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ABSTRACT: The electronic structure of the S1 state of photosystem II
(PSII) was investigated using selective hole burning of Q-band pulsed
electron paramagnetic resonance. The free induction decay and spin−echo
signals of the tyrosine radical YD• in the plant PSII oscillated because of the
magnetic dipole−dipole interaction with the S1 state Mn cluster. The initial
period was 410 ns (2.44 MHz) and was assigned to the S = 1 spin state.
Based on the oscillation analysis, both Mn1 and Mn4 and both Mn2 and
Mn3 were assigned as Mn(III) and Mn(IV), respectively, which is
consistent with the quantum chemical calculations. The 410 ns period was
accounted for in the simplified model using the isotropic spin density
distribution ratio [1.6:−1.1:−1.1:1.6] for Mn1−4 ions. This oscillation was
identical with that observed in the presence of methanol. The oscillation decreased in PsbP/Q- and PsbO/P/Q-depleted PSII. In
Thermosynechococcus vulcanus, two periods, 390 ns (2.56 MHz) and 630 ns (1.59 MHz), were detected, indicating that the
cyanobacterial S1 state includes two isomers, S = 1 and S ≥ 2 spins. The S ≥ 2 spin was not detected in PsbO/U/V-depleted PSII
without polyethylene glycol. The S ≥ 2 state was consistent with the reported quantum chemical calculation using S = 3. A simplified
model accounted for the S = 1 state as the spin density distribution [1.8:−1.3:−1.3:1.8] and for the S ≥ 2 state as the isotropic spin
density distribution [−0.5:0.5:0.5:0.5] for Mn1−4 ions. In combination with quantum chemical calculations, the most probable
protonated structure is W1 = H2O, W2 = H2O, O4 = O2−, and O5 = O2− for the S1 state. These results demonstrate that the
selective hole burning method is a powerful tool to complement X-ray studies to determine the valence and protonation structure of
manganese clusters, not only in the S1 state but also in higher S-states and general metal clusters, which would provide important
insights into the water oxidation mechanism.
KEYWORDS: Photosystem II, Oxygen evolution, S1 state, Mn cluster, EPR, Selective hole-burning

■ INTRODUCTION
Photosynthetic oxygen evolution is one of the most important
chemical reactions for the maintenance of life on Earth.
Molecular oxygen is evolved by a Mn cluster in photosystem II
(PSII). The Mn cluster has five different oxidation states,
labeled S0−S4 in order of redox potential, which cycles through
the Kok cycle, and molecular oxygen is spontaneously released
during the transition of the S4−S0 states (see review in1−3).
The structure of the Mn cluster was solved using X-ray
crystallography at atomic resolution,4 which showed that the
manganese cluster was composed of four manganese atoms
(Mn1−Mn4), one calcium atom, and five oxygen atoms
serving as oxo-bridges (O1−O5) and were ligated by
surrounding amino acid residues (Figure 1). Recent pump−
probe X-ray free-electron laser analyses of PSII microcrystals
have yielded valuable information on the intermediate state
structures during the Kok cycle transitions.5−9 On the other
hand, the mixture of different intermediate states and radiation
damage have made experimental evaluation difficult, which are
evaluated by model calculations.10

However, the protonation state of water and amino acid
ligands remains unclear, although some of these have been
predicted using quantum mechanical (QM) calculations based
on the structures solved (see reviews3,11−13).
S1 is the most stable oxidation state because the lowest

oxidation state S0 is oxidized by the reaction with tyrosine YD•

in the dark.14 Thus, the S1 state is fundamental for elucidating
the reaction mechanism. The S1 state is believed to provide the
most reliable structure for X-ray analysis because the higher
oxidation S states overlap with the lower oxidation state, and
are evaluated using difference Fourier maps between the higher
and lower S states.5−9 However, experimental information on
the electronic structure of the S1 state is extremely
limited,15−20 because it is not readily available from X-ray
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crystallographic structures. Therefore, the boundary conditions
for verifying numerous QM calculations have been based
mainly on higher oxidation S states, especially the S2 state,
where a famous electron paramagnetic resonance (EPR) signal,
multiline signal, is visible.
EPR spectroscopy is a powerful method for investigating the

electronic structures of Mn clusters. Since the discovery of the
g = 2 multiline signal in the S2 state,

21 this state has been the
main target of EPR studies. When studying EPR signals, it is
important to connect spin configurations with the spatial
molecular structure11 because the spin wave function does not
include spatial coordinates. It is difficult to uniquely assign spin
positions to spatial molecular structures. Therefore, model
structures based on QM calculations are helpful for under-
standing the nature of the target molecules. The spin structure
and spatial coordinates were mainly linked using the hyperfine
analysis of the S2 state g = 2 multiline signal. Ames et al.
assigned hyperfine constants to Mn ions in a QM model,22

where a conversion equation from spin densities to hyperfine
constants was applied in the QM calculations. The application
of this conversion equation to the Mn cluster is challenging in
DFT calculations because it cannot be determined using only
one limited structure with one protonation state. Ames et al.
proposed a protonated model (W1, W2, O4, O5) = (H2O,
OH−, O2−, O2−) for S2 state using DFT calculations.22

However, recent reports show that W2 = OH− does not fit the
QM/MM model (reviewed in13). As water oxidation reactions
strongly depend on the location of protons, determining the
protonated structure of the manganese cluster is a key factor in
elucidating the mechanism.
XRD experiments provide spatial coordinates. In contrast,

the electron−electron magnetic dipole interaction (MDI)
measurements give rise to distances between electron spins,
and the spin wave function is directly linked to the spatial
coordinates.23−26 There are several techniques for detecting
MDI, such as pulsed electron−electron double resonance
(PELDOR, DEER),27 selective hole burning,28−30 and
relaxation-induced dipolar modulation enhancement
(RIDME).31 PELDOR is a double-resonance technique that
uses two observable EPR signals at different microwave
frequencies, and is one of the most popular methods for
measuring distances between spins. Currently, PELDOR has
many applications, which would be the first choice for general
measurements of distances such as radical pairs. The selective
hole-burning and RIDME use the relaxation of the off-

resonance spin. RIDME is an intermediate technique between
the hole-burning and PELDOR methods. In principle,
compatible information is obtained from hole-burning,
RIDME, and PELDOR. RIDME is effective when the
difference in the relaxation times between the two interacting
spins is large. However, it is difficult for RIDME to extract
nuclear modulation signals overlapping on MDI.32 The
selective hole-burning is detected without nuclear modulation.
The detectable range of MDI, i.e. effective distance for
detection, is smaller than that of RIDME or PELDOR because
it is restricted by the length of the free induction decay (FID)
and spin echo. Although these techniques provide almost the
same signals, a suitable choice is required depending on the
object. The detailed mechanism of hole-burning is reviewed in
ref 28.
EPR studies of the S2 state have shown that it mainly

consists of two isomers: a multiline signal state centered at g =
2 and a g = 4 signal state centered at g = 4 in the X-band.33−35

The hyperfine couplings obtained from the g = 2 multiline
signal provide a basis for elucidating the electronic structure of
the Mn cluster. Isomerization of the S2 state between g = 2 and
g = 4 is affected by the presence or absence of methanol. The g
= 4 signal disappears in the presence of methanol.36 Methanol
is one of the closest analogs of water, which also influences the
EPR signals in the S0-S3 states.

19,37−40 QM calculations have
been performed under the assumption that methanol is bound
to Mn4.41 However, no experimental evidence has been found
for the direct binding of methanol to the manganese cluster.
Alternatively, ENDOR experiments in the S2 state showed that
the methanol molecule is not directly bound to the manganese
cluster.38,39

QM models have proposed two isomeric structures for the
S2 state: an open-cubane (R-open) and a closed-cubane (L-
open).42,43 The g = 2 multiline signal corresponded to the
open-cubane structure, and the g = 4 signal corresponded to
the closed-cubane structure.42,44 The g = 4 signal has been
detected in plants and Chlamydomonas reinhardtii PSII45 but
not in cyanobacteria.5−8 In plant and cyanobacterial PSII, the
structures immediately surrounding the Mn cluster were
almost identical at the amino acid level. The only different
amino acid residue is D1-N87; however, this amino acid is
irrelevant to S2 isomerization.

46,47 Therefore, isomerization is
caused by extrinsic proteins.46,47 The three extrinsic proteins
were named PsbO/P/Q and PsbO/U/V for plant and
cyanobacterial PSII, respectively, among which, PsbO was
similar, but the other two proteins were different. The g = 4
signal disappeared in the PsbO-depleted PSII, which also
lacked the other two extrinsic proteins. For the cyanobacterial
PSII, the g = 4 signal was undetectable under normal
conditions. Another S2 signal, g ∼ 5, was also observed as an
intermediate, similar to g = 4, but with a different spin state
and may have structural differences, between plant and
cyanobacterial PSII.46−49

Although numerous studies have been conducted on the S2
state, studies on the S1 state are limited. The S1 EPR signal is
only observable in parallel-polarized EPR.15−20,50 A weak X-
band EPR S1 state signal was detected in plant PSII at
approximately g = 4.9. This signal arose from a weakly excited
S = 1 spin state.15,19,20 The measurements using the oriented
PSII membrane show that the zero-field parameters were |D| =
0.14 cm−1, |E/D| = 0.11, and the D-axis was along the
membrane plane.20 The S1 signal disappeared in the presence
of MeOH.19 Additionally, a different type of S1 signal with a

Figure 1. Structure of the water-oxidizing center of photosystem II.
The Mn4CaO5 cluster and two of the four water ligands (W1 and
W2) are shown. The purple, yellow, red, and blue spheres represent
Mn, Ca, O, and water oxygen, respectively.
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multiline structure has been detected in cyanobacterial
PSII.16−18,50 The signal was assigned to the S = 2 or S = 3
ground state.50 The spin distribution can be explained using
equivalent hyperfine constants of the four Mn ions.50 The S ≥
2 S1 signal was also detected in PsbP/Q-depleted plant PSII.

50

The stable radical YD• is a landmark for the EPR studies of
PSII. The structure of the Mn cluster can be directly mapped
onto the crystal structure using the magnetic dipole interaction
(MDI) between the YD• radical and manganese cluster.24,25 In
the S0 and S2 states, the MDI between YD• and g = 2 multiline
was detected using PELDOR.23,24 The dipole interactions are
1.2 MHz (850 ns) and 2.4 MHz (420 ns) for S0

26 and S2
states.24 The difference between YD•-S0 state (S = 1/2) and
YD•-S2 state (S = 1/2) is ascribed to different spin distributions
of S0 and S2 states. Using the crystal structural coordinates and
MDI, the spin density distributions on the manganese cluster
can be obtained.
On the other hand, it is impossible to apply the PELDOR

technique to the S1 state, as this state cannot be detected using
conventional EPR. Alternatively, selective hole-burning can be
used to detect the interaction between YD• and the S1 state
manganese cluster. In early experiments, Kodera et al.
succeeded in detecting the S1 state in X-band selective hole-
burning,51 where the distance between the YD• and the
manganese cluster was evaluated to be 30 Å. These
methodologies should be improved and reevaluated using
fine-crystal structural coordinates.
Since the early report,51 EPR equipment has been improved:

(1) The signal resolution has been improved, which enables
the detection of small modulations relative to FID amplitude.
(2) A stable, commercial Q-band pulsed EPR system has been
developed. (3) An arbitrary waveform generator unit (AWG)
was installed, which enables microwave phase to be controlled
at a high precision. In this study, we applied a selective hole-
burning technique to the S1 state using this improved, Q-band
pulsed EPR and evaluated its electronic structure.

■ MATERIALS AND METHODS
Plant PSII membranes were prepared from spinach as previously
described44 and resuspended in buffer A containing 400 mM sucrose,
20 mM NaCl, and 20 mM MES/NaOH (pH 6.5) (untreated PSII).
Methanol (3%) was then added to the final buffer (+MeOH sample).
In order to populate the samples to the S1 state, the samples were
incubated at 273 K for 2 h after preillumination.14 For Mn-depleted
spinach PSII, 1 mM NH2OH was added, incubated for 1 min at 1 mg
Chl/mL PSII membranes, and resuspended in buffer A containing 50
mM disodium dihydrogen ethylenediaminetetraacetic acid dihydrate
(EDTA·2Na).52 These samples were inserted into a 1.6 mm quartz
EPR tube after centrifugation at 35,000 × g for 30 min.
Thermosynechococcusvulcanus PSII core dimer was prepared as

described previously.53 The sample was resuspended in buffer A
containing 10% polyethylene glycol (PEG) 6000, centrifuged at
35,000 × g for 30 min, and inserted into a 1.6 mm quartz EPR tube.47

In order to populate the samples to the S1 state, the samples were
incubated at 293 K (room temperature) for 2 h after preillumination.6

For Mn depletion, 1 mM NH2OH was added and incubated for 1 min
at 1 mg Chl/mL PSII core and resuspended in buffer A containing
10% PEG 6000 and 50 mM EDTA·2Na. These samples were inserted
into a 1.6 mm quartz EPR tube after centrifugation at 35,000 × g for
30 min and frozen in liquid nitrogen.
The extrinsic proteins, PsbP/Q, in spinach PSII was depleted by

treatment with 2 M NaCl.47,54 Depletion of PsbO/P/Q in spinach
and PsbO/V/U in T. vulcanus was performed using 1 M CaCl2
treatment.47,55 The T. vulcanus samples were washed twice with
Amicon ultra (100k) for PEG extraction. The Q-band sample tubes

were inserted into 5 mm quartz EPR tubes for X-band CW
measurements.
For X-band CW EPR measurements, a Bruker EMX spectrometer

with a resonator (ER 4122SHQ, Bruker, DE) and a gas flow
temperature control system (ESR900, Oxford Instruments, Oxford,
GB) were used.
For pulsed EPR measurements, a Bruker E680 spectrometer with a

resonator (EN5107D2, Bruker, DE) and a gas flow temperature
control system (ESR900, Oxford Instruments, Oxford, GB) were
used. The microwave power and pulse phase were controlled using an
arbitrary waveform generator unit. The pulse sequence P0 − T − P1
− τ − P2 − τ was used for hole-burning measurements (illustrated in
Figure 2). The pulse lengths were set to 1000 (π), 28 (π/2), and 28

(π/2) ns for pulses P0, P1, and P2, respectively. The intervals T and τ
were set to 14 μs and 1200 ns, respectively. The microwave phases
were set to x − x − y for P0 − P1 − P2 pulses. The unwanted signals
were removed during the phase cycle. The deadtime was adjusted by
comparison with the location of spin echo and around symmetrical
signals. In this sequence, the soft pulse P0 creates a hole in the spin A
spectrum, and the hole diffuses in the spin A owing to its interaction
with the nonresonant spin B.28 The diffused spin packets were
detected as FID after the P1 pulse and as a spin echo after the P2
pulse. The hole trace was obtained by subtracting the signal obtained
in the absence of P0 (Figure 2).

■ RESULTS
Figure 3 shows that field swept spectra of (A) X-band CW- and
(B) Q-band pulsed EPR of (a) spinach PSII in the presence of
3% methanol, (b) untreated spinach PSII, (c) Mn-depleted
spinach PSII, (d) untreated T. vulcanus PSII, and (e) Mn-
depleted T. vulcanus PSII. Background signals for cavity and
spike noise were subtracted for (B). The peaks around 11,900
G were artifact arose from subtraction of the background. No
S2 signal was detected in the spectra. Selective hole-burning
experiments have been performed at the position of (B) array.
Figure 4 shows the selective hole-burning traces of the

untreated plant PSII in the presence of (a) P0 pulse (P0-on)
and the absence of (b) P0 pulse (P0-off). The magnetic field
was set to YD•.
The signal was evaluated by (c) subtracting (a)−(b). Some

oscillations were detected in the FID and spin echo, which
were ascribed to the MDI between YD• and the Mn cluster.
Selective hole-burning traces were measured in some of the

treated PSII samples. These traces are shown in (Figure S1)
spinach PSII in the presence of 3% methanol, (Figure S2)
T. vulcanus PSII, (Figure S3) Mn-depleted spinach PSII, and
(Figure S4) Mn-depleted T. vulcanus PSII. Figure 5 shows

Figure 2. Pulse sequence for the selective hole-burning method. The
soft pulse P0 created a selective hole in the EPR spectrum. Spectral
diffusion due to spin interaction produces FID after the hard pulse P1
and spin echo after the hard pulse P2. The dashed line shows the
pattern when the P0 pulse was turned off. A selective hole-burning
trace was obtained by subtracting the P0 pulse on and off.
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traces of (a) spinach PSII in the presence of 3% methanol, (b)
untreated spinach PSII, (c) T. vulcanus PSII, (d) Mn-depleted
spinach PSII, and (e) Mn-depleted T. vulcanus PSII. The
oscillation depth and amplitude gradually decreased over time.
The oscillation pattern was slightly modified in the T. vulcanus
PSII. In Mn-depleted PSII, there was no oscillation in the FID
or spin echo in both spinach and T. vulcanus PSII.
Figure 6 shows the S1 state traces of (a) spinach PSII +

MeOH, (b) untreated spinach PSII, and (c) untreated

T. vulcanus PSII, which were obtained by dividing them by
the corresponding traces of Mn-depleted PSII. The traces
around the P1 and P2 pulses (Figure 2) were removed. The
largest periods were detected at approximately 400 ns for all
samples. The traces of the untreated and +MeOH spinach PSII
were similar, indicating that the S1 spin state was insensitive to
the addition of methanol. Notably, the S1 signal was not
detected in the +MeOH spinach PSII using parallel-polar-
ization EPR. An additional peak at 630 ns was detected in

Figure 3. Field swept (A) X-band CW- and (B) Q-band pulsed EPR spectra of (a) spinach PSII in the presence of 3% methanol; (b) untreated
spinach PSII; (c) Mn-depleted spinach PSII; (d) untreated T. vulcanus PSII; and (e) Mn-depleted T. vulcanus PSII. (B) Background signals for
cavity and spike noise were subtracted. Experimental conditions: (A) microwave frequency, 9.41 GHz; microwave power, 0.6 mW; modulation
amplitude, 20 G; temperature, 6 K; (B) microwave frequency, 34.33 GHz; pulse sequence, π/2-τ-π; pulse length, 28 ns; interval τ between the mw
pulses, 300 ns; repetition time, 100 μs; temperature, 6 K.

Figure 4. Hole-burning traces of the untreated plant S1 state PSII with
(a) P0 pulse (P0-on) and without (b) P0 pulse (P0-off). Trace (c)
was subtracted (P0-off) from (P0-on). Measurement conditions:
microwave frequency, 34.2 GHz; magnetic field, 12213 G; pulse
length, 1000 ns for P0, 28 ns for P1, 28 ns for P2; duration, 14 μs for
T, 1200 ns for τ; repetition time, 5 ms; temperature, 6 K.

Figure 5. Hole-burning traces of (a) spinach PSII in the presence of
3% methanol; (b) untreated spinach PSII; (c) untreated T. vulcanus
PSII; (d) Mn-depleted spinach PSII; and (e) Mn-depleted T. vulcanus
PSII. The traces were obtained by subtracting the P0-off from P0-on
traces. The measurement conditions were the same as those shown in
Figure 4.

Figure 6. Selective hole-burning traces in the S1 state of (a) spinach
PSII + MeOH, (b) untreated spinach PSII, and (c) untreated
T. vulcanus PSII. These traces were obtained by dividing the
corresponding Mn-depleted PSII. The measurement conditions
were the same as those shown in Figure 4. The filled arrays exhibited
a peak at approximately 400 ns, ascribed to S = 1, and the blank arrays
exhibited a peak at 630 ns, ascribed to S ≥ 2. See text for details.
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T. vulcanus PSII. Other shoulders/peaks at 256 ns are detected
in traces (b) and (c).
Figure 7(A) shows the selective hole-burning traces of the

(a) untreated, (b) PsbP/Q-, and (c) PsbO/P/Q-depleted

spinach PSII. The first period of 410 ns was decreased in (b)
PsbP/Q- and (c) PsbO/P/Q-depleted spinach PSII, and a
period of 630 ns was not detected in (b) PsbP/Q- and (c)
PsbO/P/Q-depleted spinach PSII. Figure 7(B) shows traces of
(d) untreated, (e) PsbO/U/V-depleted T. vulcanus PSII in the
presence of PEG, and (f) PsbO/U/V-depleted T. vulcanus PSII
in the absence of PEG. Traces (d) and (e) were similar, but
the first period (390 ns) was slightly shifted. Trace (f) had its
first peak at 370 ns, and the second period at 630 ns was not
detected.

■ DISCUSSION
Q-band selective hole burning detected a magnetic interaction
between the YD• and the S1 state Mn cluster in both spinach
and T. vulcanus PSII. Signals were observed for both untreated
and + MeOH spinach PSII. A period of approximately 400 ns
was observed for all S1 state traces. In the early report, these
modulations were not detected.51 The main reason for the
difference is the improvement of instruments as described
above. The previous signal was obtained by dividing signals
with different T values. The procedure is reliable for obtaining
initial slope of the signals, and therefore reasonable distance
was estimated.51 However, the difference between the signals
with different T is small, and includes background signals. In
the present work, the signals were obtained by dividing signals
in the Mn-depleted PSII under fixing T value.
The 400 ns signal in the untreated spinach PSII can be

ascribed to a spin state related to the parallel polarization
EPR,15,19 i.e. weakly excited S = 1 spin state. However, the
signals were observed for + MeOH spinach PSII. This is in

contrast to the previously reported loss of the parallel-polarized
S1 state signal in the presence of methanol in spinach PSII
reported previously.19 Analogous to isomerization in the S2
state, methanol was expected to exhibit a similar effect on the
isomeric equilibrium of the S1 state. However, the present
results indicate that the S1 state exhibits the same spin state in
the presence of methanol. The disappearance of the parallel-
polarization S1 state signal can be ascribed to a small
modification in structural symmetry. The parallel-polarization
EPR signal is highly sensitive to the zero-field splitting
parameters D and E. Particularly, the rhombic parameter E/
D is directly related to the spin-transition probability. For the
S1 signal, the small E/D parameter was estimated to be ±
0.11.20 Because methanol appears to be located proximate to
the Mn cluster,19,39 it may modify the crystalline field of the
Mn cluster. If the rhombic parameter E/D decreases (i.e., close
to octahedral symmetry), the signal may become undetectable
without major modifications to the spin structure.
Different types of EPR signals for the manganese cluster

have been reported, which are called ‘split signal’.56−61 The
origin of these signals is generally believed to be due to the
interaction between YZ• and the manganese clusters. It was
reported that the split signal generated by illuminating the S1
state disappears in the presence of methanol.58,60 This was
interpreted as being due to the weakening of the ‘split signal’,
caused by the upshift of the excited level (S = 1) of the S1 state,
and the S1 state is populated to the ground state (S = 0) in the
presence of methanol. However, the present work shows that
the spin state of S1 remains in the S = 1 spin state even after
methanol addition at 6 K. Therefore, methanol is considered to
influence not the spin state of the S1 state, but the exchange
interaction between YZ• and S1 state.
Parallel polarization experiments showed that the S1 state in

the untreated PSII had a ground state with S = 0 and a 2.5 K
higher excited state with S = 1.19 Because the ground state S =
0 does not interact with YD•, the MDI is ascribed to the S = 1
excited state. In the S1 state of untreated PSII, the two states, S
= 0 ground state and S = 1 excited state, are considered to
populate almost equally at 6 K. Therefore, the detectable
population for MDI is half of the reaction centers. In contrast,
the modulation depth of the hole-burning signal in the
presence of methanol was not decreased but rather enhanced
(Figure 5), which indicates that the S = 1 excited energy level
is not so high in the presence of methanol, which is evaluated
as below 6 K. Although the quantization of modulation depth
is difficult, the present result cannot exclude the possibility that
the ground and excited states are inverted in the presence of
methanol.
Using the point-dipole approximation, the magnetic dipole−

dipole interaction from the Mn cluster is described as

=
r

1 3cos
A B

2

3 (1)

where r is the distance between spins A and B, θ is the angle
between the distance vector and external magnetic field, and γA
and μB are the gyromagnetic ratio of spin A and the magnetic
moment of spin B, respectively. The oscillation of the hole-
burning trace is characterized by the fundamental frequency ϵ,
and mixing of harmonic frequencies kϵ (k = 2, 3...) for S ≥ 1.29
,51 For the cyanobacterial S1 state, the hole-burning trace was
characterized by two fundamental frequencies, 2.56 MHz
(period 390 ns) and 1.59 MHz (period 630 ns).

Figure 7. Selective hole-burning traces in the S1 state of (A) spinach
and (B) T. vulcanus PSII. The traces were (a, d) untreated, (b) PsbP/
Q-depleted, (c) PsbO/P/Q-depleted, (e) PsbO/U/V-depleted PSII
in the presence of PEG, and (f) PsbO/U/V-depleted PSII in the
absence of PEG. Traces were obtained by dividing those of the
corresponding Mn-depleted PSII. The measurement conditions were
the same as those shown in Figure 3. Dotted lines indicate 410 (or
390) ns and 630 ns, corresponding to S = 1 and S ≥ 2 spins,
respectively. See text for details.
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Assuming a point dipole-approximation for S = 1 spin, the
distance between YD• and the Mn cluster was evaluated to be
28 Å for the 410 ns period. The distance between YD• and Mn
ions in the crystal structure was estimated as 30−33 Å. To
compensate for these differences, the Mn ions with positive
spin densities should be closer to YD•. In the crystal structure,
the Mn1 and Mn4 ions are closer to YD• than the Mn2 and
Mn3 ions. Therefore, the spin densities of Mn1 and Mn4 are
expected to be positive and larger than those of Mn2 and Mn3.
The spin Hamiltonian for manganese cluster is described as

·=
<

J S S2
i j

ij i j

4

(2)

=S ST
i

i

4

(3)

where ST is the summation of each spin Si on the i-th Mn ion,
and Jij is the exchange coupling between the i-th and j-th spins.
Considering spin density distribution for YD• and the Mn
cluster, the magnetic dipole−dipole interaction can be written
as

=
r

1 3cos
A B

i j

i j

i j
i j

,

2
,

,
3

(4)

where ri,j and θi,j are the distance and angle between the
external field vector and the vector ri,j connecting the spin
density ρi on the i-th carbon of YD• and ρj on the j-th
manganese ion, respectively.24 The spin density distribution of
YD• has been previously described,24 which was fitted from the
experimental results. The coordinates were obtained from the
crystal structures. The density distribution ρj is replaced by the
spin projection, which is defined as

= ·
p

S S
Sj
i

2 (5)

=p 1
j

j

4

(6)

where pj represents the contribution of the local spin Si to the
total spin S. The FID shape is expressed as follows:

=H t H t f t( ) ( ) ( )T T0 (7)

where HT(t) is the entire shape function for the FID, H0(t) is
the function at T = 0, and f T(t) is the shape function for the
spectral diffusion.29,51

Under the condition of T →∞ for S ≥ 1,
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For S = 1 spin,

= + +
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑf t t t( )

1
3

1
4
3

cos( )
2
3

cos(2 )
(9)

For S = 3 spin,
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where all transitions in the sublevels are equivalent to t under
the condition that T ≫ T1. A larger spin enhanced the
oscillation depth of the first peak. Because the fundamental
frequency ϵ is obviously dominant in the first peak on a trace,
these equations were applied to simulate traces as an
approximation without considering the T1 dependence in the
sublevel relaxations. In a previous study, H0(t) was replaced
with the minimum experimental conditions for T, Hmin(t).

51

However, the differences in the traces between Hmin(t) and
HT(t) were so small that evaluation was difficult. In this study,
the experimental results were evaluated by dividing the trace of
the S1 state by that of Mn-depleted PSII, which extracts MDI
from manganese cluster. The procedure is used in RIDME.32

The selective hole-burning traces of Mn-depleted PSII were
combined with the effects of nonheme iron, Fe2+, cytochrome
(cyt) b559, and cyt c550, etc.
The difference between the point spins (eq 1) and

delocalized spin (eq 4) suggests that the spin density
distributions on Mn1 and Mn4 are positive and larger than
those on Mn2 and Mn3. The distances between YD• and Mn1/
Mn4 ions were shorter than those between YD• and Mn2/
Mn3. Therefore, the larger positive spin densities for Mn1/
Mn4 are expected to be Mn(III). The S = 1 spin in the S1 state
is formally explained by a ferro-coupled S = 1 spin between
two antiferro-coupled S = 1/2 Mn(III)−Mn(IV) dimers, that
is Mn1−Mn2 and Mn3−Mn4. For an antiferro-coupled
Mn(III)−Mn(IV) dimer, the projection was obtained at a
ratio of 2:−1.62 Therefore, the spin density distributions can be
formally explained by a simple model in which the spin
projection in a single Mn(III)−Mn(IV) dimer was divided by
the ratio of 2:−1,62 and coupled as two dimers. The ratio of
the spin density distribution is well conserved in the QM
model.63−65

Figure 8 shows the experimental and calculated traces of (A)
plant PSII in the presence of methanol and (B) T. vulcanus
PSII. The experimental trace (trace a) was compared with
traces b−e, the calculated traces based on the QM models of
the S1 state with S = 1. The crystal structure of PDB 6JLJ

66 was
used for the calculations. The calculation was performed by
summing all polar coordinates (θ, ϕ). Crystal-structure
dependence was within 20 ns for the first oscillation peak
(Figure S5). For the analysis of the experimental traces, the
spin projections were obtained from (b) model S1A (Drosou et
al.(2023)),63 (c, d) models S1aR and S1bR (Isobe et al.
(2014)),64 and (e) model S1(pre) (Tamura et al. (2023)).

65

The spin projections and J values are listed in Tables 1 and 2,
respectively. Figure 9 shows schematic structures for these
structures. Although these QM calculations were performed
using different methodologies and assumptions, it is worth
comparing them from the perspective of structural differences.
Main differences of QM calculations are the use of DFT63,64 or
QM/MM,65 wave function sets, surrounding amino acid
residues, and the protonation states of amino acid residues.
The structural differences were mainly due to the

protonation state of the oxygen ligands (W1, W2, O4, and
O5) in the Mn cluster. The protonation structures for each
trace are (b) (W1, W2, O4, O5) = (H2O, OH−, O2−, O2−), (c,
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e) (W1, W2, O4, O5) = (H2O, H2O, O2−, O2−), and (d) (W1,
W2, O4, O5) = (H2O, OH−, O2−, OH−).

Models (b), (c), and (e) qualitatively reproduced the
experimental trace with periods of 460−470 ns. However,
model (d) was far from the experimental trace (a), which was
estimated to have a period of 690 ns. Generally, a higher-
valence ion has a larger spin projection in a coupled spin
system. This ratio appears to be inherited in the QM
calculations of the four coupled manganese cluster. The
isotropic spin densities for the QM models (b, c, e) are
approximately [1.0:−0.5:−0.5:1.0] with valence [III, IV, IV,
III] for Mn1−4. Trace (f) is a simplified model using the spin
ratio [1.6:−1.1:−1.1:1.6] for Mn1−4, which was calculated to
adjust the experimental trace using simple two-digit numbers.
In parallel-polarized EPR measurements, two types of S1

signals were detected: S = 1 in plant PSII and S = 2 or 3 in
cyanobacterial PSII.15−20,50 In comparison with these works,
the 400 ns period can be assigned to the S = 1 state, and the
630 ns period can be assigned to S = 2 or 3. In other words, the
cyanobacterial S1 state has an S = 1 spin structure as well as
partially the S ≥ 2 isomer. Figure 8B shows the experimental
and calculated traces of untreated T. vulcanus PSII. The
experimental trace (trace g) was compared with (trace h)
calculations based on the S1 state QM models with S = 3.63

The protonation state was (h) (W1, W2, O4, O5) = (H2O,
OH−, O2−, O2−).63 The spin projections are listed in Table 1.
The spin valences and distribution were (h) [III, IV, IV, III]
and [−0.47, 0.40, 0.49, 0.59] for Mn1−4, respectively. Trace
(i) is a simulated trace using simple two-digit numbers of
[−0.5:0.5:0.5:0.5]. This spin distribution was consistent with
an earlier report.50

It is difficult to quantify the number of states with S = 1
compared with those with S ≥ 2. However, the oscillation
depth of the higher spin state is greater than that of the low
spin state; therefore, the amount of S ≥ 2 can be much smaller
than that of S = 1.
We obtained a 400 ns period for S = 1 and a 630 ns period

for S ≥ 2. The results showed that the cyanobacterial S1 state is
composed of two isomers. For cyanobacterial PSII, the parallel-
polarized S1 signal was assigned to the S = 2 or S = 3 ground
states.50 The selective hole-burning experiments cannot specify
the absolute spin number of the S ≥ 2 spin state because the
main period of the selective hole-burning trace is characterized
by the fundamental frequency ϵ and is not very sensitive to the
spin number (Figure S6). As the QM calculation indicates that
the S ≥ 2 spin state arises from S = 3,67 we tentatively assigned
that the observed periods arise from S = 1 and S = 3.
The MDI for the YD•-S2 state is similar to that for the YD•-S1

state, but the interactions of the YD•-S0 state are largely
different from those of the YD•-S1 state. The MDI are 1.2 MHz

Figure 8. Experimental and calculated traces of selective hole burning
of (a) plant PSII in the presence of methanol and (g) untreated
T. vulcanus PSII. Traces (b, c, d, e, h) are calculated based on (b)
model S1A and (h) model S1B (Drosou et al.(2023)),63 (c) model
S1aR, (d) S1bR (Isobe et al.(2014)),64 and (e) S1(pre) (Tamura et al.
(2023)).65 Traces (f, i) are simplified models, using the spin density
distribution of (f) [1.6:−1.1:−1.1:1.6] and (j) [1.8:−1.3:−1.3:1.8] for
Mn1−4 (S = 1), and (i) [−0.5:0.5:0.5:0.5] for Mn1−4 (S = 3). The
dotted lines indicate (A) a period of 410 ns, (B) 390 ns, and 630 ns.

Table 1. Isotropic Spin Density Distributions for Mn1−4a

ρ(Mn1) ρ(Mn2) ρ(Mn3) ρ(Mn4)

S = 1
(b) S1A 1.19 −0.66 −0.42 0.89
(c) S1aR 1.11 −0.60 −0.51 1.00
(d) S1bR −0.55 0.39 0.48 0.69
(e) S1(pre) 1.12 −0.61 −0.49 0.98
(f) 1.60 −1.10 −1.10 1.60
(j) 1.80 −1.30 −1.30 1.80
S = 3
(h) S1B −0.47 0.40 0.49 0.59
(i) −0.50 0.50 0.50 0.50

aParameters (c, d) were obtained from Isobe et al.64 Parameters (b,
h) and (e) were derived from the J values reported by Drosou et al.67

and Tamura et al.65 The parameters for models (c) S1aR and (d)
S1bR were obtained from the generalized approximate spin projection
and adiabatic energy levels.64

Table 2. J-Coupling Sets and Structure for the S1 State in the Reported QM Structures (cm−1)a

J12 J13 J14 J23 J24 J34 ΔE Wl W2 O4 O5

S = 1
(b) model S1A −22.0 8.5 3.83 19.6 0.25 −72.1 26.2 H2O OH− O2− O2−

(c) model 1aR −35.6 6.84 0.11 18.4 2.91 −77.1 1.86 H2O H2O O2− O2−

(d) model 1bR −36.5 −2.04 −4.04 4.27 0.44 −8.14 14.0 H2O OH− O2− OH−

(e) model S1 (pre) −36.2 7.4 0.6 13.8 0.70 −78.1 0.49 H2O H2O O2− O2−

S = 3
(h) model S1B −35.9 3.85 −15.8 30.2 −0.52 5.38 78.9 H2O OH− O2− O2−

aParameters for (b) model S1A and (e) model S1(pre) were taken from refs 67 and 65, respectively. The parameters for models (c) S1aR and (d)
S1bR were obtained from the generalized approximate spin projection, adiabatic energy levels.64 ΔE is the energy gap between the ground and
excited states. The states are located at the (b−d) first excited states and the (e, h) ground state.
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(850 ns) and 2.4 MHz (420 ns) MHz for the S0
26 and S2

states,24 respectively. The small MDI for the S0 state excludes
the possibility that the minor population of the S0 state
influences the observation of the S1 state.
At present, the origin of the 256 ns period is unclear. As

observed in the PsbP/Q- and PsbO/P/Q-depleted spinach
PSII, the period did not correlate with the S = 1 and S = 3 spin.
The period was estimated to be 22 Å using the point dipole
approximation, which is so close that it could not be assigned
to the Mn cluster, and there are no other candidates for the
spin center.
Different QM models have been reported, particularly for

the protonation states. The protonation state of (W1, W2, O4,
O5) = (H2O, OH−, O2−, OH−) (S1bR) (trace d) was excluded
from the S1 state model. Some spin density distributions in the
QM calculations (traces b, c and e) were similar, even under
different protonation conditions. These states are distinguish-
able using the results of parallel polarization EPR.15−20,50 The
first excitation energy for model S1A (W1, W2, O4, O5) =
(H2O, OH−, O2−, O2−) was calculated as 26.2 cm−1 (37.8 K)
(Table 2). This was so high that model S1A did not fit the
parallel-polarization EPR experiments. The excited energy for
the model (W1, W2, O4, O5) = (H2O, H2O, O2−, O2−) is 1.86
cm−1 (2.67 K) for S1aR (trace c)64 and 0.49 cm−1 (0.70 K) for
S1(pre) (trace e),

65 respectively. The differences between (c)
and (e) can be ascribed to the different methodologies used,
that is, (c) DFT64 and (e) QM/MM.65 Although it depends on
the choice of the basis function, the energy gap between the
two models is relatively smaller than that in the other models,
estimated as below 9 cm−1.64 These results suggest that the
model of (W1, W2, O4, O5) = (H2O, H2O, O2−, O2−) is
preferable to explain the parallel-polarization EPR experi-
ments,19 which show a weakly excited state of 1.7 cm−1 (2.5 K)
for the S1 state.
The zero-field splitting parameters provided additional

information for the S = 1 state. The disappearance of the
parallel-polarized signal with methanol was ascribed to the
symmetrized crystalline field, that is, a decrease in the E/D
ratio. Drosou et al. calculated the effective |D| in the range of
0.15 −1.0 cm−1, and the corresponding |E/D| in the range of
0.16−0.33, for S = 1 state.67 However, Matsukawa et al. have
already estimated |D| = 0.14 cm−1 and |E/D| = 0.11, and the
effective D is along the membrane plane in the oriented PSII.20

The effective D is represented as the sum of the local zero-
field splitting of each Mn ion and the interactions between the
Mn ions:

= +
= >

D d di ij
i i j

loc
1

4

,

4

(11)

where dloc,j is the local zero-field splitting for the i-th Mn ion,
and dij is the interaction between the i-th and j-th Mn ions.
Assuming that the local zero-field splitting of Mn(III), dMn(III),
is much larger than that of Mn(IV), dMn(IV),

68 the effective D
was evaluated as the sum of the local dMn(III) of Mn1 and Mn4.
In the QM model (W1, W2, O4, O5) = (H2O, OH−, O2−,
O2−), the Jahn−Teller axes were assumed to be directed
toward Asp170-Mn4-Glu333 for Mn4 and Asp342-Mn1-O5
for Mn1. These axes were located outside the membrane plane
(Figure S7). This study showed that the spin projections of
Mn1 and Mn4 were both positive, indicating that the local
spins of Mn1 and Mn4 were oriented toward the total spin Sz.
Assuming that the local dMn(III) values for Mn1 and Mn4 have
the same sign and comparable magnitude, the resultant vector
will be along the membrane plane (Figure S7), which is
consistent with the experimental results.69 Britt et al. evaluated
the sign of the effective D for the S1 state signal (S = 2) as
positive based on temperature dependence.50 The zero-field
parameter dMn(III) is generally negative in coordinates
elongated by the Jahn−Teller effect.68 Only Mn1 had a
negative spin density of −0.5. Assuming that the local zero-
field splitting of Mn1 is dominant for the effective D in the S ≥
2 state, the sign of the effective D becomes positive, which is
consistent with the experimental results.50 On the other hand,
Mn(IV) ions with high dMn(IV) have also been reported.

70 The
local zero-field splitting of Mn2 and Mn3 and the interactions
between the Mn ions should be considered for a precise
discussion.
The S = 1 QM models (traces b, c, e) were characterized by

an isotropic spin distribution [1.0:−0.5:−0.5:1.0]; however,
the experimental trace fits the ratio [1.6:−1.1:−1.1:1.6] or
[1.8:−1.3:−1.3:1.8]. The S = 3 model for the QM calculation
was qualitatively reproduced by the experimental results, which
were characterized by a simple isotropic spin distribution
[−0.5:0.5:0.5:0.5]. The differences between the S = 1 and S =
3 states indicate that the boundary conditions for S = 1 may be
insufficient for reproducing the structures. The equilibrium
between the two isomers, S = 1 and S = 3, is induced by the
extrinsic proteins PsbP/Q in spinach PSII.17 Similar isomer-
ization was detected in the S2 state between the g = 2 multiline
and g = 4 signals.47 As the arrangement of amino acid residues
around the Mn cluster was almost the same in plant and
cyanobacterial PSII, this isomerization was thought to be due
to a remote effect, probably a chain of hydrogen bonds.47

Figure 9. Schematic models of QM calculations. The models were obtained from (b) model S1A (Drosou et al.(2023)),63 (c, d) models S1aR and
S1bR (Isobe et al.(2014)),64 and (e) model S1(pre) (Tamura et al. (2023)).
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Generally, the valence of the Mn ions is believed to be
2Mn(III)2Mn(IV) in the S1 state, which is called a high-
valence model. Low-valence models such as 4Mn(III) have
also been proposed.71−74 Based on these reports, Pantazis
evaluated the spin structures of the low-valence models.75 Two
different types of spin states were proposed: model 1 with
valence [III, III, III, III] for Mn1−4, and model 2 with valence
[III, IV, III, II]. Model 1 has a ground state S = 4 and four
excited states S = 0, 1, 2, 3 below 3.1 cm−1. Such multiple-
overlapping excited states do not fit with the present work or
previous EPR results50 for the S1 state. Model 2 has ground
states of S = 0 and S = 1, with a high excited state of 25.5 cm−1.
The isotropic spin density distribution was [0.49:0.01:−
0.03:0.54] for Mn1−4, which was calculated from the J-set.75

These states also do not fit with the present work or previous
EPR results.19 To the best of our knowledge, no other spin
analyses of QM calculations have been reported for the low-
valence models. Currently, we do not support low-valence
models for the S1 state. The possibility that other low-valence
models explain the EPR results cannot be excluded; however,
further research is required.
The extrinsic proteins PsbO/P/Q for plant PSII and PsbO/

U/V for cyanobacterial PSII protect the Mn cluster. PsbP is
directly related to the function of the manganese cluster.54,76 A
Fourier transform infrared spectroscopy study showed that
PsbP is coupled to the structure of the oxygen-evolving
complex, and the binding of the PsbP protein influences the
protein conformation around the Mn cluste.54 During the
transition of the S1-to-S2 state, PsbP depletion modified the
local environment but did not modify the manganese ligands.
Parallel-polarization EPR showed that PsbP/Q depletion was
caused by modification of the microenvironment, which
produced the S ≥ 2 isomer.17 ,50 However, in the selective
hole-burning measurements, the 630 ns period (S ≥ 2) was not
detected with the decrease of the 410 ns period (S = 1) in
either PsbP/Q-depleted or PsbO/P/Q-depleted PSII. This
indicated that PsbP depletion modified the surrounding
environment of the Mn cluster, resulting in a distance
distribution of Mn and YD•. In the canonical distribution,
PSII centers might partly have the S ≥ 2 isomer. The
oscillations in PsbO/U/V-depleted T. vulcanus PSII were
almost the same as those in untreated T. vulcanus PSII in the
presence of PEG (Figure 7). In the absence of PEG, the S ≥ 2
isomer was not detected with a slight modification of S = 1,
indicating that PEG is also fixing the Mn-cluster in the absence
of extrinsic proteins. These results show that PsbO/U/V fix
the S1 state Mn cluster in cyanobacterial PSII similar to PsbO/
P/Q in higher plant PSII, but the effects of these sets of
extrinsic proteins are different.
In the S2 state, PsbO supports the isomerization of the Mn

cluster. Plant PSII has an S = 5/2 isomer in the S2 state but is
lost by the depletion of PsbO. In contrast, the cyanobacterial
PSII does not contain the S = 5/2 isomer. Therefore, the S ≥ 2
isomer in the S1 state cannot be the precursor to the isomer S
= 5/2 in the S2 state. As the amount of the S ≥ 2 isomer in the
S1 state is relatively small, the main path for S1-to-S2 states
transition would be S = 1 to S = 1/2 structures.
To elucidate the reaction mechanism of Mn cluster, it is

essential to understand the effects of the microenvironment
created by extrinsic proteins. Although such remote effects may
be difficult to introduce into the present QM calculations, it
would be worthwhile to include them in the computational
procedure.

In this study, two protonation states in the QM calculations
matched the selective hole-burning experiments: (W1, W2,
O4, O5) = (H2O, H2O, O2−, O2−) for the S = 1 spin state, and
(W1, W2, O4, O5) = (H2O, OH−, O2−, O2−) for the S = 3 spin
state. However, the following points should be considered: (1)
For the S = 1 state, the QM models give rise to an isotropic
spin distribution of approximately [1.0:−0.5:−0.5:1.0] for
Mn1−4, which does not completely reproduce the exper-
imental trace. Additional boundary conditions were consid-
ered. (2) Drosou et al. have reported the S = 3 model.67 The
QM model focused on the protonation conditions of W2 =
OH−, which were inherited from the original S2 model.22

When S = 1, the protonation of W2 was not very sensitive to
the spin density distribution (Figure 8). For the S = 3 state, the
stability of the spin states should also be discussed along with
other possible structures. As S = 3 structure is inherited from
the S = 1 structure as isomer, the S1 state should also have the
(W1, W2, O4, O5) = (H2O, H2O, O2−, O2−) structure.

■ CONCLUSIONS
The magnetic dipole−dipole interactions between YD• and the
S1 state Mn cluster in PSII were detected using selective hole-
burning Q-band pulsed EPR for both spinach and
cyanobacterial PSII. The interactions were characterized by
two fundamental periods at 410 (390) ns and 630 ns. The
former was detected in both the plant and cyanobacterial PSII,
ascribed to S = 1 spin, and the latter was detected only in the
cyanobacterial PSII, ascribed to S ≥ 2 spin. The basic structure
of the S1 state is S = 1, and the S ≥ 2 isomer is included in the
cyanobacterial PSII. Some QM models with S = 1 and S = 3
were consistent with the experimental results, depending on
the protonation conditions of the Mn cluster. In the simplified
models, the isotropic spin density distributions are explained as
the ratio [1.6:−1.1:−1.1:1.6] or [1.8:−1.3:−1.3:1.8] for Mn1−
4 ions at S = 1 and [−0.5:0.5:0.5:0.5] for Mn1−4 ions at S = 3.
The most probable protonated structures were W1 = H2O, W2
= H2O, O4 = O2−, and O5 = O2− for the S1 state. Because the
S1 state is the most reliable structure for X-ray analysis, this
study will be useful for refining electronic structures.
These results demonstrate that the selective hole burning

method is a powerful complementary tool to XRD for
determining the valence and protonation structures of
manganese clusters. This technique is valid not only for the
S1 state but also for higher S-states and general metal clusters.
This provides important insights into the water oxidation
mechanism.
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