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ABSTRACT: The spin structure in the S, state and the crystal structure of the manganese cluster of the oxygen evolving
complex of plant photosystem II was combined by the quantitative evaluation of the magnetic anisotropy of the g = 4 sig-
nal. The g-values of 3.93 and 4.13 were obtained for the g = 4 signal in the directions parallel and perpendicular to the
membrane normal, respectively. The peak-to-peak separations were 270 and 420 G for the parallel and perpendicular ori-
entations to the membrane, respectively. By comparison with the crystal structure, the z-axis of the zero-field splitting
was ascribed to the direction of the dangling Mn connecting water oxygen, Mng-O(W1), in the manganese cluster. The
results give the first experimental evidence that the valence of the dangling Mn is Mn(IIl) in the S, high spin state. We
showed the strong exchange coupling of Mn4 to Mn3 was required for g =4.1 spin state in the four spin couplings, esti-
mated as > ~|-30 cm™|, indicating that the present closed cubane model in QM/MM calculation cannot explain the g = 4.1
spin structure. The onsite zero-field splitting of the dangling Mn was evaluated as -2.3 cm™ under the strong antiferro-
magnetic couplings (-50 cm™) with the dangling Mn to the cubane frame in the four coupled spin state. From the view-
point of the arrangement of the Mn valences in the cluster, a closed cubane model is effective, but no large structural de-

viation from the S, state crystal structure.

1.Introduction

Photosynthetic oxygen evolution occurs at the Mn cluster
Mn,CaOs in the photosystem 11 (PS II) protein complex of
plants and cyanobacteria 2. The Mn cluster has five different
redox states denoted S, (n = 0 — 4), where S, advances to Sp+1
state by oxidation. S, is the highest overall oxidation state of
the cluster, and it immediately reduces to the lowest state So,
with the evolution of molecular oxygen®. Recent advances in
X-ray crystallographic techniques have yielded highly re-
solved structural images of photosystem 1157, The manganese
cluster in the S; state is a cubic Mn3;CaO, motif coordinated to
an additional dangling Mn via an oxo bridge. Mn and O in the
cubic structure are labelled as Mn1-3 and O1-4, and the dan-
gling Mn and bridging O are labeled as Mn4 and O5, respec-
tively. The dangling Mn4 is also coordinated with two water
molecules (W1 and W2), and two O atoms, provided by the
surrounding amino acids ”.

In the S; state, three kinds of EPR signals can be observed,
namely, the g = 2 multiline, g = 4.1, and g > 4.1 (g = 10 and
6) signals®°. The g = 10 and 6 signals were induced by infra-
red light illumination at 65 K. Upon annealing above 65 K,
the g = 6 and 10 signals convert to the g = 2 multiline signal®.
The g 4.1 and g = 2 multiline signals are in equilibrium at
200 K, where the g ~ 4.1 signal converts to the g = 2 multiline.

The spin state of the g ~ 4.1 signal has been characterized as
the transition of the +3/2 state at an effective spin S = 5/2 112,

Based on QM/MM calculations, two kinds of signals, the g
= 2 multiline and g > 4.1 signals, have been assigned to the
isomer of the manganese cluster in the S, state, characterized
at the position of the O5 oxygen between Mn1 and Mn4 1314,
A shorter Mn4-05 distance, denoted as “open cubane,” leads
to the g = 2 multiline, and a shorter Mn1-O5 distance, denoted
as “closed cubane,” leads to g > 4 signals.”

The concept of the moving O5 position with the switching
of Mn(lIl) in pentacoordinate provides a reaction model for
the oxygen evolving mechanism 4, The valence of manga-
nese in the S, state was proposed to be one Mn(l1l) and three
Mn(1V). Mn(I11) is considered to be at Mnl in the multiline
signal 14 172° ‘and at Mn4 in the g > 4.1 signal'*. On the other
hand, QM/MM calculations have not been successful for the
molecular structure in the case of the g = 4.1 signal. Besides,
recent XRD results show that the closed cubane structure is
not detected in the S, state *°. Based on these observations, a
new QM/MM calculation is proposed, where Mn(lll) is at
Mn1 in the high spin state?®. QM/MM calculations have also
indicated that the proton arrangements of the Mn cluster easily
modify the spin structure. Therefore, experimental evaluations
of the position of Mn(l1l) based on detailed spin structures is



highly required to understand the chemical mechanisms of
photosynthetic water oxidation.

In this study, we evaluated the orientations of the zero-field
interactions of Mn(lll) that lead to anisotropy of the g ~4.1
signal. Early work showed the anisotropy of the g ~ 4.1 signal
in the oriented PS Il qualitatively?. The distorted structure of
the Mn cluster %7 allowed us to identify the coordinate axes of
the Mn ions based on the orientation dependence of the EPR
signals. Based on detail analysis, we assigned Mn4 to Mn(l11)
for the g = 4.1 signal and provided insight into the spin struc-
ture.

2.MATERIALS AND METHOD
2.-1. PS Il sample preparation.

PS Il membranes were prepared from market spinach ac-
cording to the method described previously??. The membranes
were suspended in a medium containing 400 mM sucrose, 20
mM NaCl, 0.5 mM EDTA<2Na and 20 mM Mes/NaOH buffer
(pH 6.5). The S, state membranes were formed under white
light illumination (500 W tungsten lamp) for 5 min at 200 K.
The S; state membranes were obtained by the dark adaptation
of the S, state membranes for 120 min at 248 K. The mem-
brane-oriented PS 1l samples were prepared by drying PS II
membranes on a plastic sheet under humid nitrogen gas flow
for 15 h at 4 °C. The sheet was cut into 2.5 x 25 mm? pieces,
loaded into an EPR tube, and frozen immediately. The bottom
of the EPR tube was covered with glycerol for heat conduction
during the measurements. All treatments were performed un-
der dim green light at 4 °C.

2.-2. EPR measurements.

X-band CW-EPR measurements were carried out using a
Bruker E500 EPR spectrometer with a double rectangular res-
onator (ER 4105DR) and a gas flow temperature control sys-
tem (ESR900, Oxford Instruments, Oxford, GB). All EPR
measurements were performed at 6 K.

2.-3.Spectral simulations.

Spectral simulations were performed by MATLAB R2019a
(The Mathworks, Inc).

3. RESULTS

Figure 1 shows the EPR spectra of the oriented PS Il mem-
branes at the angles of (a) 0°, (b) 30°, (c) 60°, and (d) 90° of
the external magnetic field Bo relative to the membrane normal
n. Each spectrum was obtained by subtracting the S; state
signal from the S, state signal (Figure S1). The g ~ 4.1 signal
was shifted upfield at decreasing angles to Bo. At 0°, both the
signal linewidth and the g-value were minimal, consistent with
the earlier qualitative work on the anisotropy of the g 4.1
signal in oriented PS 112,  Figure 2 shows the dependence of
the g-factor and derivative peak positions on PSII angle. The
g-value is evaluated by the central field positions between the
peaks. A minimum g-value of 3.93 and maximum g-value of
4.13 were obtained at 0° and 90°, respectively. Based on these
results, sine curve fitting gave a calculated shift value of 76 G

(Figure S2). The peak-to-peak linewidths were 270 G at 0°
and 424 G at 90°. The angular dependence for the negative
peak position was small.

The g ~ 4.1 signal is explained by an effective spin S = 5/2
state 1212, The spin Hamiltonian is generally expressed as:

H = gBSB, + ZI-A-S+D[S§—%S(S+ 1)]
+E(S§—S§) (€D)]

, Where S and I are electron spin and nuclear spin operators, D
and E are the zero-field splitting (ZFS) parameters, g is the g-
factor, A is the hyperfine tensor, and S is the effective spin
operator (Sx, Sy, Sz). Spectral simulations have been per-
formed by diagonalization of the 6x6 matrix of the Hamiltoni-
an. The anisotropy of the g ~ 4 signal is mainly ascribed to the
zero-field splitting parameters, D and E. The g ~ 4 signal has

been well characterized by the rhombic parameter E/D = 0.25
11-12

The rhombic parameter E/D is sensitive to the resonance
magnetic field, while the D value is not very sensitive to the
resonance position. Figure S3 shows the powder pattern of the
g ~ 4 signal, where the parameters used are g = 2, D = -0.445
cm?, and E/D = 0.25 2. Linewidth anisotropy arises from
hyperfine interaction, and the total linewidth T is expressed as:
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Figure 1: EPR spectra of the g ~ 4.1 signals for the oriented
PS Il membranes at angles of (a) 0°, (b) 30°, (c) 60° and (d)
90° to Bo relative to the membrane normal n. Experimental
conditions: microwave frequency, 9.67 GHz; microwave pow-
er, 4 mW; modulation frequency, 100 kHz; modulation ampli-
tude, 10 G.
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Figure 2: Angular dependence of (a) the positive, (b) nega-
tive peak positions and (c) the g-value for the g ~ 4.1 signal.

, where A, and A are linewidths at angle & of the external
field Boto the membrane normal n. Linewidths A, and A, are
assumed Gaussian with 400 and 200 G, respectively. The
spectral simulation was performed by diagonalization of the
Hamiltonian with the mosaic spread function G(8 — 6,) %

GO -0, =exp [— M] 3)

2A2

, Where 6, represents the molecular orientation, defined as
zero-field splitting Dz, relative to the membrane normal vec-
tor n. 4 is the distribution angle of the mosaic spread, deter-
mined as 1791722,

The difference between the Dx/Dy/Dz- axes and the axes for
Zeeman interaction is ascribed to the molecular orientation.
Figure 3 illustrates the possible orientation of the Dx/Dy/Dz-
axes relative to the membrane normal n, where the shift of 70
to 80 G was plotted. The results show that the Dz-direction is
located within 30° from the membrane plane. The orientations
of the Dx- and Dy-axes depend on the Dz-axis. When the Dz-
axis is parallel to the membrane plane, the Dx-axis is 40° from
the membrane plane. When the Dx-axis is parallel to the mem-
brane plane, the Dz-axis is 25° from the membrane plane.

4.DISCUSSION

It is proposed that the zero-field splitting is mainly arises
from Mn(lIl) 423, In the S, state, Mn(lll) is proposed to be
Mn1 or Mn4417-18.23 The zero-field splitting in the crystalline
field consists of each onsite fine structure (d) and interactions
between ions. The fine structure Mn(IV) values and dipolar
ion-ion interactions are expected to be one order of magnitude
smaller than the onsite Mn(lll) d value ** 23, Therefore, the
observed angular dependence is ascribed to Mn(lll). In the
crystal structure of the S; state, Mn4 is hexacoordinated and is
surrounded by six oxygen atoms: 04, 05, ASP170, GLU333,
and water molecules W1 and W2.
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Figure 3. Relationship between the peak shift and the ori-
entation of Dx/Dy/D; -axes relative to the membrane normal n
in the oriented PSIl.  Open circles and dots show the orienta-
tions for the calculations corresponding to the 75 + 5 G shifts
and the 0 + 5 G shifts, respectively. Filled circles (red) show
the orientation of the ligand field for Mn4 in the S; state crys-
tal structure. Filled triangles (green) show the orientation of
the ligand field for Mn1 in the S; state crystal structure.

Figure 4 shows the simulated spectra depending on Mn4 mo-
lecular axis of the manganese cluster in the crystal structure.
The membrane normal n was determined using the locations
of the non-heme iron Fe and the reaction center chlorophylls
in the crystal structure (PDB ID: 4UB6). The ligand coordi-
nates for Mn4 are distorted from the orthogonal. As the bond-
ing orientations of Mn4-O (W1) and Mn4-O(W2) are close to
orthogonal, the Zg-axis and Xo-axis were defined to the closest
directions of Mn4-O (W1) and Mn4-O(W2) with minimal
distortions. The Y¢-axis was defined as the axis perpendicular
to the Xo- and Zo-axes. Panel A shows the simulated spectra of
the Dx/Dvy/D; -axes parallel to (a) Xo/Yo/Zo and (b) Yo/ Xof Zo,
and (c) the experimental spectra at the magnetic field angles of
0° and 90°. Panel B shows the simulated spectra of the
Dx/Dy/D; -axes parallel to (a) Zo/Yo/Xo and (b) Zo/Xo/Yo. Panel
C shows the simulated spectra of the Dx/Dvy/D; -axes parallel
to (a) Xo/Zo/Yo and (b) Yo/Zo/Xo. In these combinations, only the
patterns in panel A show upshifts of field at angle of 0°. The
simulated spectra of the Dx/Dy/Dz -axes parallel to Xo/Yo/Zo
(trace a in Panel A) are supported by the experimental spectra
within the axis distortion. The filled spheres (red) in Figure 3
show the coordinates for Mn4 in the crystal structure. The
results show the Mn4 coordinates in the g = 4.1 signal to be in



close approximation with the S; state crystal structure. The
result is also consistent with the expected model of Dz-
elongation for Mn(l11) 24, Figure 5 illustrates the orientation
of the molecular coordinates and the crystal structure. Mn4-
O(W1) is directed to the Dz-axis, and Mn4-04 is directed to
the Dx-axis. The possible angles for EPR shifts of 70-80 G in
the oriented membranes are indicated with the cross marks
(light blue). Detail schemes are illustrated in Figure S4.

For comparison, we also examined the case when Mn(lll) is
located at Mn1. The filled triangles (green) in Figure 3 show
the coordinates for Mn1, where, the Xo/Yo/Zo -axes are set
close to Mn1-03, Mn1-O1 and Mn1-05, respectively?*. The
result shows that for a high-spin S; state calculated at position
Mn1, Mn(l1) is not allowed, thus excluding the possibility of
a new QM/MM structure for the g=4.1 signal 2. The scheme is
illustrated in Figure S5.

The present results give the first evidence that the valence of
the dangling Mn is Mn(l1l). So far, the valence was suggested
by the QM/MM calculations. However, QM/MM calculations
were not succeeded for reproducing the high spin structure in
the four spin model.
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Figure 4. Simulated spectra (a, b) and experimental spectra
(c) at angles of 0° (red) and 90° (black). The experimental
spectra are the same as those in Fig.2 Panel A: Dx/Dy/D; -
axes parallel to (a) Xo/Yo/Zo and (b) Yo/Xo/Zo, Panel B:
Dx/Dy/Dz -axes parallel to (a) Zo/Yo/Xo and (b) Zo/Xo/Yo, Panel
C: Dx/Dy/D; -axes parallel to () Xo/Zo/Yo and (b) Yo/Zo/Xo.
See text.

Simulations using a four-spin model have also been per-
formed. In the four-spin model, three ferromagnetic coupled
Mn unit in a cubane geometry are antiferromagnetic coupled
with the dangling Mn4. The ground state S = 5/2 is roughly
explained by the antiferromagnetic coupling (Jerr) between the
cubane frame (S =9/2) and Mn4 (S = 2). In the QM/MM cal-
culation of the closed cubane structure, the exchange interac-

tion between Mn3 and Mn4 was estimated as Js; = —7.6 cm™ .

The set of J couplings in the QM/MM model corresponded
toJerr = —2.3 cmt in the two spin model . In the case of the
two-spin model, only |Jewf| > 10 cm™ was reproducible for the
simulation of the g ~ 4.1 signal . The weak exchange cou-
pling Jerr = —2.3 cm’, upfield shift of the main EPR peak (g = 2
to 3), and additional signals at lower field appears in the small
Jetr (figure S6), in consistent with the report 4.

Figure 5. (A) Possible region of orientations of the
D«/Dy/D;-axes relative to the crystal structure in the mem-
branes and (B) whole structure of the Mn cluster obtained
from the crystal structure (PDB ID: 4UB6). Dx and Dz axes
are set to the closest direction to Mn4-O(W2) and Mn4-O(W1),
respectively, corresponding to the filled circles in Fig.3. The
possible angles for EPR shifts of 70-80 G in the oriented
membranes are indicated by light blue cross marks, corre-
sponded to the open circles in Fig.3. The vector n represents
the membrane normal. The red, yellow, and purple balls repre-
sent O, Ca and Mn, respectively.

The lower field signals were assigned to the g = 10 and 6 sig-
nals 1. 1t is notable that the higher field signal around g = 2-3
was not observed experimentally®.  Therefore, the present
QM/MM calculations does not reproduce for neither g=4.1 nor
g=6-10 states in the four spin model. In the four-spin model,
the magnetic properties were shown to be strongly dependent
on the Js4 between Mn3 and Mn4. Figure S7 shows the reso-
nance field dependence along each axis in the strong coupling
model. For the region |[Jer| < ~10 cm, the energy gap be-
tween the ground state and the excited state is estimated to be
< ~70 cm® (7J) in the two-spin model. In the large |Ja4| region
of the four-spin model, estimated as > ~30 cm?, the g ~ 4.1
signal was well reproduced using the onsite zero-field splitting
of d; = -2 to -3 cm™. Panel C (Figure S7) shows the simulated
spectra for the g =~ 4.1 signal in the oriented membrane using
ds = -2.3 cm in the strong coupling model (Jss = 50 cm?).
The orientation of each axis was almost the same as that of the
single-spin model, indicating that the orientation dependence
is explained by the onsite zero-field splitting of Mn4 for the g
~ 4.1 signal. In addition, the high energy level of the excited
states is required to be isolated from the ground states.

Haddy et al. observed the g = 3.14 and 4.6 signals in Q-band
EPR 2. The g = 3.14 signal was assigned to the +3/2 transi-
tion along the x-axis for S = 5/2. The g = 4.6 signal was tenta-
tively assigned to another transitions within S = 5/2*2. The
onsite zero-field splitting d4 = —2.3 cm™ was well reproduced
for the Q-band spectrum in the strong coupling model (Figure
S8).

Dismukes and co-workers have proposed some molecular
structures for the S, state based on the low valence model?,
which is in disagreement with the high valence model sup-
ported by ENDOR?. While Dismukes and co-workers suggest
a potential misinterpretation of the ENDOR results. One of the
low valence structures, Mn (lI, IV, IV, 1), shows strong cou-



pling of Jay = —66.4 cm™ with S = 5/2 ground state. This strong
coupling might be preferable for g ~ 4.1 signal, but the orien-
tation dependence of the g ~ 4.1 signal is not compatible with
Mn(I11) at the Mn1 position (Fig. 3).

A new QM/MM structure for the S; state is reported by Cor-
ry and O’Malley without major structural modification from
the open cubane state?’. This is also inconsistent with the re-
sults reported here, as Mn(Ill) is incompatible with the Mn1
position and the exchange couplings are too weak. Recently,
Yamaguchi and co-workers have carried out advanced
QM/MM calculations and proposed two new closed cubane
structures for the S, state, with one structure showing that the
distance between Mn3-Mn4 is close 27. As J is very sensitive
to the interdistance between spins, the smaller distance be-
tween Mn3 and Mn4 might lead to a large Jsa.

The observable anisotropy in the oriented membranes is
sensitive to the orientation of the ligand (Fig.3). Kim et al.
have reported the anisotropy of the g ~ 4.1 signal in ammonia-
treated PS 11, where a multiline structure was observed in the
oriented membrane at 0°%, ascribed to the reduction of anisot-
ropy. It is proposed that ammonia molecule binds to Mn4,
instead of the water molecule 2%, The perturbation of the W1
ligand along the Dz-axis of Mn4 might lead to tilting of the
molecular axes.

5. CONCLUSIONS

We determined the orientation of the ligand field for the g
~ 4.1 signal. The anisotropy of the g ~ 4.1 signal is caused by
the dangling Mn4 in the oxygen-evolving complex of PS II.
The onsite zero-field splitting d of Mn(l11) is estimated as —2.3
cm in the strong coupling model. We showed the strong ex-
change couplings of Mn4 to Mn3 was required for g =4.1 spin
state in the four spin model, and evaluated quantitatively that
the strong exchange couplings of Mn4 to Mn3 was estimated
as >~|-30 cm*| From the viewpoint of the arrangement of the
valences in the Mn cluster, a cubane model is effective, but no
large structural deviation from the S; state crystal structure.
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