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Abstract. The pulsed electron electron double resonance (PELDOR) pulse sequence is applied to a 
three-spin system consisting of three radicals (Y~, Yz and QT~) generated in spinach PS II. The dis- 
tante between Yz and QA has been determined to be 3.4 nm with the previously derived distances 
of the other radical pairs, 2.9 nm for Y~-Yz and 3.9 n,'a for Y~-QT~. This distance has been derived 
from the Y~-QT, radical pair trapped in YD-Iess mutants of Chlamydomonas reinhardtii. Furthermore 
the method was applied to the Y~-QTcChl~ system to find the unknown distance between QA and 
Chl z. The derived distance was 3.4 nm. A triangular configuration was found in the membrane sys- 
teta that gives the relative positions of the electron transfer components. 

1 Introduction 

In higher plants, photosystem II (PS II) is eomposed o f  several intrinsie and 
extrinsie membrane protein eomplexes. Among  them, the heterodimer consisting 
o f  Dl  and D2 proteins is believed to bind almost all the electron transfer com- 
ponents o f  PS II [1]. In Fig. 1 a supposed model strueture on the basis o f  a 
baeterial reaetion eenter is shown [2]. On the donor side, the primary eleetron 
donor P680 (a ehlorophyll dimer), the seeondary donor Yz (tyrosine-16l in the 
Dl  subunit) a n d a  eluster o f  four manganese atoms in the water-oxidizing com- 
plex (WOC) are r On the aeeeptor side, one o f  two pheophytin mol- 
ecules accepts an eleetron from oxidized P680 and donates ir to the primary 
eleetron aeceptor plastquinone (QA)- Besides, there are several additional redox- 
active components, namely, cytochrome b-559, chlorophyll Z (Chlz) (a monomer  
ehlorophyll donor) and one more redox-aetive tyrosine residue YD (tyrosine-161 
in the D2 subunit) in PS II [1]. 

Upon illumination the first eharge separation occurs between P680 and pheo- 
phytin within a few hundred picoseconds and the eleetron on pheophytin is trans- 
ferred to the first acceptor quinone within a few microseconds. Then the elec- 
trons transfer to the second acceptor quinone QB in the dark. The secondary donor 
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Tyrz ~YrD 
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Fig. 1. Supposed model structure of PS II taken from ref. 2 with a modification. Arrows show elec- 
tron transfers induced by light absorption. 

tyrosine Z (Yz) provides an electron to P680 within the sub-microsecond range. 
The oxidized P680 § has a short lifetime at physiological temperatures and was 
observable only by time-resolved absorbance spectroscopy [3]. The oxidized Yz 
has also a short lifetime, because WOC provides rapidly an electron. The man- 
ganese cluster accumulates oxidized equivalents by absorption of  light quanta and 
evolves one oxygen molecule returning to the original reduced state after absorp- 
tion of  four light quanta. This process was found by Kok et al. [4] and is called 
Kok's oxygen clock or S-state cycle. The role of Yo, Chlz and cytochrome b-559 
has not yet been clarified in detail, and they have functioned as auxiliary elec- 
tron donors in one of  the side electron transfer paths. Yt~ is a stable radical in 
the dark which has been studied in detail. 

For a long time, crystallization of  PS II was found to be difficult compared 
to other photosytems, such as bacterial reaction centers and PS I, because of  the 
instability of  WOC. Recently the crystallization of PS II of cyanobacterial pho- 
tosystem was successful and X-ray structural analysis has been applied with a 
resolution of 0.38 nm. Most of  the chlorine type pigments, as well as iron and 
the manganese clusters were recognized [5]. 

Meanwhile, several EPR methods have been applied to elucidate the loca- 
tion of  the electron carriers in PS II [6-11]. In previous works, the dipole inter- 
actions between the paramagnetic species in PS II were probed by the PELDOR 
(pulsed electron double resonance) [12]. The pulse scheme employed was the 
three-pulse electron spin echo (ESE) sequence, in which microwave (mw) pulses 
with two different frequencies were used. This method has been devetoped by 
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Milov et al. [13] in the early 1980s to study the distribution of  spin-labeled 
polymers in solution, where the distance between the labels was statistically dis- 
tributed and the exponentially decaying spin echo intensities were analyzed [13]. 
On the other hand, the PS contains an isolated radical pair consisting of  a do- 
nor and an acceptor with a definite distance. Its PELDOR gives an oscillating 
time profile with a definite frequency. From the time profile with a frequency 
of  2.7 MHz the distances between the manganese-cluster in the S 2 state and 
tyrosine D (YD) was derived to be 2.74 nm [12]. 

The "2 + 1" ESE technique used in reŸ 12 is a special case of  the general 
PELDOR method. Ir employs a sequence of  three mw pulses with the same 
carrier frequency and is applicable when the EPR transitions of  the paramagnetic 
centers under investigation can be efficiently excited by the pulses. The distance 
between YD and Yz in PS II was for the first time directly estimated to be 
2.96 ___ 0.05 nm with the "2 + 1" ESE method [14]. The accuracy in the distance 
is 0.05 to 0.1 nm, which is much higher than that for the present X-ray analy- 
sis, though it measures the separation between the centers of distributed spin den- 
sity. To elucidate the electron transfer mechanism in detail, ah accurate distance 
determination by pulsed EPR methods is anticipated. 

We have determined several distances in nonoriented PS II membranes and 
their orientations relative to the membrane normal in oriented membranes [15]. 
Most of  the distances were given for Yo, because its radical is always existing 
in PS II. Other radicals were usually trapped during the electron transfer or ob- 
served by a time-resolved method after laser excitation such as in spin-polarized 
radical electron spin echo envelope modulation (ESEEM) [16, 17]. However, the 
distance and its orientation did not give the configuration of  the electron trans- 
fer components as a whole. In this work the PELDOR technique was applied to 
a system consisting of three radical species QA, Y~ and Yz and the distance be- 
tween QA and Yz was determined in addition to distances of  QA-YD and YD-Yz 
obtained so far by PELDOR of the two spin systems. In addition, PELDOR 
experiments of  the radical systems of  Y~-Q;~-ChI~ were carried out to determine 
the unknown distance between QA and Chl z. Finally, a configuration of  these radi- 
cals was shown graphically. With the results of triangular spin configurations and 
the data obtained so far for two-spin systems, we have derived the coordinates 
of the electron transfer components relative to YD at the origin. 

2 Experimental 

2.1 Materials 

Oxygen-evolving PS II membranes were prepared from market spinach by the 
method of  Kuwabara and Muratra [18]. Oriented membranes were prepared ac- 
cording to Rutherford [19] by brushing PS II particles on mylar sheets and dry- 
ing them under 90% humidity. Five or six sheets were stacked and inserted in a 
quartz tube with an inner diameter of  4 mm. Tris treatment was performed by 
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incubating PS II membranes on ice for 30 min in 0.8 M Tris buffer at pH 8.5 
under room light to eliminate Mn clusters and extrinsic proteins. After centrifu- 
gation, to eliminate magnetic couplings with nonheme iron on the acceptor side, 
the pellet was suspended in ZnC12 containing buffer to substitute the nonF, eme 
iron by Zn 2+ [20]. The suspension was centrifuged again and the obtained pellet 
was transferred into quartz tubes with a final chlorophyll concentration of  about 
20 mg/mi. The YD-less mutant was prepared as described in reŸ 21 to eliminate 
the magnetic coupling with the Y~)radical spin systems. 

The radical systems with Yt;-Yz-Q2 were trapped by illuminating the Tris- 
treated Zn-substituted PS II sample for 20 s at 253 K. The sample was immedi- 
ately put into liquid nitrogen. To prepare Y~)-QA-Chl~, Tris-treated PS II mem- 
branes were illuminated at 200 K for 10 min and immediately trapped at 77 K. 

2.2 PELDOR Measurements 

PELDOR was observed with an ESP380 spectrometer (Bruker) with the pulse se- 
quence shown in Fig. 2b. The spectrometer was equipped with a cylindrical di- 
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Fig. 2. Dipolar interaction between a radical pair (a) and pulse sequence for PELDOR (b). The first 
and the third pulse with frequency co t forro the spin echo of the A spins. The second pulse with 
frequency co z rotates the B spins by 180 o. The Ris denote operators in the rotating frame of spin A. 
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electric resonator (ER4117DHQ-H, Bruker) anda  nitrogen gas-flow system (CF935, 
Oxford Instruments). A second microwave synthesizer HP83751 supplied mw power 
to a separate pulse former-unit. The measurement temperature was about 80 K and 
mw pulses of  80, 152, 152 ns duration were used. The pulse amplitudes for this 
sequence were adjusted to give spin rotation angles of  90 o, 180 ~ and 180 o, re- 
spectively. These long-period pulses which excite only a narrow range of  the broad 
radical signal were used to avoid spurious ESEEM signals. 

3 Theory 

In the beginning, we consider a spin system composed of  pairwise-distributed 
radicals, with each pair consisting of  spins A and B, S A = S B = 1/2. In the 
PELDOR experiment, three mw .pulses were used to excite the spin system (Fig. 
2b). The first and the third pulse, separated by the time interval 3, has a carrier 
frequency COl resonant with the EPR transitions of the A spins and form the pri- 
mary ESE signal of these spins. The second pulse, separated from the first pulse 
by the time interval t (t < r), has a carrier frequency ~ .  This pulse is resonant 
with the B spins and changes their projections from I~x) to 113), and vice versa. 
Ir the magnetic dipole interaction between the pairwise-distributed spins is ap- 
preciable, the flip of the B spin changes the local magnetic field of  its partner 
in the pair (A spin). A s a  result, after the third pulse the magnetization of  the A 
spins cannot be completely refocused at time 23 and the amplitude of  the pri- 
mary ESE signal exhibits an oscillation which depends on the second-pulse po- 
sition (i.e., on t). 

The spin Hamiltonian for this system can be written as 

~ / h  = CO, sp + o~s~ + D~.SgSg, 

in which COA and co h are the resonance frequencies of the isolated A and B spins, 
and D•B represents the dipole coupling between the A and B spins, as given by 

hDAB = gAgBfl2(3COS2t~- 1)/r3B. 

In the rotating frame with angular frequency COl, the spin Hamiltonian that affects 
the A spins is given by 

r  = (aCOA + D~.M~)Sg, 

in which Ms a is the quantum number associated with Sz B = _ 1/2 and Aco A = COA - COl 
is the resonance offset of the A spins. 

The density matrix at time 2 r is written as 

p(2 r) = Rt6R~R*4Rt3R~Rt~SzAR~R2R3R4RsR6, 

where the Ris are rotating operators given by 
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R l = exp(inS~/2), R 2 = exp(i~~cCt/h), 
R 3 = exp(inSff), R4 = exp[i~~<f(r- O/h], 
R 5 = exp(inSxA), R 6 = exp(i~~'~t/h). 

After time 2r, the observed echo amplitude is written by 

V(2 r) = Tr[SrAp(2 0]. 

The echo amplitude at r = 0 normalized to unity can be written as 

V(2 r) = Cos(DABt ). (1) 

Next, we cons idera  special spin system composed of three different spins, 
A, B and C (Fig. 3). We define that 0~ is the angle between the extemal mag- 
netic field and the radius veetor rcA. The angle between the extemal magnetic 
field and the radius vector rAB, 03 is described as 

cos03 = (cOS 0aCOS 01 - sin0asin01)cos~o , 

Oa,B, c are the angles between the vectors rAa and rca, rAa and rnc, and rca and 
rBc, respectively, (O a + t~ + O c = 180~ and ~o is the rotation angle of the tri- 
angle plane around rac. Not only Dca but also other dipole interactions DA8 and 
Dac can be calculated as a function of 0~ and r as the triangle is fixed in space. 
In this case, the spin Hamiltonian is written as 

z II ao k 

rAB 

rAC A 

Fig. 3. Triangular configuration of  three spins in which three radicals A, B and C are generated. In 
nonoriented system, this system is averaged over the angles 8) and ~. 
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~ / h  = O)AS ~ "Jv o)BS B dl- (_t)c S c  _[_ DABS~S B + DBcS~S c + DcAS~S~.C A 

In a frame rotating with angular frequency co~ resonant with the spin A,  the temas 
that affect the A spins in the spin Hamil tonian are given by  

c,~ctŸ = (Aco A + DABM ~ + c A DAcMDS~. 

After  calculating by  density matrix,  the observed echo osci l lat ion is writ ten as 

V(2r) = c o s [ ( D ~  + DAc)t], (2) 

where D ~  and DAC are the z-components  o f  the dipolar interactions between each 
radical  pair. In a nono¡  system, Eq. (1) or (2) is to be averaged  over  the 
angles 8 and ~o as shown by 

;r 

(V(2r))  oc j 'SV(2r ) s in0  d 0 d ~ .  (3) 
0 

~,m~mb~~, ~ Lumen side 

Stroma side 

b ~ 
,.,.'~ 
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1 
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Fig. 4. Oriented PS II particle (a) and the definition of the axes for the membrane coordinate sys- 
teta (l, n, m) (b). The Z-axis of particles deviates from the membrane normal by a Gaussian distri- 
bution with a mean square deviation (82) = (15~ The deviation 0 is converted to the deviation of 

the magnetic field direction ~ = B -  B 0 in simulations. 
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From the dipole interaction D o. derived by Eq. (3), the distance between the spins 
A, B and C can be calculated by the point-dipole approximation. 

For oriented membranes, Eq. (3) is multiplied by a Gaussian distribution func- 
tion of the deviation angles from the membrane normal as given by 

G(O) = exp(-  �91191 

where (�91 2) is the mean square deviation which is about (15 ~ in our experi- 
ment (Fig. 4). 

In the three-spin system, two of the three distances have already been known, 
the unknown distance can be de¡ by simulation for an assumed distance, e.g., 
rAc. The three angles, �91 A, �91 and Oc, are automatically fixed. 

4 Results and Discussion 

The three radicals, YD, Yz and QA were stabilized by illuminating the Zn-sub- 
stituted PS II at 253 K for 20 s and then freezing at 77 K, as the YD radical is 
already present in PS II. The formation the radicals was examined by continu- 
ous-wave (CW) EPR as shown in Fig. 5. However, it is usually difficult to trap 
these three radicals simultaneously and the radical pairs Y~'Yz and YD-QA are 
also present because of incomplete Zn 2+ substitution and illumination efficiency, 
respectively. 

.3 

k r 3  

i I i I i 

3300 3320 3340 

Magnetic field (G) 

I i 

3360 3380 

Fig. 5. a CW EPR spectra of trapped radicals. Yz and Q;, radical pairs were trapped by illumina- 
tion at 253 K for 20 ruin and immediate freezing below 200 K. The spectra consist of the Yz-QA 
radical pair and the stable YD radical, b Spectrum of Y~ after dark adaptation at 0~ e The sub- 

traction of spectrum b from spectra a shows the spectrum of the Yz-QA radical pair. 
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The PELDOR experiment was performed at a fixed value of  r = 1200 ns, 
with r varying from 80 to 1200 ns. The magnetic field was fixed at the posi- 
tion resonating with ca 1 = 9.685 GHz shown by an arrow in Fig. 6. Since the 
linewidth in the EPR spectrum of  Q~, is somewhat smaller than those of  the 
other radicals, the signals of  Y~ and Yz (A and B) were detected with the first 
and third mw pulse, while the signals of  Q~, and Y~ (C and B ) o r  Q~ and Yz 
(C and A) were excited with the second mw pulse with o~ = 9.645 GHz. Fur- 
thermore, the PELDOR time profiles of  the radical pairs Yz-Y~ and Y~-Q~ 
overlap on the two PELDOR signals of  Yz (detecting DzD + DZ0A) and Yt~ (de- 
tecting DDZ + DIX~A ) of  the three-spin system. Actually, all four time profiles are 
overlapped, and the observed time profile manifests summation over four time 
profiles with suitable ratios of  each combination of  the three spins. The ratios 
used for fitting are not the same as those in the trapped ones because the T E 
value of  Yz is shorter than that of  Ya, resulting in less cont¡ to the 
PELDOR time profile. Figure 7 shows the dependence of the primary ESE am- 
plitude on t, measured in Zn-substituted PS II with trapped Q~-Yz pairs and Y~ 
radicals. In our previous work, the distance between YD and Yz was determined 
to be 2.96 + 0.03 nm [12] and the distance between YD and Q• was determined 
to be 3.85 ___ 0.1 nm [17]. With these values, we made simulations of  the ob- 
served time profile to find the best fitted distance between Yz and QA. In a three- 
spin system, the angles of the triangle encompassed by three radicals were fixed 
and should be taken into consideration as shown by Eq. (2). The solid curve in 
Fig. 7 shows the values obtained by simulation. In the simulation, we estimated 
the ratio of  each trapped radical systems: Y~-Q~, 50%; Y~-Yz, 17%; and Yt~- 
Yz-Q;,, 33%, from the peak height of  the echo signals at the corresponding time 
positions t in Eqs. (1) and (2). The time profile of  about 67% of  these signals 
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co I o~ 

Fig. 6. Field-swept ESE spectra showing the resonance conditions of the observer (Yt~ or Yz) and 
the excited spins (Q~, and one of the other two). 
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Fig. 7. PELDOR time profile of the Yz-Q2-Y; three-spin system. The inset shows the field posi- 
tions for detection and excitation of the PELDOR signal. Experimental data points are indicated by 
circles with simulated curves for the parameters of the distances Y;'Yz = 2.96 nm, Y•-QA = 3.85 
nm and Yz-QA = 3.4 nm and the ratios of radical systems, 33% for Yz-QA-Y•, 50% for Y;-QA and 

17% for Y;-Y~. These ratios had about _+5% allowable range. 

was calculated by Eq. (1) for two-spin systems. A s a  result of  these simulations, 
the dipole interaction DzQ A for Yz-QA was found to be 1.32 MHz by Eq. (2). 
From the value of  Dz• A, the distance between Yz and QA is estimated to be 
3.4 _+ 0.05 nm. The round value r ~ 3.4 nm can be considered a s a  good esti- 
mate for the distance between Yz and QA. On the other hand, to confirm the 
derived distance for the three-spin system, we have obtained the distance of  
3.4 __+ 0.1 nm for Yz-QA in the YD-less mutant of  Chlamydomonas reinhardtii 
[21]. This value was the same as that obtained by Zech et al. [22] from the spin- 
polarized radical pair ESEEM experiment for spinach. Therefore, in this three- 
spin system, we could easily estimate the distance between Yz and QA. 

The previous data on the oriented membranes show that the vector YD-Yz is 
oriented +_10 ~ from the membrane plane. The X-ray data [5] show that Yz is 
located deeper inside the membrane. The vector from YD to Yz could be fixed 
at 80 ~ from the membrane normal. The vector YD-QA is oriented 28 ~ according 
to ref. 23. Then the vector Yz to QA was estimated to be oriented about 32 ~ 
with the approximate value of  24 ~ between the triangle plane and the membrane 
normal. Figure 8 shows the triangle fixed at the membrane coordinate system. 
The positions relative to YD (0, 0, 0) can be given by (2.92, 0, 0.51) for Yz 
and (1.73, 0.53, 3.4) for QA in units of  nanometer. 

Another three-spin system, Yt~-QA-Chlz, was prepared by illuminating Tris- 
treated and Zn-substituted PS II samples at 200 K for 10 min. Figure 9 shows 
the time profile of  the three-spin system of Yt~-QT~-Chl~. The data obtained with 
the "2 + 1" experiment in the oriented membranes have shown that the distance 
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Fig. 8. Configuration of the Yz-OT~-Y~ three spins on the basis of PELDOR. The vector YD-Yz was 
taken in the zx-plane. The plane encompassed by the triangle is inclined about 24 ~ from the mem- 

brane normal. 

b e t w e e n  YD and Chl  z and its o r ien ta t ion  re la t ive  to the m e m b r a n e  no rma l  are  
2.94 n m  and 50 o, respec t ive ly .  The  d is tance  be tween  YD and QA and its or ienta-  
t ion w e r e  found to be 3.85 nm [18] and 30 ~ [24], respec t ive ly .  C o m b i n i n g  the 
data for  Yo-QA, the best- f i t  va lue  o f  QA-Chlz was  found  to be  3.4 nm.  In the 
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Fig. 9. PELDOR time profile of ChI~-QA-Yt~ observed with frequency of co t = 9.650 GHz and ex- 
cited with frequency a h = 9.610 GHz. Circles show experimental data points and solid curve shows 
the best-fit simulations with the parameters for 3.4 nm for QA-Chlz, with fixed values of 2.94 nm 
for Chlz-Y D and the same as above for YD-QA. The ratios of the radical systems were 82% for 

ChI~-QA-Y~, 9% for QA-Chlz, and 9% for YD-QA- 
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Table 1. Derived distances and angles of the electron transfer cofactor molecules in PS II studied 
by EPIL" 

Paramagne¡ pair Distance (nm) Angle (~ from n axis Method 

P680-QA 2.74__+0.03 [16] 21+5 [25] Spin pola¡ ESEEM 
Yo'QA 3.85+0.08 [18] 32__+5 [23] b "2 + 1" pulse 
Yz'QA 3.4+0.1 [21] PELDOR 
YD-Yz 2.95+0.05 [14] 80+--2 [15] "2 + 1" pulse 
Yo-Chl z 2.94+-0.05 [18] 50+-5 [24] "2 + 1" pulse 
YD-Mn4(S2) 2.71+-0.02 [12] 70+-2 [15] PELDOR 
QA-Cyt b-559 4.0+-0.3 [26] 78+-5 [26] PELDOR 
YD-nonheme Fe 4.2+0.2 [11] Selective hole buming 
QA-Chl z 3.4+0.1 c 3-spin PELDOR 
P680-Mn4(S: ) 1.5+-0.5 [9] Time resolved saturation 

a In brackets, references are eited. 
b The orientation was reestimated in this work. 
c This work. 

simulation, we  est imated the ratio o f  each o f  the t rapped radical  systems: YD- 
QA, 9%; QA-Chlz, 9%; and YD-Q~-ChI~, 82%, from the peak height o f  the echo 
signals at the corresponding t ime posit ions t in Eqs. (1) and (2). The plane o f  
this triangIe is a lmost  perpendicular  to that for Yt~-Yz-Q~ in the membrane  sys- 
tem. The derived configuration includes much more errors in the posit ions o f  each 
radical  compared  to the dis tances  be tween radical  pairs  because  the errors in 
orientation o f  the distance vectors used for derivat ion were about _+5 o. 

However ,  this informat ion would  help to determine  the posi t ions  o f  smal l  
molecules  o f  which  the molecular  sizes are less than the resolut ion o f  the X-ray  
analysis.  In fact, the distance and the posi t ion o f  functional Chl z have not  ye t  
been clarif ied by  other means.  X-ray  analysis  could not determine the functional  
site and assigned two Chl z molecules  only tentatively. 

Table 1 summarizes  the distances obtained so far with EPR methods.  The 
orientations o f  the distance vectors were determined from the experimental  data 
o f  oriented membrane  samples.  F rom Table 1 we derived the coordinates  o f  the 
electron transfer components  relat ive to YD at the origin (0, 0, 0). As  we cannot  
determine absolute posit ions along the membrane,  the directions o f  YD to Yz were 
chosen as the x-axes.  The coordinates o f  the tr iangular  spin configurat ions de- 

Table 2. Coordinates of the electron transfer molecules de¡ from EPR data. 

Cofactor molecules x (nm) y (nm) z (nm) 

YD 0 0 
Yz 2.91 0 
QA 1.86 -0.839 
Chl z 0.836 2.1 

0 
0.512 
3.264 
1.896 
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rived in this work are shown in Table 2. The details of the derivation of Table 
2 anda  comparison with the X-ray data will be published elsewhere. 

This work 
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