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Photosynthetic water splitting is catalyzed by a Mn4CaOs cluster in photosystem II, whose structure was
recently determined at a resolution of 1.9 A [Umena, Y. et al. 2011, Nature, 473:55-60]. To determine the elec-
tronic structure of the Mn4CaOs cluster, pulsed electron-electron double resonance (PELDOR) measurements
were performed for the tyrosine residue Yp and S, state signals with non-oriented and oriented photosystem
I (PS II) samples. Based on these measurements, the spin density distributions were calculated by comparing
with the experimental results. The best fitting parameters were obtained with a model in which Mn1 has a
large positive projection, Mn3 has a small positive projection, and Mn2 and Mn4 have negative projections
(the numbering of Mni (i = 1-4) is based on the crystal structure at a 1.9 A resolution), which yielded spin pro-
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Mn cluster jections of 1.97, — 1.20, 1.19 and — 0.96 for Mn1-4 ions. The results show that the Mn1 ion, which is coordinated
EPR by H332, D342 and E189, has a valence of Mn(III) in the S, state. The sign of the exchange interactions J;3 is
PELDOR

positive, and the other signs are negative.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Photosynthetic O, evolution is one of the most essential reactions
for life on earth, because it produces O,, protons and electrons from
water. Protons and electrons are utilized to synthesize energy-rich
compounds that are required for the synthesis of carbohydrates from
carbon dioxide, whereas the O, maintains the oxygenic atmosphere
that we enjoy today. The reaction is catalyzed by an oxygen-evolving
complex (OEC) bound to a trans-membrane, multi-subunit protein
complex designated photosystem (PS) II, located in the thylakoid mem-
branes of cyanobacteria, algae, and green plants [1-3].

In addition to other protein subunits, PS II contains two reaction
center proteins, D1/D2, whose structures are related by a pseudo C,
symmetry. Light energy is absorbed by the reaction center chloro-
phylls P680 bound to the D1/D2 proteins, inducing charge separation
and subsequent electron transfer reactions. The unpaired electron

Abbreviations: EPR, electron paramagnetic resonance; PELDOR, pulsed electron-
electron double resonance; ESE, electron spin echo; ESEEM, electron spin-echo enve-
lope modulation; ENDOR, electron-nuclear double resonance; CW, continuous wave;
MW, microwave; Mes, 2-Morpholinoethasulfonic acid; PS II, photosystem II; OEC,
oxygen-evolving complex; Yp, Tyr161 for higher plants (Tyr160 for cyanobacteria) of
the D2 subunit in PS II; Yz, Tyr161 of the D1 subunit in PS II; ZFS, zero-field splitting
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generated is subsequently transferred to bound plastoquinone mole-
cules, Qa/Qg, in the stromal side of the membrane via pheophytin on
the D1 protein. The paired hole on P680 is transferred to OEC in the
lumenal side of PS II via a redox-active tyrosine residue, D1-Tyr161,
which is designated Yz, Another tyrosine residue, D2-Tyr160, is located
on the D2 protein in a position symmetric to that of Yz, giving rise to the
stable tyrosine radical Yp.

In the water oxidation reaction, two water molecules are oxidized
to yield an oxygen molecule through a cycle of five distinct redox
states of OEC, which are designated as S, (n=0-4). The S; state is
the most stable state in the dark, and each S, state advances to S, ; 1
by a single photon reaction in PS II. Upon successive photoreactions,
the OEC advances to the highest oxidation state S4 which is spontane-
ously converted to the lowest oxidation state So, concomitant with
the release of an oxygen molecule [1-3]. The structure of OEC has
been extensively studied with various techniques including visible,
UV, and X-ray spectroscopic measurements, EPR and X-ray crystallog-
raphy. In particular, previous X-ray crystallographic analysis has re-
vealed the 3D structure of PS II at resolutions of 2.9-3.8 A, which
provided significant information on the overall structure of PS II as
well as the locations of various subunits and cofactors including OEC
containing 4 Mn atoms and 1 Ca atom [4-6]. However, the detailed
structure of the MnyCa cluster including the location of each metal
ion and the oxo-bridges that connect them has not been resolved. Ex-
tended X-ray absorption fine structure (EXAFS) and polarized EXAFS
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have yielded various models for the structure of the Mn-cluster, and
some of which have reached similar structures as that revealed by
the crystallographic studies [7-12]. EXAFS studies have also provided
information regarding the distances and orientations of Mn-Mn and
Mn-Ca pairs [8,13-16]. In spite of these studies, ambiguities regard-
ing the exact structure of the OEC still remained. This situation was
changed dramatically by the success of recent structural analysis of
PSII at a resolution of 1.9 A, which revealed not only the locations of
the individual metal ions but also the presence of the oxo-bridges
connecting the metal ions, giving rise to a chemical formula of
Mn,4CaOs for the OEC [17]. All of the amino acid residues ligating
the metal cluster were identified, showing that each of the Mn ions
is 6-coordinated and the Caion is 7-coordinated. The Mn,CaOs cluster
is organized in a distorted chair form with 3 Mn atoms (labeled Mn1-
Mn3) and 1 Ca atom connected by 4 oxygen atoms to form a distorted
cubic structure, and the 4th Mn (Mn4) and 5th oxygen (04) connected
outside of the cubane. The high-resolution structure also revealed that
there are four water molecules ligated to the cluster, among which, two
are ligated to Ca and the other two are ligated to Mn4. The amino acid
residues ligated to Mn ions were D1-H332, D1-D342 and D1-E189
for Mn1, D1-D342, D1-A344 and CP43-E354 for Mn2, D1-E333 and
CP43-E354 for Mn3 and D1-D170 and D1-E333 for Mn4 (Fig. 1).
During the S-state transition, the Mn4CaOs-cluster generates an
EPR multiline signal in the S, state, which is the signpost for OEC in
EPR studies. The multiline signal is centered at g=2 with an expansion
over approximately 60 mT and is characterized by 19-21 hyperfine
lines with a spacing of 8.5-9 mT between each pair of adjacent lines
[18]. This signal has been ascribed to an overall Sy=1/2 ground state
arising from magnetically coupled 4 Mn ions. It has been proposed
that the Mn cluster is a multinuclear complex in the S, state that in-
cludes a Mn(Ill)-Mn(IV) pair (reviewed in references [1-3]). Another
multiline signal was found to arise in the Sy state. This multiline signal
is composed of at least 26 peaks that correspond to an S=1/2 ground
state in the presence of methanol [19,20]. >*Mn-pulsed ENDOR results
have revealed that the Mn cluster is a multinuclear complex in the S,
state [19,20]. Kulik et al. suggested an oxidation state of 4Mn (III, IV,
IV, IV) for the S, state based upon >>Mn-pulsed ENDOR for the S, state
[21]. >*Mn-pulsed ENDOR has addressed the 4 sets of hyperfine
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Fig. 1. The structure of the oxygen-evolving complex and its coordinating environment
based on X-ray crystal spectroscopy (PDB: 3ARC).

constants (HFC) for the 4 Mn ions, where the largest set of HFC were
assigned to the Mn(III) ion. In addition the HFC and spin projections
of the Mn ions have been calculated. Because a unique solution of 6
exchange interactions ] among the 4 Mn ions has not been experimen-
tally determined, various models have been proposed. Peloquin et al.
proposed a model with Mn ions coupled antiferro-magnetically [22].
Kulik et al. proposed a model with three Mn ions coupled antiferro-
magnetically in a triangular form, and one Mn ion isolated and coupled
weakly to the three Mn ions antiferro-magnetically (Y-shape structure)
[23]. Cox et al. proposed that the 4 Mn ions are connected with 6 ex-
change couplings based on a structure proposed by Siegbahn, which
was obtained from theoretical studies using medium resolution X-ray
structures and EXAFS data [24-27]. ESEEM studies suggested that the
spin projection of the Mn ion coordinated to '*N is Mn(Ill), where
His332 has been proposed as a good ligand candidate based on a com-
parison with the results of H332E mutant studies [28,29].

Pulsed electron-electron double resonance (PELDOR) measure-
ment is a well-established technique to determine the distances be-
tween electron spins [30]. PELDOR has been previously employed to
measure the distance between Yp and the S, Mn cluster [31]. The
point dipole approximation showed that the distance between Yp
and the Mn cluster was 27 A. However, the recent 1.9 A PS Il structure
shows that the distances between the center of the aromatic ring of
Yr, and each Mn ion are approximately 3042 A. The inconsistency
between the results may correspond to delocalization of the electron
spins. In this work, we performed the PELDOR measurement and cal-
culated the spin projections of each Mn ion in the S, state. Based on
these results, the electronic structure of the Mn4CaOs-cluster in the
S, state was determined.

2. Materials and methods
2.1. Sample preparation

Oxygen-evolving PS Il core complexes were isolated from a ther-
mophilic cyanobacterium Thermosynechococcus vulcanus as described
previously [32,33]. The samples were suspended in a buffer containing
20 mM Mes (pH 6.0), 20 mM NaCl and 3 mM CaCl,. Spinach PS II
membranes were prepared as described in [34,35]. The samples were
suspended in a buffer containing 400 mM sucrose, 20 mM NaCl and
20 mM Mes/NaOH (pH 6.5) and packed into EPR tubes. For the prepa-
ration of the oriented membrane samples, spinach PSII was dried on an
OHP sheet under a humid nitrogen gas flow for 15 h at 4 °C. The sheets
were cut into 2.5x 25 mm? pieces and 6 pieces were collected, placed
in an EPR tube, and frozen by rapidly placing the tube into liquid nitro-
gen (within 1 s). The bottom of the EPR tube contained glycerol to im-
prove the heat conductivity in the EPR tubes. For the measurement of
the S; state, the PS Il samples were dark-adapted for 2-3 h after
pre-illumination. The S, state of the samples was formed by illumina-
tion with white light for 5 min at 200 K.

2.2. EPR measurements

CW EPR measurements were performed by using a Bruker ESP-300E
ESR spectrometer with a gas flow temperature control system (CF935,
Oxford Instruments, Oxford, GB). ESE spectra were recorded on a Bruker
pulsed EPR spectrometer ESP-380E by using an Oxford Instruments
liquid helium cryostat. The pulsed ESE field swept spectra were measured
by using a 1/2-7-Tt sequence with a time interval 7 of 200 ns between the
microwave (mw) pulses. A three-pulse PELDOR sequence was employed
for the PELDOR measurements. The m/2-T-Tt sequence with a time in-
terval 7 of 1000 ns between the mw pulses from the ESP380 source was
used for observation. An mw synthesizer (HP83751A, Hewlett-Packard)
was used as the mw source of 24 ns pumping pulse [31,36].
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2.3. PELDOR simulations

The PELDOR signal amplitude X(7’) is a function of the time interval
7’ between the 1st and 2nd pulses [31,36]:

x(r’)ocl—pﬁ—cos(zwr’)] (1)
with
D:‘%ﬁf’z(l—3 cos’e) )

where p is the fraction of the spin turned by the pumping pulse, D is the
dipole interaction between the two spins, 3 is the Bohr magnetron and
O is the angle between the external magnetic field H and the distance
vector R between the two spins [31,36]. The parameters g; and g, are
the g-factors for two electron spins, which were assumed to be 2.00
for Yp and the S, multiline signal. The signal amplitude I(7’) is given
by the integration over whole angles:

I(T ) = _”X(T ) sinfdfde. (3)
For precise PELDOR calculation of Yy and the Mn cluster the spin

density distribution must be included. The dipole interactions are
expressed as follows:

2
D=73_pip; g;lifff (1 =3 COSZ@,‘j) 4)

where p; is the spin density at the i-th (i=1-7) carbon/oxygen atom
of the Yp molecule and p; is the spin projection at the j-th (j=1-4)
Mn atom. The R;;is the length between the i-th (i = 1-7) carbon/oxygen
atom of the Yp and the j-th (j=1-4) Mn atom. The 6j; is the angle
between the external magnetic field H and the distance vector Rj;.

In the oriented PS Il sample, the PELDOR intensities are given by:

1(7’) = fx(r’)c(e—eo) sinfdodo (5)
with
Glo—0) = exp| — (9;"0)2} (6)

where 6 is the angle between the membrane normal n and external
field Hy, and A is the distribution angle of the mosaic spread. G(0 — 0o)
is the mosaic spread function which is assumed to be Gaussian. The
z-axis was set to the membrane normal n, along with the pseudo C,
symmetric axis of PS II. The coordinates of Yy and the Mn atoms were
obtained from the 1.9 A resolution X-ray structure (PDB: 3ARC). The
spin densities on Yp are shown in Fig. 2, which were obtained from
the previous studies [37-41].

2.4. Spin projection
Spin Hamiltonian of the Mn cluster is written as follows:
H=2_i[Ho & S;+1;-a;-S; +8;D;-Si| = 2_, . Ji;SiSj (7)

where S; and I; are the operators of the electron spin and nuclear spin
of the i-th Mn ion, respectively, D; is the zero-field splitting (ZFS) tensor
for the i-th Mn ion, g; is the g-tensor and a; is the hyperfine tensor of
the i-th ion. J; is the exchange interaction between the i-th and j-th
ion. When the ZFS effects are neglected, the spin Hamiltonian can be
rewritten as:

H = puzHy-8;-St + Zi’i'Ai'ST_Zk}l,—jSi'Sj (8)

O 0.36

-0.04
0.25

-0.10
0.35

H—C—H

R

Fig. 2. Molecular structure and spin density distribution of the tyrosine neutral radical.

where A; is the effective hyperfine tensor of the i-th ion. Sy is the total
spin state with Sy=1/2 for the S, state Mn cluster. The effective hyper-
fine tensor A; and the local hyperfine tensor a; are related by the follow-
ing equation:

A; = p;a; 9

where p; is the spin density of the i-th ion. When the ZFS effects are
neglected, the anisotropic portions of p; can be neglected. The relation-
ship between the isotropic portions of A;, a; and p; is given by:

Aiviso :pi-isoaiviso (10)

where p;;s is identified as the spin projection and is defined by the
value of the electron spin S; as:

<§;Sr>

Piiso = S5 1) (11)

The values of the spin operator S; for each Mn atom in the S, state
have not been estimated experimentally. The effective hyperfine con-
stants A;;s, in the S, state have been obtained by X- and Q-band
ENDOR measurements, and the intrinsic hyperfine constants a,
were estimated to be — 165 to — 225 MHz for Mn(Ill) and — 187 to
— 253 MHz for Mn(IV), respectively [22,24]. The possible range of the
spin projections are shown in Table 1.

3. Results
3.1. PELDOR experiments for the PS II solution samples

Fig. 3 shows the ESE field swept spectra in the (A) S, and (B) S;
states of the PS II core complex samples, which were isolated from
T. vulcanus. The signal with a 60 mT width centered at g=2 is the
S, multiline, which arises from the S=1/2 ground state of the Mn
cluster. In the S; state, only the signal arising from Cyt c550 was ob-
served. The narrow signal centered at g=2 arises from Yp. Fig. 4
shows (A, B) PELDOR signals arising from the interaction between
Yp and the S, state of the Mn cluster in the (A) T. vulcanus and (B)
spinach PS II samples and the simulated signals are also shown (C,D),
which correspond to the case of the point dipole approximation with
(C) 27 A and (D) 30 A. A three-pulse PELDOR sequence was employed,
where the 1st and 3rd pulses were applied to the S, multiline signal for
observation (filled array in Fig. 3) and the 2nd pulse was applied to Yp
for pumping (blank array in Fig. 3). The oscillations correspond to the
magnetic dipole interaction between Yp and the S, state Mn cluster.
The oscillations in the spinach PS II has been previously reported [31].
The PELDOR oscillation in T. vulcanus PSIl was very similar to that
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Table 1

Spin projections of the Mn atoms calculated in previous studies.
Mn(1II) Mn(1V) Mn(1V) Mn(IV)
1.70 1.27 —-1.0 —0.99 Ref. [22]
1.73 1.10 —1.04 —0.79 Ref. [42]
1.73 1.12 —0.95 —0.90 Ref. [24]
1.39t0 1.89° 099 to 1.34° —1.11to —0.82* —1.02to —0.75" Ref. [22,24]

2 The fourth line shows the range of the spin projections, assuming A;;, of 165 to
225 MHz for a single Mn(III) and 187 to 253 MHz for a single Mn(IV).

observed for the spinach sample, which indicates that the PS Il isolated
from T. vulcanus and spinach have a similar structure in the lumenal
side of the core complex. Some distortion in trace A might be ascribed
to overlapping of the Chl™ signals, which was about 15% overlapping
on Yp signal for T. vulcanus (data not shown). With the point dipole
approximation, the distance between Yp and the Mn cluster in the S,
state was calculated to be 27 A (trace C). However, the distances be-
tween Yp and the Mn ions are 29.1, 31.9, 31.1 and 30.1 A for the Mni
(i=1-4) ions, respectively, in the high-resolution X-ray structure, as-
suming that the spin of Yp is located at the center of its aromatic ring
[7]. These distances are close to 30 A, and the oscillation pattern using
a 30 A point dipole approximation is shown in trace D. This pattern is
apparently different from the one shown in trace C, which was calculated
from the observed PELDOR oscillation pattern. The inconsistency corre-
sponds to the different contributions of the four spin projections of the
Mn ions. Therefore, it is necessary to calculate an accurate PELDOR pat-
tern using the spin density distribution on Yp, the Mn cluster and their
coordinates.

3.2. PELDOR simulations including spin projections

The spin projections on the Mn atoms for the S, multiline signal
have been calculated based on an EPR simulation, ENDOR, and DFT
calculations [22,24,42]. These parameters are listed in Table 1.
Peloquin et al. reported spin projections of 1.7, 1.27, —1 and —0.99
for the four Mn ions based on simulation of their ENDOR spectra
[22]. Because a unique assignment of the spin projections to each
of the four Mn ions could not be determined, several combinations
of the projections and Mn ions were calculated by making some as-
sumptions regarding the structural models. Assuming that two spin
projections (i.e,, —1 and —0.99) are equal to —1, twelve kinds of
the combinations are possible. Fig. 5 shows the simulated PELDOR

observation

Signal Intensity

1 1
300 330 360 390
Magnetic Field (mT)

Fig. 3. Two-pulse ESE field swept spectra of T. vulcanus PS II. The spectra were obtained
in the (A) S, and (B) S; states. Experimental conditions: microwave frequency,
9.60 GHz; pulse lengths, 16 ns for m/2 pulse s and 24 ns for m pulses; interval T
between the mw pulses, 200 ns; repetition time, 2 ms; temperature, 4 K. The arrows
show the resonant magnetic fields for the observation (filled) and pumping (blank)
microwave frequencies in the PELDOR measurement.

Signal Intensity

0 200 400 600 800 1000
Time (ns)

Fig. 4. (A, B) PELDOR spectra arising from the interaction between Yj, and the S, state
of the Mn cluster in (A) T. vulcanus and (B) spinach, and (C,D) simulated spectra. S,
multiline signals were used for observation and Yp, for pumping. Assuming a point di-
pole approximation between spin S=1/2 centers, the distances (C) 27 A and (D) 30 A
were used for the simulation. Experimental conditions: observation microwave frequency,
1 =9.61 GHz; pumping microwave frequency, v, =9.73 GHz; pulse lengths for /4, 16 ns
and 24 ns; time interval between first and third pulses, 7=1000 ns; magnetic field,
348 mT; repetition time, 2 ms; temperature, 4 K.

signals based on the possible combinations of the spin projections.
The simulations were calculated by using Eqgs. (4) and (5) as well as
the resulting spin projections obtained by Peloquin et al. [22]. The
numbering of the Mn ions is based on the structure reported by
Umena et al. Maximum spin projections of 1.7, which is assumed to
be on Mn(III), were assigned to (al-a3) Mn1, (b1-3) Mn2, (c1-3) Mn3
and (d1-3) Mn4 [17]. The other positive spin projection (i.e., 1.27)
was assigned to (a1-3) Mn2-4, (b1-3) Mnl1, 3, 4, (c¢1-3) Mnl1, 2, 4,
and (d1-3) Mn1-3. The dotted lines show the positive peaks for the
PELDOR oscillation in the experiments (Fig. 5). Some of the oscillation
patterns, especially those for the spin projection combinations b2, c2
and d2 contrasted greatly with the experimental results. The PELDOR
oscillations are similar to the experimental results when Mn1 has the
largest spin projection of 1.7 (a1-3), or when Mn4 has the largest one
and Mn1 has the other positive projection of 1.27 (d1). However, these
simulated patterns (al-3 and d1) are not completely consistent with
the experimental results. Similarly the parameters obtained in other
studies do not agree with the experimental results as well [23,24,42,43].

The spin projections were also estimated to be in the ranges
of [1.39 to 1.89, 0.99 to 1.34, —1.11 to —0.82, —1.02 to —0.75] for
the four Mn ions in the previous studies, assuming Aj;, of
165-225 MHz for the single Mn(Ill) and 187-253 MHz for the
Mn(IV) [22,24]. To determine if the simulation could yield a good fit
with the experimental results, we calculated the PELDOR signals for
the range of spin projections previously reported by increasing the mar-
gin by 10% (i.e., the positive values were calculated in the ranges of 1.2
to2.0and 0.9 to 1.5 and the negative values were calculated in the range
of —1.2 to —0.65). For this calculation, the spin projections were varied
by a resolution of 0.01 in the above ranges. The sum of the four projec-
tions was expected to be 1.00. We isolated the combinations of the Mn
atom positions and the spin projections, which exhibit PELDOR oscilla-
tions with a negative peak at 7/ =200 ns and positive peaks at 7/ =440
and 800 ns, and they were clearly identical irrespective of combinations
of the different spin projections (Fig. 6). A maximum limit of 5% was
allowed for each value. The results show that three combinations
were in good agreement with the experimental results. First, the largest
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Signal Intensity
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0 200 400 600 800 1000
Time (ns)

Fig. 5. Simulated PELDOR spectra arising from the interaction between Yp and the Mn
cluster in the S, state. The spin projections used for simulations were 1.7, 1.27, — 1 and
—1, which are based on a previous study [22]. The maximum spin projection is 1.7,
assuming Mn(IIl), with (a1-a3) for Mn1, (b1-3) for Mn2, (c1-3) for Mn3 and (d1-3)
for Mn4, respectively. The other positive spin production is 1.27 with (a1-3) for
Mn2-4, (b1-3) for Mnl, 3, 4, (c1-3) for Mn1, 2, 4, and (d1-3) for Mn1-3. The dotted
lines correspond to the peaks (7/ =440, 800 ns) in the experiment shown in Fig. 3A.

positive spin projection is located at Mn1 position and the other smaller
positive one is located at Mn3, denoted [++, —, +, —] (Fig. 6, trace B).
Second, the largest positive spin projection is located at Mn1 and the
smaller positive one is located at Mn4, denoted [++, —, —, +] (Fig. 6,
trace C). Finally, the largest positive projection spin is located at Mn4

Signal Intensity

0 200 400 600 800 1000
Time (ns)

Fig. 6. (A) PELDOR spectra arising from the interaction between Yp and the Mn cluster
in the S, state of T. vulcanus and (B-D) simulated spectra. Trace (A) is the same as that
shown in Fig. 3A. The spin projections used for the simulations for Mn1-4 were (B) 1.77,
—1.07,1.09 and —0.75, (C) 1.39, —0.75, — 1.05 and 1.01 and (D) 1.17, —0.77, —0.77 and
1.39.

and the smaller positive one is located at Mn1, denoted [+, —, —, ++]
(Fig. 6, trace D). To distinguish these models, we measured the angular
dependence of the PELDOR oscillations in the oriented PS Il membranes.

3.3. PELDOR experiment with the oriented PS Il membranes

The mosaic spread angle for the oriented membranes was estimat-
ed by the g peaks of the Cyt b559 signal in the CW EPR. Fig. 7 shows
that the signal intensities for the g, peak in the oriented PSII mem-
branes reach a maximum when Hy was perpendicular to the mem-
brane normal n (#=290°) [44]. By fitting with the Gaussian function
defined in Eq. (6), the mean square deviation A was estimated to be
17 £0.5°. Fig. 8 shows the PELDOR signals at (a) #=0° and (b) 6 =90°
in the oriented PSII membranes. The PELDOR signal at 6 =0° appears
to be in a monophasic oscillation because the angle between dipole
vector R and external field Hy is uniquely determined within the distri-
bution angles. The negative peak with 7" =220 ns at 6 = 0° was shifted
to 7/ =180 ns at 6=90°, and the inflection with 7/=300 ns was ob-
served at 6 =90°. The other negative peak with 7 =620 ns at 6=0°
was shifted to 77 =580 ns at #=90°. The positive peaks with 7=
430 ns and 810 ns were the same at both 0=0° and 6 =90°. The sim-
ulations were performed with the manganese spin projection combi-
nations fitted to the PELDOR measurements. The signals were fitted
at the negative and positive peaks located at 7/ =220, 430 and 810 ns
with 6 =0° and at 7/ =180, 430 and 810 ns with 6 =90°. A maximum
limit of 5% was allowed for each value. The best fit parameters were
given in the model where Mn1 has the larger positive projection,
Mn3 has the smaller positive projection and Mn2 and Mn4 have nega-
tive projections, denoted [++, —, 4, —]. The possible range of the
largest spin projection, which was assumed to belong to Mn(III), were
1.87-2.0 for [++, —, +, —].

The red line in Fig. 8 shows the best fit signal within this range of spin
projections (ie., 1.97, —1.2, 1.19 and —0.96 for Mn1-4, respectively).
The broken and dotted lines are simulated signals for [++, —, —, +]
and [+, —, —, ++] models, respectively. Fig. 9 shows the plots of
the spin projections versus initial negative peak positions calculated.
Panel A shows the larger positive spin projections. The gray area is
the experimental range fitted within 5%. Circles show the spin projec-
tion of Mn1 in the model [++, —, +, —]. The model was fitted with
the range of 1.87-2.00. Crosses and squares show the spin projections
of Mn1 in the model [++, —, —, +] and Mn4 in the model [+, —, —,
++], respectively. The [++, —, —, +] and [+, —, —, ++] models
were unable to be fitted within the 5% variation. The best fit parameters

210 225 mT

Signal Intensity

1 n 1 i 1 i 1
60 90 120 150
Angle (degree)

Fig. 7. Angular dependence of the CW EPR intensities of the g7 peaks in Cyt b559 in
the oriented spinach PS II sample. The angles are between the external field Hy and
membrane normal n. Inset shows the EPR spectra of the g, peaks at 6=0° and 90°.
The intensities were fitted to a Gaussian function A=17° (see text). Experimental
conditions: microwave frequency, 9.44 GHz; microwave power, 201 pW; temperature,
5 K. Inset: the CW EPR field swept spectra of the g peaks in Cyt b559 at 6 =0° and 90°.
Experimental conditions: microwave frequency, 9.44 GHz; microwave power, 201 pW;
modulation amplitude, 8 mT.
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Fig. 8. (Circles) PELDOR spectra arising from the interaction between Yp and the Mn
cluster in the S, state of the orientated spinach PSII, and (bold, broken) the simulated
spectra. The angles between the membrane normal n and external magnetic field Ho
were (A) 6=0°and (B) 90°, respectively. The spin projections of the simulated spectra
for Mn1-4 were (bold) 1.97, —1.2, 1.19 and —0.96, (broken) 1.4, —0.66, —0.65 and
0.91, and (dotted) 1.22, —0.75, —0.7 and 1.23. The vertical lines show the negative
peak positions in the simulated spectra. Experimental conditions: observation micro-
wave frequency, 1 =9.61 GHz; pumping microwave frequency, v, =9.73 GHz; pulse
lengths for vy, 16 ns and 24 ns; time interval between first and third pulses, 7=
1000 ns; magnetic field, 348 mT; repetition time, 2 ms; temperature, 4 K.

were 1.38-141 for [++, —, —, +] and 1.21-1.5 for [+, —, —, ++].
Panel B shows the smaller positive spin projections. Panels C and D
show the negative spin projections, where (C) Mn2 in the all models
is in one negative spin projection and (D) Mn4 in the model [++, —,
+, —] or Mn3 in the model [++, —, —, +] and [+, —, —, ++] are
in the other negative spin projection. The possible ranges of the spin
projection sets for these models are listed in Table 2. The broken and
dotted lines in Fig. 8 are simulated signals for the [++, —, —, +] and
[+, —, —, ++] models, respectively.

4. Discussion

Several EPR studies have been performed to investigate the struc-
ture of the OEC, and these studies have aided in the elucidation of the
structure and function of OEC. >Mn-pulsed ENDOR studies have re-
vealed the hyperfine couplings of four manganese ions in the So and

S, states, and concluded that the oxidation states of Mny are (III, III,
111, IV) for the Sy state and (III, IV, IV, IV) for the S, state [22,23]. How-
ever, the couplings between the manganese ions and the valences of
each of the four manganese ions were not directly correlated with
the structure. It was difficult to understand the relationship between
the molecular structure obtained by X-ray crystallography and the
magnetic interactions obtained by EPR. Based on the >>Mn-pulsed
ENDOR results, the most favorable model is a ‘34 1' Mn tetramer. In
this model, the four manganese ions are arranged in a Y-shape, in
which the triangle unit, which is denoted Mngcp, is tightly coupled,
and a fourth Mn, which is denoted Mn,, is coupled to one Mng in
the triangle unit. The nomenclatures of Mn,_p corresponded to that
of Mn1-Mn4 in the 1.9A structure in the following way: Mns = Mn4,
Mng=Mn3, Mnc=Mn2, Mnp=Mn1. In this model, the position of
Mn(Ill) was ambiguous. Kulik et al. assigned Mn(IIl) to Mn, or Mnc.
Based on the comparison of the So and S, ENDOR results, Mn(IIl) was
assigned to Mn, [21]. In contrast, Charlot et al. have assigned Mn(III)
to the trimer side, denoted as Mnc and Mnp, [42]. These models exclud-
ed the possibility that Mn(III) is located at the center of the Y-shaped
structure, denoted Mng. Based on quantum chemical calculations and
EXAFS spectroscopy, a model (Siegbahn model) was proposed in
which four manganese ions were connected with 6 exchange couplings
J[24,45,46]. The couplings of Mna-Mng and Mnc-Mnp, were assigned to
be antiferro-magnetic [24,45,46], where the Mnc and Mnp are arbitrary
from an electronic perspective [24]. The model was consistent with the
Kulik model when Mn(IlI) was assigned to Mnc. In these models, the
location of the Mn(IIl) has been assigned to the largest hyperfine cou-
plings of the four manganese ions [21,22].

To clarify these ambiguities, we measured the PELDOR signals
between Yp and the S, multiline signals in the oriented and non-
oriented PS Il samples, to determine the spin projections of the Mn ions
with coordinates taken from the 1.9 A structure. The obtained results
show that (1) the Mn ion, denoted as Mn1, is Mn(III); (2) the most likely
spin projections of the Mn ions is obtained with the [++, —, +, —]
model, where the projections were 1.97, —1.19, 1.17 and —0.95 for
each Mni (i=1-4), respectively. The results are in good agreement
with the N ESEEM results, where the spin projection of the Mn(IIl)
ion estimated from the N parameters was approximately 2 and located
on the His332 side [28,29]. The result (2) enables us to determine the

©  Model [++, -, +, -] < Model [++,-,-,4] O Model [+, -, -, ++]
185 - 185 -
A B
180 F 180 |
175 L [qeqeaaae 175 o}}}}}}}}]]]rll)
3 170 [osscoscosmoscos
NS
w
£ 1651
Z
[=]
(=W
< 185
L
=W
180 b 180
esscsesesssseesen
175 fpees 175
170 | 170 | e sestogs
T S Kx;;az%%ix 0
165 . ! 165 TIILL I i X R R S T
-1.2 -1.0 -1.2 -1.0 -0.8

Spin Projection

Fig. 9. The calculation for spin projections and the initial negative peak positions for PELDOR oscillation. Panels A and B show (A) the larger and (B) smaller positive spin projections,
respectively. Panels C and D show the negative spin projections, where (C) Mn2 in the all models is in one negative spin projection and (D) Mn4 in the model [++, —, +, —] or Mn3
in the model [++, —, —, +] and [+, —, —, ++] are in the other negative spin projection. The circles, triangles and crosses show the model [++, —, 4, —], model [++, —, —, +]
and model [+, —, —, ++], respectively. The gray area shows the experimental fitted range within 5%.
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Table 2
Range of the spin projections obtained from fitting.

Mn1 Mn2 Mn3 Mn4 Combinations Error range
1.68 to 2.00 —1.20 to —0.65 0.90 to 1.50 —1.20 to —0.65 [++, — +, -] <5% Non-oriented PS II
1.20 to 1.71 —1.09 to —0.65 —1.20 to —0.65 0.90 to 1.50 [++, — — +] <5%
0.90 to 1.50 —1.19 to —0.65 —1.20 to —0.65 1.20 to 2.00 [+, — — ++] <5%
1.87 to 2.00 —1.20 to —1.03 0.90 to 1.25 —1.05 to —0.65 [++, — + -] <5% Oriented PS 11
1.38 to 1.41 —0.66 to —0.65 —0.67 to —0.65 0.90 to 0.94 [++, — — +] >5%
1.06 to 1.25 —0.65 to —0.80 —0.92 to —0.65 1.21 to 1.50 [+, = =, ++] >5%
The error range was within 5% for the models in the non-oriented PS II and the [++, —, +, —] model in the oriented PS II, and over 5% for [++, —, —, +] and [+, —, —, ++]

models in the oriented PS II.

signs of the exchange couplings J, which are shown in Fig. 10. The anti-
ferromagnetic couplings were assigned to Mn1-Mn2 and Mn3-Mn4.
Based on the 1.9 A crystal structure, the distance between the Mn
atom is 2.8-2.9 A for Mn1-Mn2 and Mn2-Mn3, which are the closest
Mn pairs in the OEC. Therefore, it may be natural that the closest Mn
pairs involve antiferromagnetic couplings. It is important to note
that our results directly assigned the spin projections to the location
of the manganese ions in the OEC by the inclusion of the coordinates
in the calculation. Although our results were independently obtained,
they are consistent with previous models assuming that the
Mnc(Mn2) and Mnp(Mn1) are arbitrary from an electronic perspec-
tive [21,24,46].

In this paper, the [++, —, +, —] model fit to the PELDOR results
better than the models [++, —, —, +] and [+, —, —, ++]. Although
our calculations were based on the assumption that the largest spin
projection arises from Mn(Ill) in the range of 1.2-2.0, the [++, —,
—, +] and [+, —, —, ++] models gave a spin projection of less
than 1.5 for Mn(IIl) in the oriented sample. These results are inconsis-
tent with the "N ESEEM results [28,29].

Although several model structures have been proposed, the exact
structure of the S, state is still unknown [46,47]. Ames et al. have pro-
posed that there is no bonding of Mn1-0 in the S, states, which re-
sults in a structural change of approximately 0.3 A for Mn4 [46]. We
checked the influence on the PELDOR signal by changing the coordi-
nates of the Mn4 atom by 0.3 A. Our trial simulations show that the
oscillation pattern of PELDOR would change by less than 5% for the
[++, —, +, —] and [++, —, —, +] models, and less than 10% for
the [+, —, —, ++4] model. However, in these cases the best fitted
model was still [+4, —, 4+, —]. These results indicate that the small
change of the position of Mn4 causes little influence on the PELDOR
oscillation patterns. Therefore, it seems that structural modification
is not the critical reason for the inconsistency in these models. Another
possibility may exist, because our present calculation does not include

the anisotropic effects of the projection factors. The DFT calculations
support the [++, —, —, +] model [24,46], which is consistent with
the EXAFS and >°Mn ENDOR results [10,22,23,48]. Based on the
DFT calculation, large anisotropic spin projections on each Mn
atom are proposed [24], which might influence the PELDOR inter-
pretation of the PELDOR results. To clarify this, the anisotropic
effects of the spin projections on the Mn ions should be considered.
If it is possible to fit the PELDOR results to the model [++, —, —, +]
by using the DFT parameters, it would provide more detailed informa-
tion on the S, state. Further analysis to clarify the anisotropic effects is
in progress.

5. Conclusion

By using the PELDOR method, the spin projections in the S,
state of the Mn4CaOs cluster were directly estimated from the
1.9 A crystal structure. The best fit parameters for the PELDOR
experiments were obtained in the model in which Mn1 and Mn3
have positive signs, and the projections were determined to be
1.97, —1.19, 1.17 and —0.95 for Mni (i=1-4), respectively. The
Mn1 ion in the S, state of the Mn4CaOs cluster, was assigned to be
Mn(Ill). The antiferromagnetic couplings were assigned to Mn1-
Mn2 and Mn3-Mn4, and the ferromagnetic coupling was assigned
to Mn1-Mn3.
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