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ABSTRACT: The light-induced new EPR signals@t= 12 and 8 were observed in photosystem Il (PS 1)
membranes by parallel polarization EPR. The signals were generated after two flashes of illumination at
room temperature, and the signal intensity had four flashes period oscillation, indicating that the signal
origin could be ascribed to theyState. Successful simulations were obtained assulirgl spin for

the values of the zero-field parametdds= +0.435+ 0.005 cn1! andE/D = —0.3174+ 0.002. Orientation
dependence of thg=12 and 8 signal intensities shows that the axial direction of the zero-field interaction
of the manganese cluster is nearly parallel to the membrane normal.

Oxygen evolution in plant photosynthesis is accomplished EPR signals of the Mn cluster can be observed for the S
by a protein pigment complex called Photosystem Il (PS5 Il and S-state at a low temperature by a conventional mode
The function of oxygen evolution is known to be catalyzed EPR. Several EPR species have been observed injthe S
by a manganese cluster located on the donor side of PS Il.state. One of the Sstate EPR signals is centeredgat= 2
Cofactors of three protein complexes, calcium {Qand with an overall line width of about 1600 (). The signal
chloride (CI), are also essential for this functioh-<4). On exhibits 18-20 partially resolved hyperfine lines separated
the donor side, a photo-oxidized P680 is reduced by anby 85-90 G and has been called the multiline sigrél (
electron donated from X(a tyrosine electron donor in PS  The other gstate EPR signal is centeredgt 4.1 with a
II). The Yz oxidized is then rereduced by the electron from peak-to-trough line width of about 400 ®-{12). Upon
the manganese cluster in the oxygen-evolving complex illumination of PS Il samples at 140 K, tlee= 4.1 signal
(OEC). On the acceptor side, an electron is transferredwas induced preferentially to the multilind@, 11). This
through pheophytin to the primary fQand secondary (§) signal thus formed converts to the multiline signal when
electron acceptor quinones, and then to Photosystem | (PSannealed at 200 K in the dark. The two signals are generated
I). Successive abstraction of four electrons from OEC was concurrently upon illumination at 200 KLQ). The presence
carried out by absorption of light by P680 four times and of various alcohols with low molecular weights (ethylene

results in evolution of molecular oxygen. glycol, ethanol, and methanol) suppresses the formation of
The oxidizing center cycles through a series of the five the g = 4.1 signal upon illumination at 200 K and
oxidation states, called S-states with & = 0—4), n complementarily enhances the multiline signal intensig (

denoting the number of stored oxidizing equivalents. The 13). Recently, Boussac et al. have reported that the new
Sy-state is a transient state because it rapidly decays to thesignals aty = 10 and 6 can be observed by a conventional
So-state by releasing molecular oxyge®) 6). The S-state EPR, which were assigned e = 5, and4-%, transitions

is most stable of five oxidation states in the dark at room in an S = %, spin system 14).

temperature. The Sand S-states are unstable and decay  parallel polarization EPRHu//Ho, microwave field is
back to the $state. With decreasing temperature of il- parallel to the static field) can be used to detedtras = 0
lumination, the formation of higher S-states is blocked; the transition. This technique has been often used to investigate
transitions & to S-state and $ to Sy-state are blocked at  nteger spin systems and will supply new information that
about 80 and 210 K, respectively)( cannot be obtained by a conventional EPR methed [

Ho, perpendicular mode) only. The-State signal centered
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Y, redox-active tyrosine 161 of D1 protein; P680, the reaction center hyperfine structure was reported in the PS Il particles lacking
chlorophyll; MES, 2-morpholinoethanesulfonic acid; EDTA, ethylene- 17 and 23 kDa17).

diaminetetraacetic acid; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethyl- .
urea; PPBQ, phenyl-1,4-benzoquinone; EPR, electron paramagnetic So-State EPR signals have been found by two groups,

resonance; XANES, X-ray absorption near edge structure. which have hyper fine structures similar to the multiline
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signal in the $-state but with a broader overall width§, A
19). The signal was ascribed to the antiferromagnetically @
coupledS = Y/, system in a ground stat().

These reports suggest that the manganese is oxidized )
directly during the transitions fromeS0 S and S to S. ()
X-ray absorption near edge structure (XANES) studies also
indicated that the S-state transitions involve changes in the (b)
valence state of the Mn cluste2, 22).

In this work, we have observed new EPR signals. The ©)-@
new signals were generated after two turnovers from the S
state and showed a period four oscillation by flash illumina-
tion at room temperature, indicating that the new signals
originate from the $state. The signals were attributed to
anS= 1 spin system, suggesting that the manganese in OEC
might be oxidized during the transition from the- $0 S-
state.

B

e
v

©®-@ X5

%

S(I)O 1000 1500 500 1000 1500 2000
Magnetic field [G] Magnetic field [G]

MATERIALS AND METHODS

Oxygen-evolving PS Il membranes were prepared from
market spinach by the method of Kuwabara and Mur2sa (
and stored in liquid Buntil use. The following procedures
were conducted in complete darkness or under a dim green
safe light unless otherwise noted. PS Il membranes suspended
in a final buffer medium containing 0.4 M sucrose, 15 mM T000 2000 3000 2000
NaCl, 5 mM MgC}, 1 mM EDTA, and 50 mM Mes/NaOH Magnetic field [G]

(pH 6.0) were collected by centrifugation at 35@00r 25 Ficure 1: EPR signals observed in untreated PS Il membranes by

min, and transferred into EPR tubes with 4 mm inner parallel (A) and perpendicular (B) polarized microwave modes: the
diameter. The final chlorophyll concentration was ap- spectra of dark-adapted membranes (a), after illumination for 10

proximately 20 mg/mL for continuous or 3.5 mg of Chl/mL  min at 235 K (b), and light-minus-dark difference spectra (c). The
for flash illumination, respectively. PPBQ (1 mM) is arrow in panel B shows an allowed transition EPR, which is

. remarkable only over the low-field range sweep. The spectra (C)
supplemented to the PS Il samples for flash experiment. observed by the perpendicular mode over the wide-field range show

To measure angular dependence of the EPR spectra, wehe multiline andy = 4.1 signals for dark-adapted (a), illumination
dried the PS Il membranes suspended in the same bufferat 200 (b) and 235 K (c), and subtraction ¢)(b) — (c). About
solution on pieces of Mylar sheets for 15 h at 277 K under 30% less multiline intensity for 235 K illumination was observed

. - . . than for 200 K illumination (b). EPR conditions for parallel mode:
N stream W'th,go% humidity24). Pleceg (68) of'plled microwave frequency, 9.34 GHz; microwave power, 3.2 mWi; field
Mylar sheets with about & 15 mn¥ were inserted into an  modulation amplitude8 G at 100kHz; scan time, 168 s; time
EPR tube. A disordered powder sample was obtained fromconstant, 0.1 s; temperature, 5.5 K; data accumulation, 16 scans.
the oriented membranes with the Mylar sheets removed. EPR conditions for perpendicular mode: microwave frequency, 9.57
Manganese was removed from the membrane with 0.8 M GHz; data accumulation, 4 scans in panel B and 1 scan in panel C.

. o . . Others are the same as in panel A.
Tris/HCI at pH 8.0 and stirring on ice for 30 min under room P

light at a concentration with 0.3 mg of Chl/mP3). chromel thermocouple that was calibrated by a cartmlass

All of the samples were dark-adaptedrf@ h before  yegistor inserted into a sample tube containing the buffer
illumination to ensure 100% of the,State. The samples  medjum. The temperature below 4.2 K was measured by the
were illuminated for 10 min at 235 K by a 500 W tungsten yapor pressure inside the cryostat when liquid helium was
bromide lamp through a 10 cm thick water filter and pymped. The value of the vapor pressure has been also
immediately trapped in liquid N A cryocool tip immersed  cajibrated by the carboerglass resistor in the similar way.
in an ethanol bath was used for regulation of illumination at5 7 K, higher- and lower-temperature data were connected.
temperature between 200 and 254 K. A Nd:YAG laser The temperature dependence of the ¥gnal intensity was
(Continuum Surelite 1) with 220 mJ, 5 ns pulse at the measured as an internal standard in the perpendicular mode
wavelength of 532 nm was used for flash illumination. The g confirm the accuracy of temperature measurements before
same quantity (7@L) of PS Il membranes was loaded into  measurements in the parallel polarization moti).(

7 different sample tubes for-&% flashes of illumination. The angle between the magnetic field and the membrane
EPR measurements were carne_d out on a Bruker ESP300E, 5rmal f) was monitored by the line shape of thg"gignal

X-band spectrometer equipped with an ER4116 DM X-band (54 The EPR spectra in the;State were obtained by the

dual-mode resonator. The microwave frequency can begpiraction of the spectrum for the-State or the Sstate

changed to resonate with the perpendiculanod®r the 5t \vas obtained by the illumination for 10 min at 200 K.
parallel TR, mode. An Oxford 900 continuous flow cryostat

was used to regulate sample temperatures from 5 to 20 K.ResyLTS

An Oxford Helium pumping system with a ESR910 continu-

ous flow cryostat was used below 5 K. The sample Figure 1 shows parallel (A) and perpendicular polarized
temperature was indicated by a gelfdon (0.07 atom %) (B, C) EPR spectra in the photosystem Il membranes
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' s(ﬂsazs;] FiGure 3: Relative yield of the parallel polarization EPR signal
observed afj = 12 (circles) estimated from the peak height between
6 flash two dashed lines in Figure 2. The relative intensities ofghe 12
(8s) signals are drawn by the solid line simulated by Kok’s model with
the assumed values for double-hit= 0.03, miss hit3 = 0.16,
L . ‘ and the initial condition of 100% ;Sstate.
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Ficure 2: Flash dependence of parallel polarization EPR signals w Mw WWW
B e S e et 5
was carried out al . -
at the uppermost line was sﬂbtracted from ea%:h spectrFEJm of flash- o b Lt el UL AT
illuminated samples. EPR conditions are the same as those described é (©)
!n Flgure 1 except for .the data accumulatllon of 64 scans. = WW‘MMWMMWWWWM
illuminated for 10 min at 235 K. The light (panel A, trace 5 (g
b) minus dark (panel A, trace a) difference spectrum (panel «
A, trace c) reveals two EPR signads, = 12 and 8 with MWWMWWWWW
their peak-to-peak widths of about 300 and 200 G, respec- (e '
tively, in the parallel polarized modes is referred to the WWMWMWMWWWWM
observed field position to discriminatg-value used for . ‘ .
simulation. The $state signaldy, = 4.9) disturbed the new 500 1000 1500
signals negligibly because it has much broader width and Magnetic field [G]
less intensity at the different resonance positions_gahe: Ficure 4: Parallel mode EPR signals of several treated samples:

12 and 8 signals have revealed the maximum intensity by (a) the spectrum for untreated PS Il membranes; (b) in the presence

. L . . of 50 uM DCMU; (c) in the presence of 3% methanol; (d)
about 245 K illumination but no remarkable intensity below g nniemented by 50 vol % glycerol; and (e) in Tris-treated PS Il

200 K illumination (data not shown). A broad signal was membranes. EPR signals were observed in 235 K illuminated minus
also detected afl,, ~ 6.7 with a width of 700 G in the 273 K dark-adapted difference spectra. EPR conditions are the same

perpendicular mode as shown in Figure 1 (panel B, trace c),as those described in Figure 1.
although the overlap from tlge= 4.1 signal made it difficult ) o o
spectra observed over the wider field range including the S&me samples.
multiline andg = 4.1 signals in the same sample. The  The flash number dependence of the EPR intensities was
multiline intensity for ilumination at 235 K (c) was estimated plotted in Figure 3, where the signal intensities were
to be less by 3@ 5% (d) than for illumination at 200 K (b) ~ evaluated by the peak-to-peak height for gve 12 signal.
and about 52+ 5% for illumination at 245 K (data not  The flash number dependence of the period 4 indicates that
shown). Theg = 4.1 signal intensity in the 235 K illuminated  the signals in the parallel mode originate from thesgte
sample was also less than that in the multiline by the samein OEC. The straight line shows the simulated intensity by
amount as shown in trace d. Kok’s model assuming miss hit = 0.16 and double hié
Figure 2 shows the flash-dependent parallel mode EPR= 0.03. The maximum intensity @ = 12 signal obtained
spectra recorded in the untreated PS Il membranes. Theby flash experiment was estimated to be about 2.6 times that
spectrum of Oth flash at the upper most line was subtractedof the 235 K illuminated sample. The-State advancement
from each spectrum below. The signalsgat=12 and 8 by the second flash was estimated from the amount of the
magnetic field strength were not observed on the first flash. multiline intensity in the 235 K illuminated sample to be at
Hereafter we omit the suffix “ob” irg., except for when it ~ most 80%.
is necessary. However, the signals appeared on the second Figure 4 shows the effect of various treatments of the PS
flash, and gradually decreased with the third to fifth flashes. Il membranes on the signals gt= 12, 8 produced by 235
The signal intensity slightly increased again on the sixth K illumination for 10 min. Theg = 12, 8 signals were not
flash. The multiline spectrum appeared on the first flash, detected in the presence of B DCMU (trace b), which
decreased at the second to fourth flashes, and recovered &t consistent with the result of flash number dependence. In
the fifth flash (not shown). The periodicity of four was the presence of 3% methanol, the signals were not induced
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FIGURe 6: Angular dependence of thg = 12 and 8 signal
intensities observed in oriented PS Il membranes on the parallel
500 1000 1500 2000 polarization mode. The intensities were estimated by the peak-to-
Magnetic field [G] peak height for each spectrug=12 (squares) and 8 (circles).

FiGURE 5. Angular dependence of the EPR spectra in oriented PS . ] )
Il membranes observed by parallel (A) and perpendicular (B) only the case where the signal results from an isolated spin
modes. The angles between the external magnetic field direction multiplet. The spin Hamiltonian fo > 1 spin system is

and the membrane normal ar& ) and 90 (B), respectively. ; ;
The spectra of the ;Sstate produced by 200 K illumination have given by a molecular coordinate system.

been subtracted from each spectra as a background after annealing

at 235 K to diminish they = 4.1 signal. EPR conditions are the H = iH,-g-S+ D[S? — Y/,S(S+ 1)] + E(S2 — S/Z) (1)
same as those described in Figure 1.

(trace c). Trace d shows the spectra observed in the 5O%whereD andE are zero-field splitting parameters, agdnd

lycerol added PS Il membranes, where the same si nalﬁ are theg tensor and the value of the Bohr magneton,

gﬁ’a o as in the control PS |1 showﬁ i trace & was obser?/e d respectively. To calculate the transition probability for

P ) X ) ‘detection by the parallel polarization mode at a given
Trace e shows that no signal was observed in Tris-treated

o ; ) resonance frequency, of 9.34 GHz, we carried out
RS I, |nd|c§1t|ng that the signal can be ascribed to the donordiagonalization of eq 1 for varying values of input param-
side including the Mn cluster.

i : eters; the magnetic field strengdth, and its directiond, ¢)
Figure 5 shows EPR signals observed on parallel (A) and yg|ative to the zero-field-axis for trial values oD andE.

perpendicular (B) polarized modes in oriented PS Il mem- ap jsotropicg-value of 2.0 is assumed, as there is no large
branes by illumination for 12 min at 235 K. Traces a and b anisotropy ofg factor for a manganese ior2§). The
in both modes show the results of subtraction by the spectra; ansition matrixes between two levglandk connected by

for the S-state in which the same sample was annealed atg; for parallel ands; for perpendicular modes, respectively,
235 K for 10 min in the dark after the 200 K illumination. \yere calculated. where primes on spin components are

This dark annealing diminished tlge= 4.1 signal intensity refered to the laboratory coordinate system.

so as fo isolate the & 6.7 signal. The two signals &= e could satisfactorily simulate the line shape obtained
12, 8 show different orientation dependence on the magneticyp, the parallel mode using the values of zero-field param-

field direction as shown forOand 90, respectively. The  gters'D = +0.435+ 0.005 cmt and E/D = —0.317 +

signal intensity ag = 12 is maximal for the angle of 80 ¢ 002 with a Gaussian line widthw = 200 MHz. In Figure
and that ag = 8 is maximal for 0. The angular dependence 7 {he |ines show the simulation spectra &1 spin system.

of the signal intensities for botg-values was plotted in  The giscrepancy of the simulation spectrum at the high field
Figure 6. In Figure 5B a broad signal was detected &  gjge ofg = 6.7 signal in the perpendicular mode can be
6.7 for the angle of 90in the perpendicular mode, while  55cribed to the overlapping of thg = 4.1 signal. The

the intensity of the signal decreased for the angte O computer simulation shows that tige= 12, 8 signals can
However, overlapping of thg = 4.1 signal could not be g gssigned to the components with magnetic field direction
eliminated completely and made it dlfflcult_to isolate kj;l_e perpendicular and parallel, respectively, to the membrane
= 6.7 component only from the spectra in the low-field ormal f1) and theg = 8 signal arises from the zero-field
region. Therefore, the estimation of the signal intensity was z-component, indicating that the zero-fietehxis is along
not accurate on this mode. the membrane normah). The above parameters fit also well
Figure 7 shows the EPR signals observed in the powderwith the experimental spectral positions and intensities for
sample on the parallel (A) and perpendicular (B) modes, the orientations Dand 90 in Figure 5.
which show the same line shape as in Figure 1 but with much  |n Figure 8 the inset showg= 12, 8 signals observed at
higher intensity because of more concentration. Backgrounddifferent temperatures. With increasing temperature, the
subtraction has been done as mentioned for Figure 1. Spectrasignal intensity decreases with no appreciable change in the
simulation will be carried out on these powder spectra.  |ine shape. The signals almost disappear below the noise level
We assume that the signals can be assigned to a metahbove 20 K. Temperature dependence ofgke12, 8 signal
center with high spin number system, because the largeintensities was plotted versus inverse temperature in Figure
effective g-value cannot be assigned to an ordinary free 8. To avoid saturation, microwave power was set to 0.8 and
radical. Out of a large number of alternatives, we consider 0.2 mW, respectively, above and below 5 K. The plot of the
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flashes of illumination at room temperature and the signal
A intensity had the four flash period oscillation, indicating that
the signal origin could be ascribed to thgsgate. For low-
temperature illumination thesSdvancement was at most
~50%. The two new signals can be explained by the
anisotropic component of th8 = 1 spin system by the

%‘ angular dependence of their intensity shown in Figure 6.
8 Overlapping of theg = 4.1 signal makes it difficult to
-_g =00 7000 300 measure and simulate the= 6.7 component. The possibility
5 that theg = 6.7 signal in the perpendicular mode may be
2 B attributed to another center witB =1 spin cannot be

excluded completely. However, the signal in perpendicular
mode could be simulated by using the same parameters as
those in parallel mode. Tentatively, the signal in the
perpendicular mode can be assigned to the other transition
of the sameS = 1 spin system.
There might be other possibilities that the signals might
. L not originate fromS= 1. In aS= 2, only thezzcomponent
500 1000 1500 2000 described in eq 1 has the resonance at the low field as
Magnetic field [G] discussed in ref27. However, there were two signal
FIGURE 7. EPR signals observed by parallel (A) and perpendicular components in the parallel mode as shown in Figure 1A.
(B) polarized microwave field after illumination of a powder sample Therefore the possibility of ai® > 2 was excluded to

for 12 min at 235 K. Each spectrum has been subtracted by the. . .
S;-state one as described in Figure 1. The solid line displays the interpret these two spectra. A half-integer spin systém

result of simulation using the following parameter$:= 1, g = %) might give a low-field signal; however, we could not
2.0,D = 40.435 cn?, E/D = —0.317, andAv = 200 MHz. See obtain the parameters satisfied with the experimental spectra.
text for details. Only the assumption o5 = 1 spin system under the
L8 condition ofg = 2 in eq 1 gave the satisfactory simulation
to fit the observed spectra.
Lo The oxidation state of the,State Mn cluster is assumed

to be Mn(lI)-3Mn(IV) by XANES study {—4) or 3Mn(lll)

+ Mn(IV) by the EPR simulation 48). One of the four
manganese or the redox-active residues such as histidine is
L proposed to be oxidized during the transition from the S

to the $-state 22). If the redox-active organic residue were

1.4
1.2+

1.0

0.8

06 oxidized, the exchange coupling between the Mn cluster in

Signal intensity (arb.u.)

T
Signal intensity

|, the S-state withS = '/, and the organic residue with=
B . . - .
0.4 [p— 10K 1/, should result in the disappearance of the multiline signal
o2k for an S =1 spin system to be created. In this case, the
L Mgt o] interaction between the manganese responsible to the multi-
P N Y line signal 6= %, g = 2) and the organic residu& & /5,
UT[K ] g = 2) will have the resonance line g§, = 2. Therefore,

Ficure 8: Temperature dependence of tpe= 12 and 8 signal this pO.SSIbI.“ty should be eXCllee.d.fror.n the res@ib 1_
intensity in the disordered powder sample. The signals above and12: 8. in this work. Another possibility is that tie= "/,
belon 5 K were detected at microwave powers of 0.8 and 0.2 mw, organic radical and th8 = %, manganese state may couple
respectively, and normalized bypYintensity. The powers used  to produceS= 1 and 2 states. In this case, a suitable fitting
for S; and Yo (0.01 uW) signals & 2 K are confirmed to be  might be found for the excite8 = 1 state withS= 2 as a

nonsaturating. Vertical and horizontal bars indicate error ranges . . .
for the estimation of signal intensity and temperature, respectively. ground state. The possibility of other choices of couplings

The curve is fitted to eq 2 in text; f@= 1, Es = 2.4 cnTL. The in a multi-spin system cannot be completely neglected.

spectra in the inset show the observed temperature variation. EPRTherefore, the simulation here may be considered to be a
conditions are the same as those described in Figure 1 except fotentative one and a more detailed study will be necessary to
the above-described microwave power. determine the oxidation state of the-Sate.

) ) i The temperature dependence of the= 12, 8 signal
peak g = 12) to trough ¢ = 8) intensity deviates from the  jntensity showed the non-Curie law behavior, indicating that
Curie law to lower values below 5 K. The non-Curie law he signals arise from an excited state. The observed
behavior suggests that the signals arise from a low-lying {emperature dependence can be fitted for a state of spin of
excited state. S by neglecting the contribution from Zeeman and zero-
field interactions,

DISCUSSION
The present study demonstrated that the illumination of '(T) = {l¢/TH2S+ 1)exp-EJkT)/
the untreated PS Il membrane induced new EPR signals with zj(zq + 1)exp(E/KT) (2)

g =12 and 8 in the parallel mode argl= 6.7 in the
perpendicular mode. The signals were generated after twowherelg is a constant to be fitted. Usirtgs = 2.4 cn1? for
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the ground state witls = 0, and 0.8 cm! for the ground 8.
state withS = 2, respectively, the signal intensity could be
fitted to the observed temperature dependence. The magnetic
susceptibility of PS Il observed at room temperature shows

an increasing tendency with flash illuminatior&g), which

suggest that the higher-energy levels with nonzero spin 11.

numbers contribute to the susceptibility. At a low temperature
only low-lying states contributed to the EPR intensity.
Therefore, it is difficult to deduce the exchange scheme of
the Mn cluster as shown in other syster@6) (from the value
derived in this work.

Methanol addition to the PS Il membranes suppresses the
formation of theg = 4.1 signal upon illumination at 200 K
and complementarily enhances the multiline signal intensity
as observed for the,State (2). Thus methanol may lead
to a change of exchange coupling between Mn atal (
resulting in the disappearance of thge= 12, 8 signals as
shown in Figure 4c. The similar effect has been reported in
the S-state, in which methanol inhibits the formation of the
S;-state signal16). Not only the oxidation state but also a
change in the second coordination area of manganese atoms??:
(31) might lead to the change in the exchange scheme for ,,
each S-state. The value & = 2.4 + 0.2 cn1?, derived
from the temperature dependence g@f= 12, 8 signal
intensity, happens to be similar to the valudsgf= —2J =
1.74 cm? for the S-state signal 16), showing that a
combination of various exchange interactions might produce
the similar temperature dependence for thea®d $-states.
Detailed model simulations satisfying the EPR characteristics 23,
over the & to S-states will be necessary to elucidate the
magnetic structure of the manganese cluster.
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