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The flash-induced Iransient EPR signal of P680 * was observed in PS 11 nacntbrancs at tclnpcratures bcl'~.'ecn 77 anti 22(I K. 
Below 181) K, the half decay lime, t~?,  of PfiS(V transient signal was about 2 ms and rc-rcduclion ol PbNI) ' ha', been asclibcd to 
the back rcaction ~ith QA. Above 200 K, the decay rate incrcascd with an activation energy of 15.6 k J/tool. These results wcrc 
coincident with previous optical data of PhilO'. Spin-huticc relaxation rates, I / T  I. of P680' and 3)r.D ~ EPR signals, wcrc 
determined by microwave power saturation experiments and by T, measurements using a pulsed EPR in the S i and S, states of 
oxygen-evolving complex (OEC) at 90 K. The ratio of distances of both radical species from the mangancsc cluster in OEC was 
derived Irom the difference of T, values in the Si and S, states. The rcsuh has shown lhat the distance from OEC to Pb80 was 
0.91 times as far as that m TyrD. On the basis of the temperature-dependence of the half saturation [x~wcr P~ : of Tyr;D' in 
the SIQAFc" ' and SzOAFe 2 * slates wc estimated that the distance from Tyr.D to ihc Mn-eluslcl in OEC to be 24-27 A. The 
distance from RhS(I to the manganese cluster was estimated to bc 21-2h/~. The distance of Tyr.D lrt~m O~Fc: ' was ,,npposcd 
to be 26-33 ,~. from I / T  I values in O,xFc"' and QAFe: ' at 90 K. 

Introduction 

Light energy induces oxidation of the reaction cen- 
ter  P680 in t h e P h o t o s y s t e m  11 of  higher plants. This 
reaction occurs within nanoscconds  [I,2] and oxidized 
P681) (PfiS()* cation radical) is reduced by Tyr.Z with a 
halftimc of 20-250 ns in oxygen-ew~lving PS 11 13-5]. 
Next Tyr.Z ~, an oxidized form of  Tyr.Z, is reduced by 
oxidation of one of the four cyclic states of thc O E C  16] 
with a halftimc betwecn 3(1 p.s and !.5 ms, in accor- 
dance with the kinetics of S state transition [7-I11]. On 
the o ther  hand, the photoexcitcd electron of PhS0 
transfers to a primary quinonc acceptor,  Q,x, then Io a 
secondary aeccptor  Qn and eventually to PS i. P680 '  
reduction kinetics arc ahercd  from the nanosecond to 
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the microsecond t ime ~calc by the el imination of the 
O: ew~lving capacil.s by ll 'ealments such as Tris-wash- 
ing or  incubation with N I l , O H  [3,11]. If a charge 
separation between PBS() and O,x takes place in the 
oxidized state of Tyr.Z, P680 ~ will he reduced by 
charge recombination with QA with a hatftimc of 150 
_+ 50 ~s  fi~r a main phase in three-phase kinetic~ 
[11-14]. All these phenomena  ~ ' cu r red  at a physio- 
logical temperature .  With lowering tempera ture  helow 
2(11) K, where the O E C  becomes gradually inactive [15], 
a charge recomhination between PflSO' and Qx occurs 
I16-I~] and the halflimc of  PflSIl* decay kinetics is 3.0 
ms below IN(I K [19.20]. The t empera tu re -dependence  
of P680 + kinetics was measured in chloroplasts with 
t reatments  inhibiting oxygen-ew)lving activity and the 
activation energy above 2IX) K was est imated to be 
13.8-155 k J / t oo l  for the charge recombination [17]. 
Thus the characteristics of  the primary electron donor 
in PS I1, P680", has bccn studied mainly by means of 
absorption change. Though the P6811 + EPR signal has 
bccn studied by scvcral workers [18,20-251, observa- 
lion of  the EPR signal is usually difficult, because 
another  similar signal due to Chl ' [26,27] may appcar 
at the same magnetic field, 

The P6811 ÷ EPR signal was observed by Malkin and 
Beardcn [18], after thcir previously reported EPR sig- 
nal [20] had bccn proved to bc due to another  chloro- 
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ph~tl radical [271. The report [h";] showed that the 
h;dftimc of the I'¢~() transient signal was 5 riD, and 
indepcnde; I of temperature between 5 K and 77 K. 
Similarity between Tyr.Z rise and PhF,0" decay kinet- 
ics in Tris-washcd t'S !1 has been observed at several 
pH values 121] at a phy,qologieal temperature proving 
Tyr.Z is a direct electron dono,  to P680 '. Nugent el al. 
[221 observed both P6811 ' and ( ' h i '  EPR signal~ in the 
DI/D2/Cyt-#-55 t} complex. In the presence of Tyr .Z '  
by inhibition of electron donation from OEC to Tyr.Z 
in PSII, Ghanotakis and Babcock [23] and Bock c ta l .  
[24] obtained an EPR signal ascribed to P680" which 
has a similar linc shape to the signal of Chl ' [18]. and 
which decayed with a halftinre of 2(1(I #s  in tes~, at 273 
K [24]. tloganso,) and Babcock 125] have shown tile 
width of the PBS0" [-:PR signal, measured by a lime-rc- 
mlvctJ EPR. to bc 11.7 t) mT in the absence of Tyr .Z ' .  
l 'hcsc results on Phg0'  obse~'ation were summarized 
by Miller and Brudvig with other t-PR signais observ- 
able in PS II 12~1. The effect of the oxidized fore1 of 
the secondary electron dtmor "l'~r.Z on the P6811" EPR 
line shape was studied by time-resolved EPR and the 
distance between Ihese radical species has been esti- 
mated to bc I11-15 ,~ from line broadening of Prig0' 
[251. 

The clystal strt,cture of the reaction center in the 
purple bacterium Rho&,pseu&mumas riridis has been 
extensively studied by X-ray analysis [29]. On the other 
hand, the slructures of the reaction centers on the 
photosystcms of higher plants have not ycl bccu daft-  
ficd. because of difficulty in crystallization of the reac- 
tion center. At present the relaxation properties mea- 
sured by EPR seem to bc a useful method to obtain 
structural information in photusystem !1, though the 
method is indirccl, based on a magnetic iutcnactiou 
between a radical and other paramagnctic species. 
Sever;d workers tried to find the correlation lime of 
the S states in ()EC with maximt, m relaxalion effect on 
the f y r . l ) '  radical by measuring its half-saturation 
power [3(11, or saturation recover '  time 131], though 
their results were not coincident with each other. By 
measuring "ft of Tyr .D'  in the different S states of the 
O E (  by a pulsed EPR method below 30 K. the separa- 
tion between Tyr.D and the Mn-clustcr in the OE( '  
wa.~ derived to bc 28--43 ~, from a maximt, m relaxation 
rate in the S. state at about 211 K [32]. On the other 
hand, the distances from Tyr.I) to outer and inner 
surfaces of PS II membranes were estimated by the 
I:PR power saturation characteristics of Tyr.D + to bc 
26 and 27 .~, respectively [33] z lsogai ct al. [34] showed 
these distances of 36 and 20 A, respectively, showing a 
good coincidence between both results. Svensson c ta l .  
[35] prcdicled the threc-dimcnsiunal .~trueture around 
the electron donors Tyr.Z and Tyr.D on the oxidizing 
side of PS I1 by using computer modeling from data of 
the photosynthetic reaction ccntcr in a purple bacteria 

and predicted Ihc distance between the centers of each 
wrosinc and the closest Mg ion in P680 to bc about 14 
A. 

In this paper, the lifetime of a Ilash-induccd P680 ~ 
was measured between q0 K and 2211 K in the S~ state 
of oxygen-evolving PS II membranes by time-resolved 
EPR. The line shape and the temperature dependence 
of the decay kinetics of the mmsient  signal were exam- 
incd by comparison with the kinetics of PbS0 + mea- 
sured by optical measurement  at low temperature  in 
order to confirm that the observed transient signal w a s  

duc to P680 ~. Most of the EPR signals wcrc measured 
at lcmperatures above 273 K, except for the works by 
Malkin and Bcardcn [181 and by Nugcnt et al. [211,22]. 
We tried to observe the P680" EPR signal at 90 K, 
where the Ch l '  radical remained as a steady signal or 
decayed slowly, and could obtain its line shape from 
the part decaying with a halftimc of about 2 ms as- 
cribed to the back reaction with Qa-  Because the 
mcasuremcnl of T I of P6811+ with pulsed EPR was 
quitc difficult, the value of T I of P6811 ~, was derived 
from I'1 , obtained from the microwave saturation 
characteristics of the P6811 ~ radical species, combined 
with I ,  measurement with the pulse method. On the 
basis of the dipolar interaction of P680 ~ with the 
manganese ions in OEC the ratio of relaxation rate 
I I /711  of PhS0' to Tyr.D ~ was determined in the 
same statcs of donor and acccptor. The ratio of dis- 
tanccs of P680 and Tyr.D to the manganese cluster was 
derived. Then thc abmlutc  value of I / T  I of Tyr.D ÷ 
wits estimated from the temperature dependencies of 
the Pi _" of Tyr.l) in SIQAI'c- and S,Q,.,Fc ~'~ states, 
in order Io find the maximum contribution from the 
Mn-cluster in the S, state. Though the method is same 
as Evclo ct al. [32], the rcdox state S, is different from 
their S,, and may be more reliable. From these results 
wc could estimate the absolute distance between P68(} 
and the Mn-clustcr of OEC. 

M a t e r i a l s  and  M e t h o d s  

S, mph's 
Oxygen-evolving PS II membranes (4 ( l l } -h t l t l  ptmol 

O:/nlg ('Ill per h) were prepared from market spinach 
by tile method of Kuwabara and Murata [36]. and 
suspended in the buffer medium containing 0.2 M 
sucrose. 2(I mM NaCI and 2(I mM Mops-NaOH (pH 
6.~,), with 50 vol~ gl~cerol added. The membranes,  
with 6 mg Chl /ml ,  were stored at 77 K until use. 

The membranes were transferred into Suprasil 
quartz tubes with inncr diamctc,- of 3 mm for CW EPR 
and 4 mm fl)r pulsed EPR and incubated on ice in the 
dark tk)r 2 h. The sample length in quartz tubes w a s  

about 10 mm. "Thc~c.aftcr tl,c samples were illuminated 
for 5 min at 195 K in a methanol / so l id  CO,  bath by 
500 W tungstcn-halogcn light through a 10 cm thick 
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water  layer and allowed to equilibrate for 15 rain at 
room temperature  in complete darkness.  This pre-il- 
lamination t rea tment  was applied to synchronize the 
centers  in the  100% D+S~ state [15]. These samples 
were i l luminated again for 5 rain at 195 K. One turnover 
occurred into the S2QAFe ~+ state.  Then  the  sample 
was kept  in complete  darkness  for 2 min at 253 K 
prepared  by a sa l t / i ce  mixture to transfer  the electron 
from the  QA tO the QB site [37]. With these t rea tments  
we could obtain the  S2QAFe ~+ state in PS II. The  
S t Q ~ F e  2+ state  was obtained by illumination of the  
pre-i l luminated sample at 77 K for 15 min. Thus, we 
obta ined four kinds of  combinat ions of oxidation: 
S~QAFe ~-~, S~Q~Fe ~+, S t Q ~ F e  ~+ and S~Q,~Fe ~* and 
these states were checked by E P R  of  Mn-multil ine [38] 
and QA z't a Iow tempera ture ,  as shown in Fig. 1 
[22,39]. The yield of  Mn-multi l ine and Q,~Fe ~-+ in four 
oxidation states are shown in Table I. 

A 

Y J 3 '  

B (a) 

 ;0o " 2 oo . . . . . . .  3ooo 40oo 5o'oo' 
Magnetic Field (Gauss) 

Fig. I. (A) EPR signals in (a) SIQ^Fe -'~ and (b) S,O:~Ee -'~ states 
measured at a low microwav~ power t2 roW) by b¢oad field sweep. 
(B) EPR signals at the upper field range of Sig. II, observed at a 
high microwave power 036 roW) in (a) S jQ/~Fe" ', (b) SeQAFe: ~, tc) 
StQ ~ Fe 2. and (d )  SzO ~ Fe 2 * slates. Multi-line intensity was esti- 
mated at the peak intensity shown in arrowheads in A(b). Q,~ Fe 2' 
signal intensity was estimated from the difference at the field points 
indicated by two arrowheads in B(c), after subtraction of (a) from (c) 
in the S~ and Ib) from (d) in $2 states, respectively. The estimated 
percentages are shown in Table I. EPR conditions: microwave fre- 
quency, 9.29 GHz; modulation frequency. 100 kHz; modulation v,.~dth, 

20 G; temperature, 6.5 K. 

TABLE l 

Yit'hl~ i¢]" Afn-muttilinc atul Q~t I~" " s(emd in/~Jur ~z;ulaotm *tale.~ 

Rela/i~e error is ±3C; for Mn-multiline signal and +5 ~) It~r 
Ok Fe" '. 

State Sl~..)a Fc -~ " SzOA Fc -~ ' S~O,,.Fe ~' S rOaFc ~ ' 

Mn-multi- 
line " (t I{X) (I q5 

Qa Fe"" ~' 90 95 (I 5 

'~ Mn-muhiline intensity obtained at the l~sition indicate0 by arrow- 
heads in Fig. lAth) by illuminalion at 21)1) K fo r  8 rain was u,~ed as 
",1 standard,  
O^ Fe ~-+ intensity in SiO~. F¢ ~* stale prepared by illumination at 
77 K tot 30 rain was u~d as a standard. Intensities w~:rc observed 
at the position~ indiciucd fly arrt/wheadx in Fig. lB(cl. 

C t V  EPIC, m e a s u r e m e n t  

CW EPR measurement  was carried out using a 
Bruker ESP300 system X-band spectrometer  at tem- 
peratures be tween 77 K and 220 K by using a home- 
made nitrogen gas-flow cryostat with a tcmperaturc  
controller. We used a "l'Emt modc cylindrical cavity 
with a window of 6 mm diameter  for illumination by a 
laser flash for transient EPR and microwave powcr 
saturation above 90 K. For EPR at temperatures  be- 
tween 6.5 and 140 K, we used a standard rectangular 
cavity of  TEm~ with an Oxtord ESR-90I)cont inuous  
flow cryostat. A Cr3+-doped MgO, which has a g-value 
of  1.9800, was set inside each cavity and used as a 
reference to calibrate the signal intensity, the reso- 
nance field 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 
wilh cytochrome b-559 oxidized by DDQi2,3-dichloro- 
5,6-dic-yano-p-bcnzoquinone) af ter  illumination at 77 K 
for comparison with the transient P680 ~ s ignal  This 
signal species has been characterized by diffcrent 
methods  [40,41]. 

Transient  EPR signals werc measured by using a 
I -MHz fast digitizer equipped in the Bruker ESP300 
system. The digitizer began recording a spectrum by 
means of an external trigger at the t ime 100 .us earlier 
than a laser flash illumination, A Q u a n t d  Model 
YG580 Nd-YAG laser gave flashes v, :h 80 mJ, 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 P680 cannot  be oxidized in the presence 
of Q ~ ,  we usually calibrated signal intensity according 
to the decreasing intensity with increasing flash num- 
bers  ment ioned later and also by change in intensity of 
different  samples. 
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l'td.~¢d I:1'I~ nleaSt#-ivnettt 
Pulsed I:PR signals were measured by a Braker 

I:iSP3811 pulse ;teecs~or3' equipped in it 8tukcr ESP30(I 
system with l-kW Twq" amplifier, Model 117X, made 
in Applied Systcnl F, nginccring. A Bruker model 
ER4117 DHQ-N dielectric cavity a~ailahle above 77 K 
was used. I=or 7"~ measurement of Tyr, D '  five ,-r/2 
pulses were given to salurale magnetization conl- 
plclely. Alter some variable interval of t, ( r r / 2 ) - r - ( r r )  
pulses were given to observe the Hahn echo indicating 
recovery of the magnetization. The separation of five 
,-r/2 pulses, r~, is 81100 ns and "r is 160 ns. r r /2  and rr 
pulse widths were 16 and 24 ns, respectively. The 
repetil ion time of the pulse sequence was 2 ms on all 
measurements. As the memory region is l imited to 248 
/as in the Hruker 381) system, we measured the full 
intensity of the Hahn echo without saturation pulse at 
every time and corrected the degree ~1 ils recovery 
after saturation. The ¢~hserved values will be used t¢~ 
dcri'vc absolute values of I/T1 of Pf~S(I '. 

On the t~thcr hand Ihe "/~ ~alue of Tyr.D'  was 
obtained hy fitting Ihc average of lhe Iwi}-pulsc elec- 
tron spin echo envelope modulation (ESEEM) to M(~-) 
= ,%1. c x p t - ? / l ' : ) _  T~ of an accessory Chl* radical 
was ohtaincd by subtraction of the dark signal from the 
~wo-pulse ESEEM decay of the light signal at the field 
of a g-value of 2.111128. T, of PfiSlI' was measured 
using the Carl-Purcell-Me(boom-Gill sequence [42] 
synchronized with laser flash on a LeCroy 941)0A dig(- 
till Oscilloscope. because the signal intensity decayed 
bclwecn flashes. ]', was derived by the fitting of echo 
intcnsitic:,, which arc obtained after subtracting the 
dala without laser flashes. To improve lhc S / N  ratio. 
measurement of T, of PfN0 + w:.ts eitrried oul al 5 K 
using a loop-gap cavity. Th': widlhs of the rr /2 and ~" 
puh, cs were 24 and 4P ns. respectively, and the separa- 
tion between lhe ~ / 2  and ~ pulse was 136 fix and th,ll 
hclwccu ,-r plll,,,cs as 272 ns. 

Results anti l ) iseussi .n 

Tran~u'nl I-I'R sign.I at 90 K 
Fig. 2(at and (hi shows Sig . l l  alter and hcforc ( W  

illumiruttion of Ihc PS II h~r 15 mm ill "]7 K with 
cyh~chromc h-55q chemically oxidized hcforchand. Fig, 
2(el shows the subtraction {a)-(h). The subtracted sig- 
nal is a'~cribed to the steady ~ignal of ('hi ' which has a 
peak-to-peak width of 9.3 ± (I.2 G around g = 2.0028, 
Fig. 2(d) depicts the line shape of the P6~()" signal in 
the S~O~ state of untreated PS Ii membranes. Each 
point indicalcs an average value of peak intensities of 
the Pbt4II" transient signal induced by laser flashes at a 
fixed magnetic field. The plotted signal at evcl3' 0.5 (i 
separated magnetic field has it width of about 8,5 ± 0.5 
G around g = 2.1)030 i O.(IOll2, which is a little nar- 
rower than thai in the accessot3' Chl"  in Fig, 2(el. 

__ .!. _? . . . . . . . .  

1 6  i l I i I / 1 1 
32 0 3280 3300 3320 3340 

Mognetic Field (Oouss) 
Fig 2. EPR line shape of ('hi" and PC, Sit' al ¢,~) K. (at SigH, 
~bser,,'ed in the cytt~chrome h-55q chemically oxidized I% II mem- 
brane~, after 15 rain illumination at 77 K. (b) Sigll, befiwe illumina- 
ti~,n o f  lhc ',am¢ ~,ampk' a'. (a). (c) show,,, (a)  minu'~ (b). ( 'h i  ' '~igmd at 
g = " 1102~ V~ilh the pcak4o=peak w id th  of  9.3 (; .  (d )  P h i )  + I ransicn!  

[ 'PR  signal ccnlcr , :d at ,~ = 2tX)3t I+I I t I (X)2.  wi th i ls width 8 5  G. w a s  

obtained by the plot ot averaged ~.alues over  10 accumulated peak 

intcnsilit.'s at cvc~' t ixed magnetic  field for unWealcd PS II mem- 
branes. A signal at the high-field side. g = I.gg(l~), in (at and (b) is 
the ( ' r  ~" signal doped in MgO. which wa,, used as a reference of g 
values and signal intensities, EPR conditions: Micrl~wavc frequency, 
9.24 G | lz ;  modulalion frequency. IlX) kllz:  modulation width, 2.5 G 
in (at and (b), 4 G in (d); microwave plower. 34 #W in (at and (b) and 

I mW in (d). 

Tempcral,,e.del,endetwe o f  decay-rote o f  P680 ~ 
Fig. 3 shows the Arrhenius plot of the decay rate of  

the flash-induced P68~,) + EPR signal by lime-resolved 
EPR. The characteristic decay llmc, "r. was obtained by 
fitting an exponential curve to the transient signal after 
a laser pulse. Above 200 K the decay rate has an 

~o 3 

iozl 

,3 5 ~5 ~5 ZO 25 

5 ltO 15 

1000/T ( ~,~ ) 
l:ig. 3. Arrhcnm,, plol ol the clun'acturislic decay rate of P680 
tr;m~,icnl ~,ignab, Abw, c 201) K an adi~,al,.m energy i~, est imated to bc 

lS.f~ k J / m o l  and belov* It40 K the decay rate is almost constant  
'rrtlllsit~llt signals wcrc recorded after accumulation five limes ablwc 
2lilt K and ten t imes below 2(~) K. Inset: A transient EPR signal of  

P680" observed al 9tI K in S I s l a te  



atilvdtion energy of 15.6 k J / tool .  Betwuco 180 K and 
211(I K the activation energy changes abruptly and be- 
low 1811 K thc dccay rate is approximately c,;~istant. 
The halftimc, t~rz, is about 2 ms at 9t) K. The decay 
time and the activation energy approximately agree 
with the optical spectra obtained in spinach chloro- 
plasts by Mathis el al. 116]. Previous optical studies 
[16,17] have shown thai thc abrupt change in the 
activation energy can be explained by thc incrcasc in 
activation energy of the back reaction from Q,~. The 
extrapolated value to 273 K in Fig. 3 gives t ~ / ,  = 35[) 
#s, which is of a similar order to that given for the 
sample with inhibited oxygen evolution by Gerken et 
al. [14] and Hoganson and Babcock [25] and showing 
OEC did not contribute the observed signals. The 
observed intensity at 1811 K was less than half that at 91) 
K, which indicates some of P680 ~ had decayed by 
other recombination processes with much faster rates. 

The peak intensity of the P680 + transient signal 
decreased with increasing flash numbers at ~)  K, 
recorded with use of a sample in the S, state, 45 + 5c~ 
of the reaction centers of PSII were oxidized by the 
first laser flash, which was calibrated by the intensity of 
Sig.ll~. We observed the peak intensity increascd to 
70% of the reaction centers for a smaller sample size. 
The observed P680 ~ was reduced by charge recom- 
bination with O;, by al'~mt 93%. About 7% of P68~I ~ 
without charge recombination, were reduced t~y cy- 
tochrom¢ b-559 a n d / o r  Chl [16. 19]. Th~s part of vhe 
P680 was not oxidized by the next laser flash be ta , so  
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of the fixed ncgalive charge t+,~ the 0, ,  site and ,,hi,wed 
a decreasing behavior in P6~{t' peak intensity. In fact, 
vdtcn all of acccptors wct'e reduced after iltuminati~+n 
at 77 K for 15 s i n  or at 200 K fl>r 5 s i n .  the P(~H(I+ 
transient signal could not bc observed. A part of ( 'hi  
nearby might be oxidized by P68|) + and then rcrcduced 
by cytochromc b-559. The electron transfer from ey- 
toehrome h-55'0 to ('hi + would be :t slow pr¢+cess 143] 
compared to the P68(I + reduction below 200 K. We 
could observe the transient signal of the same kinetics 
even in a sample with cytochromc b-559 chemically 
oxidized bcfi+rchand. We observed that neither the 
Tyr.Z + nor the Chl ~ transient signals overlapped with 
the observed transient signal. 

[:urthermore wc observed a faster decrc:':;ing behav- 
ior in the peak intensity of PflS()' with increasing flash 
numbers at 180 K. compared to that at t,)0 K. Wc could 
not observe any I1680 + transient signal a! all after 
about 15 flashes. In the samplc prcpared in the 
S,Q,xFe :+ state, wc observed the multi-line signal after 
a few laser flashes ab~wc 181) K, sh~wing that the 
transition from S~ to S~ took place alter T y r Z  had 
reduced P680 '. All these phenomena mentioned above 
and the value of T, shown latcr have proved that thc 
transient signals observed hcre can bc ascribed to 
P680 +. 

71 o]" 7.'vr.D " am/I'tS+~tO + 

The / ,  value of Tyr.D'  obtained w;,s tt, he ahtmt 
2.7 _+ 0.2 #~ in the S, and the S, ~tales. For POS() + we 
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Fig, 4. (a l  Micro~/ave power  satura l ion o f  P68(I ' l runs ienl  | -PR signal in S~ and S,  "~tale ~. measured at '~ll K. Closed and open circles shrew peak 
intensities of P680 + signals at each microwave power in S,O;x Fe :  ' and S+O A Fc +'' states, respceuvely. Transient signals ~.vcre re¢~rdcd by 2(I 
time accumulatinns at the field position of g = 2.1X)58, indicated by the arro'.'+head in Ihe lower inset P,:ak intensities ~ff 1~%;~11" Iransi,.:nl signal 
were measured al the time shown by the arrowhead in the upp+:r inm=t. The cu~cs  a,¢ a bent tit with t~qn. I. I-PR ctmditi~ns: mtcro~a,+'c 
frequency. 9.24 G l | z :  modulation frequency, 100 kHz; modulatkm amplitude, 7 G. (b) Micrnwa',e power saturation of Tyr.I) ' in S I anti ,%: stal,,:~. 
ob+'ervcd at t~) K wilh a field modulation width of  2.5 G. OIhcr  EPR condition,+ '+crc the ~ln¢ an in (a). (o) ( , ) sho'.'+ the hncnnili¢~+ ~1 S i g H ,  in 

SIQ A Fc: '  :and $2(,) A Fc 2+ stales, rc++pcctivcly at the field position sht~v,n by an arrowhead i~ the inset. 
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o b t a i n e d  lilt: v{ihl¢ i+f ().l. I + 0.2 ~.l:., in t h e  S~ a n d  t h e  S ,  

+LItcs. We ohl:lined the 1, xaluc I+3 Us l'()r Ihc ~tcccs- 
sory ('Ill + oxidized by illumiriatioli at 77 K, as shown in 
Fig.2(c). The ~.allic t~t 1, hlr PbSII + v, as comparable  it) 
that for P700 + [45,46]-but shorter  than that lot the 
accessoU' Chl '+ The T, of P71111 + in PSI. x~,hich is 
regarded as a chlorophyll dimcr,  was es t imated to bc 
about 11.5 /as [44,45]. As showri in Rcfs. 4fl and 47, 
dimcrization may lower tile value of  T,. From our 
results of T+ measurement  of  P680 ' ,  the reaction 
center  is considered to have a dimcric structure similar 
to a bacterial reaction center.  Recent ly  Mieghem ct al. 
[48] have suggested a possibility thai I)OSI) is h~calized 
not on the special pair bul on the adjacent monomcr ic  
chlorophyll t~ascd on I']PR of a tliplcl state in or iented 
I'S II membranes,  In tile triplet ,',late the confurmation 
lit the rcitclion ccnlcr  nlighl have been modi f i ed  

Ratio oI' di.+tam c+ <~! O1';('-PhSO am/Ol-('-7*'r.I) 
Fig+ 4 (at and (h) show saluration characteristics of 

Pb80 + and T.xr.l) '  measured at t,+{i K in two different  
oxidati~m states t+l the donor  side. *l'o obtain a Pt 2 
~+aluc f ro ln  I l l s  p l o t t e d  saturation ct, rve, we uscd the 
t\+llov~ing equation,  by takirtg inhomogcnetms broaden-  
ing into considcral ion [49]: 

d ~ " / >~ : 

"~ (~ ~/ir' ~'i+lll ~"i~ [i"¢ ' t l ;  . . . . . . .  I I + ) ]  +/ '+ 
( i )  

.%' is the anlplitudc of  a derivative signal. P is an 
ttpplicd inierowave power and P ~ ,  is the microwave 
power at half-saturatitm, b is an inhomogcnei ty  param- 
eter determin,zd by a ratio of  the Lorcnizian spin 
packet width to the Gaussiai+ envelope width varying 
from 1.0 to 3.0 I'~)r a derivative sigmll. From our restllts. 
I~ was csl imalcd to be about 1,2 for Sig.l l ,  and about 
I.S w i t h  ;i m o r e  h t l n l o g c n c t l t l S  c h a r a c l c r  fo r  t h e  POSt) * 

t-;PR signal, 
When tile Ithleh Ctluation is applied [51i], / ';  , ~ll+ tile 

151)R .,,ignal is given by the following formula: 

I 
Pt ?C~ ~ +'t +' , / t  t2)  

measured  by using the saturat ion recovery, technique o f  
the Hahn echo signal. The T~ value of 127.5 u s  in the  
S~O. .xt"e  :~  state was obta ined by fitting the data  with 
the following exponent ia l  function: 

~t( l  ) = ,v,,{ 1 - ~x0( - t / T~ )} ( 4 )  

r is an intcrval be tween  the fifth saturat ion pulse and 
the ~ / 2  pulse to obtain the  Hahn  echo.  M(t~ is a 
Hahn echo amplitutie at t /.ts. M ,  is the  ampl i tude o f  
the Hahn echo without  saturat ion pulses. We ob ta ined  
the best  fit with the single value o f  T~, which is 
different  from the  result  o f  two componen t s  in Tj 

measured  by Evelo et al. [32]. The  dif ference may be 
ascribcd to our  comple te  saturat ion of  magnet izat ion 
by a five rr/2 pulse train a n d / o r  to the di f ference in 
our mcasurcd  tempcra turc  range.  

Using this value of  T t, spin-latt ice relaxation rate,  
I /T~ of  the o ther  states. P011[) ~ in both S states and 
Tyr.D ~ in the S>QAFe-'+ state could be de t e rmined  
from the following equation:  

[ , ]  <,++, :, 
~: ( P  :7"ll ':)]'~,r,I)+ inS,  (5)  

Here x implies P680 -+ EPR in each of  two s tates  or  
"l'yr.D ~ in S+,O~Fe z+ state. The  exper imenta l  values, 
P, / , ,  flir T y r D  ' and P68() + transient  signals in both S 
states and the I / T ,  value, o f  Tyr .D '  in the SIQ+~Fe z+ 
slate at 90 K are shown in Table II toge ther  with the  
calculated values of  I / T  I by Eqn+ 5. 

As Evclo et al. [32] developed,  I / ' I '  I induced by a 
paramagnct ic  ion is shown by the following formula 
[511: 

I ¢I ( g ~ )  [ r, 4r, 
- 15s ( s+ ] )  - -  .+  . (~,) l", R"h-' { j+  <o;,~-" ~:-4;o~V" 

where r< is a correlat ion time r e n t e d  to spin-latt ice 
relaxation of  the transition metal  ion. R is the dis tance 
from the metal ion to the frcc radical o f  which EPR is 
obsc~,ed.  As relaxation works additively, the relaxation 
rates duc to the S,  state can be depic ted  by subtract ion 
of the value in the S~ state with equivalent values in 

The relalion hctween value~, of  l i f ,  - in two different 
signals l+or ' l 'yr .D'  and P680 ' can |+5 derived from 
t-qn. 2, as given by the fi.,llowing, v, ith -), being the 
same in both radicals: 

Pi :(Tyr 1) '  ) l iT : (P~gq l '  ) 

I'i ,(P<~SIV I / I T : ( T . ~ r . I )  ) 
(3) 

We obtained the values ¢ff P1 .." and T, tot  P680+ 
and "l'yr.l) '  in the two definite stales. To derive the 
absolute wtlucs of 7' I of  four states at 90 K,  t h e  value 
of T t of  Tyr.D + in the SIQ,;,I:e ~ state was directly 

I A l l l  E II 

,'tlu'r+m'ar ,' po , ' er  at Im!f-~amratiotl, P/ +,, atul s p i n J a m c e  n,luxation 
rate I / 7 )  ,+] t 'h80 ' aml  7~vr.D + 

Three value~, of I / 7 "  I were calculated by Eqn. 5 using the value '+ 
obtained directl,, by pulsed EPR. The c i t e r  of 1 / T  1 in calculation 
w'as within I ( )~ .  

Oxidatkmslalc  PI : ( roW) I / T  t {s i) 

P680" Tyr.D + P681}" T y r D  ~ 

SIQ,+ . Fe +," 3.111 + 0.{}5 U.253_+ 0,111 31 (}[Xi 7843 * 
S2O, x Fe 2 + 3.42 + 0.05 0.329_+11,01 35340 I021R} 
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other states. Then the relative distance of two different 
radical species from the Mn-clustcr in the S, state was 
obtained frf, r,~ Eqn. 6 by assuming that  each distance. 
R, is common in all states: 

u, , j  = ( [ {  ( i / T ' ) ° t ' ' ' i n s : O ' i : c 2  } 

- { ( I / T  I )obs.  in S , Q ~  F e : "  } ]  for  T y r . D '  ) 

([{u/~,),,.~. ~. s:o;,  F~:" } 

- { [ I / r , ) o b s .  i n S , O a F e 2 + } ]  f , , r P 6 S l V )  ' ( 7 )  

Here R n is the distance between the Mn-clustcr 
and Tyr.D and R t, is that between the Mn-cluster and 
P680. Using the 1/T~ values in Table I1, R p / R  D is 
determined to be 0.91 _+_ 0.03. Thus P680 is considered 
to lie closer Io the Mn-cluster than Tyr.D in OEC. 
Though the relative position of P680 to the Mn-cluster 
in PS !1 has not yet been discussed, this ratio gives a 
reasonable value to the proposed model systems of PS 
11 [52,531. 

In the t reatment  so far we assumed that the differ- 
ence in the T~ values in the S~ and S 2 states have been 
derived at exactly the same condition, except for S 
states. Another  important  factor of this estimation is 
an influence of cytochrome b-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 b-559 ÷. Any ap- 
preciable difference in saturation characteristics of 
Tyr.D ÷ and P680 ÷ EPR between the two slates could 
not be observed under  the same condition except for 
cytochrome b-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 cylochrome 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 O E C  
The values of relaxation rate, I / T  I of Tyr.D*, werc 

precisely determined at 90 K by pulsed EPR in four 
combinations of oxidation states of donor and accept- 
or sides, SIQAFe 2+, S2QAFe 2+, SIQAFe ~+ and 
SzQ;,Fe 2+ and are shown in Table 11I together with 
the value obtained in Tris-treated PS II. In order to 
discuss the absolutc distance between Tyr.D, the value 
of the correlation time r~ should be estimated in Eqn. 
6. 

Fig. 5 shows the temperature  dependence of satura- 
tion characteristics given by PI/,- in S~QAFe '~ and 
S2QAFC 2+ states with a temperature range of 10 K to 

I A B I . F  I I I  

,~pin hllli(c rcl.~alion tatr ] /  f',, ~ ' ~1 l)l  D at (J# K ~d~tmllcd t,~ 
pM.wd I'PR 

I /  7" I xa luc  ill S:O..~ [:c-' " coincide  ~, ~ i ih  1he c;dcuI,Hcd ~ahlc irl 
lhc s;mlc !,;I;lle sh¢rwl'l it! Tab l e  II. 

Acct~¢,::~r '4tic |) im(~r ' , ide 

Oxida t ion  ~lale S, S~ Tri , ,4rc  a tcd  

O , x F e :  " 7040 + 3(ltl 9090+3011 t*400 f 3110 
QA Fe2 78411 t- 31111 11111211 e 31~} * 

140 K. The maximum contribution was observed at 
about 91) K where the correlation time L is about 
I 0  Jl s, as (o o is given by 2 ~ " 9 . 5 ' 1 0  '~ s ~.The dis- 
tancc between the radical species and the metal tun 
can be estimated, putting the value o |  correlation time. 
S = 1/2  for the resultant spin of the Mn(l l l ) -Mn(IV) 
complex in the S= state [38] and the derived relaxation 
rate at the temperature into Eqn. 6. If the S t state is 
considered to be a diamagnetic state as shown in [32]. 
the diffcrc~tce between the S z and S I state A ( I / T  I) = 
{ ( 1 / T l ) o h ~ s z - ( I / T I ) , , t , , , s l }  = 2100 + 30(1 s -  I at  90 K,  the 
average value of A(I /T~)  in both fixed O A and Q:, 
states given in Table Ill, can be put into Eqn. 6, Taking 
the correlation time. l0 -~l, we obtain a maximum 
value of 27.4 ,~ for the distance. 

The report by Dexheimer et al. [54] has shown that 
the S~ state has an integral spin. and then the S~ state 
may affect the relaxation rate of radical species, if we 
take the value for Tris-trcatcd PS !1 as an intrinsic 
relaxation rate of Tyr.D ", the difference between the 
S, state and this value A ( I / T  I)  =351111_+3110 s I 
combined with a correlation time 2 -10  ii with :in 
allowed error, gives a lowest value of 23.7 ,~ for the 
distance. 

05  

04  

a_ 0 3  

0 2  

0 1  

0 
50 100 150 

T e m p e r a t u r e  ( K ) 

Fig. 5. Tcmp~:ratulc-dcpcndence of Pi 2 t,f ~iig.li, in SIO-,[ 'c: '  
,,tat,.: (el and S:Q..~I¥:' ,,late ( ) .  [.PR condition', "*c~c ~,amc a~, 
thai in Fig. 4b. except fl)r the cavily and the flow s'z,'~,lcm. I he rclalivc 

er ro r  v, as L'StilllitlL'd i l l  bC I(Ir~ , 
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Styring and Rtl:hcrfiud [31t] observed :1 maximtmt 
contribution el the S, state at alltltll 2(1 k, while I]cck 
cl al. [31] t'luind a maximum in the S, stale ;it 111 K. 
These maximum might be caused by other rc;.isons, 
such as faster modulation frequency and rnagnetic field 
sweep [55] or other cxperintcniitl conditions. The corre- 
lation time of the Mn-clustcr in the S, slate at 20 K 
can be estimated to be I(I U-lit m because the multi- 
line is observable just up to this temperature. There- 
lore, the S, state cannot make a maximum corllribu- 
lion to the relaxation of Tyr.D + at this temperature. 

Thc estimated value 23.7-27.4 A tot the distance 
between Tyr.D and the Mn clustcr is close to the wtlue 
derived by Innes et al. [33] or Isogai ct al. [34] for the 
distance of Tyr.D from the inner membrane surface. 
Evclo el al. [32] suggested the distance of 28-43 
from lhe maximum rclaxatie.n ralc :it 211 K in the S, 
state by assuming S = I /2  to ~ ,9 The range is rather 
wide but 28 ,~ sccm~ oh)so to our results, if they select 
S : 1/2 in the S, state. 

Stq~posed distance between 7vr.D and ttw accepter Q.4 
The effect of reduction of the accepter, Q a .  on the 

spin-lattice rchtxatit~n of Tyr.D ~ can be deduced from 
the values in Table ;h by fixing the condition of donor 
side at the t or the ~., stale. We may try to derive the 
limit of distance betwccn Tyr.D and Qa from the 
obtained "aluc 850 ~ 3(X) s-~ at 911 K for A ( I / T  I) = 
{(I/TI),+,. m Q~,}-{(I/Tt),,~ ' in Q,x} given by Table 
ii1 in the same way as before. Here wc used S = 1/2 
for the spin of Qj~. "l-he value of ~',L of Qa may be 
considered to be in the same order as that of Fe ~" 
because of exchange interaction between them. Norris 
ct al. [56] observed the temperature dependence of T I 
of the (BChl)~ cation radical in both natural and 
Fc-depleted reaction centers of the photosynthetic bac- 
teria Rh<Mopseudomonas spheroides between ?K-2(XI 
K. They observed the maximum contribution on I /T i  
due to Fe-" ~ at about 100 K and estimated ~-, to bc 
nearly equal to 10 t~ s at 100 K front the microwave 
frequency of about q.0 GHz. We may use the result 
because of the similarity in structure of the accepter 
side between the bacterial reaction center and PS 11 
[53]. The correlation timc of O,~ may bc cslimated to 
bc between 5 × i0 12 and 2 x 10 ~ s with allowance 
of some errors at 90 K. Thus, the estimated distance 
between Tyr.D and Q,x may fall into the region 26.5- 
33.3 A. Norris et al. estimated the distance to be about 
12-17 A between IBChl) 2 and Fc 2~ by assuming an 
underestimated value of about 0.116 for S(S + 1) in 
Eqn. 6. if S v,crc taken as 2, they could obtain a 
reasonable value of 28 A, close to a value of about 33 
A in a bacterial reaction ccntcr [29]. Further details of 
the effect of Qa reduction on Tyr.D ~ and other radi- 
ca! species are being examined. 

Ihslam'es from 1¥,80 to Mu-cluswr and Q.t Ft.2 ~ 
tiascd tin the preceding consideration about the 

distance between Tyr.D and the Mn-clustcr. the dis- 
lance between P680 and the Mn-cluster can bc de- 
duced to be 2(I.~--25.8 fi~ f rom the ra t io  Rp/Rt) = 0.91 
± (I.(13. 

The spin-lattice relaxation rate of P680 ~ is much 
larger than that of Tyr.D ~ at 9(I K. As the intrinsic 
relaxation may bc in the same order in both P680 + and 
Tyr.D'  thc relaxation rate of P680+ in the SIQ,~Fe 2+ 
slate may be considered to consist mostly of the contri- 
bution of the paramagnetic spins in the accepter side. 
The differencc in relaxation rate between Tyr.D ÷ and 
P680" in the S~Q,~Fe :+ state given from Table I11, 
J(1/T~)o= 25000 _+ 8(MI0 s - I  will give the distance of  
23-27 A between P680 and the acceptu, by assuming 
the same correlation time r~ used in calculations of the 
distance between Tyr.D and Qa. 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 Q~ or by Fe z+ 
itself, because we have no means to observe the P680 + 
transient signal in the state of Qa- The obtained value 
is approximately that in the bacterial reaction center 
[2,~1. 
Conclusion 

The distance-information deduced by spin-lattice re- 
laxation measurements in the various combinations of 
oxidation states of donor and accepter sides may be 
summarized in Fig. 6. In the drawing, we assumed the 
reaction center P680, situated at the distance of 14 ,g, 

outer surface 

'•/•/i t I  

/ /Z';'A.,...~P680 ~ / 

i nner  .surface 

Fig. (~. SummarT of rciali~,'c distances ill Pholosystem It derived from 
spin-lanice relaxation lime measurements of P680 + and Tyr.D". 
The way of drawing has been muntioncd in the text. The shaded area 

indicates the region of the Mn-cluster in OEC. 
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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 Hogae.son 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/~,  limit the distance of the Mn-cluster 
from P680. Thus we may draw similar circles for the 
acceptor side to limit the position of On from Tyr.D 
and Fe 2" from P680, though they are rather prelimi- 
nary ones, derived from the data for a bacterial reac- 
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 b~ X-ray [29]. 
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