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ABSTRACT: llluminating C&"-depleted photosystem (PS) Il membranes generated two new EPR signals
atg = 11 and 15 by perpendicular and parallel polarization modes, respectively. Two turnovers of the
oxygen evolving center (OEC) beyond the modifiedl Sate are required for the appearance of these
signals. The formation of the signals correlated with that of an asymmetric (singlet-like) EPR signal
observed ag ~ 2. Spectral simulation indicated that both signals arose from a transition bef##een

levels with intradoublet splitting oA = 0.276 cnt! in an S = 2 spin system. Furthermore, the two
signals in parallel and perpendicular modes were formed at the same time, indicating that the same metal
center was responsible. The molecutaxis of theS= 2 spin system for the signals was almost parallel

to the plane of thylakoid membranes. These results indicate that the Mn cluster in the photosynthetic
oxygen evolving center is the source of the new EPR species which may be a MMi\)V) or Mn-

(111 —=Mn(Ill) dimer or a Mn(Ill) monomer. Redox events of the Mn cluster in the“Gaepleted PS I

are discussed based on these observations.

Photosynthetic oxygen evolution is carried out by an depletion directly affects the electronic structure of the Mn
oxygen evolving center (OEC) containing a tetranuclear Mn cluster 8). The S state formed in Cd-depleted PS Il is
cluster located at the lumenal side of photosystem (PS) Il abnormally stable. It is manifested as a modified multiline
protein complexes. Oxidized equivalents generated in the EPR signal with a greater overall width and number of lines,
PS Il reaction center by the successive absorption of four as well as reduced hyperfine splitting, as compared with the
photons accumulate on the Mn cluster and are used for watemormal multiline signal in untreated control PS 8-{12).
oxidation. Molecular oxygen is produced by reactions with  Upon illuminating the C&-depleted PS Il in the Sstate,
five distinct kinetically characterized, intermediate states another EPR signal with a 316 mT splitting line width
labeled $(i = 0—4), of which § is thermally stable in the  appears aroung = 2 (13). This signal has been called the
dark. By absorbing each photon, the Sate advances “Ss-state signal”, although it has not been clearly correlated
stepwise to reach the highest oxidation staietttt decays  with the normal $state because the latter does not generate
spontaneously to the,State with the concurrent release of EPR signal in the oxygen evolving PS Il. 3State signal”
molecular oxygen (reviewed in refs—8). The S-state  has been observed in Gtlepleted, NHCI-treated and
transitions are accompanied by cyclic changes in the oxida-acetate-treated PS [14—18), although theg value and line
tion state of the Mn clustei5( 6), although the valences of  width of the signals varied with the preparation.
manganese ions in the respective S states remain a matter Tne “S;-state signal” has been thought to originate from
of debate. an organic radical wit!s = 1/2 interacting with the Sstate

Calcium is an indispensable metal cofactor for the normal v cluster, where an oxidized histidine has been ascribed
function of an OEC. Oxygen evolution is inhibited byZCa g the radical on the basis of UWisible and FTIR spectra
depletion and is restored by reconstitution oPCalt has (19, 20. Alternatively, it has been proposed thag*Ys
been proposed that €ais associated with the Mn cluster  attriputable to the radical species responsible for the “S
presumably through a carboxylate bridgg énd that C&" state signal” {5). In fact, pulsed ENDORand ESEEM

; spectra for the “Sstate signal” were similar to those of a
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Membrane samples were collected by centrifugation at
A HlLH, B H,i/H, 3500@ for 20 min and transferred to Suprasil quartz tubes

a of 4-mm inner diameter. The final chlorophyll concentration
a was approximately 20 mg of Chl/mL. To measure angular
K b dependence of the EPR spectra, membrane samples sus-

b pended in a buffer solution containing 400 mM sucrose, 20
mM NaCl, 0.5 mM EDTA, and 20 mM MES/NaOH (pH
6.5) were dried on pieces of Mylar sheets for 12 h 4C4
under wet N stream; 6-8 pieces of Mylar sheets were put
into an EPR tube. The EPR tubes were sealed after Ar gas
purge and then stored in liquid;Nintil use. EPR samples

X2 *2 were illuminated with a 500-W tungsteimalogen lamp
through a 8-cm thick water filter at 273 K.
0 100 0 ' 100 200 Conventional (perpendicular) and parallel polarization
Magnetic field [mT] mode EPR measurements were performed using a Bruker

) ESP 300E X-band spectrometer and a ER4116 DM X-band
Ficure 1: EPR spectra detected inTalepleted PS || membranes

by perpendicular (A) and parallel polarization (B) modes: spectra (TEu02) dual mode resonator. The microwave frequency was

of dark-adapted membranes (a), after illumination for 1 min at 273 ¢hanged to resonate in perpendicular and parallel modes. An
K (b), and light-minus-dark difference spectra (c). EPR conditions Oxford 900 continuous-flow cryostat was used to regulate
for perpendicular mode: microwave frequency, 9.684 GHz; mi- the sample temperature at 6 K.

crowave power, 0.2 mW; field modulation amplitydG at 100

kHz; scan time, 168 s; time constant, 0.2 s; temperature, 6 K. EPRRESULTS

cqnditions for the parallel mode: microwave frequenqy, 9.345 GHz; Figure 1 shows the effect of illumination for 60 s at 273
e ol MBI © ot K on perpendicuiar EPR (4) and parale polarized EPR (E)
spectra in C&-depleted PS Il membranes. The light (trace
beyond the &state are required for formation of the latter b) minus dark (trace a) difference spectrum (trace c) reveals
signal. Pulsed ENDOR-induced EPR indicates thati¥ a broad signal at approximate magnetic field of 50 mT with
associated with the doublet signal, but not with the singlet- a peak-to-peak width of about 480 mT in perpendicular
like signal. Therefore, the redox events in thé'‘Cdepleted or parallel mode measurement. The values of the
OEC are more complex than was previously considered. perpendicular and parallel mode signals were 11 and 15,
In this paper, we describe a new EPR species that iswhere resonating microwave frequencies were 9.68 and 9.34
generated after illumination of the &adepleted PS Il for  GHz, respectively. The;Sstate Mn cluster in untreated PS
20—30 s at 273 K. This species produced EPR signals at Il shows a broad signal at approximately 150 ngi={ 4.9)
low magnetic fields § = 11—15) in parallel polarized and  with a line width of about 60 mT detected by parallel mode
in conventional (perpendicular) modes. The signals showed(28). However, Figure 1B shows no indication of the S
non-Kramers behavior and were attributed tdSan 2 spin state signal which is consistent with the report thegi§nals
system. These and other observations suggest that the signaksre undetectable in €adepleted PS 11Z8). These signals

originate from a monomeric Mn(lll), a Mn(I\jyMn(IV) observed aj = 11 and 15 were not detected in Mn-depleted
dimer, or a Mn(lll)=-Mn(lll) dimer. sample washed by Tris buffer (data not shown). The
MATERIALS AND METHODS relatively high background in the spectrum (panel B, traces

Oxygen evolving PS II membranes were prepared from @ and b) was due to impurities in the sample tubes. A
spinach as described®) with modifications 26). The derivative type sharp signal detected by perpendicular mode
membranes were washed twice with a solution containing at approximately 150 mT in the difference spectrum (panel
400 mM sucrose, 20 mM NaCl, and 0.1 mM MES/NaOH A, trace c) was ascribed to artifacts of signal subtraction due
(pH 6.5) and resuspended in the same buffer solution. Forto the presence of a sharp signal of rhombic iron and partly
C&* depletion, the membranes were suspended in a mediumf© an anomalous signal that appeared in the region, although
containing 400 mM sucrose, 20 mM NaCl, and 10 mM citric its intensity varied among samples. It is of note that the
acid/NaOH (pH 3.0) at 273 K for 5 min, and then 10% anomalous signal was not detected by the parallel mode
volume of a solution containing 400 mM sucrose, 20 mM detection as shown in Figure 1B.

NaCl, and 500 mM MOPS/NaOH (pH 7.5) was added to  Figure 2A shows illumination for 60 s at 273 K induced
adjust the final pH to about 6.5, as describ@d)( The the so-called "$state signal" af = 2 in C&"-depleted PS
treated membranes were washed and resuspended in a findl membranes (trace a). This signal disappeared after dark
buffer solution containing 400 mM sucrose, 20 mM NaCl, adaptation concomitant with the formation of the modified
and 20 mM MES/NaOH (pH 6.5). All procedures were multiline signal (Figure 2A, trace b) and then was regenerated
carried out in the dark or under a dim green light to maintain by further illumination of the dark-adapted membranes
the OEC in the Sstate unless otherwise noted. Some of (Figure 2A, trace c) in agreement with the reported results
the C&t-depleted membrane samples (0.5 mg of Chl/mL) (9—12). Figure 2B (perpendicular detection) and 2C (parallel
were illuminated for 1 min followed by dark adaptation for detection) shows that both new signals disappeared after dark
30 min to bring the OEC into the dark-stable State. adaptation (trace b) and were regenerated by further il-
DCMU (0.05 mM, 10 mM dimethyl sulfoxide solution as lumination (trace c). The reversible formation of the new
stock) was then added to the solution to ensure a singlesignals implies that they are not due to PS Il damaged by
electron-transfer event beyond the Sate. prolonged illumination. The results showed that the forma-
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FiGure 2: Effects of illumination on perpendicular (A, B) and Magpetic field [mT]

parallel (C) mode EPR spectra in Cedepleted PS Il membranes.  Fgure 3: Effects of illumination time and addition of DCMU on
EPR spectra (B, C) were obtained after subtraction of the dark- perpendicular (A, B) and parallel (C) mode EPR. PS Il membranes
adapted spectrum. PS Il membranes were dark-adapted (d in panejyere sequentially illuminated for 1 min at 273 K, dark-adapted for
A), illuminated for 1 min at 273 K (a), dark-adapted again for 60 60 min at 273 K, and then illuminatedrfs s (a), 20 s (b), and 60
min at 273 K after illumination (b), and illuminated again for 1 5 (¢, d) at 273 K. DCMU (5Q:M) was added to the membrane
min at 273 K (c). EPR conditions were the same as those describedsamples before the second illumination for trace d. Spectra are

in the legend to Figure 1. shown after subtracting;Spectrum of dark-adapted membranes
(a—c) or S spectrum of the membranes dark-adapted for the second

tion of both new signals clearly correlates with that of the time after illumination (d). EPR conditions are the same as those

“Sg-state signal”. described in the legend to Figure 1. See text for details.

Figure 3 shows light minus dark difference EPR spectra
detected by perpendicular (panels A and B) and parallel
(panel C) modes in Ca-depleted PS Il. The membranes
were illuminated for 60 s followed by dark adaptation for 1 _ ) -
h to accumulate the dark-stablg 8ate and then illuminated like species but not with the doublet species.
at 273 K for (trace a) 5 s, (trace b) 20 s, and (trace c) 60 s. It has been reported that the doublet and singlet-like signals
The perpendicular (panel B) and parallel (panel C) mode are generated after one and at least two turnovers of PS II
signals developed almost simultaneously during illumination beyond the modified Sstate @4). Adding DCMU to the
and reached the steady-state high level after illumination for sSample after the formation of the modified Sate inhibits
60 s. As shown in Figure 3A, the shape of the-‘Sate the illumination-time-dependent change in the spectrum of
signal” also changed depending on the length of illumination the “Ss-state signal” (Figure 3A, trace d), supporting the view
time. lllumination fo 5 s produced a 16 mT wide, that the formation of the singlet-like signal is responsible
symmetrical doublet signal. However, the shape of the signal for the observed change in tle= 2 spectrum. DCMU
significantly changed, becoming rather asymmetric upon inhibited the formation of both parallel and perpendicular
further illumination ¢&20—30 s), and no further change was mode signals (trace d in Figure 3B,C). The results strongly
induced after illumination for 60 s. Similar spectral change indicate that the two new signals correlate with the “singlet-
of the so-called “Sstate signal” has been reported, when like signal” and that at least two turnovers beyond the S
the Cé*-depleted PS Il was illuminated with varying state are required for their formation.
numbers of repetitive flashe29). Figure 4 shows the angular dependence ofghe 15

A recent pulsed EPR study has revealed that illuminating parallel polarized EPR signal in the oriented membranes. The
Cat-depleted PS Il induces two different radical species that signal intensity shows a large anisotropy: the intensity is
generate two signals overlappinggt= 2 region 4). One maximal and minimal at angles of 9@nd O, respectively,
radical induced by 5-s illumination at 273 K gives the doublet between the external magnetic field direction and the

and singlet-like radical species. The coincident time courses
of the formation of these signals suggest that the parallel
and perpendicular mode signals associate with the singlet-

signal with a split of about 15 mT. The other is induced by
longer (20-s) illumination at 273 K to give the singlet-
like signal. Therefore, it is conceivable that the illumina-
tion-time-dependent change in tije= 2 spectrum shown
in Figure 3A reflects the cumulative formation of the doublet

membrane normal. Detection of the species by parallel mode
EPR and the large anisotropy of the signal indicate that an
S= 2 system is responsible for the signal, and the transition
between|2*> and |2> levels attributes the signal to be
represented by eq 4 given in the Appendix.
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0 50 100 150 FiIGURE 5: Simulation of low-field EPR signals. Light-minus-dark

. difference spectra with parallel (a) and perpendicular polarization
Magnetic field [mT] (b) EPR (dotted line) and their simulations (solid line).2Ga
FIGURE 4: Orientation dependence of a low-field EPR signal depleted PS Il membranes were illuminated for 1 min at 273 K.
measured by parallel polarization mode. 2Gdepleted PS Il Parameters used for simulation wexe= 0.276 cni?, g = 2, and
membranes were illuminated for 1 min at 273 K. Spectra are shown Gaussian line width= 1000 MHz. EPR signals were detected at
after subtracting Sspectrum of the dark-adapted membranes. 9.35 and 9.68 GHz for parallel and perpendicular mode EPR,
Numbers represent angle between external magnetic field and therespectively, and used for simulation.

membrane normal. EPR conditions are as described in the legend

to Figure 1. the same intradoublet splitting value, which accounts for the
] ) ) difference in the effectiveg value of the two signals
The parallel mode signal was then simulated by diago- measured at different microwave frequencies. Therefore,
nalizing S = 2 spin Hamiltonians (eqs 1 and 2) for every these findings indicate that one magnetic center with a typical
magnetic field value. The transition probability was evalu- 5 = 2 spin system is responsible for generating the two
ated by calculating=27|S/|2"> for the signal. Agvalue  sjgnals at low magnetic field in perpendicular and parallel
of 2 was assumed since the simulation is not sensitive 10 ajode EPR. In this system, a transition between the
relatively small change in the anisotropy. The results of  jntradoubletj2+> with Ams = 0 participates in the parallel
the simulation are shown in Figure 5a (solid line) with the ode EPR signal and that withm = 1 participates in
experimentally obtained signal (dotted line). The signal was the perpendicular mode. The line shape and field positions
simulated by assuming an intradoublet splitting parameter of the parallel and perpendicular mode signals found in the
of A =0.276 cnt’. Notably, the perpendicular mode signal - stydy are similar to those reported$i= 2 spin system30,
can be simulated (trace b in Figure 5) with the same 31).
intradoublet splitting parameter that was determined by apg=1 spin system may reveal a signal at low magnetic
simulation of the parallel mode signal, where the transition field, but it does not usually show large anisotropy in the
probability was evaluated by<2"|S/|2">. The result parallel mode 32). A half-integer spin systemS(> 3/2)
indicates that the two signals originate from the transition may also give a low magnetic field signal i is close to
between2"> and|2”> levels in theS= 2 state of asingle 1, " However, the observed signals could not be simulated
magnetic center, although the possibility that two magnetic by assuming S= 3/2, 5/2, and 7/2 (data not shown). In
centers vyith identical magnetic moments are responsible forprinciple, any integer spin systemS ¢ 3) can generate a
the two signals cannot be completely excluded. Ahalue low-field signal that may be indistinguishable from that of
obtained by the spectral simulation coincided with that e g =2 system, and the possibility that a spin system of
independently deduced from tigevalues and the resonated g > 3 contributes to the new EPR signals cannot be
microwave frequency of the perpendicular< 15at 9.35  completely excluded. However, it is notable that a low-field
GHz) and paralleld = 11 at 9.65 GHz) signals using €9 5 EPpR signal from ar > 3 system has never been described
(Appendix). in the literature as far as the authors know.
DISCUSSION The effectiveg factor of the low-field signals is large,
The present study demonstrated that illumination of the indicating that the signals originate from a transition-metal
Cé&'-depleted PS Il induces new EPR signals vgthalues center 83). In PS Il membranes, manganese in OEC, and
of 15 at 9.35 GHz in parallel mode and of 11 at 9.68 GHz iron in cytochromebssg, the non-heme center, the Rieske
in perpendicular mode. The two signals developed with the iron-sulfur center, and the cytochrorbé complex are the
same time course and required at least two turnovers of PStransition metals that potentially give the low-field signals.
Il beyond the stable multiline ;Sstate. Furthermore, both  However, signals attributed to the Rieske centpr(1.9),
signals were simulated by assuming&sF 2 system using  high-spin iron in the cytochromb/f (g ~ 3.5), the cyto-



2798 Biochemistry, Vol. 37, No. 9, 1998 Mino et al.

Scheme 1: Redox Events in OEC Caused by llluminating  systems containing a metal center indicates that the singlet-
Ce*-Depleted PS H like signal is attributable to the manganese cluster. This is
------------------------- consistent with the loss of the remaining 60% multiline,

ﬁggg%’;ﬂl\l)) concomitant with the appearance of the singlet-like signal.
S CTTTTTN b ilent The conditions for the generation and time course of the
1) ] EPRdetcctable development of the low-field signals coincided well with
those of the singlet-like signal. This indicates that the low-
hv field signals and the singlet-like signal arise from the same
high efficiency PS Il center. AnS= 2 spin system may have a resonance
ho P ; condition atg = 2 region in principle, whem is relatively
ﬁggg))m((lly) w— mggamga + |RY, small_, but_ the huge anisotropy of the system broa_d_ens the
' B ’ S-1 putative signal to become undetectalg,(33. In addition
($2) doublet signal it has been suggested that the singlet-like signal behaves like
A an S = 1/2 spin system24). These imply that the two
| o signals originate from different magnetic centers in the same
: low efficiency PS Il unit. Since monomeric or dimeric manganese can be
X* o s=12 responsible for the low-field signals as already discussed,
mﬁgizmﬁga v MnAV)Mn(V) |- singlettike signl we assume that the Mn cluster is modified by a partial
b ) e s-2 breakage of gxchange coupling in the cluster to form a
(S;5-like) Low -field signal magnetically isolated center responsible for the low-field
aSee text for details. signals. This may be consistent with the view that a strongly

coupled manganese tetramer cannot be attributable to both

chromebss ligated by OH (g ~ 5—7), and the non-heme  the S= 2 andS = 1/2 spin systems.
iron (g ~ 5—8) were not induced by illumination for low- On the basis of these considerations, we propose a working
field signals as shown in Figures 1 and®3K36). Some  pypothesis for the reaction scheme of the Mn cluster caused
oxidized high-potential cytochroni®sg signal was induced by illumination in the C& -depleted OEC as shown in
by this illumination (data not shown), but oxidation ofFe  sScheme 1. The oxidation state of the normgais@te Mn
to Fe”'cannot_ cause the formatign gf= 11-15 signal cluster is assumed to be Mn(lI}- 3Mn(IV) by XANES
that might arise from Pe species. Furthermore, the (3q) [A study of EPR simulation assumed 3Mn(I#) Mn-
reversible formation of the low-field signals shown in Figure (IV) (40).] The oxidation state of the,Sstate Mn cluster in
2 and the time course of the signal generation in Figure 3 Ca&*-depleted sample can be assumed to be Mn{lIMn-
are not compatible with the redox reactions of any of the (1) since addition of C& to the membranes in the'State
iron centers in PS II. lllumination of the €adepleted PS  yestores the Sstate exhibiting the normal multiline signal
Il for a short period in the absence of DCMU (Figure3a  (1—4). |llumination oxidizes approximately 40% of the-S
c) generated the doublet signal but did not induce the low- state OEC by 1 equiv to give the radical pair for the doublet
field signals. Therefore the acceptor side of PS Il is not gignal and the EPR silent 4Mn(IV) clustee4). The
associated with the low-field signals. remaining 60% of the center is oxidized by 2 equiv to yield

We conclude from these considerations that the only the two isolated magnetic centers via an EPR silent state;
transition metal attributable to tHeé= 2 spin system in PS  neisthe Mn(IV}-Mn(1V) dimer with anS= 2 spin system,
Il is manganese S= 2 state EPR spectra similar to the low- g4 the other is a§ = 1/2 spin system. We tentatively
field signals found in this study have been reported in ggsume the Mn(IV)-Mn(1V) dimer interacts with a radical
synthetic Mn(lll) monomer anydz—carboxo#g—oxo—bridged (denoted as X in Scheme 1) to give the singlet-likg =
Mn(lll) —=Mn(lll) dimer (37). Therefore, a monomeric Mn- 12 spin state. The quantum efficiency is assumed to be
(I11) nuclei, dimeric Mn(ll)=Mn(ill), or dimeric Mn(IV)— muych higher in the doublet signal formation than in the
Mn(IV) is a good candidate for generating the low-field gjnglet-like and low-field signal formation that involves a
signals. XAFS and EPR studies have demonstrated one Ofstryctural modification of the Mn cluster. It is of note that
two di-u,-0x0-bridged Mn dimers in the Mn cluster in the  the putative structural change will not be due to damage of
OEC (reviewed in refs +4). The low-field signals,  the OEC caused by prolonged illumination. This is because
however, cannot be ascribed to theugioxo-bridged Mn  the dark adaptation led to regeneration of the modified S
dimer, which is strongly antiferromagnetigg), since the multiline, concomitant with the disappearance of the low-
exchange interaction for Mn dimers wi8 2 spin system  fie|d and singlet-like signals as shown in Figure 2. Further

in this work may be rather weak. studies are required to evaluate this scheme and its relation-
Astashkin et al. 24) have reported that the so-calleds”S  ghip to the normal S-state cycle.

state signal” observed at approximatgly= 2 consists of

doublet and singlet-like signals. The appearance of the APPENDIX

doublet signal is accompanied by a 40% decrease in intensity The spin Hamiltonians for a spi§ = 1 system in the
of the stable gmultiline signal, probably due to oxidation ~molecular principal axis frame are given by the following
of the Mn cluster 21, 24. It has been suggested that the equations 0, 33:

doublet signal arises from an organic radical pair consisting

of Y2 and another one that remains undefined. Although Hzeeman= AH*9'S (1)
the origin of the singlet-like signal has not been identified, N ) ’

the asymmetric and broad line shape of the signal typical of ~ Hzero-fieis = DIS, — 1SS+ DI+ E(S"— §) (2)



New EPR Signal in Cd-Depleted PS Il

whereD andE are rhombic zero-field parametefsjs the
Bohr magneton and, the g-tensor.

In an S = 2 spin system, the zero-field eigenstates are

separated by two non-Kramers doublefs;2> and |152>,
and a singlet)0'>.
zero magnetic field are expressed as

E, = 2(D° + 38)"2

+
125> =& (142> + |-2>)+a 0> (3a

V2

2
E,, = 2D, |2°> =%2(|+2> —|-2>)  (3b)
E.=-D+3E |1 = %(|+1> +1-1>)  (30)
E,=-D-3E  |1% =%2(|+1> ~-1>)  (3d)

E, = —2(D%+ 3694

0> :a7(|+2> +|—-2>) — a’|0> (3e)

>

where

.1 D 112
ais (2’1 + —(D2 n 3E2)1/2 )

The eigenfunctions for the EPR detectable transition,

within the |2*> doublet, are given by the expression:

125> = o 2> £ o |2 (4)

1 A 1/2
(Jkﬂﬁ+@ﬁmT4)

g is 4g;at cosH, g, is thez-component ofj factor, A is the
energy separation within the doubl&:{ — E,,) defined as

wherea® is

A = 2 [(D? + 3E%)Y2 — D], and @ is the angle between the
z-axis andH direction. Therefore, the resonance condition

is given by
(hv)? = A* + (gBH,)° (5)
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