-nuclear magnetic interactions [28)]. Let us con-
sider this possibility for the system studied. The 2-pulse
ESEEM patterns we recorded for Y7, and Y, radicals
(not shown) are similar to those described in Refs.
[22,29]. The most intense line in the Fourier transform
spectrum of the Y5 ESEEM is caused by hfi with one
of the B-methylene protons and has a frequency of
1.52 MHz. The corresponding line in the spectrum of
the Y; ESEEM has a frequency of 1.95 MHz and
about 2.5-times smaller amplitude. This frequency is
very close to that observed in the ‘24 1’ experiment
(Fig. 3, open squares). However, with the hfi constants
of the order of 30 MHz (10 mT) typical for B-methyl-
ene protons of the studied tyrosine radicals, the situa-
tion of practically exact cancellation of nuclear Zee-

man and hyperfine interactions arises for the $ = +1/2
spin projection of the unpaired electron (v, —a/2 =0
where v, = 14.75 MHz is a proton Zeeman frequency
in the applied static magnetic field of 346.5 mT and a
is a hfi constant). For an inhomogeneously broadened
EPR spectrum, this situation corresponds to the condi-
tion of the complete excitation of the 2-pulse ESEEM
by m.w. pulses. A direct calculation using a density
matrix formalism shows that no nuclear ESEEM occurs
in the ‘2+ 1 ESE method in this case for the m.w.
pulses with gBH, =7 MHz used in our experiments.
Indeed, the experimental ‘2+ 1’ trace of Y7 (filled
triangles in Fig. 3) shows no low-frequency modulation.
We therefore conclude that the oscillation observed in
the ‘2 + 1’ trace for the illuminated PS II sample is not
caused by hfi of the B-methylene proton of the Y,
radical.
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