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Distance of P680 from the manganese complex in Photosystem 11
studied by time resolved EPR
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The flash-induced transicat EPR signal of P680' was observed in PS I membranes at temperatures between 77 and 220 K.
Below 180 K. the half decay time, ¢, 5, of P68 transicnt signal was about 2 ms and re-reduction of P60 has been aseribed to
the back reaction with Q,, . Above 200 K. the decay rate increased with an activation cocrgy of 15.6 kJ/mol. These results were
coincident with previous optical data of P680°. Spin-lattice relaxation rates, 1/7,, of Po80' and Tyr.D" EPR signals, were
determined by microwave power saturation experiments and by 7> measurements using a pulsed EPR in the S; and S, states of
oxygen-evalving complex (OEC) at 90 K. The ratio of distances of both radical species from the manganese cluster in OEC was
derived from the difference of T, values in the S, and S, states. The result has shown that the distance from OEC to P680 was
0.91 times as far as that 10 Tyr.D. On the basis of the temperature-dependence of the hall saturation power Py, of Tyr, D’
the $,Q,Fe’" and §,Q,Fe** states we estimated that the distance from Tyr.D to the Mu-cluster in OEC to hg 24-27 A ThL
distance fmm R680 to the mangangse cluster was estimated to be 21-26 A. The distance of Tyr.D from Q Fe™ ' was supposed
1o he 26-33 A, from 1/7, values in Q,Fe ' and Q Fe™* a1 90 K.

Introduction

Light energy induces oxidation of the reaction cen-
ter P680 in the Photosystem Il of higher plants. This
reaction occurs within nanoscconds [1.2] and oxidized
P68 (P8O cation radical) is reduced by Tyr.Z with a
haiftime of 20-250 ns in oxygen-cvolving PS 11 [3-5].
Next Tyr.Z", an oxidized form of Tyr.Z, is reduced by
onidation of one of the four cyclic states of the OEC [6]
with a halftime between 30 gs and 1.5 ms, in accor-
dance with the kinetics of § state transition [7-10]. On
the other hand. the photoexcited clectron of P6&0
transfers to a primary quinone acceptor, Q. then to a
secondary acceptor Q and eventually to PS 1 P60
reduction kinetics arc altered from the nanosccond to

Correspondence: A. Kawamori, Faculty of Science, Kwansei Gakuin
University. Uegabara 1-1-155. Nishinomiya 662, Japan.

Abbreviations: (Behl),, bacterial chlorophyll dimer: PS 11, Photosys-
tem 11 P80, primary electron donor of PS Ik Q. Fe?" . primary
quinone-iron efectron acceptor of PS 11 Gy, the secondary quinone
electron acceptor of PS 15 Tyr.Z, @ tyrosine electron donor in DY
subunit of PS T Tvr.D, a tyrosine electron donor in D2 subunit of
PS 11 OEC, oxygen-evolving complex: Chl. chlorophyll: Mn-cluster,
manganese cluster: Sig. 1. EPR signal of tyrosine D7,

the microsecond time scale by the elimination of the
O, evolving capacity by treatments such as Tris-wash-
ing or incubation with NH,OH [3.11]. If a charge
separation between P680 and Q, takes place in the
oxidized state of Tyr.Z, P680° will be reduced by
charge recombination with Q, with a halftime of 150
+ 50 us for a main phase in three-phase Kinetics
[11-14]. All these phenomena occurred at a physio-
fogical temperature. With lowering temperature below
200 K. where the OEC becomes gradually inactive [15),
a charge recombination between Po80 " and Q occurs
116-18] and the halftime of P680° decay kinctices is 3.0
ms below 180 K [19.20], The temperature-dependence
of P68’ kinetics was measured in chloroplasts with
treatments inhibiting oxygen-cvolving activity and the
activation energy above 200 K was estimated to be
13.8-15.5 ki/mol for the charge recombination [17].
Thus the characteristics of the primary electron donor
in PS 11, P680*, has been studied mainly by means of
absorption change. Though the P680* EPR signal has
been studied by several workers [18,20-25], observa-
tion of the EPR signal is usually difficult, because
another similar signal due to Chl' [26.27) may appear
at the same magnetic field.

The P680* EPR signal was observed by Malkin and
Bearden {18], after their previously reported EPR sig-
nat [26] had been proved to be due to another chloro-
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phvll radical [27). The report [18] showed that the
halftime of the Po80 " transient signal was 5 ms and
independent of temperature between 5 K and 77 K.
Similarity between Tyr.Z * rise and Po80 " decay kinet-
ics in Tris-washed PS H has been observed at several
pH values [21] at a physiological temperature proving
Tyr.Z is a dircet electron donor to PoRO . Nugent ¢t al.
[22] observed both Pa80 - and Chi* EPR signals in the
D1,/D2/Cyt-b-559 complex. In the presence of Tyr.Z”
by inhibition of clectron donation from OEC to Tyr.Z
in PSII. Ghanotakis and Babcock [23] and Bock ct al.
[24] obtained an EPR signal ascribed to P680" which
has a similar line shape to the signal of Chl* [18]. and
which decaved with a halftime of 2000 us or fess at 273
K [24]. Hoganson and Babcock [35] have shown the
width of the P680" EPR signal, measured by a time-re-
solved EPR. to be .79 mT in the absence of Tyr.Z'.
These results on P80 observation were summarized
by Miller and Brudvig with other EPR signais obscrv-
able in PS 11 {28]. The effect of the oxidized form of
the secondary clectron donor Tyr.Z on the P8O EPR
linc shape was studied by time-resolved EPR and the
distance between these radical species has been esti-
mated to be 10-15 A from line broadening of P680”
[25]

The crystal structure of the reaction center in the
purple bacterium Rhodopseudomonas viridis has been
extensively studied by X-ray analysis [29]. On the other
hand, the structures of the reaction centers on the
photosystems of higher plants have not yet been clari-
ficd. becuuse of difficulty in crystallization of the reac-
tion center. At present the relaxation propertics mea-
sured by EPR scem to be a useful method to obtain
structural information in photosystem H, though the
method is indirect, based on a magnetic interaction
between a radical and other paramagnetic species.,
Several workers tried to find the corrclation time of
the S states in OEC with maximum relaxation effect on
the Tyr.D " radical by measuring its half-saturation
power [30] or saturation recovery time [31], though
their results were not coincident with each other. By
measuring T, of Tyr.D ™ in the ditferent S states of the
OFEC by a pulsed EPR mcthod below 30 K. the separa-
tion between Tyr.DD and the Mn-cluster in the OEC
was derived (o be 28-43 A from a maximum relaxation
rate in the S, state at about 20 K [32]. On the other
hand. the distances from Tyr.D to outer and inner
surfaces of PS 11 membranes were estimated by the
EPR power saturation characteristics of Tyr.D" to be
26 and 27 A, respectively [33). Isogai et al. [34] showed
these distances of 36 and 20 A, respectively, showing a
good coincidence between both results, Svensson et al.
[35] predicted the three-dimensional structure around
the clectron donors Tyr.Z and Tyr.DD on the oxidizing
side of PS I1 by using computer modeling trom data of
the photosynthetic reaction ¢enter in a purple bacteria

and predicted the distance between the centers of cach
(;/rnsinc and the closest Mg ion in P680 to be about 14
A.

In this paper. the lifetime of a flash-induced P68O*
was measured between 90 K and 220 K in the S, state
of oxygen-evolving PS 11 membranes by time-resolved
EPR. The line shape and the temperature dependence
of the decay kinetics of the transient signal were exam-
incd by comparison with the kinetics of P680* mea-
surcd by optical measurement at low temperature in
order to confirm that the observed transient signal was
due to P680 . Most of the EPR signals were measured
at temperatures above 273 K, except for the works by
Malkin and Bearden [18] and by Nugent et al. [20.22).
We tricd to observe the P680° EPR signal at 90 K,
where the Chl” radical remained as a steady signal or
decayed slowly, and could obtain its line shape from
the part decaying with a halftime of about 2 ms as-
cribed to the back reaction with Q. Because the
measurement of 7, of P680" with pulsed EPR was
quite difficult, the value of T, of P680”, was derived
from P, , obtained from the microwave saturation
characteristics of the P680" radical species. combined
with I, mcasurement with the pulse method. On the
basis of the dipolar interaction of P6R0™ with the
manganese tons in OEC the ratio of relaxation rate
(/7)) of Pe30' 1o Tyr.D' was determined in the
same states of donor and acceptor. The ratio of dis-
tances of P680 and Tyr.D to the manganese cluster was
derived. Then the absolute value of 1/7T, of Tyr.D*
was estimated from the temperature dependencies of
the P, L of TyrD' in$,0,Fe’" and §,Q,Fc”" states.
in order to find the maximum contribution from the
Mn-cluster in the S, state. Though the method is same
as Evelo et al. {32], the redox state S, is different from
their 8, and may be more reliable. From these results
we could estimate the absolute distance between P80
and the Mn-cluster of OEC.

Materials and Methods

Samples

Oxygen-cvolving PS 11 membranes (400-600 pmol
0./mg Chl per h) were prepared from market spinach
by the method of Kuwabara and Murata [36), and
suspended in the bufier medium containing 0.2 M
sucrose, 20 mM NaCl and 20 mM Mops-NaOH (pH
6.8), with 50 vol% glycerol added. The membranes,
with 6 mg Chi/ml, were stored at 77 K until usc.

The membranes were transferred into  Suprasil
quartz tubes with inner diameter of 3 mm for CW EPR
and 4 mm for pulsed EPR and incubated on ice in the
dark for 2 h. The sample length in quartz tubes was
about 10 mm. Theicafter the samples were illuminated
for § min at 195 K in a methanol/solid CO, bath by
500 W tungsten-halogen light through a 10 ¢m thick



water layer and allowed to cquilibrate for 15 min at
room temperature in complete darkness. This pre-il-
lumination treatment was applied to synchronize the
centers in the 100% D*S, state [15]. These samples
were illuminated again for 5 min at 195 K. One turnover
occurred into the S,Q1Fe®* state. Then the sample
was kept in complete darkness for 2 min at 253 K
prepared by a salt/ice mixture to transfer the electron
from the Q, 1o the Qy site [37]. With these treatments
we could obtain the S,Q,Fe?* state in PS II. The
$QaFe?* state was obtained by illumination of the
pre-illuminated sample at 77 K for 15 min. Thus, we
obtained four kinds of combinations of oxidation:
$,0,Fe?*, S,Q,Fe**, §,Q,Fe?* and $,Q; Fe’* and
these states were checked by EPR of Mn-multiline [38]
and Q4 2t a low temperature, as shown in Fig. ]
{22,39]. The yield of Mn-multiline and Q;Fe** in four
oxidation states are shown in Table 1.
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Fig. 1. (A) EPR signals in (a) $,Q.Fe** and (b) $,Q,Fe?" states
measured at a Jow microwave power (2 mW) by broad field sweep.
(B) EPR signals at the upper ficld range of Sig. il observed at a
high microwave power (136 mW) in {a) §;Q Fe? ", (1) §,Q,Fe* ", to)
$,Q5 Fe** and (d) $,Q4 Fe* states. Multi-line intensity was esti-
mated at the peak intensity shown in arrowheads in A(b}). Q4 Fe?®
signal intensity was estimated from the difference at the ficld points
indicated by two arrowheads in B(c), after subtraction of {(a) from (¢}
in the S, and (b) from (d) in S, states, respectively. The cstimated
percentages are shown in Table 1. EPR conditions: microwave fre-
quency. 9.29 GHz; modulation frequency, 100 kHz; modulation width,
20 G; temperature, 6.5 K.

TABLE 1
Yields of Mp-muddtiline and Q, Fe™* signal in four oxidation siates

Relative error is +377 for Mn-multiline signal and  + 5% for
OpFe- "

State S{OAFe™ S.OAFe™  §0,Fe™' S,0,.Fe’’
Mn-multi-

line * ¢ 100 0 95
Q Fe?" ™ 9 93 0

4 Mn-multiline intensity obtained at the pasition indicated by arrow-
heads in Fig. 1A{h) by illumination at 200 K for 8 min was used as
a standard.

Y Qi Fe'* intensity in §,0, Fe? ™ state prepared by illumination al
77 K for 30 min was used as a standard. Intensities were observed
at the pusitions indicated by arrowheads in Fig. 1B(c).

CW EPR measurement

CW EPR measurement was carricd out using a
Bruker ESP300 system X-band spectrometer at tem-
peratures between 77 K and 220 K by using a home-
made nitrogen gas-flow cryostat with a temperaturc
controlier. We used a TE;,, modc cylindrical cavity
with a window of 6 mm diameter for illumination by a
laser flash for transient EPR and microwave power
saturation above 90 K. For EPR at temperatures be-
tween 6.5 and 140 K. we used a standard rectangular
cavity of TE,,, with an Oxford ESR-900 continuous
flow cryostat. A Cr**-doped MgQ, which has a g-valuc
of 1.9800, was set insidc each cavity and used as a
reference to calibrate the signal intensity, the reso-
nance ficld and the effective microwave power. The
saturation characteristics of Tyr.D ' were observed with
a 100 kHz field modulation and the modulation ampli-
tude of 2.5 G at 90 K. In measurement of Tyr.D*
microwave saturation, the peak intensity at the low
field side was plotted for various microwave powers.
Accessory Chl' radical was observed in the sample
with cytochrome b-559 oxidized by DDQI(2,3-dichloro-
5,6-dicyano-p-benzoquinone) after illumination at 77 K
for comparison with the transient P680* signal. This
signal species has been characterized by diffcrent
nicthods [40,41],

Transicnt EPR signals werc measured by using a
1-MHz fast digitizer equipped in the Bruker ESP300
system. The digitizer began recording # spectrum by
means of an external trigger at the time 100 us earlier
than a laser flash illumination. A Quante! Model
YG580 Nd-YAG laser gave flashes w th 80 ml, 15 ns
pulse at 532 nm. The microwave saturation character-
istics of the P680* transient signal were observed at 90
K with 7 G field modulation width by signal accumula-
tion. Because PG80 cannot be oxidized in the presence
of Q7, we usually calibrated signal intensity according
to the decreasing intensity with increasing flash num-
bers mentioned later and also by change in intensity of
different samplcs.
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Pulsed I.PR measurement

Palsed EPR signals were measured by a Bruker
ESP3R0 pulse accessory cquipped in a Bruker ESP300
system with 1-kW TWT amplificr. Model 117X, made
in Applicd System  Engincering. A Bruker model
ER4117 DHQ-N diclectric cavity available above 77 K
was used. For T, mcasurement of Tvr.D* five 7/2
pulses were given to saturate magnetization com-
pletely. Atter some variable intervat of ¢, (57 /2)-r~(7)
puls¢s were given to observe the Hahn echo indicating
recovery of the magnetization. The separation of five
/2 pulses. 7, is 8000 ns and r is 160 ns. w/2 and =
pulse widths were 16 and 24 ns. respectively. The
repetition time of the pulse sequence was 2 ms on all
measurements. As the memory region is limited to 248
s in the Bruker 380 system, we measured the tull
intensity of the Hahn ccho without saturation pulse at
every time and corrected the degree of its recovery
after saturation. The observed values will be used to
derive absolute values of 1/7, of Pos0 .

On the other hand the 7, value of Tyr.D' was
obtained by fitting the average of the two-pulse clec-
tron spin echo envelope modulation (ESEEM) to M(7)
=M, expt —7/T,). T, of an accessory Chl* radical
was obtained by subtraction of the dark signal from the
two-pulse ESEEM decay of the light signal at the field
of a g-value of 2.0028. T, of P680' was measured
using the Carr-Purcell-Mceiboom-Gill  sequence [42]
synchronized with laser flash on a LeCroy 9400A digi-
tal Oscilloscope. because the signal intensity decayed
between flashes. 7, was derived by the fitting of echo
intensitics. which are obtained after subtracting the
data without laser flashes. To improve the S/N ratio.
measurement of 7. of PORO" was carried out at 5 K
using a loop-gap cavity. The widths of the /2 and 7
pulses were 24 and 40 ns. respectively, and the separa-
tion hetween the 7, 2 and 7 pulse was 136 ns and that
between 7 pulses as 272 ns.

Results and Discussion

Transient EPR signal at 90 K

Fig. 2(a) and (b) shows Sig.11_ alter and before (W
illumination of the PS I1 for 15 min at 77 K with
eytochrome £-559 chemically oxidized beforchand. Fig.
2(¢) shows the subtraction (a)-(b). The subtracted sig-
nal is ascribed to the steady signal of Chl' which has a
peak-to-peak width of 9.3 + 0.2 G around g = 2.0028,
Fig. 2d) depicts the line shape of the Po80O ™ signal in
the $,0Q, state of untreated PS 1 membranes. Each
point indicates an average value of peak intensitics of
the POR0O " transient signal induced by laser flashes at a
fixed magnetic field. The plotted signal at every 0.5 G
separated magnetic field has a width of about 8.5 + 0.5
G around g = 2.0030 4+ 0.0002, which is a littlc nar-
rower than that in the accessory Chl® in Fig. 2(c).
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Fig. 2. EPR line shape of Chl™ and P6BG* at 90 K. (a) Sig.ll,
observed in the cytoachrome £-559 chemically oxidized PS 11 mem-
branes atter 15 min illumination at 77 K. (b} Sig. 11 before illumina-
tion of the same sample as (a). (¢) shows Co) minus (). Chl * signal at
£ = 20028 with the peak-to-peak width of 9.3 G, () P6R1 " transient
EPR signal centered at g = 2.0030 + 0.0002, with its width 8.5 G, was
obtained by the plot of averaged values over 10 accumulated peak
intensitics at every fixed magnetic field for untreated PS 11 mem-
branes. A signal at the high-field side. g =~ 1.9800, in (a) and (b) is
the Cr'* signal doped in MgO. which was used as a reference of g
values and signal intensities. EPR conditions: Microwave {requency,
9.24 GHz: modutation frequency, 100 kHz: modulation width, 25 G
in (a) and (b), 4 G in () microwave power, 34 4W in (i) and (b) and
1 mW in(d).

Temperature-dependence of decay-rate of P680 ™

Fig. 3 shows the Arrhenius plot of the decay rate of
the flash-induced P68O* EPR signal by time-resolved
EPR. The characteristic decay time, 7. was obtained by
fitting an exponential curve to the transient signal after
a laser pulse. Above 200 K the decay rate has an
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Fig. 3. Arrhenius plot of the characteristic decay rate of P6o80

transient signals. Above 200 K an activation energy is estimated to be

15.6 kJ/mol and below 180 K the decay rate is almost constant

Transient signals were recorded after accumulation five times above

200 K and ten times below 200 K. Inset: A transient FPR signal of
P60 observed a1 90 K in S, state.



aciivation cncrgy of 156 kJ/mol. Between 180 K and
200 K the activation cnergy changes abruptly and be-
low 180 K the decay rate is approximately ¢.ustant.
The halftime, 7, ., is about 2 ms at 90 K. The decay
time and the activation energy approximatcly agree
with the optical spectra obtained in spinach chloro-
plasts by Mathis ct al. [16]. Previous optical studics
[16.17} have shown that the abrupt change in the
activation energy can be cxplained by the increase in
activation energy of the back reaction from Q3. The
extrapolated value to 273 K in Fig. 3 gives 7, , =350
us, which is of a similar order to that given for the
sample with inhibited oxygen evolution by Gerken ct
al. (14] and Hoganson and Babcock [25] and showing
OEC did not contribute the obscerved signals, The
observed intensity at 180 K was less than half that at 90
K. which indicates some of P680' had decayed by
other rccombination processes with much faster rates.

The peak intensity of the P680* transient signal
decreased with increasing flash numbers at 90 K,
recorded with use of a sample in the S, state. 45 + 5%
of the reaction centers of PSII were oxidized by the
first laser flash, which was calibrated by the intensity of
Sig.Il,. We obscrved the peak intensity increased to
70% of the rcaction centers for a smaller sample sizc.
The observed P680" was reduced by charge recom-
bination with Q, by about 93%. About 7% of P80 ",
without charge recombination, were reduced ov cy-
tochrome b-559 and /or Chl {16, 19]. This part of the
P680 was not oxidized by the next laser flask becanse

i
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of the fixed negative charge on the Q,, site and showed
a decreasing behavior in P680 " peak intensity. In fact,
when all of acceptors were reduced afier illumination
at 77 K for 15 min or at 200 K for S min. the P680°
transicnt signal could not be observed. A part of Chl
nearby might be oxidized by P68 and then rereduced
by cytochrome £-559. The clectron transfer from cy-
tochrome b-559 to Chl' would be a slow process [43]
compared to the P680" reduction below 200 K. We
could observe the transicnt signal of the same kinetics
even in a sample with cytochrome b5-559 chemically
oxidized beforchand. We observed that neither the
Tyr.Z* nor the Chl® transicnt signals overlapped with
the obscrved transient signal,

Furthermore we observed a faster decrezsing behav-
ior in the peak intensity of Po80* with increasing flash
numbers at 180 K. compared to that at 90 K. We could
not observe any PORO’ transient signal at all after
about 15 flashes. In the sample prepared in the
$,Q,Fe* state. we observed the multi-line signal after
a few laser flashes above 180 K, showing that the
transition from S, to S, took place atter TyrZ had
reduced P680 ", All these phenomena mentioned above
and the value of T, shown later have proved that the
transient signals observed here can be ascribed to
P8O ",

T of Tyr.D) ™ and P680
The T, value of Tyr.D* obtained was to he about
27402 us in the §, and the §, states. For P60 we
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Fig. 4. (a) Microwave power saturation of P680 " transient EPR sigral in §, and 8, states measured at 90 K. Closed and open circles show peak

intensities of PA80" signals at each microwave power in $,Q, Fe™ ' and $.0, Feo " states. respectively. Transient signals were recorded by 20

time accumulations at the field position of g = 20058, indicated by the arrowhead in the lower inset, Peak intensitivs of PARO " transient signal

were measured at the time shown by the arrowhead in the upper inset. The curves woe a best fit with Egn. 1. EPR conditions: microwave

frequency. 9.24 GHz: modulation frequency. 100 kHz; modulation amplitude, 7 G. (b) Microwave powet saturation of TyrD " in §) and 8, states

observed at 90 K with a ficld modulation width of 2.5 G. Other EPR conditions were the same as in (a). (@) (1) show the intensities of Sig 11 in
$,QaFe?" and §,Q, Fe? " states, respectively at the ficld position shown by an arrowheid in the inset,
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obtained the value of 0.9 + 0.2 usin the §; and the S,
states. We obtained the 7. value 1.3 us for the acees-
sory Chl* oxidized by tllumination at 77 K. as shown in
Fig.2(c). The value of T, for PoSO" was comparable to
that for P700° [45.46] but shorter than that for the
accessory Chl'. The T. of P700° in PSI. which is
regarded as a chlorophyll dimer, was estimated to be
about 0.5 us [34.45] As shown in Refs. 46 and 47
dimerization may lower the value of 7,0 From our
results of 7, measurement of P680°. the reaction
center is considered to have a dimeric structure similar
to a bacterial reaction center. Recently Mieghem ct al.
[48] have suggested a possibility that P680 is localized
not on the special pair but on the adjacent monomeric
chiorophyll based on EPR of a triplet state in oriented
PS 11 membranes, In the triplet state the conformation
of the reaction center might hiave been modificd.

Rutio of distances of OEC-Po80 and OEC-Tyvr.D

Fig. 4 () and (b) show saturation charactenstics of
Po80 " and Tyr.DD* measured at 90 K in two different
oxidation states of the donor side. To obtain a P,
value from the plotted saturation curve, we used the
following cquation, by taking inhomogeneous broaden-
ing into consideration [49]:

d” P
B 1
WL e o)

S is the amplitude of a derivative signal. P is an
applicd microwave power and P, 5 is the microwave
power at haltf-saturation. b is an inhomogeneity param-
cter determined by a ratio of the Lorentzian spin
packet width to the Gaussian envelope width varying
from 1.0 to 3.0 for a derivative signal. From our results,
b was estimated to be about 1.2 for Sig.1l_ and about
1.8 with a more homogencous character for the P680
EPR signal.,

When the Bloch equation is applicd [S0], P, , of the
EPR signal is given by the following formula:

Posa
R XY I

)

sipnals for Tyr.D* and P680° can be derived from
Egn. 2. as given by the following, with y being the
same in hoth radicals:

Pyo(TyrD Ty T T(Posy ) X
PoAPoRI Y T T(TarD ) )

We obtained the values of £, ., and T, for P680*
and Tyr.D ' in the two definite states. To derive the
absolute values of T of four states at 90 K, the value
of T, of Tyr.D* in the S,Q;Fe¢’" state was directly

measured by using the saturation recovery technique of
the Hahn eciio signal. The T, value of 127.5 us in the
S,Q:Fc™" state was obtained by fitting the data with
the foliowing exponential function:

Ay = A1 —oxp( -1/ T} 1)

r is an interval between the fifth saturation pulse and
the =/2 pulse to obtain the Hahn echo. M(1) is a
Hahn echo amplitude at ¢ ps. M,, is the amplitude of
the Hahn echo without saturation pulses. We obtained
the best fit with the single value of 7,, which is
different from the result of two compenents in T,
measured by Evelo et al. [32]. The difference may be
ascribed to our complete saturation of magnctization
by a five /2 pulse train and/or to the difference in
our measured temperature range.

Using this value of T, spin-lattice relaxation rate,
1/T, of the other states. POBO™ in both § states and
Tyr.D* in the S,Q, Fe®' state could be determined
from the following cquation:

I (1,pP, :),
[T] = e %)
v (P )T DT in S,

Here x implies P630° EPR in each of two states or
Tyr.D"* in S.QO;Fe’* state. The experimental values,
Py, for Tyr.D " and P68U™ transient signals in both S
states and the 1 /T, value, of Tyr.D ' in the §,Q; Fe?*
state at 90 K are shown in Table 11 together with the
calculated values of 1 /7, by Eqgn. 5.

As Evelo et al. [32] developed, 1/T, induced by a
paramagnetic ion is shown by the following formula
[51}:

1 [ ¥ oy T 47,
e V;S(SH)—(—WB), bt e - T
I8 R {1+ wirs 1+ depr;

(6)

where 7. 18 a correlatior thue reiated to spin-lattice
relaxation of the transition metal ion. R is the distance
from the metal ion to the free radical of which EPR is
observed. As relaxation works additively, the relaxation
rates due to the S, state can be depicted by subtraction
of the value in the §; state with equivalent values in

TABLE 1

Microware power wt half-saturation, P, 5. and spin-lattice relaxation
rate 171, of POSO " and Tvr.D*

Three values of 1/ 7, were calculated by Eqn. § using the value *
obtained directly by pulsed EPR. The error of 1/ 7 in calculation
was within 107,

Oudation state P, (mW) /T s D
PO TyrD* P68D"  TyrD"

5,0, Fe' I012005 0253:001 31000 7843 ¢

$,Q, Fe'* 3424005 03294001 35340 10200




other states. Then the relative distance of two different
rauical specics from the Mn-cluster in the S, state was
obtained fror Eqn. 6 by assuming that each distance.
R, is common in all states:

[ ':_,’Z ]h ={[{¢1/T)obs. in S0, Fe? " }
-{(1/T,)obs.in$,Q Fe* }] for TyrD " )
*([{(1/ T\ )obs. inS,Q; Fe?*}
~{(1/T,)obs. in $,Q5 Fe2* } | for Peg0" ) ™' .

Here Ry, is the distance betwecen the Mn-cluster
and Tyr.D and R, is that between the Mn-cluster and
P680. Using the 1/7, values in Table 1, Ry/Ry, is
determined to be 0.91 + 0.03. Thus P680 is considered
to lie closer to the Mn-cluster than Tyr.D in OEC.
Though the relative position of P680 to the Mn-cluster
in PS 11 has not yet been discussed, this ratio gives a
reasonable value to the proposed model systems of PS
11 {52,53}.

In the treatment so far we assumed that the differ-
ence in the T, values in the S, and S, states have been
derived at exactly the same condition, except for S
states. Another important factor of this estimation is
an influence of cytochrome £-559 on the saturation
characteristics of the radical species. We measured the
saturation characteristics of Tyr.D* and P680 EPR in
the various oxidation states of donor and acceptor
states with and without cytochrome h-559*. Any ap-
preciable difference in saturation characteristics of
Tyr.D* and P680* EPR between the two states could
not be observed under the same condition except for
cytochrome h-559 oxidation within the limits of experi-
mental error(data not shown). We may neglect the
effect of cytochrome b-559 oxidation, probably because
the iron center in cytochrome b-559 is located far
enough from the radical species or the correlation time
of iron may be too short or too long to contribute the
relaxation of the radical species at 90 K.

Distance between Tyr.D and OEC

The values of relaxation rate, | /T, of Tyr.D", were
precisely determined at 90 K by pulsed EPR in four
combinations of oxidation states of donor and accept-
or sides, $,Q.Fe’’, S,Q,Fe**, $,Q Fe’* and
5,Q;Fc?* and are shown in Table 1l together with
the value obtained in Tris-treated PS II. In order to
discuss the absolutc distance between Tyr.D, the vaiue
of the correlation time 7, should be estimated in Eqn.
6.

Fig. 5 shows the temperature dependence of satura-
tion characteristics given by P,,, in $,Q,Fe’* and
SzQAFe“ states with a temperature range of 10 K to
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TABLF 1t

Spin-lattice relaxation vate 177, «
pubved PR

ot Ive D) at w0 K ohtamed n

T value in S:Q, Feo ot coincides with the caleulated value in
the sume state shown in Table 1L

Acceptor side donor side

Oxidation state S, S,

N
Q. Fe

Tris-treated

9090 + 300
10020 + 300 ™

TO40 + 300
TR ¢ 300

6400 + 300

140 K. The maximum contribution was observed at
about 90 K where the correlation time . s about
100" s, as w, is given by 27-9.5-10° s 7', The dis-
tance between the radical species and the metal jon
can be estimated, putting the value of correlation time.
§=1/2 for the resultant spin of the Mn(i1D-Mn(1V)
complex in the S, state [38] and the derived refaxation
rate at the temperature into Eqn. 6. If the § state is
considered to be a diamagnetic state as shown in [32],
the difference between the S, and S, state M1 /7)) =
{1/ Ty 53~/ T} o1} = 2100 + 30057 at 90 K, the
average value of A(1/T,) in both fixed Q, and Q
states given in Table 111, can be put into Egn. 6, Taking
the correlation time. 107", we obtain a maximum
value of 27.4 A for the distance.

The report by Dexheimer et al. [54] has shown that
the S, state has an intcgral spin. and then the S, state
may affect the relaxation rate of radical species. If we
take the value for Tris-treated PS D as an intrinsic
relaxation rate of Tyr.D ", the difterence between the
S, state and this value M1/7)) =35001 300 s
combined with a correlation time 2-10 "' with an
allowed crror, gives a lowest value of 23.7 A for the
distance.

— e
T oar //
€ 03f /
o2t
o1}
-
0 == R
50 100 150

Temperature (K)

Fig. 5. Temperature-dependence of P2 of Sigdi_ in 3,0, F¢

state (@) and $,0,Fe™" state ¢ ). EPR conditions weie same as

that in Fig. 4h, except for the cavity and the flow sysiern The relative
error wis estimated to be 107,
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Styring and Ruiherford [30] observed & maximum
contribution of the S, state at about 20 K. while Beck
et al. {31] found a maximum in the S. state at 10 K.
These maximum might be caused h_\ other reasons,
such as faster modulation frequency and magnetic field
sweep [S5] or other experimental conditions. The corre-
fation time of the Mn-cluster in ine 8, stwic ai 20 K
can be estimated to be 10 “=10 ' because the multi-
linc 1s obscrvable just up to this emperature. There-
fore, the S, state cannot make a maximum contribu-
tion to the relaxation of Tyr.D ™ at lhl\ temperature.

The estimated value 23.7-27.4 A for the distance
between Tyr.D and the Mn cluster is closc to the value
derived by Innes et al. [33] or Isogai et al. {34} for the
distance of Tyr.D from the inner membranc surface.
Evelo et al. [32] suggested the distance of 28-43 A
from the maximum relaxation rate at 20 K in the S,
state by assummg S=1/2105/2 The range is rather
wide but 28 A scems close o our results, if they select
S =1/21in the §, state.

Supposed distance between Tvr.D and the acceptor Q

The effect of reduction of the acceptor, Q. on the
spin-lattice relaxation of Tyr.D © can be deduced from
the values in Table il by fixing the condition of donor
side at the 5, or the &, state. We may try to derive the
limit of distance between Tyr.D and Q. from the
obtained -alue 850 4 300 s~ ' at 90 K for A(1/T)) =
(/TP m QI /T, in Q) given by Table
111 in the same way as before. Here we used §S=1/2
for the spin of Q.. The value of 7, of Q, may be
considered to be in the same order as that of Fe®*
because of exchange interaction between them. Norris
et al. [56] observed the temperature dependence of T,
of the (BChl); cation radical in both natural and
Fe-depleted reaction centers of the photosynthetic bac-
teria  Rhodopscudomonas spheroides between 2¥K-200
K. They observed the maximum contribution on 1/7,
due to Fe?* at about 100 K and estimated 1, to be
nearly equal to 107" s at 100 K from the microwave
frequency of about 9.0 GHz. We may use the result
because of the similarity in structure of the acceptor
side between the bacterial reaction center and PS 11
[53). The correlution time of Oy may be estimated to
be between 5x 10717 and 2 X 107 s with allowance
of some errors at 90 K. Thus, the cstimated distance
thwccn Tyr.D and Q, may fall into the region 26.5~
333 A. Norris et al. estimated the distance to be about
12-17 A between (BChD, and Fe’* by assuming an
underestimated value of about 0.06 for S(S+1) in
Eqn. 6. If § werc taken as 2, they could obtain a
reasonable value of 28 A. close to a value of about 33
A in a bacterial reaction center {29]. Further details of
the effect of Q, reduction on Tyr.D* and other radi-
cal species are being examined.

Distances from P8O to Mu-cluster and Q (Fe**

Based on the preceding consideration about the
distance between Tyr.D and the Mn-cluster. the dis-
tance between P680 and the Mn-cluster can be de-
duced to be 20.8-25.8 A from the ratio Rp/Rp =091
+ (.03,

The spin-lattice relaxation rate of P680° is much
larger than that of Tyr.D® at 90 K. As the intrinsic
relaxation may be in the same order in both P680* and
Tyr.D ", the relaxation rate of P680* in the §,Q7Fe?*
statc may be considered to consist mostly of the contri-
bution of the paramagnetic spins in the acceptor side.
The difference in relaxation rate between Tyr.D* and
P680 in the $,Q;Fe’* state given from Table III,
A(1/7,)= 25000 + 8000 s~' will give the distance of
23-27 A between P680 and the acceptu: by assuming
the same correlation time 7. used in calculations of the
distance between Tyr.D and Q,. Her> S =2 was as-
sumed as in the bacterial reaction center [56]. We
could not decide whether the relaxation time of P680*
has been shortened by the reduced Q5 or by Fe?*
itself, becausc we have no means to obscrve the P680*
transient signal in the state of Q,. The obtained value
is approximately that in the bacterial reaction center
[29].

Conclusion

The distancc-information deduced by spin-lattice re-
laxation measurements in the various combinations of
oxidation states of donor and acceptor sides may be

summarnzed in Fig. 6. In the drawing, we assumed thg
reaction center P680, situated at the distance of 14 A

outer surface

[
inner surface W

Fig. 6. Summary of refative distances in Photosystem 11 derived from

spin-lattice relaxation time mcasurements of P680° and Tyr.D™*.

The way of drawing has been mentioned in the text. The shaded area
indicates the region of the Mn-cluster in QEC.



from Tyr.D, to be at the same distance from Tyr.Z,
because of symmetry in D1 and D2 proteins around
the reaction center, as suggested by Svensson et al. [35]
and Hoganson and Babcock [25]. Two circles, with
radii 23.7 and 27.4 A, limit the Jistance of the Mn-clus-
ter from Tyr.D. Then the other two circles, with radius
20.8 and 25.8 A, limit the distance of the Mn-cluster
from P680. Thus we may draw similar circles for the
acceptor side to limit the position of Q, from Tyr.D
and Fe?* from P680, though they are rather prelimi-
nary ones, derived from the data for a bacterial rcac-
tion center. The outer and inner membrane surfaces
have been drawn based on the results of Isogai et al.
[34]. The overlapped regions for the Mn-cluster are
coincident with those presented models [52,53]. The
acceptor side has a structure similar to that of the
bacterial reaction center studied by X-ray {29].
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