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Abstract. A method of selective hole burning in EPR spectra was applied to determine the distances
from a radical to the acceptor quinone-iron in bacterial and plant photosystems. A low amplitude
hole burning 180° pulse and high amplitude 90° and 90° pulses applied to detect ESE of P870* in
Rb. Sphaeroides and the distance from the primary electron donor P870* to the acceptor Q,Fe?* was
determined to be 26+2 A from the dipolar broadening of the burned hole in P870* EPR. This re-
sult is consistent with that given by X-ray analysis and susceptibility measurement. In plant photo-
system Il the same method was applied to the EPR spectrum of tyrosine D*, but the effect of crys-
talline field splitting of Fe?* ion was taken into consideration. The effective spin value for the fer-
rous iron in PS II was found to be 0.8 and the distance between the radical and the non-heme iron
was obtained to be 42+2 A.

1. Introduction

Two protein subunits, L and M, in the bacterial reaction center (RC) of Rb.
Sphaeroides R-26 include electron transfer cofactors; four bacterio-chlorophyllis,
two bacterio-pheophytins, two ubiquinones and one non-heme iron. Two of four
bacteriochlorophylls as the primary electron donor (P870) is oxidized by light
irradiation, resulting in reduction of the primary acceptor quinone. The oxidized
primary electron donor gives rise to a narrow EPR signal of AH = 8.5 G at
g = 2.0026 [1] and has been known as a dimer [2]. The reduced primary ac-
ceptor has a wide EPR signal centered at g = 1.8 [3] due to an exchange in-
teraction with the ferrous iron. The electronic structure of Fe?* in the RC from
Rb. Sphaeroides was studied in detail [4], where weak exchange interaction be-
tween the primary acceptor quinone and the iron with components, J, = —0.13
K, J,= —0.58 K and J, = —0.58 K, is reported. The crystal structure of Rb.
Sphaeroides has been determined by X-ray diffraction with a resolution of 2.8
A [5], and the distance from the primary electron donor to the acceptor iron
was estimated to be 27 A [6].
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In photosystem II (PS II) there are two 32 kD polypeptides called D1 and D2
located symmetrically about the donor P680. These proteins are believed to bind
almost all electron-transfer components of PS II, the Mn-cluster in the oxygen
evolving complex, the tyrosine donors D (Y,) and Z (Y,), the primary electron
donor P680, two pheophytins, and primary (Q,) and secondary (Qg) electron ac-
ceptor quinones [7—10]. In PS II there have been no X-ray diffraction data because
of difficulty in crystallization of its reaction center. Some structural studies have
been attempted by EPR spin-lattice relaxation measurement of the oxidized tyrosine
D (Y$) [11-14]. In addition, the structural similarity in the homology between PS
II and bacterial RC has been suggested by a computer simulation [10]. In the pre-
vious work, we estimated the distance between tyrosine D and the acceptor iron
by employing a novel electron spin echo method [15] in a Mn-depleted PS II. The
method is based on the selective hole burning in a monitored EPR spectra, and
detecting the dipolar interaction between paramagnetic species. The dipolar inter-
action manifests itself in subsequent hole broadening due to spectral diffusion in-
duced by spin-lattice relaxation of the dipolar coupled spins. The distance obtained
by this method is expected to give more correct information than that obtained by
spin-lattice relaxation measurements. The previous experiment has shown that the
distance from Y, to the acceptor iron was determined to be 52 A using the spin
number S = 2 for Q,Fe** states as indicated in a bacterial RC [4] and S = 3/2 for
Q, Fe** states for fitting the formula shown in [15]. This result suggested that the
exchange interaction between Q, and Fe?* might be rather strong compared to the
bacterial equivalent [4]. The distance derived, however, is much larger than 37 A
derived by Hirsh et al. [11] from the spin-lattice relaxation time measurement. This
discrepancy may be ascribed to some reduction of the effective spin number due
to the crystalline field splitting of Fe?*. To elucidate the cause of the discrepancy
in PS II in more detail, and to prove the reliability of the hole burning method
applied to photosystems, we study the distance between the primary electron do-
nor (P870) and the acceptor iron in Rb. Sphaeroides R-26. The result was com-
pared to the available structural data [5, 6]. Because both systems are similar in
the acceptor side, we use the electronic states of Fe?* studied for Rb. Sphaeroides
to derive the approximate distance from Y to the quinone iron in PS IL

2. Experimental
2.1. Samples

The RC was suspended in 0.1 M Tris (2-amino-2-hydroxymethylpropane-1,3-diol)-
HCI (pH 8.0) buffer with 0.1% triton X-100 [16]. The suspension (=200 uM RC)
with 50 vol.% glycerol added was loaded into Suprasil quartz tubes with the inner
diameter of 4 mm and the height of 10 mm and was stored in liquid nitrogen until
measurements. Before EPR experiment, the thawed sample at 273 K was incubated
in the dark for 1 h and illuminated for 1 min at room temperature by a 500 W
tungsten Br,-light through a 5 cm thick water layer. During illumination, the sample
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was transferred into the liquid nitrogen within several seconds. This treatment pro-
duces the complete charge separation of RC into P870* and Qj Fe?*.

The oxygen evolving PS II membranes were prepared from spinach using the
method of Kuwabara and Murata [17] and light harvesting proteins were re-
moved by the method described in [18]. To deplete manganese from PS II
membranes, the oxygen-evolving PS II membranes were treated with 0.8 M Tris
buffer [19]. The pellet was washed twice with a suspension buffer, 200 mM
sucrose, 20 mM NaCl, 20 mM Mops (4-morpholinopropanesulfonic acid) (pH
6.8). The samples in Chl (chlorophyll) concentration of 6-7 mg of per ml (50
uM RC) with 50 vol.% glycerol added were loaded into Suprasil quartz tubes
with and without 50 mM DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea).
Both samples, in the Q,Fe?* state in the dark, could be transformed to the
Q, Fe?* state after preillumination at 273 K for 1 min then dark adapted about
30 min. In the sample without DCMU Q, Fe** was converted to Q,Fe?* state
during the dark adaptation.

2.2. Selective Hole Burning Methods

The experimental technique for the selective hole burning of P870* in Rb.
Sphaeroides and Y in PS II was the same as that described previously [20, 21].
A pulsed Bruker ESP 380 FT-EPR spectrometer was equipped with a cylindrical
dielectric cavity (ER4117 DLQH, Bruker), a helium gas-flow system (CF935, Ox-
ford Instrument) and a 1 kW TWT amplifier (Model 117X Applied System Engi-
neering). One channel of the microwave pulse-former unit of the device was used
to form a selective low-amplitude hole-burning pulse (P0O). Another channel was
used to form nonselective high-amplitude free-induction and echo forming pulses
(P1 and P2). The pulse sequence was 180°-7-90°—7—90° as shown in Fig. 1. The
phase for signal detection pulse was adjusted to provide a maximum free induc-
tion signal after the P1 pulse. The data acquisition was performed using a LeCroy
9400A 175 MHz oscilloscope that was triggered simultaneously with the P1 pulse.
The sampling step was 10 ns. The video amplifier bandwidth was set at 50 MHz.
Usually the signal was accumulated 20000 times and then recorded. The free in-
duction decay (FID) following the P1 pulse presents the later part of the effect of
the spectral diffusion, while the echo signal shows its early part. Both signals were
analyzed complementarily. After the measurement carried out with the PO pulse
turned on as shown in Fig. la, the experiment was repeated with the pulse turned
off as in Fig. 1b, and then the latter trace was subtracted from the former one. The
length of the PO pulse was 400 ns. The time interval between the P1 and P2 pulses
was 800 ns. The P1 and P2 pulse lengths were equal to 32 ns. To eliminate un-
wanted echoes appearing at small times 7, a phase-cycling method was used [15,
20, 21]. The same measurements were performed twice with the phase of the PO
pulse in the second measurement changed by 180° with respect to that in the first
measurement, and then recorded traces were added. This phase difference was manu-
ally adjusted observing the receiver signal on the oscilloscope.
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Fig. 1. The pulse sequence (180°-7-90°-7-90°) for the selective hole burning methods. The low-

amplitude PO pulse burns a selective hole into the EPR spectrum which results in appearance of

the strong FID signal following the Pl pulse, and in change of the echo shape (a). b shows the

pattern with the PO pulse off. ¢ shows that subtraction b from a results in the time profile of the
hole shape.

To investigate the spin-lattice relaxation rate of the Q; Fe?* signal of Rb.
Sphaeroides, the saturation recovery transients were measured. To saturate the
magnetization completely, five 90° (16 ns) pulses were applied with the separation
of 8 us. Recovery of the magnetization was monitored by the primary echo ampli-
tude as a function of the time interval ¢ between the end of the saturating pulses
train and the beginning of the two echo-forming pulses.

3. Theory

In the beginning, we distinguish two groups of spins, the A spins that are ex-
cited by the hole-burning pulse, and the B spins that are not excited but cause
a hole broadening of the A spins. In this case, the A spins belong to the pri-
mary electron donor P870" in Rb. Sphaeroides or Y in PS II and the B spins
to the non-heme irons Fe?* on the acceptor side. The interaction between A spins
can be ignored because of their small concentration of about 50-200 puM that
corresponds to the average space separation more than 100 A. For simplicity,
we take g-factors for both types to be isotropic and the values of spins to be
1/2. For pairwise distribution of spins, the frequency shift of A spins caused by
the dipole-dipole interaction with B spins is determined by [22, 23]:

£(r,0) = ypun(l — 3cos?6)/r (1)
where 7, is the gyromagnetic ratio of A spins, up is the magnetic moment of B

spins (1, = gz and £ is the Bohr magneton), » is the distance between A and B
spins, and @ is the angle between the vector r and the static magnetic field H,,.
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The shift of the resonance frequency of the A spin induced by the dipolar interac-
tion with a B spin is determined by the product &(r,8)mg, where my = +1/2 are
the projections of the B spin onto the axis z || H,. When the B spin flips, the reso-
nance frequency of the A spin changes, resulting in spectral diffusion. The frequency
shift relative to that at time =0, will be 0 or £¢ (0 means the return to the
original value by even times flip-flop) depending on the my value at ¢ = 0. Thus,
if at t = 0 the hole shape is described by a function Ay(w), then after time ¢t =T
the shape will be given by:

ho(@) = 05(1+ exp(—=T/T)) hy() + 05(1 — exp(~T/ T;))
x [05hy(@ + &(r, 6)) + 05 k(@ - &(r,0))] )

where T, is the spin-lattice relaxation time of B spins, and &(r,8) is the magni-
tude of dipolar interaction between A and B spins given by Eq. (1). Here the broad-
ened hole given by Eq. (2) is observable only when the condition T, > 1/&(r,8) is
fulfilled. If all A spins are equally excited, the cosine Fourier transformation of
the spectrum determines the FID signal of A spins. The condition of equal excita-
tion is fulfilled within the narrow hole burned out by the low-amplitude selective
pulse. Then H,(¢) corresponds to the Fourier transformation of the hole depth
1 — hy(w):

Hy = [do( - k(@) cos(ort) . 3)

—0

Substituting Eq. (2) into Eq. (3), applying the shift theorem for Fourier transfor-
mation [24], we obtain the following function:

Ho(1) = Ho(t)[O.S (1+ exp(~T/;)) + 05 (1 - exp(-T/T)) cos(s(r, )| . (4)

As mentioned above, the data acquisition is performed twice: with the hole-burn-
ing pulse (P0) turned on and off. After subtraction of the latter measurement from
the former, the resulting FID, H,(¢), refers solely to the hole and can be repre-
sented as given in [20, 21]:

HT(t)=H0(t)fT(t) > &)

where the subscript T refers to the time passed after the hole-burning pulse. The
Fourier transform of H,(¢) represents the hole shape in frequency domain. The
function f;(#) describes the hole broadening induced by spectral diffusion. Then
taking into account Egs. (4) and (5), we obtain the following function:

fr(8) = 05(1 + exp(~T/T})) + 05(1 - exp(~T/T})) cos((r, )t) . (6)
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For a B spin with S; > 1/2 the formula would be more complicated, because
the transitions between several different spin orientations may contribute to the
spectral diffusion. Moreover, these transitions may be characterized by the dif-
ferent spin-lattice relaxation times 7;. Therefore, the best way is to perform the
measurements, when the condition T >> T, holds for all possible transitions. In
this case, the time 7, as a parameter will be excluded from consideration. In
the general case of an arbitrary spin number S, the function f () for 7> T,
in all sublevels can be obtained in the same way:

1 B2028+1-k)
Lo =357 +§ s sk . 7

For a randomly oriented system, Eq. (7) is to be averaged over the angle & and
the following function can be derived:

1 §2(25+1—

k) % .
f® =551 2 s 11y J;cos(k(g(r,H)t)smﬁdﬂ/Z. (8)

In the following Eq. (8) will be applied to systems of B spins of Fe** with § = 2.

4. Results and Discussion

4.1. The Distance between P870 and the Quinone Iron
in Rb. Sphaeroides R-26

Figure 2a depicts the experimentally obtained traces, FID and spin echo, for
P870* of Rb. Sphaeroides broadened by the dipolar interaction with the Q. Fe*
spin, obtained from measurements at the temperature of 20 K for different times
T after the PO pulse. The result of the measurement without the PO pulse has
been subtracted from that with the PO pulse. As the echo amplitude decreased
by a few percent for large 7 because of the spin-lattice relaxation of the P§70*
radical, all traces were normalized to the same value of the resulting echo am-
plitude. The FID following the P1 pulse and the echo signal were analyzed. For
both signals, the transient trace is to be fitted with the same theoretical func-
tion, H,(¢t). The possible sources of spectral diffusion of the P870" EPR signal
are the dipolar interactions with the Fe?* ion on the acceptor side of the Rb.
Sphaeroides RC. The experimental traces obtained for 7= 180 and 260 ps are
different. This shows that 7| of the B spin is rather long and the condition
T, < T is not fulfilled. However, in Fig. 2b that shows the result obtained at
the temperature of 40 K, the traces of H,(¢) for 7= 180 and 260 ps are almost
identical. Thus the condition 7; <« T is fulfilled for 7= 260 ps at this tempera-
ture. Figure 3 enlarges time scale of the experimentally obtained functions f7(¢)
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Fig. 2. The resultant FIDs and echo shapes H,{¢) recorded at 20 K (a) and 40 K (b) for Rb. Sphaeroides

R-26 in the Q. Fe?* state, obtained by difference of the traces with the PO pulse turned on and off.

The echo amplitudes H,(0) are adjusted to give the same amplitude. The traces a, b and ¢ correspond

to T = 2, 180, and 260 ps, respectively. The traces are to be analyzed as a function of time
three time dependencies H,(t), H(t,) and H,(t,) should be same. #, is the dead time.

from measurements at the temperature of 20 and 40 K. To obtain f;(¢), it is nec-
essary to divide the function H,(¢) by the function Hy(t) acquired at the small-
est value of time T (2 us in this work) according to Eq. (6). As mentioned above,
the experimental results for 7= 180 and 260 ps are different at 20 K but al-
most identical at 40 K. This shows that we can apply Eq.(8) to analyze the
experimental data.

To investigate the relation between obtained traces f;(¢) and the spin-lattice re-
laxation time 7| of Q, Fe?*, magnetization recovery of Q, Fe?* signal was mea-
sured. Figure 4 shows the saturation recovery transients obtained at g = 1.8 mag-
netic field position after several saturation pulses for three different temperatures.
One can see that the Q, Fe’* magnetization has a clear non-exponential relax-
ation kinetics at 4.2 and 20 K and does not completely recover after 180 pus.
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Fig. 3. The function f(f) obtained at 20 K (a) and 40 K (b) for Rb. Sphaervides in the Q; Fe**
states. Squares and circles indicate the results for 7 = 180 and 260 s, respectively. Closed squares
and circles are obtained from the echo shape and open symbols from the FID.

These non-exponential relaxation kinetics can be fitted with a double-exponential
function. The spin-lattice relaxation rate at 20 K were composed of two parts with
T 5w =29 us and T, ., = 4.4 ps, respectively. The slow relaxation Kinetics re-
sults in the difference between traces of 7'= 180 and 260 ps at 20 K as shown
in Figs. 2a and 3a. Figure 5 shows the temperature dependence of 1/T,,, and
UT, 4, derived from the saturation recovery transients measured at the field of
g = 1.8 position. As the temperature decreases, both relaxation rates become slow.
As the spin exchange between the quinone and the iron is fast [4], these com-
plex rates may be ascribed to the spin-lattice relaxation rates of the ferrous iron.
Note that in our system, there are no other radicals which might enhance the spin-
lattice relaxation rate. Both relaxation kinetics can be explained by an Orbach
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Fig. 4. Saturation recovery transients measured at 4.2 K (a), 20 K (b) and 40 K (¢) at the mag-
netic field fixed at the position of g = 1.8. The curves are fitted with the function Aexp(—at) +
+ (1 — A)exp(—»bt), a and b are the fast and slow spin-lattice relaxation rates, respectively.

process [25] and fitted with T, « exp(34/T,) above 15 K and T « exp(3/T,) be-
low 15 K, where T, is a temperature. The susceptibility measurement has shown
that the first excited doublet lie approximately 3 K above the ground doublet and
the third doublet, approximately 33 K above the ground doublet [4]. This is in
good agreement with our experimental result of 7| measurements.

Figure 6 shows the experimental results of f;.(¢) observed for T = 260 pus at tem-
peratures 4.2, 20, and 40 K. The trace ¢ measured at 40 K is satisfied by the
condition 7| < T and we can apply Eq.(8) to it. However, traces a and b ob-
tained at 4.2 and 20 K, respectively, are not satisfied by the condition 7, < T,
and the effect of spin-lattice relaxation must be taken into consideration in traces
a and b. In the simulation by Eq. (8), we are going to use a point dipole approxi-
mation for the P870* and Q, Fe** pair. The best fit value of the distance for the
trace ¢ was estimated to be 27+2 A, assuming the spin number 2 as shown by
the calculated curve based on Eq. (8). This result agrees well with the value of
27 A for the distance between P870* to the iron previously determined by X-ray
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Fig. 5. Temperature dependence of saturation recovery transients. Circles and triangles show the fast
and slow relaxation kinetics, respectively. The solid lines are drawn by exp(—34/T,) above 15 K and
by exp(—3/T,) below 15 K.

analysis [5, 6]. The spin number 2 assumed in this simulation shows the exchange
interaction between the ferrous ion and the acceptor quinone is small enough to
neglect the effect of the existence of the radical Q, with the spin 1/2 in Rb.
Sphaeroides. The magnetic exchange interaction tensor components between Q.
and the ferrous ion derived were J, = —0.13 K, J, = —0.58 K and J, = —0.58 K
[4], which rationalize this assumption. Furthermore the effect of crystalline field
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Fig. 6. Observed function f,(¢) obtained at the temperature 4.2 K (a), 20 K (b) and 40 K (c) for

Rb. Sphaeroides in the Q,Fe** state for T = 260 ps. Closed symbols are obtained from the echo

shape, and open symbols from the FID. Solid line is the best fit value calculated by Eq. (8) for
§=2and r=27 A
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splitting with D = 7.94 K and E = 2.11 K [4], also can be neglected at 40 K in
Rb. Sphaeroides, because all spin states are occupied.

4.2. The Distance between Tyrosine D and the Quinone Iron in PS II

In order to apply the same analytical method to PS II as in Rb. Sphaeroides, we
measured Y; EPR for two different states of Mn-depleted PS II: Q,Fe?*, Q. Fe?*,
respectively, on the acceptor side. Figure 7 shows the experimental result of f,.(¢)

4
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Fig. 7. The -function f,(¢) obtained at 9 K for Mn-depleted PS II in the Q,Fe?* state (a) and the

Q,Fe?* (b). Circles indicate the results for 7 = 260 ps. Closed circles are obtained from the echo

shape and open circles, from the FID shape. Solid lines are the best fit values calculated by Eq. (8)

for § = 2,r = 53 A for Q,Fe?** and r = 52 A for Q Fe?", respectively. Same values can be ob-

tained by Eq. (18) for S = 2, r = 43 A for Q,Fe** and r = 42 A for Q,Fe** with D = 7.94 K,
E=211Kand T,=9 K.



252 H. Hara and A. Kawamori:

obtained at 9 K for Mn-depleted PS 1I in the Q,Fe?* and Q,Fe?* states. The
maximum decrease in echo amplitude due to the hole broadening was observed
at 9 K. At this temperature, the experimental results for 180 and 260 ps are al-
most identical, and the condition 7|, < T is satisfied for T = 260 pus. The lines
drawn through experimental points in Fig. 7 are obtained using Eq. (8) and as-
suming S = 2 for both states. The best fit value of the distances is estimated to
be 53+2 A for the Q,Fe?* state and 52+2 A for the Q,Fe?* state. After all, we
could obtain almost the same distances for these two states of PS II. In previous
report [15], we applied the value of spin S = 3/2 for Q, Fe* state as the best fit
value. This differs from the present result. Probably this difference is ascribed to
an experimental error caused by a temperature fluctuation. If we apply the spin
number S = 3/2 for Q,Fe?* state, the distance was estimated to be 49 A. Though
this value is smaller than the value obtained above and seems to be reasonable,
the exchange interaction between Q, and Fe®* is considered to be also weak as
in Rb. Sphaeroides R-26 [4] and the presence of the reduced acceptor quinone
radical may not change the distance. However, the value of 52 A seems to be
too large compared to the value of 37 A derived from spin-lattice relaxation rate
and also to the suggested value by Svensson et al. [10].

To determine the distance from the trace f(t) for T'>> T, we have to consider
only two parameters: r, the distance and S, the spin number. On the other hand,
if the spin-lattice relaxation time for B spin becomes shorter than the time reso-
lution limit 7= 2 ps, the broadening due to spectral diffusion induced by this
fast relaxation might occur before the time 2 ps and the effect of spectral diffu-
sion is hard to observe. For this reason the simulation assumes appropriate T
values. The appropriate value of spin-lattice relaxation time 260 ps > T, > 2 ps
can be found by measuring the temperature dependence of f,(¢) of Q Fe**. In
Mn-depleted PS II samples, in fact, the f,(¢#) functions vary remarkably with
temperature and the maximum effect of spectral diffusion was found at 9 K for
both Q,Fe?* and Q,Fe?* states. Contrary to our previous experiment, we have
to assume the spin value for Q. Fe’* to be same as for Q,Fe** in this experi-
ment. This result indicates that the exchange interaction between the plastoquinone
and the ferrous ion is also small as in Rb. Sphaeroides. Comparing the results
with those in f;(¢), there is one remarkable difference in the optimum tempera-
ture, where the effect of spectral diffusion is most effective (7> T)). It is 40
K for £,(¢), while 9 K for the PS II. This indicates that the spin-lattice relax-
ation time of the acceptor quinone in the Mn-depleted PS II is shorter than that
in Rb. Sphaeroides below 40 K. Furthermore the spin relaxation time 7, of
Q. Fe?* EPR signal may be also short, because we cannot observe the signal in
the Mn-depleted PS II by pulsed EPR but can observe it by CW-EPR at a rather
strong microwave power of 80 mW at 6 K [26]. However, the values of T, seems
to be longer than 2 ps corresponding to the condition for Eq. (2), T,&(r,8) > 1,
because we could indeed observe the maximum hole broadening effect at 9 K.

On the other hand, the effect of the crystalline field splitting [4] should be taken
into consideration at the low temperature of 9 K, if its magnitude is compara-
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tive to the measurement temperature. The spin Hamiltonian for Fe?* (S = 2) is
usually given by in a crystalline coordinate system (X, Y, Z):

= gfH, S+ D[S — S(S+ 1)/3)] + E(SZ — S?) , ©)

where D and E are zero field splitting constants. It will be more convenient to
describe the spin Hamiltonian in terms of the laboratory frame (x, y, z), in which
Y spin orientation is quantized along the static field direction (H, !l 2):

K (Q) = gBH,S, + D[S? — S(S + 1)/3)] + E(S? — S%) , (10)

where S, ,, are the spin components of Sy, in the laboratory frame. Q = Q,-Q,,
Q. (a,f,y) and Q(p,0,y), are Eulerian angle matrixes which define the orienta-
tions of the crystalline field of the non-heme iron and the distance vector r from
tyrosine D to the Fe?* ion, respectively, in the laboratory frame. The spin opera-
tors S,, S, and S, were transformed by the Eulerian angle matrix, S(1,2,3) =
= Q- S(x,y,2), as given by:

S, =5b,5,+b,S,+b.,5,,
S, = b,,S, + b, S, + b5, ,
S3 = b3xSx + b3 Sy + b3ZSZ H (11)

where, b,.j’s (i = 1-3, j = x,y,z) are direction cosines of the crystalline field axis
in the laboratory frame.

Now, the five spin substates m,, |2) to |—2) belonging to S = 2 are chosen as
basic spin states. According to Eq. (10) we can find the eigen values E; and
functions ¥, (i = 1-5), which are mixtures of the five spin quantum states as
given by:

H Q)Y = EQ)Y, (12)

2y,

where ¥ =3 Cy|m) = Cy|2) + Cy|1) + C4|0) + C,i| - 1) + C;5| -
k

mo=-2-1,0,1,2, i=15.

C, to C, are normalized mixing coefficients of the five spin states given by
functions of H, and Q. For each eigen states ¥, the occupation ratio P, was
defined by Boltzmann distribution:

exp(—E,/kT)

P(H,,Q,T) = ,
(5, Q1) > exp(~E,/kT)

(13)

where E, is the i-th energy, T, is the temperature and & is the Boltzmann con-
stant. The z-component of the dipolar field A, effective for the broadening of a
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burned hole in Y; EPR, includes not only Sy, but also S,, and Sy, of the Fe**,
because the latter two have diagonal matrix elements in the laboratory frame:

HDz = szSBx + DzySBy + DzzSBz ’ (14)
Dy’s (i = z, j = x,y,z) are the dipolar interaction tensors and are given by:

D,, = =3y, uscosfsinfcosp/r? |
D, = —3y, Hgcos@sinfsing/r? |
D,, = yaug(1 — 3co0s28)/r*

where pp = gzf (gy is the g-factor for the non-heme iron), and & and ¢ define
the direction of the vector r in the laboratory frame.

To calculate the hole broadening effect, let us assume the time 7 applied after
the hole burning pulse for Y; EPR line is longer enough than the spin-lattice
relaxation time for all five energy levels. The frequency, w; corresponding to
the local magnetic field at Y site induced by the dipolar field due to the i-th
state of the non-heme iron (Fe?*) is defined by:

@, = <ylzll_IDzl y71> = sz< y71|SB)c| SU:> + Dzy< 5UtlSByI Y71) + Dzz< ¥It|SBz| ylz) > (15)

where i = 1-5. For the initial state at 7 = 0, there are five probable spin states of
the Fe?* given by Eq. (13). After 7> T,, the final five spin states for j = 1-5 are
also distributed in the same way. Then the hole shape at time 7' can be given in a
similar way as Eq. (2):

S
ho(@) = 222 P(Hy, QT P,(Hy, Q. T.) hy(a2, + Awy) (16)

i=1 j=1

where Aw;’s are the frequency shifts at Y, from the initial state i to the final
state j defined as Aw; = @, — @, Applying the similar consideration presented
by Egs. (3)-(6), the hole broadening is described in the time domain by the fol-
lowing form:

5
fol@) = 22 P(Hy, Q, TP, (Hy, Q, T,) cos(Aayt) . a7

i=1 j=1

Finally, this function should be averaged over Q,(¢,6,y) for the orientation of
the vector r and given by:

J

M

2 B(Hy Q,T,)P.(Hy,Q,T,) cos(Aw,t) sinfd Q,

i=1 j=1

fol@) = (18)

[sinodQ,
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Applying Eq. (18) to the acceptor iron in Mn-depleted PS II at 9 K and using
the zero field splitting constants, D = 7.94 K and E = 2.11 K [4] reported for
Rb. Sphaercides, the effective spin value was found to be about 0.8. As there is
no data for Q,, the crystalline field direction of the Fe?* in PS II, the calcula-
tions were carried out on several assumed directions. The result has shown that
the value of Eq. (18) only slightly depends on the assumed values for Q,. The
range of the calculated values was incorporated in the error of distance estimate.
Then the distance between Y and the Fe?* was estimated to be 422 A for
Q,Fe?* state. This results approaches to the distance 37+2 A derived by Hirsh
et al. [11]. Though at present there is no data to judge about the correct dis-
tance, the value seems to be a little larger than that suggested by Svensson et al.
[10]. However, the actual distance may differ from this value, because the D and
E values of PS II may be different from those in Rb. Sphaeroides.

Another possibility is considered that the value used for time T= 0 (2 ps in
this case) is not small enough because of fast spin-lattice relaxation rates. In-
deed we have shown the two spin-lattice relaxation rates for the non-heme iron
in Rb. Sphaeroides. If T\, at 9 K in PS I is shorter than 2 ps, the effect of
spectral diffusion might be reduced, which might result in an overestimated dis-
tance in PS II. Then further decrease in the distance estimate would be expected.
This may be one of the reasons that the obtained distance 42 A is larger than
37 A derived by Hirsh et al. [11], where they assumed the value of correlation
time of Fe** to be same as in Rb. Sphaeroides RC. In another experiment with
“2 4+ 1” sequence ESE method [28], we determined the distance between tyrosine
D and Q, is to be 38 A [29]. Then the distance between tyrosine D and Fe?* is
suggested to be close to this value.

Equation (18) can be also applied to P870" for Rb. Sphaeroides. However, the zero
field splitting effect is rather negligible, because the measurement was carried out
at 40 K. The distance between the primary electron donor and the acceptor iron is
modified only a little to be 26+2 A, if the value of S,; = 1.8 obtained by Eq. (18)
is applied. Thus the correction was not necessary at 40 K based on consideration
of the low resolution about 3 A in structural analysis [5, 6].

Table 1 shows the spin numbers and distances obtained for Rb. Sphaeroides and
PS II with and without correction for crystalline field splittings. The effective

Table 1. The spin numbers and distances obtained for Rb. Sphaeroides R-26 and Photosystem II
without and with correction for zero field splitting.

R-26 (40 K) PS II (9 K)
Q;Fe“ QAF62+ QA—Fe2+
Spin number 2 2 2
Distance (A) 27+2 53+2 5242
Effective spin number 1.78 0.81 0.81

Corrected distance (A) 26+2 43+2 42+2
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spin numbers and corrected distances were calculated by Eq. (18). We could only
derive an approximate distance for PS II because of the limitation of fast spin-
lattice relaxation time. A recent preliminary magnetic susceptibility measurement
of PS II (unpublished) has shown that the zero field splitting parameter D is
approximately the same as that for Rb. Sphaeroides, justifying the value of the
effective spin number of Fe?* in PS II. Though the value of distance from ty-
rosine D* to Q. Fe®* seems to be a little smaller than that to Q,Fe®*, this dif-
ference is comparable to the experimental error. Almost the same distances have
been derived, indicating that the weak exchange coupling is not effective to the
hole broadening at the temperature 9 K. Therefore two broadening mechanisms
due to Q, and Fe?* worked independently and additively on the hole of the ty-
rosine D* EPR. Furthermore the effect of free radical Q, is much less than that
of the non-heme iron partly because of the smaller spin value.

5. Conclusion

The selective hole burning method can be applied satisfactorily to determine a
radical distance from a transition metal ion, if its spin number is well-defined
and spin-lattice relaxation times between each levels are within the range of
1/e(r,0) < T, < T. T is a time to observe the spin echo after the hole burning
pulse. By temperature variation we could find the optimal condition and the cor-
rect spin number for Fe** in Rb. Sphaeroides RC. For Fe?* in PS II, the condi-
tion 1/&(r,0) < T, might be partly destroyed even at the optimal temperature of
9 K. However, we could get information of the spin-lattice relaxation rate of B
spins through finding the optimum condition to detect spectral diffusion, though
its EPR signal could not be observed. The spin number at 9 K was derived from
the consideration of Boltzmann distribution over the zero field split levels. The
derived distance for Y;-Fe** in PS II from this experiment approaches to the
probable distance [29]. The hole broadening of ESE of tyrosine D* radical by
the ferrous ion is more effective than by the quinone radical in PS II. The ac-
curacy for the obtained distance may be generally comparable to that in a spin-
lattice relaxation time measurement, in which we usually look for an optimal
temperature to find z, = l/w,.
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