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ABSTRACT: High-quality angular-dependent spectra of multiline electron paramagnetic resonance (EPR)
signals from the S2-state Mn cluster in a photosynthetic oxygen-evolving complex (OEC) were obtained
for partially oriented photosystem (PS) II 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 ions andg-tensor of the
cluster in a tetranuclear model. The best-fit parameters for the simulation indicate that (a) the oxidation
state of the S2-state Mn cluster is Mn(III, IV, IV, IV), (b) the electronic orbital configuration of the
Mn(III) ion is (dπ)3[dz2(σ))]1, (c) the effectiveg-tensor of the Mn cluster and the hyperfine tensor of the
Mn(III) ion are axially symmetric, and their principalz-axes are nearly collinear each other, and (d) the
z-axis of the dz2 orbital of the Mn(III) 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 [Mukerji, I., et al. (1994)
Biochemistry 33, 9712-9721], and indicate that the O-O vector of the putative di-µ-oxo bridged Mn(III)-
Mn(IV) dimer unit in the Mn cluster tilts by 43-56° with respect to the normal of thylakoid membrane.
A model of the arrangement of the di-µ-oxo bridged Mn(III)-Mn(IV) unit with respect to the thylakoid
membrane is proposed.

Photosynthetic water cleavage is carried out by an
oxygen-evolving complex (OEC)1 functional on the donor
side of photosystem (PS) II. A tetranuclear Mn cluster
located at the lumenal side of the PS II protein complex is
believed to provide a catalytic site for water oxidation. The
process of oxygen evolution involves five intermediate
reaction states labeled Si (i ) 0-4), in which S1 is thermally
stable in the dark (1, 2). Upon illumination of the dark
adapted PS II, the S1-state advances stepwise by absorbing
successive photons to the highest oxidation state, S4, which
in turn spontaneously decays to the S0 state with concurrent
release of a molecular oxygen (3-6).

Because the Mn ion has both electronic and nuclear spins,
the Mn cluster has been extensively examined using EPR
spectroscopy in order to determine the magnetic and
electronic characteristics of this cluster. The Mn cluster in

the S0 (7, 8), S1 (9-11), and S2 (12, 13) states is sensitive to
EPR detection and gives rise to characteristic EPR signals.
Among them, an S2-state multiline signal was reported for
the first time, best characterized, and provided the experi-
mental evidence that Mn ions constitute a multinuclear cluster
in the OEC. Furthermore, the multiline signal can be
measured with high quality when it is compared with other
signals, which is indispensable for detailed simulation
analysis. The multiline signal is centered at g) 2 with a
line width of approximately 1800 G and originates from55Mn
nuclear hyperfine couplings (3, 14, 15). In X- and Q-band
EPR, the multiline spectrum shows at least 16 partially
resolved hyperfine lines with a separation of 85-90 G (12,
16), while 40-50 lines appear in S-band EPR (17, 18). On
the basis of a striking similarity between the multiline
spectrum in the OEC and those of synthetic Mn (III, IV)
dimer complexes, the Mn cluster has been thought to involve
an antiferromagnetically coupled Mn(III)-Mn(IV) unit, pre-
sumably connected by a di-µ-oxo bridge. Furthermore, an
S) 1/2 spin state is believed to be responsible for the signal
(12, 13, 18-21).

Extended X-ray absorption fine structure (EXAFS) spec-
troscopy of the Mn cluster has demonstrated that two possible
distances exist between Mn ions: 2.7 and 3.3 Å (22-26).
The former coincides with the Mn-Mn distances for
synthetic di-µ2-oxo bridged Mn(III, IV) dimer complexes
(27), indicating the presence of the di-µ-oxo Mn(III)-
Mn(IV) unit in the cluster. The 3.3 Å distance has been
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ascribed to a mono-µ2-oxo-mono-carboxylato bridged Mn-
Mn unit. It is, however, of note that other bridging structures
may account for these distances. Furthermore, the Mn
K-edge spectra of the S1- and S2-state Mn cluster suggest
that the oxidation state of the S2-state Mn cluster is Mn(III,
IV, IV, IV) ( 25).

Simulation analysis of the powder pattern multiline
spectrum has been performed by many groups in order to
obtain the electronic and magnetic architecture of the S2-
state Mn cluster (12, 13, 18-21). The earliest simulation
studies of the multiline signal were performed by assuming
isotropic hyperfine tensors of Mn ions and an isotropic
g-tensor of the cluster in an antiferromagnetically coupled
Mn-dimer as a model of the Mn cluster in the OEC (12).
Later, simulation analysis was performed for a tetranuclear
system (19, 20), although the anisotropic nature of the
Mn(III) ion(s) in the cluster was ignored in the simulation.
Simulation analysis that considers the anisotropy of both the
Mn hyperfine tensors and theg-tensor in a tetramer model
has been reported by Zheng and Dismukes (21) and indicates
that the oxidation state of the S2-state Mn cluster is Mn(III,
IV, III, III), in contrast to that determined by XAFS studies
(25, 28). It is noted that the effects of the anisotropy of the
hyperfine tensors of Mn ion(s) and theg-tensor of the cluster
may average out and become vague in simulation studies
using the powder spectrum but will be resolved more clearly
in orderly arranged samples.

Multiline spectra in one-dimensionally ordered PS II
membranes have been reported (29, 30). However, the
characteristic features of the multiline spectra in partially
oriented samples are that the hyperfine structures of the
spectra and their field positions are largely independent of
the angle between the thylakoid membrane and the external
magnetic field except for some anisotropic effects detectable
in the wings of the spectra. At first glance, this apparent
angular independent behavior appears to be incompatible
with the fact that the S2-state cluster contains at least one
Mn(III) ion with a largely anisotropic hyperfine interaction.
The parameters obtained by simulation of the powdered
spectrum are not applicable to the simulation of the oriented
spectra, and to date, no successful simulation study of
oriented multiline spectra has been reported.

Here, we present simulation studies of multiline spectra
using relatively large anisotropic hyperfine tensors and an
anisotropicg-tensor for the Mn cluster in partially oriented
PS II membranes. Oriented multiline spectra were success-
fully simulated with a set of reasonable hyperfine tensors
and line widths. The results provide information on the
orientation of the principal axes of theg-tensor 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(III) ion and theg-tensor of the
cluster. Considering the results and previously reported
EXAFS studies (22, 26) in oriented PS II membranes, the
orientation of the putative di-µ-oxo bridged Mn(III)-Mn(IV)
unit in the Mn cluster with respect to the thylakoid membrane
normal was determined.

MATERIALS AND METHODS

Experimental Procedures.Oxygen-evolving PS II mem-
branes with 600-800µmol of O2/mg of Chl/h were prepared

from spinach as described (31) with modifications (32) and
stored in liquid N2 until use. The following procedures were
conducted in complete darkness or under a dim green safe
light unless otherwise noted. After thawing, membranes
dark-adapted for 3 h at 0 °C were suspended in a buffer
medium containing 400 mM sucrose, 5 mM NaCl, and 20
mM Mes/NaOH (pH 6.5) and then precipitated by centrifu-
gation for 40 min (×30000g) at 0 °C. Phenyl-p-benzo-
quinone at 1 mM (20 mM ethanol solution as stock) was
added to the membrane suspensions as an electron acceptor.
The resulting pellet was applied with a brush onto a plastic
sheet (3 mm× 30 mm) of 0.5 mm thick and dried under a
stream of N2 gas, which was with 80-90% water saturated
for approximately 16 h at 4°C as described (29). Four sheets
coated with oriented PS II membranes were transferred into
a quartz EPR tube of 4 mm internal diameter and stored in
liquid N2 until use. The total amount of chlorophyll per EPR
tube was approximately 2 mg.

Low-temperature EPR spectra were recorded at 8 K with
a JEOL JES-FEIXG X-band EPR spectrometer equipped
with an Oxford-900 continuous flow cryostat. A JEOL-ES-
PRIT 23 EPR data system was used for averaging and
subtraction of spectra. EPR samples were illuminated from
both sides for 15 s at 210 K with halogen lamps (600µmol
of photon/s/m2) through 5 cm thick water and two layers of
cold filter in an ethanol/dry ice bath. Light spectra were
collected after annealing the illuminated samples in the dark
at -5 °C for 2 min in order to facilitate electron transfer
from QA

- to QB. The dark spectra were then collected after
further incubation in the dark for 2 h at 0°C for complete
relaxation of the S2-state. For evaluation of the goodness
of sample orientation, the dark-incubated samples were
illuminated for 1 min at 77 K to yield oxidized high potential
cyt b559 signals. EPR conditions are given in the figure
legends.

Theory. The total spin Hamiltonian (Htotal) appropriate to
describe the EPR spectrum for a four-spin system (33) is
given by the expression

whereSi is the electronic spin operator ofith spin,Jij is the
isotropic exchange parameter,âe is the electronic Bohr
magneton,B is the external magnetic field, andgi, ai, and
Di are the intrinsicg-tensor, the intrinsic hyperfine tensor,
the zero-field splitting tensor of theith spin, respectively.
Dij is the zero-field splitting tensor between theith andjth
intrinsic spins.

EXAFS and EPR studies of the tetrameric Mn cluster in
the OEC have indicated that the S2-state Mn cluster includes
at least one di-µ-oxo bridged Mn(III)-Mn(IV) dimer unit
coupled with strongly antiferromagnetic exchange interaction
(200-300 cm-1). Throughout this paper, the Mn(III) and
Mn(IV) ions included in this dimer unit were labeled as Mna

and Mnb, and other two Mn ions were labeled as Mnc and

Htotal ) Hex + H (1)

Hex ) ∑
i<j

JijSi‚Sj (2)

H ) ∑
i)a

d

(âeSi‚gi‚B + Si‚ai‚I i + Si‚Di‚Si) + ∑
i<j

Si‚Dij‚Sj

(3)
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Mnd, respectively. Since the oxidation state of the S2-state
Mn cluster has been reported to be Mn(III, IV, IV, IV) (20,
25) or Mn(III, IV, III, III) ( 19, 21), the valence of the Mnc
and Mnd ions will be either Mn(III) or Mn(IV). The intrinsic
hyperfine tensors (ai) for the Mn(III, IV, III, III) and Mn(III,
IV, IV, IV) clusters can be assumed to be 6.5× 10-3 cm-1

- 8.5 × 10-3 cm-1 based on the reported ones of Mn(III)
and Mn(IV) ions in synthetic Mn dimer complexes and Mn
catalase (34-37). The zero-field splitting tensor (D) of a
Mn(III) ion is assumed to be 1-5 cm-1 based on magnetic
susceptibility studies (38-41), while the term of a Mn(IV)
ion is smaller by 2 orders of magnitude (42). The external
magnetic field (B) in the Zeeman term is approximately 0.3
cm-1 in X-band EPR. The zero-field splitting tensor (Dij)
due to dipole-dipole interactions between two Mn ions in
the cluster can be considered to be smaller than 1 cm-1 (33).

Consequently, the magnitude of the spin-exchange Hamil-
tonian (Hex) of the S2-state Mn cluster will be much larger
than those of other terms, and thus, the eigenstate of the total
spin Hamiltonian can be approximated by that ofHex and is
obtained by solving the Schro¨dinger equation:

whereEn(S) is thenth eigenvalue ofHex (hereafter the suffix
n will be omitted for the value of the ground state),CaRbâ

cγ in
eq 6 is the Clebsch-Gordan coefficient (33, 43, 44), X is
the direct product symbol, andSab andScd are the magnitudes
of intermediate spins. The sums onSab andScd extend over
the values,Si + Sj, Si + Sj-1, ...,|Si - Sj|, and those onMij

andMi extend overSij, Sij-1, ...,-Sij, andSi, Si-1, ...,-Si,
respectively. Since the g) 2 multiline signal has been
thought to arise from an energetically isolatedS) 1/2 ground
state doublet and the S2-state Mn cluster containing the
strongly antiferromagnetic exchange coupled dimer unit, the
eigenstate (|Ψ(S(1/2)M)〉) can be adequately approximated
by considering the intermediate exchange terms up to four-
basis by extending the two-basis approximation (20, 45):

wherec0, c1, c2, andc3 are normalized as cosθ0, sin θ0 cos
θ1, sin θ0 sin θ1 cos θ2 and sin θ0 sin θ1 sin θ2 with
hybridization angles,θ0, θ1, andθ2, respectively. Then, the
effective spin Hamiltonian (H′) is given by applying the
Wigner-Eckart theorem (43):

whereS is the total spin operator,g is the effectiveg-tensor,
andA i is the effective hyperfine tensor of theith Mn ion.
Here,Pi (i ) a, b, c and d) is the projection factor of theith
Mn ion given by the expression:

whereT(1)(Si) is the first rank irreducible tensor operator built
up from the ith Mn spin operatorSi and 〈Ψ(S(1/2)||T(1)-
(Si)||Ψ(S(1/2))〉 is a reduced matrix element of the tensor
operatorT(1)(Si). The resonant magnetic fields are calculated
by diagonalizing the effective spin Hamiltonian (eq 8).
P̃kl

i was calculated using the Wigner-Eckart theorem and is
listed in Table 1 for the Mn(III,IV,IV,IV) and Mn(III,IV,
III,III) 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
parameters∆hx, ∆hy, and∆hz (46). All the anisotropies of
the effectiveg-tensor of the Mn cluster and the hyperfine
tensors of four Mn ions were taken into account in this study
in order to simulate the multiline spectra of the S2-state
cluster that contains largely anisotropic Mn(III) ion(s).
Furthermore, we considered both diagonal (Axx

i , Ayy
i , and

Table 1: CoefficientsP̃kl
i of the Projection Factor of theith Mn Ion for the S2-State Mn(III, IV, IV, IV) and Mn(III, IV, III, III) Clusters

Mn ion c0
2 c1

2 c2
2 c3

2 c0c1 c0c2 c0c3 c1c2 c1c3 c2c3

III, IV, IV, IV
Mna(III) 2 -2/3 4/3 -4/5 0 0 0 -8/3 0 0
Mnb(IV) -1 1/3 1/3 -1/5 0 0 0 8/3 0 0
Mnc(IV) 0 2/3 -1/3 1 2(15)1/2/3 0 0 0 0 4(3)1/2/3
Mnd(IV) 0 2/3 -1/3 1 -2(15)1/2/3 0 0 0 0 -4(3)1/2/3

III, IV, III, III
Mna(III) 2 -2/3 4/3 -4/5 0 0 0 -8/3 0 0
Mnb(IV) -1 1/3 1/3 -1/5 0 0 0 8/3 0 0
Mnc(III) 0 2/3 -1/3 1 4(6)1/2/3 0 0 0 0 2(21)1/2/3
Mnd(III) 0 2/3 -1/3 1 -4(6)1/2/3 0 0 0 0 -2(21)1/2/3

Hex|Ψn(SM)〉 ) En(S)|Ψn(SM)〉 (4)

|Ψn(SM)〉 )

∑
Sab,Scd

C(Sab,Scd,S,M)|SaSb(Sab)ScSd(Scd)SM〉 (5)

|SaSb(Sab)ScSd(Scd)SM〉 )

∑
Mab,Mcd,Ma,Mb,Mc,Md

CSabMabScdMcd

SM CSaMaSbMb

SabMab CScMcSdMd

ScdMcd ×

|SaMa〉 X |SbMb〉 X |ScMc〉 X |SdMd〉 (6)

|Ψ(S(1/2)M)〉 ≈
c0|Sab(1/2)Scd(0)S(1/2)M〉 + c1|Sab(1/2)Scd(1)S(1/2)M〉 +

c2|Sab(3/2)Scd(1)S(1/2)M〉 + c3|Sab(3/2)Scd(2)S(1/2)M〉
(7)

H′ ) âeS‚g‚B + ∑
i)a

d

S‚A i‚I i (8)

g ) ∑
i)a

d

Pigi (9)

A i ) Piai (10)

Pi )
〈Ψ(S(1/2))||T(1)(Si)||Ψ(S(1/2))〉

S(S+ 1)
) ∑

k,l)0

3

P̃kl
i ckcl

(i ) a, b, c, and d) (11)

Simulation of Oriented Multiline EPR Signals Biochemistry, Vol. 37, No. 26, 19989459



Azz
i ) and nondiagonal (Axy

i , Axz
i , andAyz

i ) components (i ) a,
b, c, d) of the hyperfine tensors in the principal system of
theg-tensor because there is no information on the relative
arrangements of the principal axes of theg-tensor and those
of the hyperfine tensors for the S2-state cluster due to the
lack of the molecular structure of the cluster. The hyperfine
principal axes of theith Mn ion with principal values (Ax

i ,
Ay

i , andAz
i ) and theg-tensor principal axes are related by the

Euler angles (Ri, âi, andγi) as illustrated in Figure 1 (47).
The effective hyperfine constants are obtained from the
hybridization anglesθ0, θ1, andθ2 and intrinsic hyperfine
constants that were varied within an allowable range (70 G
e |aj

i| e 90 G: i ) a, b, c, d;j ) x, y, z) deduced from the
reported EPR studies in synthetic Mn complexes and Mn-
containing enzymes (34-37). The hybridization angles were
varied freely (|θi| e 180°). The angular parameters described
by Blum et al. (46) were taken into account as illustrated in
Figure 2, where the principalg axes (gx, gy, and gz) of the
Mn cluster are arranged in the thylakoid membranes with
anglesΘM andΦM with respect to the membrane normal.ω
is the angle between the membrane normal and the external
magnetic field. Each angular-dependent multiline spectrum
was fitted using the same parameters sets.

Computation. The fit to the oriented EPR spectra was
performed using a PC equipped with a DEC AXP 433 MHz
CPU and 128 M bytes of RAM. The simulation program

was run together with the curve-fitting routine using the
Marquardt least-squares fitting algorithm to minimize the
measure of goodness of fitø2 ) Σi)1,n(Yi

cal - Yi
exp)2 (48).

Minimization was achieved after approximately 15 iterations.
A typical run for a minimization took about 6 h CPU time.

RESULTS AND DISCUSSION

EPR Spectra of Partially Oriented PS II Membranes.
Figure 3 shows the EPR spectra of oriented PS II membranes
recorded at angles of 0° (a), 45° (b), and 90° (c) between
the membrane normal and the external magnetic field,
respectively. The dark spectra (dotted curves) show the
signals arising from the Rieske iron-sulfur center (g≈ 1.9),
a high-spin iron by cytochromeb6/f complex (g≈ 6), and a
rhombic iron (g≈ 4.3), in addition to the pronounced signal
of an oxidized low-potential cytb559 (gz ≈ 2.9 and gy ≈ 2.2).
As reported by Rutherford (29), the cytb559 signal showed
marked angular dependency, which occurs because the heme
plane arranges perpendicularly to the normal of the thylakoid
membrane. The spectral parts in the g≈ 2 and g≈ 4 regions
were omitted due to the presence of the intensive tyrosine
D+ signal and the rhombic iron signal. Illumination at 210
K induced the multiline and g) 4 signals in the g≈ 2 and
g ≈ 4 regions, and the FeQA- signal at g≈ 1.8-1.9. Dark
annealing of the illuminated membranes samples for 2 min
at-5 °C (solid curves) resulted in the latter signal becoming
negligibly small due to transfer of an electron from QA

- to
QB, without any influence on other signals. Thus, the

FIGURE 1: Relative orientation of theg-tensor (g) and the hyperfine
tensor (A i) of the ith Mn ion. The hyperfine tensor in g space is
obtained by the rotationT i

-1‚A i‚T i, where the elements of the
transformation matrixT i are functions of the Euler anglesRi, âi,
andγi (47).

FIGURE 2: Illustration of the relationships among geometric
parameters describing the paramagnetic S2-state Mn cluster in one-
dimensionally ordered thylakoid membranes. The direction of the
external magnetic field is defined by the anglesω and æN with
respect to the membrane normal, of which direction is defined by
the angles ofΘM andΦM with respect to the principalg-axes.

FIGURE 3: Orientation dependence of EPR spectra of the partially
oriented PS II membrane samples. Dark (broken lines) and light
(solid lines) spectra. The spectra were recorded at angles of 0° (a),
45° (b), and 90° (c) between the membrane normal and the external
oriented PS II membrane samples. Dark (broken lines) and light
(solid lines) magnetic field. The off-scale signals due to tyrosine
D+ in the g≈ 2 region and the rhombic Fe3+ in the g≈ 4 region
have been omitted. Sample membranes were illuminated for 15 s
at 210 K followed by dark annealing for 2 min at-5 °C for the
light spectra, and then further incubated for 2 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.
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difference spectra obtained by subtracting the dark from the
dark-annealed spectra can be attributed to the S2-state EPR
signals only. The intensity of the multiline signal reached a
high plateau level after 15 s of illumination and further
illumination induced additional spectral changes, probably
due to partial oxidation of a high-potential cytb559 (data not
shown).

Mosaic Spread.The goodness of orientation of the PS II
membrane samples was evaluated by mosaic spread,Ω, as
described (46), by measuring the angular dependence of the
gz component of the oxidized high-potential cytb559 signal.
By subtracting the dark-adapted from the 77 K illuminated
spectra, theb559 spectra with flat baselines were obtained,
which enabled us to evaluate the signal intensity with high
accuracy. Figure 4 shows theω-dependent change in
intensity of the gz component and the simulated curves with
various values ofΩ. 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(-ln 2(ω - ΘM)2/Ω2). The best fit was
obtained atΩ ) 23°, which was used for the curve fitting
of the oriented multiline EPR spectra as initial guess.

Simulation of Oriented Multiline EPR Spectra.Figure 5
shows the experimental (panel A) and simulated (panel B)
multiline spectra atω angles of 0° (a), 45° (b), and 90° (c),
respectively. The experimentally obtained signals exhibited
19 resolved main lines with an average splitting of 88 G,
regardless of the angle (ω) between the membrane normal
and the external magnetic field. The field position of the
peaks numbered-1 to -9 in the low-field wing and+1 to
+10 in the high-field wing is identical among the multiline
spectra at the angles (ω) of 0° (a), 45° (b), and 90° (c). These
results indicate that the main features of multiline signals
are largely insensitive to membrane orientation in agreement
with previous reports (29, 30). Some small but distinctive
angular-dependent change(s) of the spectra were seen,
although these little affected the isotropic features of the
spectra. The-9, +9, and +10 peaks showed angular-
dependent changes in intensity with no change in field
position. The-7 peak found as a single peak atω ) 0°
was partially resolved into two peaks atω ) 90°, which
may account for the angular-dependent field shift of this peak
reported by Rutherford (29). Small changes in hyperfine
structure also detected between+3 and+4 peaks.

The overall features of the experimentally obtained spectra
and intensity and g-values of the main peaks were well
reproduced by simulation as shown in Figure 5B. The

goodness of fit as expressed byø2 for the 0°, 45°, and 90°
spectra was 3.2, 4.1, and 4.2, respectively. Notably, there
are multiple combinations of intrinsic hyperfine tensors (ai)
and projection factors (Pi) can exist against a single set of
effective hyperfine tensors (A i) 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(III, IV, IV, IV) and Mn(III, IV, III, III) clusters
within angle ranges 31° e |θ0| e 39°, 0° e |θ1| e 20° and
0° e |θ2| e 70°, or 62° e |θ0| e 81°, 73e |θ1| e 135° and
45° e |θ2| e 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 ofPiai for a given{Jij} and A i

determined by simulation. Therefore, in the present study,
we considered effective hyperfine tensors, and Mn ions for
the effective system are labeled as A, B, C, and D instead
of a, b, c, and d for the intrinsic system. We can use the
absolute values of the effective hyperfine constants without
loss of generality because the simulation is not affected by
their signs, which are determined by the signs of the intrinsic
Mn hyperfine constants{ai} and the projection factors{Pi}.
The system parameters, the effective hyperfine constants of
intrinsic 55Mn ions and the goodness of fit (ø2) for the best
fit simulation are summarized in Tables 2 and 3.

To evaluate the anisotropy of the intrinsic hyperfine tensor
of each Mn ion in the cluster, we consider the ratio (R) of
the relative magnitude of the anisotropy to the average value
of the effective hyperfine constants as a criterion of aniso-
tropy:

whereAx, Ay, andAz are effective hyperfine constants, and
ax, ay, and az are intrinsic ones in the hyperfine principal
system of a Mn ion. The simulation deduces anR value for
MnA of 0.364, which is larger by at least 1 order of
magnitude than those for MnB (0.082), MnC (0.018), and MnD
(0.020) (see Table 2).

Since the electronic density of a Mn(IV) ion in the lowest
state is cubic symmetry, the hyperfine tensor can be
considered to be nearly isotropic, while that of a Mn(III)
ion is largely anisotropic due to the Jahn-Teller effect. In
fact, R values have been found to be within the range of
0.24-0.35 and 0.00-0.09 for Mn(III) and Mn(IV) ions,
respectively, in synthetic Mn complexes (34-37). These
considerations lead to an assignment of the valence of Mn
ions in the S2-state Mn cluster to MnA(III), Mn B(IV), MnC-
(IV), and MnD(IV) in the effective hyperfine system. Since
we assumed the di-µ-oxo bridged Mna(III) -Mnb(IV) unit in
the S2-state cluster, the MnA(III) ion in the effective system
unequivocally corresponds to the Mna(III) ion in the intrinsic
system. The results also indicate that the valence of the
remaining three Mn ions is IV, although the respective Mn
ions in the two hyperfine systems do not correspond directly
with each other. It is of note in this context that theR value
for the MnB(IV) ion is considerably larger than those for
the MnC(IV) and MnD(IV) ions. This may suggest that the
ligands and/or their coordination structures for the MnB(IV)
ion are rather different from those for the MnC(IV) and MnD-
(IV) ions.

FIGURE 4: Angular dependent change in intensity of the gz EPR
signal of the oxidized high-potential cytb559. The signal intensity
was normalized by that at angleω ) 90°. Experimentally
determined gz amplitude (filled circles) and simulated curves (dotted
curves) for the mosaic spread angles (Ω) of 30° (a), 25° (b), and
20° (c).

R ) |(Ax + Ay)/2 - Az

(Ax + Ay + Az)/3
| ) |(ax + ay)/2 - az

(ax + ay + az)/3
| (12)
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The oxidation state of the S2-state Mn cluster obtained in
the present simulation is consistent with that deduced by
X-ray absorption near edge structure (XANES) spectroscopy
(25, 28). However, the present result differs markedly from
that of Zheng and Dismukes (21), whose simulation study
suggested Mn(III, IV, III, III) as the S2-state Mn cluster. This
inconsistency may be attributable to the difference in the
multiline spectra that were simulated: powder spectrum in
ref 21 and oriented spectra in the present study. We obtained
the simulation spectrum for the powder pattern multiline
using the parameters reported in ref 21 by assuming an EPR
line width (∆h) of 25-30 G (data not shown). This line
width was much larger than the average EPR line width (∆hx

+ ∆hy + ∆hz)/3 of approximately 16 G in this study. It is
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(III) ions, the magnitudes of an anisotropy of
intrinsic (ai) and effective (A i) hyperfine tensors are given
by the expressions (49, 50)

where âe and âN are the electronic and nuclear Bohr
magnetons, and ge and gN are the electron and nuclear
g-values. In eq 13, the “+” sign applies to the electronic
orbital configuration of [dxy(π)]1[dyz(π)]1[dzx(π)][dz2(σ)]1 in the six-
coordinate structure of a Mn(III) ion, while the “-” sign
applies to the configurations of [dxy(π)]1[dyz(π)]1[dzx(π)]1[dx2-y2(σ)]1

and e′(dx2-y2,dxy)e′′(dxz,dyz) in six and five-coordinate struc-
tures. For simplicity, the electronic orbital [dxy(π)]1[dyz(π)]1-
[dzx(π)]1 will hereafter be referred to as (dπ)3. Taking into
account the negative sign of hyperfine constant (ai) in a Mn
ion and the present simulation results of|gz - gx| ≈ 0.02-
0.03, the positive and negative signs of∆Ai correspond to
the (dπ)3[dx2-y2(σ)]1 or e′(dx2-y2,dxy)e′′(dxz,dyz), and (dπ)3(dz2(σ))1

configurations. Notably,A i was defined to be positive
throughout this study. The effective hyperfine constants for
MnA()a)(III) ion listed in Table 2 lead to a negative value of
∆A, indicating that the orbital configuration of the MnA()a)-
(III) ion is (dπ)3[dz2(σ)]1. The sign of∆A (<0) found in this
study is inconsistent with that reported (>0) in the powder
spectrum simulation (21). The (dπ)3[dz2(σ)]1 configuration
(∆A < 0) has been commonly observed in synthetic Mn
complexes and Mn-containing enzymes with six-coordinate
structure, while the e′(dx2-y2,dxy)e′′(dxz,dyz) configuration (∆A
> 0) has been reported only in the Mn(III) monomer in
superoxide dismutase (51), and the (dπ)3[dx2-y2(σ)]1 configu-
ration (∆A > 0) has not been reported in any Mn complex
as far as we know.

The effective hyperfine constants listed in Table 2 show
that the MnA()a)(III) ion is nearly axially anisotropic (Ax ≈
Ay * Az). Therefore, the simulation is sensitive to the Euler
angleâ for the MnA()a)(III) ion, since nondiagonal compo-
nents of the hyperfine tensor will increase withâA. However,
the Euler angleR for the MnA()a)(III) ion little affects the
simulation. The Euler angleγ for the MnA()a)(III) does not
influence the simulation whenâA is very small as in the

FIGURE 5: Experimentally obtained (panel A) and simulated (panel B) multiline spectra in partially oriented PS II membrane samples. The
light minus dark difference spectra were recorded at angles of 0° (a), 45° (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: Effective55Mn Hyperfine Parameters and Euler Angles of
Mn Ions in the S2-State Mn Clusters Determined by Simulation of
Oriented Multiline Spectra

effective hyperfine
constants (G)

Euler angles
(deg)

Mn ion Ax Ay Az R â γ Ra

MnA 104.0 101.4 69.3 -2.0 -1.8 -2.8 0.364
MnB 39.2 37.9 41.8 5.5 0.3 1.6 0.082
MnC 105.1 108.6 104.9 2.5 -1.2 -4.5 0.018
MnD 88.6 83.0 87.6 -1.9 1.6 -4.2 0.020

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

Table 3: System Parameters of the S2-State Mn Cluster andø2

Determined by Simulation of Oriented Multiline Spectra

g-tensor line width (G) angles (deg)

x y z x y z ΘM ΦM Ω ø2 a

1.993 1.990 1.976 18.3 13.0 17.0 50.1 61.1 24.7 11.5
a Sum ofø2 for the simulations of 0°, 45°, and 90° spectra.

∆ai ) az
i - ax

i ) gegNâeâN〈r-3〉(( 3
14

+ (gz - gx)) (13)

∆A i ) Az
i - Ax

i ) -|Pi|∆ai (14)
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present case (âA ) -1.8°). The Euler anglesR, â, andγ
for the MnB,C,D(IV) ions do not influence the simulation
because the nondiagonal components of the hyperfine tensor
for an isotropic Mn(IV) ion are almost zeros. Thus, the
simulation provides information about the angleâ of the
MnA()a)(III) ion (âA), but little information about the angles
R andγ for the MnA()a)(III) ion and the anglesR, â, andγ
for the MnB,C,D(IV) ions. Since the Euler angleâA corre-
sponds to the angle between thez-axis vectors of the effective
g-tensor of the Mn cluster and of the hyperfine tensor of the
MnA()a)(III) ion, a very small âA 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
the unique Mna(III) ion, and may suggest the view that the
magnetic structure of the Mn cluster is rather symmetric,
although the results do not exclude the possibility that the
coincidence is incidental.

The angleΘM between the membrane normal and the
z-axis of the effectiveg-tensor and the azimuthal angleΦM

were determined to be 50.1° and 61.1°, respectively, by
simulation as shown in Table 3, although the simulation is
insensitive to the angleΦM because of no ordered arrange-
ment of PS II around the normal of the thylakoid membrane.
Table 3 also indicates that the Mn cluster has an axial
g-tensor, which is coincident with earlier simulation studies
in the powder pattern spectrum (21), although the anisotropy
of the g-value in this study (∆g ≈ 0.02) is smaller than that
reported in ref 21 (∆g ≈ 0.04).

The parameters obtained in the present simulation study
reproduced the main features of the oriented multiline spectra
fairly well, but did not simulate the small+9 and+10 peaks
that appeared at the high-field end. One possible explanation
is that the OEC is heterogeneous and these two peaks belong
to OEC populations with slightly different hyperfine tensors
and/org-tensor. Future research will focus on this point.

Structural Implication of the Parameters.The present
simulation study showed that the angle of the principalz-axis
of the effectiveg-tensor with respect to the normal of the
thylakoid membrane (ΘM) is 50.1°. The principalz-axis of
the effectiveg-tensor correlated with that of the hyperfine
tensor of the MnA()a)(III) ion by the Euler angleâA ()
-1.8°). Thus, the polar angle of thez-axis of the hyperfine
tensor with respect to the membrane normal (ΘA) is
determined to be 50.1( 1.8° from ΘM andâA (ΘA ) ΘM

( |âA|). Since thez-axis of the hyperfine tensor coincides
with that of the dz2 orbital in a Mn(III) ion in the case of an
electronic orbital configuration of (dπ)3[dz2(σ)]1, the angleΘA

corresponds to a double cones of possible orientation of the
dz2 orbital of the MnA()a)(III) ion as shown in Figure 6.

The appearance of the multiline signal has provided the
evidence that a strong antiferromagnetically coupled Mn-
(III) -Mn(IV) unit is involved in the Mn cluster (12). XAFS
studies have indicated the presence of the 2.7 Å Mn-Mn
distance, which is most likely attributable to the di-µ-oxo
bridged unit in the cluster (22-26). These lead to a “dimer-
of-dimers” model of the cluster consisting a pair of di-µ-
oxo bridged dimer units (25). Thus, the di-µ-oxo bridged
Mn(III) -Mn(IV) structure is widely accepted as being
involved in the Mn cluster of an OEC (3, 5, 52), although
more complex structures may account for the results of EPR
(53) and X-ray absorption studies (5). Assuming an octa-

hedral coordination structure of the MnA()a)(III) ion as
reported in most synthetic di-µ-oxo bridged dimer complexes,
the z-axis of the dz2 orbital of the MnA)(a)(III) ion can be
thought to be nearly perpendicular to the vector connecting
two oxygen atoms in the putative di-µ-oxo bridged dimer
unit as shown in Figure 6. This view of the symmetric
coordination structure is, furthermore, compatible with the
simulation result that both theg-tensor and hyperfine tensor
of the MnA()a)(III) ion are axially symmetric arrangement
that has been found in symmetric Mn model complexes (54).

A good coincidence between the 2.7 Å Mn-Mn distance
obtained by EXAFS studies and that reported in synthetic
di-µ2-oxo bridged dimer complexes may allow us to choose
the di-µ-oxo bridged MnA()a)(III) -Mnb(IV) unit with a rather
symmetric configuration as a framework for further structural
evaluation, although the possibility of the third bridging
ligand cannot be excluded. Under these conditions, the
equatorial ligand planes of the MnA()a)(III) and Mnb(IV) are
nearly coplanar: the MnA()a)(III) -Mnb(IV) unit will lie on
the same plane. Therefore, the arrangement of the dimer
unit plane with respect to the thylakoid membrane can be
defined by anglesθE, ΘA, andú: θE is the angle between
the membrane normal and the Mn-Mn vector, ΘA is the
angle between the membrane normal and the normal of the
putative MnA()a)(III)-Mn b(IV) unit plane, andú is the angle
for rotating the MnA()a)(III) -Mnb(IV) unit plane around the
Mn-Mn vector until the O-O vector becomes parallel to
the thylakoid membrane (see Figure 8).

The angle ofú is a double-valued function of the angles
ΘA andθE: cosú sin θE ) cosΘA. Figure 7 illustrates this
relationship, indicating that the angleθE should be larger
than 39.9( 1.8° when the angleΘA is 50.1 ( 1.8° as
determined by this study. On the basis of XAFS studies of
partially oriented PS II membrane samples, the angle (θE)
between the membrane normal and the 2.7 Å distance vector
has been suggested to be 62° (22) and 60( 7° (26), which
are present within the allowable angle range ofθE (g40°)
determined by the simulation. Consequently, the angleú
was uniquely determined to be 34° e |ú| e 47° by taking
into account the anglesθE (60°) andΘA (50.1 ( 1.8°).

One possible model of the arrangement of the putative
di-µ-oxo bridged MnA()a)(III) -Mnb(IV) dimer unit in the S2-

FIGURE 6: Orientation of the electronic dz2 orbital of MnA()a)(III)
ion in the putative MnA()a)(III) -Mn(IV) dimer unit in the S2-state
Mn cluster with respect to the thylakoid membrane normal. The
z-axis vector of the dz2 orbital defined by the angleΘA that
corresponds to head-to-head double cones of possible orientations
is perpendicular to the equatorial plane of the MnA()a)(III) ion
including two oxygen ligands. See text for details.
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state Mn cluster in OEC deduced by the present simulation
and previous XAFS (22, 26) studies of partially oriented PS
II membranes is illustrated in Figure 8. In the present study,
we assume that MnA()a)(III) -Mnb(IV) 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 thez-axis in the hyperfine tensor and the
z-axis vector of the dz2 orbital in the MnA()a)(III) ion.
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