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ABSTRACT: High-quality angular-dependent spectra of multiline electron paramagnetic resonance (EPR)
signals from the gstate Mn cluster in a photosynthetic oxygen-evolving complex (OEC) were obtained
for partially oriented photosystem (PS) Il membranes, and the magnetic structure of the Mn cluster has
been studied by simulation analysis. The angular-dependent multiline spectra were simulated by taking
into account the anisotropic properties of both hyperfine tensors of intrinsic Mn iong-tams$or of the

cluster in a tetranuclear model. The best-fit parameters for the simulation indicate that (a) the oxidation
state of the Sstate Mn cluster is Mn(lll, 1V, IV, 1IV), (b) the electronic orbital configuration of the
Mn(lll) ion is (d.)%[d.2)]%, (c) the effectiveg-tensor of the Mn cluster and the hyperfine tensor of the
Mn(lll) ion are axially symmetric, and their principalaxes are nearly collinear each other, and (d) the
z-axis of the @ orbital of the Mn(lll) ion and the normal of the thylakoid membrane are at an angle of
50.1+ 1.8°. The results are compatible with those of the oriented XAFS study [Mukeriji, |., et al. (1994)
Biochemistry 339712-9721], and indicate that the-@D vector of the putative di-oxo bridged Mn(lll)}-

Mn(1V) dimer unit in the Mn cluster tilts by 4356° with respect to the normal of thylakoid membrane.

A model of the arrangement of the dioxo bridged Mn(ll1)-Mn(IV) unit with respect to the thylakoid
membrane is proposed.

Photosynthetic water cleavage is carried out by an the $(7, 8), S (9—11), and $ (12, 13 states is sensitive to
oxygen-evolving complex (OEG)functional on the donor  EPR detection and gives rise to characteristic EPR signals.
side of photosystem (PS) Il. A tetranuclear Mn cluster Among them, an Sstate multiline signal was reported for
located at the lumenal side of the PS Il protein complex is the first time, best characterized, and provided the experi-
believed to provide a catalytic site for water oxidation. The mental evidence that Mn ions constitute a multinuclear cluster
process of oxygen evolution involves five intermediate in the OEC. Furthermore, the multiline signal can be
reaction states labeled = 0—4), in which S is thermally measured with high quality when it is compared with other
stable in the dark1(, 2. Upon illumination of the dark  signals, which is indispensable for detailed simulation
adapted PS I, the,Sstate advances stepwise by absorbing analysis. The multiline signal is centered at=g2 with a

successive photons to the highest oxidation statey&ich line width of approximately 1800 G and originates frétin
in turn spontaneously decays to thesgte with concurrent  nuclear hyperfine coupling8( 14, 15. In X- and Q-band
release of a molecular oxygeB—<6). EPR, the multiline spectrum shows at least 16 partially

Because the Mn ion has both electronic and nuclear spins,resolved hyperfine lines with a separation of-&9 G (12,
the Mn cluster has been extensively examined using EPR16), while 40-50 lines appear in S-band EPR7( 1§. On
spectroscopy in order to determine the magnetic andthe basis of a striking similarity between the multiline
electronic characteristics of this cluster. The Mn cluster in spectrum in the OEC and those of synthetic Mn (llI, 1V)
dimer complexes, the Mn cluster has been thought to involve
T This work was supported by a grant for Photosynthetic Science an antiferromagnetically coupled Mn(Il1)-Mn(IV) unit, pre-
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ascribed to a mong,-0xo-mono-carboxylato bridged Mn from spinach as described81) with modifications 82) and
Mn unit. Itis, however, of note that other bridging structures stored in liquid N until use. The following procedures were
may account for these distances. Furthermore, the Mnconducted in complete darkness or under a dim green safe
K-edge spectra of the;Sand $-state Mn cluster suggest light unless otherwise noted. After thawing, membranes
that the oxidation state of the-State Mn cluster is Mn(lll, dark-adapted fio3 h at 0°C were suspended in a buffer
IV, 1V, IV) (25). medium containing 400 mM sucrose, 5 mM NacCl, and 20
Simulation analysis of the powder pattern multiline MM Mes/NaOH (pH 6.5) and then precipitated by centrifu-
spectrum has been performed by many groups in order togation for 40 min &3000@) at 0 °C. Phenylp-benzo-
obtain the electronic and magnetic architecture of the S quinone at 1 mM (20 mM ethanol solution as stock) was
state Mn clusteri2, 13, 18-21). The earliest simulation ~ added to the membrane suspensions as an electron acceptor.
studies of the multiline signal were performed by assuming The resulting pellet was applied with a brush onto a plastic
isotropic hyperfine tensors of Mn ions and an isotropic sheet (3 mmx 30 mm) of 0.5 mm thick and dried under a
g-tensor of the cluster in an antiferromagnetically coupled stream of N gas, which was with 8690% water saturated
Mn-dimer as a model of the Mn cluster in the OED2Y, for approximately 16 h at 4C as described?f). Four sheets
Later, simulation ana|y5i5 was performed for a tetranuclear coated with oriented PS Il membranes were transferred into
system 19, 20, although the anisotropic nature of the a quartz EPR tube of 4 mm internal diameter and stored in
Mn(ll1) ion(s) in the cluster was ignored in the simulation. liquid N, until use. The total amount of chlorophyll per EPR
Simulation analysis that considers the anisotropy of both the tube was approximately 2 mg.

Mn hyperfine tensors and ttggtensor in a tetramer model Low-temperature EPR spectra were recordedl i with

has been reported by Zheng and Dismulgd$ énd indicates ~ a JEOL JES-FEIXG X-band EPR spectrometer equipped
that the oxidation state of the-State Mn cluster is Mn(lll,  with an Oxford-900 continuous flow cryostat. A JEOL-ES-
IV, 11, l1l), in contrast to that determined by XAFS studies PRIT 23 EPR data system was used for averaging and

(25, 29. Itis noted that the effects of the anisotropy of the subtraction of spectra. EPR samples were illuminated from

hyperfine tensors of Mn ion(s) and tgetensor of the cluster ~ both sides for 15 s at 210 K with halogen lamps (&®Gol

may average out and become vague in simulation studiesof photon/s/m) through 5 cm thick water and two layers of

using the powder spectrum but will be resolved more clearly cold filter in an ethanol/dry ice bath. Light spectra were

in orderly arranged samples. collected after annealing the illuminated samples in the dark
Multiline spectra in one-dimensionally ordered PS Il at—5 °C for 2 min in order to facilitate electron transfer

membranes have been reported,(30. However, the  from Qa™to Qs. The dark spectra were then collected after
characteristic features of the multiline spectra in partially further incubation in the dark fa2 h at 0°C for complete
oriented samples are that the hyperfine structures of therelaxation of the gstate. For evaluation of the goodness
spectra and their field positions are largely independent of Of sample orientation, the dark-incubated samples were
the angle between the thylakoid membrane and the externaflluminated for 1 min at 77 K to yield oxidized high potential
magnetic field except for some anisotropic effects detectable CYt Psso signals. EPR conditions are given in the figure
in the wings of the spectra. At first glance, this apparent legends.

angular independent behavior appears to be incompatible Theory. The total spin HamiltonianHiota) appropriate to
with the fact that the Sstate cluster contains at least one describe the EPR spectrum for a four-spin syst&®) (s
Mn(lll) ion with a largely anisotropic hyperfine interaction. ~ given by the expression

The parameters obtained by simulation of the powdered

spectrum are not applicable to the simulation of the oriented Hiota = Hex + H 1)
spectra, and to date, no successful simulation study of _
oriented multiline spectra has been reported. Hex= Z‘]iis'si ()

1<]

Here, we present simulation studies of multiline spectra
using relatively large anisotropic hyperfine tensors and an d
anisotropicg-tensor for the Mn cluster in partially oriented H=) (BS9-B+Sal+S5DS)+ ZS'Dij'S
PS Il membranes. Oriented multiline spectra were success- '=a = 3
fully simulated with a set of reasonable hyperfine tensors (3)
and line widths. The results provide information on the
orientation of the principal axes of thetensor of the Mn
cluster with respect to the normal of thylakoid membrane
and the relative arrangement of the principal axes of the
hyperfine tensor of a Mn(lll) ion and thg-tensor of the
cluster. Considering the results and previously reported
EXAFS studies 22, 26 in oriented PS Il membranes, the
orientation of the putative di-oxo bridged Mn(lll)-Mn(IV)
unit in the Mn cluster with respect to the thylakoid membrane
normal was determined.

whereS§ is the electronic spin operator @h spin,Jj is the
isotropic exchange parametef, is the electronic Bohr
magnetonB is the external magnetic field, argl &, and
D; are the intrinsiag-tensor, the intrinsic hyperfine tensor,
the zero-field splitting tensor of thigh spin, respectively.
Dj is the zero-field splitting tensor between titk andjth
intrinsic spins.

EXAFS and EPR studies of the tetrameric Mn cluster in
the OEC have indicated that the-§ate Mn cluster includes
at least one dic-oxo bridged Mn(llly-Mn(1V) dimer unit
MATERIALS AND METHODS coupled with strongly antiferromagnetic exchange interaction

(200—-300 cml). Throughout this paper, the Mn(lll) and

Experimental ProceduresOxygen-evolving PS Il mem-  Mn(lV) ions included in this dimer unit were labeled as Mn

branes with 606-800umol of O,/mg of Chl/h were prepared and Mn,, and other two Mn ions were labeled as Mmd
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Table 1: Coefficients?’ikl of the Projection Factor of thigh Mn lon for the $-State Mn(lll, IV, IV, 1IV) and Mn(lll, IV, 1lI, [ll) Clusters

Mn ion co? c? c? cs? CoC1 CoC2 CoCs C1C2 CiCs CoCs

I, v, 1Iv, IV
Mng(111) 2 —2/3 4/3 —4/5 0 0 0 —8/3 0 0
Mn(IV) -1 1/3 1/3 —1/5 0 0 0 8/3 0 0
Mn(1V) 0 2/3 -1/3 1 2(15)%3 0 0 0 0 4(3Y%3
Mnq(IV) 0 2/3 -1/3 1 —2(15)%/3 0 0 0 0 —4(3)42/3

11, 1V, 1
Mng(111) 2 —2/3 4/3 —4/5 0 0 0 —8/3 0 0
Mnp(IV) -1 1/3 1/3 —1/5 0 0 0 8/3 0 0
Mnc(111) 0 2/3 -1/3 1 4(6}2%3 0 0 0 0 2(21Y%3
Mng(111) 0 2/3 —1/3 1 —4(6)49/3 0 0 0 0 —2(21)}/3

|W(S(1/2)M) T~

Mng, respectively. Since the oxidation state of thestte
Mn cluster has been reported to be Mn(lll, IV, IV, IV2(,
25) or Mn(lll, 1V, 11, 1) ( 19, 20, the valence of the Mn
and Mnyions will be either Mn(Ill) or Mn(1V). The intrinsic
hyperfine tensorsx) for the Mn(lll, 1V, III, 111) and Mn(lll,

IV, IV, IV) clusters can be assumed to be 65102 cm™?

— 8.5 x 103 cm! based on the reported ones of Mn(lll)
and Mn(lV) ions in synthetic Mn dimer complexes and Mn
catalase 34—37). The zero-field splitting tensoi)) of a
Mn(ll1) ion is assumed to be-45 cm! based on magnetic
susceptibility studies38—41), while the term of a Mn(1V)
ion is smaller by 2 orders of magnitudé?j. The external
magnetic field B) in the Zeeman term is approximately 0.3
cmtin X-band EPR. The zero-field splitting tensddy)
due to dipole-dipole interactions between two Mn ions in
the cluster can be considered to be smaller than 1 ¢&8).

Consequently, the magnitude of the spin-exchange Hamil-

tonian Hey) of the S-state Mn cluster will be much larger

Col Si(1/2)80)S(1/2MH- ¢,|S,(1/2)S, (1) L/2M U+

ColSi(3/2)S(DSL2MIH ¢5S,(3/2)S,((2)S(1/2M T

(7)

wherecy, ¢, C;, andcz are normalized as cdd, sin 6, cOS
61, sin 6y sin 0, cos 6, and sin 6y sin 0, sin 6, with
hybridization angleso, 61, and6,, respectively. Then, the
effective spin HamiltonianH') is given by applying the
Wigner—Eckart theorem43):

d

H = ﬁes.g-B + ZS.Ai.Ii (8)
d

g= Z P9 ©)

A =Pa (10)

than those of other terms, and thus, the eigenstate of the totalVhereSis the total spin operatogis the effectiveg-tensor,

spin Hamiltonian can be approximated by thathf and is
obtained by solving the Schdnger equation:

He W (SM = EL(9)|W(SMU (4)
|V ((SM =
) ClSur S SM)ISS(S) 2SS SMI(5)
1S.SH(Su) (S SM=

SM &H\Aab SchCd
AZM CoMasiMes CaMEM, CMSM, X
Machdv EY b!MCYMd

ISMo® [§ M8 [SM 10 |SM40(6)

whereE,(S) is thenth eigenvalue oHe (hereafter the suffix
nwill be omitted for the value of the ground stat€f,,; in
eq 6 is the ClebschGordan coefficient33, 43, 44, ® is
the direct product symbol, arfdl, andS.4 are the magnitudes
of intermediate spins. The sums 8f and &4 extend over
the valuesS + S, S + §—1, ...,|S — §J, and those oM
andM; extend ovels;, §—1, ...,—S;, andS, S—1, ...,—S,
respectively. Since the g 2 multiline signal has been
thought to arise from an energetically isolatd Y/, ground
state doublet and the,State Mn cluster containing the

and A, is the effective hyperfine tensor of thd Mn ion.
Here,P; (i = a, b, ¢ and d) is the projection factor of ttik
Mn ion given by the expression:

WL TAS)WEW2)D 3
= = P PG

(i=a,b,c,andd) (11)

whereT®(S) is the first rank irreducible tensor operator built
up from theith Mn spin operatorS and [W(S(1/2)||T®-
(9)]1W(S(1/2))Dis a reduced matrix element of the tensor
operatolT¥(S). The resonant magnetic fields are calculated
by diagonalizing the effective spin Hamiltonian (eq 8).
Py, was calculated using the WigneEckart theorem and is
listed in Table 1 for the Mn(lll,IV,IV,IV) and Mn(lll,1V,
[1,111) clusters.

Simulation. Simulations of EPR spectra were performed
using a FORTRAN program we wrote. For each transition,
the resonant field was calculated using the perturbation theory
to the second order for the hyperfine coupling terms in a
tetranuclear model, and the resulting stick spectra were then
involved with Gaussian line shape functions specified by the
standard deviation, which is defined by three line width
parameterg\hy, Ahy, andAh;, (46). All the anisotropies of
the effectiveg-tensor of the Mn cluster and the hyperfine

S+ 1)

strongly antiferromagnetic exchange coupled dimer unit, the tensors of four Mn ions were taken into account in this study

eigenstate|P(§(1/2)M)0) can be adequately approximated

in order to simulate the multiline spectra of the-sBate

by considering the intermediate exchange terms up to four-cluster that contains largely anisotropic Mn(lll) ion(s).

basis by extending the two-basis approximatiaf, (49:

Furthermore, we considered both diagonailx,( A\i/y, and
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Ficure 1: Relative orientation of thg-tensor ¢) and the hyperfine
tensor A;) of theith Mn ion. The hyperfine tensor in g space is
obtained by the rotatio;~1-A;-T;, where the elements of the
transformation matrixT; are functions of the Euler angles, fi,
andy; (47).

Membrame Normal

External Magnetic
Field

&

.....

Ficure 2: lllustration of the relationships among geometric
parameters describing the paramagnetistgte Mn cluster in one-
dimensionally ordered thylakoid membranes. The direction of the
external magnetic field is defined by the anglesand ¢y with
respect to the membrane normal, of which direction is defined by
the angles o®y and @y with respect to the principaj-axes.

A,) and nondiagonalX,, A, andA,)) componentsi(= a,
b, c, d) of the hyperfine tensors in the principal system of

the g-tensor because there is no information on the relative

arrangements of the principal axes of tiiensor and those
of the hyperfine tensors for the,State cluster due to the
lack of the molecular structure of the cluster. The hyperfine
principal axes of théth Mn ion with principal valuesA,,

A\'/, andA) and theg-tensor principal axes are related by the
Euler anglesd;, Si, andy;) as illustrated in Figure 14().
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Ficure 3: Orientation dependence of EPR spectra of the partially
oriented PS Il membrane samples. Dark (broken lines) and light
(solid lines) spectra. The spectra were recorded at angles(a),0

45° (b), and 90 (c) between the membrane normal and the external
oriented PS Il membrane samples. Dark (broken lines) and light
(solid lines) magnetic field. The off-scale signals due to tyrosine
DT in the g~ 2 region and the rhombic Fein the g~ 4 region
have been omitted. Sample membranes were illuminated for 15 s
at 210 K followed by dark annealing for 2 min a5 °C for the

light spectra, and then further incubated ®h at 0°C for the

dark spectra. Spectrometer conditions: microwave frequency, 9.068
GHz; microwave power, 1 mW; modulation amplitude, 20 G;
temperature, 8 K.

was run together with the curve-fitting routine using the
Marquardt least-squares fitting algorithm to minimize the
measure of goodness of fif = Zi—; (Y% — Y;®P)? (48).
Minimization was achieved after approximately 15 iterations.
A typical run for a minimization took abaw h CPU time.

RESULTS AND DISCUSSION

EPR Spectra of Partially Oriented PS Il Membranes.
Figure 3 shows the EPR spectra of oriented PS || membranes
recorded at angles of’(a), 45 (b), and 90 (c) between
the membrane normal and the external magnetic field,

The effective hyperfine constants are obtained from the respectively. The dark spectra (dotted curves) show the

hybridization angle®,, 61, and 6, and intrinsic hyperfine

signals arising from the Rieske ireisulfur center (g~ 1.9),

constants that were varied within an allowable range (70 G a high-spin iron by cytochromias/f complex (g~ 6), and a

<1a'|=90G:i=a,b,c,dj=xY, 2 deduced from the

reported EPR studies in synthetic Mn complexes and Mn-

containing enzymes@—37). The hybridization angles were

rhombic iron (g~ 4.3), in addition to the pronounced signal
of an oxidized low-potential cyissg (9, ~ 2.9 and g~ 2.2).
As reported by Rutherford?9), the cytbssg signal showed

varied freely (6] < 18C°). The angular parameters described marked angular dependency, which occurs because the heme
by Blum et al. 46) were taken into account as illustrated in plane arranges perpendicularly to the normal of the thylakoid
Figure 2, where the principa axes (g, gy, and g) of the membrane. The spectral parts in ther@ and g~ 4 regions
Mn cluster are arranged in the thylakoid membranes with were omitted due to the presence of the intensive tyrosine
angles®y and®y with respect to the membrane normal. D* signal and the rhombic iron signal. lllumination at 210
is the angle between the membrane normal and the externaK induced the multiline and ¢ 4 signals in the g~ 2 and
magnetic field. Each angular-dependent multiline spectrum g ~ 4 regions, and the FeQ signal at g~ 1.8-1.9. Dark
was fitted using the same parameters sets. annealing of the illuminated membranes samples for 2 min
Computation. The fit to the oriented EPR spectra was at—5 °C (solid curves) resulted in the latter signal becoming
performed using a PC equipped with a DEC AXP 433 MHz negligibly small due to transfer of an electron froma Qo
CPU and 128 M bytes of RAM. The simulation program Qg, without any influence on other signals. Thus, the
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Ficure 4: Angular dependent change in intensity of theEfPR
signal of the oxidized high-potential chtss. The signal intensity
was normalized by that at angle = 90°. Experimentally
determined gamplitude (filled circles) and simulated curves (dotted
curves) for the mosaic spread anglé€¥) (©f 30° (a), 25 (b), and
20° (c).
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goodness of fit as expressed g¥for the O, 45°, and 90
spectra was 3.2, 4.1, and 4.2, respectively. Notably, there
are multiple combinations of intrinsic hyperfine tensaa$ (
and projection factors {(Pcan exist against a single set of
effective hyperfine tensorsA() determined by simulation.

In fact, a number of sets of hybridization angles could be
found for the obtained set of effective hyperfine tensors in
both the Mn(lll, 1V, IV, IV) and Mn(lll, IV, 111, ll) clusters
within angle ranges 31< |6y < 39°, 0° < |64] < 20° and

0° < |65 = 70°, 0r 62 < |0| < 81°,73 < |0,4] = 135 and

45° < |0,] = 74 (data not shown). Consequently, little
information on the oxidation state of the Mn cluster was
available from each set of projection factors. Furthermore,
there are 4! combinations &g for a given{J;} and A,
determined by simulation. Therefore, in the present study,

difference spectra obtained by subtracting the dark from the e considered effective hyperfine tensors, and Mn ions for

dark-annealed spectra can be attributed to thst&e EPR

the effective system are labeled as A, B, C, and D instead

signals only. The intensity of the multiline signal reached a ot 5 b ¢ and d for the intrinsic system. We can use the

high plateau level after 15 s of illumination and further

absolute values of the effective hyperfine constants without

illumination induced additional spectral changes, probably |5¢q of generality because the simulation is not affected by

due to partial oxidation of a high-potential dys (data not
shown).

Mosaic Spread.The goodness of orientation of the PS II
membrane samples was evaluated by mosaic spfeads

their signs, which are determined by the signs of the intrinsic
Mn hyperfine constantga} and the projection factofsP;} .

The system parameters, the effective hyperfine constants of
intrinsic 5Mn ions and the goodness of fi¢?3 for the best

described46), by measuring the angular dependence of the fjt simulation are summarized in Tables 2 and 3.

g, component of the oxidized high-potential dyg signal.

To evaluate the anisotropy of the intrinsic hyperfine tensor

By SUbtraCting the dark-adapted from the 77 K illuminated of each Mn ion in the C|uster, we consider the ram) ()f
spectra, thebsso spectra with flat baselines were obtained, the relative magnitude of the anisotropy to the average value
which enabled us to evaluate the signal intensity with high of the effective hyperfine constants as a criterion of aniso-

accuracy. Figure 4 shows the-dependent change in
intensity of the gcomponent and the simulated curves with
various values of2. The simulation was carried out by

assuming that the weighting of a direction for the external
magnetic field is proportional to a Gaussian distribution as

expressed by exp(n 2(w — ®u)¥Q?). The best fit was
obtained atQ = 23°, which was used for the curve fitting
of the oriented multiline EPR spectra as initial guess.

Simulation of Oriented Multiline EPR Spectrdigure 5

tropy:

o (AFAN2-A (@ ta)2-a,
TATATAB & tata)3

whereA,, Ay, andA,; are effective hyperfine constants, and
ax, ay, anda, are intrinsic ones in the hyperfine principal
system of a Mn ion. The simulation deducesRavalue for

Mna of 0.364, which is larger by at least 1 order of

| (12)

shows the experimental (panel A) and simulated (panel B) magnitude than those for Mi§0.082), Mr (0.018), and Mp

multiline spectra at angles of 0 (a), 45 (b), and 90 (c),

(0.020) (see Table 2).

respectively. The experimentally obtained signals exhibited  Since the electronic density of a Mn(IV) ion in the lowest

19 resolved main lines with an average splitting of 88 G,

regardless of the anglen] between the membrane normal

state is cubic symmetry, the hyperfine tensor can be
considered to be nearly isotropic, while that of a Mn(lll)

and the external magnetic field. The field position of the jon is largely anisotropic due to the Jakneller effect. In

peaks numbered1 to —9 in the low-field wing andt+1 to
+10 in the high-field wing is identical among the multiline
spectra at the angles) of 0° (a), 45 (b), and 90 (c). These

fact, R values have been found to be within the range of
0.24-0.35 and 0.060.09 for Mn(lll) and Mn(IV) ions,
respectively, in synthetic Mn complexe384(-37). These

results indicate that the main features of multiline signals considerations lead to an assignment of the valence of Mn
are largely insensitive to membrane orientation in agreementjons in the $-state Mn cluster to Mx(Ill), Mng(IV), Mnc-

with previous reports29, 30. Some small but distinctive

(IV), and Mrp(1V) in the effective hyperfine system. Since

angular-dependent change(s) of the spectra were seenwe assumed the di-oxo bridged Mr(Ill) —Mnp(IV) unit in
although these little affected the isotropic features of the the S-state cluster, the My{lll) ion in the effective system

spectra. The—9, +9, and +10 peaks showed angular-

unequivocally corresponds to the Mihl) ion in the intrinsic

dependent changes in intensity with no change in field system. The results also indicate that the valence of the

position. The—7 peak found as a single peakat= 0°
was partially resolved into two peaks at= 90°, which

remaining three Mn ions is 1V, although the respective Mn
ions in the two hyperfine systems do not correspond directly

may account for the angular-dependent field shift of this peak with each other. It is of note in this context that fRealue

reported by Rutherford2@). Small changes in hyperfine
structure also detected betweé and+4 peaks.

for the Mng(IV) ion is considerably larger than those for
the Mng(IV) and Mnp(1V) ions. This may suggest that the

The overall features of the experimentally obtained spectraligands and/or their coordination structures for thegkiiv)
and intensity and g-values of the main peaks were well ion are rather different from those for the MtV) and Mnp-
reproduced by simulation as shown in Figure 5B. The (IV) ions.
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Ficure 5: Experimentally obtained (panel A) and simulated (panel
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B) multiline spectra in partially oriented PS Il membrane samples. The

light minus dark difference spectra were recorded at angle$ ¢i)045 (b), and 90 (c) between the membrane normal and the external
magnetic field. Dotted curves in the panel B represent experimental spectra. See text for details of simulation procedures.

Table 2: Effective®®Mn Hyperfine Parameters and Euler Angles of
Mn lons in the $-State Mn Clusters Determined by Simulation of
Oriented Multiline Spectra

effective hyperfine Euler angles
constants (G) (deg)

Mnion A A A a B 4 Ra
Mn, 104.0 101.4 69.3-2.0 -1.8 —2.8 0.364
Mng 39.2 379 418 55 0.3 1.6 0.082
Mnc 105.1 108.6 1049 25 -—12 —4.5 0.018
Mnp 886 830 876 -19 1.6 —4.2 0.020

2R is a measure of anisotropy in hyperfine tensors. See text in details.

Table 3: System Parameters of theSate Mn Cluster ang?
Determined by Simulation of Oriented Multiline Spectra

g-tensor line width (G) angles (deg)
X y z X y z Ou Pvw Q gy
1.993 1.990 1976 183 13.0 17.0 50.1 61.1 247 115
2Sum ofy? for the simulations of § 45°, and 90 spectra.

2a

The oxidation state of the,State Mn cluster obtained in
the present simulation is consistent with that deduced by

i - 3
Mg =d,~d = oA 15+ (6, 0)) (19

AA=A;— A,=—IPlAa (14)
where . and gy are the electronic and nuclear Bohr
magnetons, and.gand g, are the electron and nuclear
g-values. In eq 13, thet” sign applies to the electronic
orbital configuration of [g)]{dyx-] {0¢][d 2]t in the six-
coordinate structure of a Mn(lll) ion, while the-" sign
applies to the configurations of Jgh] [dyzz] {d2xm)] ey *

and é(de-2,dyy)€'(dy0y7) in six and five-coordinate struc-
tures. For simplicity, the electronic orbital,Jgh]{dy-]*-
[d]* will hereafter be referred to as{d. Taking into
account the negative sign of hyperfine constatit a Mn

ion and the present simulation results|@gf — gy« ~ 0.02—
0.03, the positive and negative signs/; correspond to
the (d)3[che-y]* or €(che-y,do)e” (dhndya), and (d)¥(dzo)*
configurations. Notably A; was defined to be positive
throughout this study. The effective hyperfine constants for
Mna=a(Ill) ion listed in Table 2 lead to a negative value of
AA, indicating that the orbital configuration of the lnay-

X-ray absorption near edge structure (XANES) spectroscopy (Il1) ion is (d.)%[d2x]*. The sign ofAA (<0) found in this

(25, 28). However, the present result differs markedly from
that of Zheng and Dismuke21), whose simulation study
suggested Mn(lll, IV, IlI, IIl) as the Sstate Mn cluster. This
inconsistency may be attributable to the difference in the
multiline spectra that were simulated: powder spectrum in

study is inconsistent with that reported @) in the powder
spectrum simulation21). The (d;)%d2¢)]* configuration
(AA < 0) has been commonly observed in synthetic Mn
complexes and Mn-containing enzymes with six-coordinate
structure, while the'éd,2_y2,0,)€' (dx,,dy,) configuration AA

ref 21 and oriented spectra in the present study. We obtained> 0) has been reported only in the Mn(lll) monomer in

the simulation spectrum for the powder pattern multiline

superoxide dismutas&), and the (d)*[d,e-y?)]* configu-

using the parameters reported in ref 21 by assuming an EPRration (AA > 0) has not been reported in any Mn complex

line width (Ah) of 25—30 G (data not shown). This line
width was much larger than the average EPR line widdh, (
+ Ahy + Ah,)/3 of approximately 16 G in this study. Itis
worth noting at this point that the average line width in
authentic synthetic Mn complexes and a Mn containing
enzyme has been reported to be between 8 and 18 G.
For Mn(lll) ions, the magnitudes of an anisotropy of
intrinsic (&) and effective A;) hyperfine tensors are given
by the expression#49, 50

as far as we know.

The effective hyperfine constants listed in Table 2 show
that the M =a(1ll) ion is nearly axially anisotropic (A~
Ay= A;). Therefore, the simulation is sensitive to the Euler
anglep for the Mm=a(lll) ion, since nondiagonal compo-
nents of the hyperfine tensor will increase wih However,
the Euler anglex for the Mm=q(lll) ion little affects the
simulation. The Euler angle for the Mm=x(lll) does not
influence the simulation whefia is very small as in the
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present caseff = —1.8°). The Euler anglest, 5, andy
for the Mnscp(lV) ions do not influence the simulation
because the nondiagonal components of the hyperfine tensor ®
for an isotropic Mn(lV) ion are almost zeros. Thus, the A
simulation provides information about the angleof the
Mna=aIll) ion (B4), but little information about the angles

o andy for the Mm=alll) ion and the angles, 5, andy

for the Mns c p(IV) ions. Since the Euler anglga corre-
sponds to the angle between thaxis vectors of the effective
g-tensor of the Mn cluster and of the hyperfine tensor of the
Mnai=a(lll) ion, a very small B4 implies near-collinear
arrangement of these two tensors in the Mn cluster. A good
coincidence of these two vectors seems to be consistent with

the simulation result that the anisotropy mainly arises from . _ . .
. . : FIGURE 6: Orientation of the electronicorbital of Mna—a(lll
the unique M(lll) ion, and may Sque?’t the view that th? ion in the putative Ma=a(l1l) —Mn(IV) dziqnj;)er unit in thng(sfgta%e
magnetic structure of the Mn cluster is rather symmetric, mn cluster with respect to the thylakoid membrane normal. The
although the results do not exclude the possibility that the zaxis vector of the d orbital defined by the angl®, that
coincidence is incidental. corresponds to head-to-head double cones of possible orientations
The angle®y between the membrane normal and the IS Perpendicular to the equatorial plane of the JMgylll) ion
z-axis of the effectivag-tensor and the azimuthal anglay including two oxygen ligands. See text for details.
were determined to be 50.Jand 61.2, respectively, by hedral coordination structure of the Mnalll) ion as
simulation as shown in Table 3, although the simulation is reported in most synthetic gi-oxo bridged dimer complexes,
insensitive to the angléy because of no ordered arrange- the z-axis of the ¢ orbital of the Mn—(lll) ion can be
ment of PS Il around the normal of the thylakoid membrane. thought to be nearly perpendicular to the vector connecting
Table 3 also indicates that the Mn cluster has an axial two oxygen atoms in the putative dioxo bridged dimer
g-tensor, which is coincident with earlier simulation studies unit as shown in Figure 6. This view of the symmetric
in the powder pattern spectrurdl, although the anisotropy  coordination structure is, furthermore, compatible with the
of the g-value in this studyAg ~ 0.02) is smaller than that  simulation result that both thgttensor and hyperfine tensor
reported in ref 21 4g ~ 0.04). of the Mm=4(lll) ion are axially symmetric arrangement
The parameters obtained in the present simulation studythat has been found in symmetric Mn model comple&. (
reproduced the main features of the oriented multiline spectra A good coincidence between the 2.7 A MNIn distance
fairly well, but did not simulate the sma#9 and+10 peaks obtained by EXAFS studies and that reported in synthetic
that appeared at the high-field end. One possible explanationdi-u,-oxo bridged dimer complexes may allow us to choose
is that the OEC is heterogeneous and these two peaks belonghe diu-oxo bridged Mp—a(11l) —Mny(IV) unit with a rather
to OEC populations with slightly different hyperfine tensors symmetric configuration as a framework for further structural
and/org-tensor. Future research will focus on this point.  evaluation, although the possibility of the third bridging
Structural Implication of the ParametersThe present ligand cannot be excluded. Under these conditions, the
simulation study showed that the angle of the princieakis equatorial ligand planes of the Maa(l1l) and Mny(IV) are
of the effectiveg-tensor with respect to the normal of the nearly coplanar: the Mi=a(IIl) —Mny(IV) unit will lie on
thylakoid membrane®y) is 50.L. The principalz-axis of the same plane. Therefore, the arrangement of the dimer
the effectiveg-tensor correlated with that of the hyperfine unit plane with respect to the thylakoid membrane can be

AN
d

Membrane Normal

tensor of the Mp=x(Ill) ion by the Euler anglefa (= defined by angle®g, Oa, and&: 6e is the angle between
—1.8°). Thus, the polar angle of theaxis of the hyperfine ~ the membrane normal and the MNIn vector, ©4 is the
tensor with respect to the membrane norm@&a) is angle between the membrane normal and the normal of the

determined to be 50.% 1.8° from Oy andfa (Ga = Oum putative M= (l11)-Mn (1V) unit plane, and; is the angle
+ |Bal). Since thez-axis of the hyperfine tensor coincides for rotating the Mr=a(l1l) —Mny(IV) unit plane around the
with that of the ¢ orbital in a Mn(lll) ion in the case of an ~ Mn—Mn vector until the G-O vector becomes parallel to

electronic orbital configuration of (Jf[d2»]?, the angleda the thylakoid membrane (see Figure 8).
corresponds to a double cones of possible orientation of the The angle of; is a double-valued function of the angles
dz orbital of the Mny=a(lll) ion as shown in Figure 6. ®x andbg: cosC sin g = cosO®,. Figure 7 illustrates this

The appearance of the multiline signal has provided the relationship, indicating that the angle should be larger
evidence that a strong antiferromagnetically coupled Mn- than 39.94+ 1.8 when the angle®, is 50.1+ 1.8 as
(1) —Mn(IV) unit is involved in the Mn clusterX2). XAFS determined by this study. On the basis of XAFS studies of

studies have indicated the presence of the 2.7 A-Mm partially oriented PS Il membrane samples, the angi (
distance, which is most likely attributable to theidbxo between the membrane normal and the 2.7 A distance vector
bridged unit in the cluste2@—26). These lead to a “dimer-  has been suggested to be’ §22) and 60+ 7° (26), which
of-dimers” model of the cluster consisting a pair of:di- are present within the allowable angle rangefpf(=40°)

oxo bridged dimer units26). Thus, the di-oxo bridged determined by the simulation. Consequently, the arigle
Mn(lll) —=Mn(IV) structure is widely accepted as being was uniquely determined to be 34 || < 47° by taking
involved in the Mn cluster of an OEQG3( 5, 52, although into account the angle@ (60°) and®, (50.1+ 1.8).

more complex structures may account for the results of EPR  One possible model of the arrangement of the putative
(53) and X-ray absorption studie§)( Assuming an octa-  di-u-oxo bridged Mi=a(Ill) —Mny(IV) dimer unit in the $-
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Ficure 7: Diagram of the relationship among the angle9e,
and ©,, which define the arrangement of the (diexo bridged
dimer unit in the Mn cluster. Dotted line corresponds@g =
50°.

©,=50°

Thylakoid Membranes

FIGURE 8: Proposed arrangement of theidbxo bridged M-y

(1) —Mny(1V) dimer unit in the $-state tetranuclear Mn cluster
with respect to the thylakoid membrane based on the results of the
present simulation study®, = 50°) and previously reported
EXAFS study @ = 60°) (26). See text for details.

state Mn cluster in OEC deduced by the present simulation
and previous XAFSZ32, 26 studies of partially oriented PS

Il membranes is illustrated in Figure 8. In the present study,
we assume that Mi-a(Ill) —Mnp(1V) unit that has rather
symmetric coordination structure. If some distorted modi-
fication is introduced into the putative unit, the arrangement
may be evaluated by assuming an appropriate deviation in
the angle between theaxis in the hyperfine tensor and the
z-axis vector of the d orbital in the Mm=a(ll1) ion.
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