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ABSTRACT: The g-factor shift of the g = 4.1 EPR signal was detected in spinach PsbO/P/Q-depleted PS II.  The effective g-
factor of the signal shifts up to ~4.9, depending on Ca2+ concentration.   Hyperfine structure spacing with about 3 mT was 
detected in this g = 5 (4.9) signal. The shift to g = 5 (4.9) was related to the distortion of the manganese cluster, derived to 
the modification of the chemical bond or the crystalline field of the Mn4(III) in the manganese cluster. Based on the EPR 
analysis of the g = 5 (4.9) spin state, another molecular structure of the S2 state, a ‘distant Mn’ structure, was discussed as 
an intermediate state between the S2 and S3 states.   

1.Introduction     

Photosynthetic oxygen evolution is an indispensable reaction 

for life on earth. The Mn4CaO5 cluster, located in the photosys-

tem II (PS II) protein complex, is the core machinery for oxygen 

evolution1-3. The Mn cluster has five different redox states de-

noted Sn (n = 0 – 4), where Sn advances to an Sn+1 state by oxi-

dation. S4 is the highest oxidation state of the cluster, and it im-

mediately relaxes to the lowest state S0, with the evolution of 

molecular oxygen4. X-ray crystallographic techniques have re-

vealed the high resolution structure of PS II5-7. The structure of 

the manganese cluster is called a ‘distorted chair’, which con-

sists of the cube of Mn3CaO4 and additional Mn and oxygen.  

The Mn and O atoms in the cubic structure are labelled as Mn1-

3 and O1-3,5, and the dangling Mn and bridging O are labelled 

as Mn4 and O4, respectively. The dangling Mn4 binds two wa-

ter molecules, labelled W1 and W2, the surrounding amino ac-

ids and two O atoms in the Mn4CaO5 frame (Fig. 1) 5. 

X-ray free electron laser (XFEL) studies showed that the dis-

tance between Mn1 and Mn4 is elongated and two oxygen at-

oms bridge the Mn1 and Mn4 in the S3 state, which indicates 

that one oxygen atom is inserted in the transition of the S2 to S3 

state. This structural change provides important clues for re-

vealing the chemical mechanism of the evolution of an oxygen 

molecule 6, 7. 

In the S2 state, two kinds of EPR signals are mainly observed, 

called as the g = 2 multiline and g  = 4.1 signals 8, 9. The two 

signals are in equilibrium at temperatures above 200 K. The g 

= 4.1 signal has been characterized as the transition of the ±3/2 

state at an effective spin S = 5/2 10, 11.  Under physiological con-

ditions, the g = 4.1 signal was not observed in cyanobacterial 

PS II. Besides, the g = 6-10 signals are found under specific 

conditions in the S2 state 12, 13; they are induced by infrared light 

below 65 K, and converted to the g = 2 multiline signal by an-

nealing above 65 K in the spinach PS II 13. 

  Quantum chemical calculations have proposed two stable S2 

structures, open cubane (R-form) and closed cubane (L-form) 

forms 14, 15.  These structures are characterized by the position 

of the O5 oxygen between Mn1 and Mn4 14, 15, in which the 

shorter Mn4-O5 and Mn1-O5 distances correspond to the open 

(R) and closed (L) cubane forms, respectively. Using density 

functional theory (DFT) calculations, Pantazis et al. have also 

linked the structures with the S2 spin isomers, where the g = 2 

multiline and g = 4.1 signals were assigned to the open and 

closed cubane structures, respectively 15. However, quantum 

chemical calculations has not been successful in reproducing 

the closed cubane structure for g = 4.1 EPR signal in four-spin 

simulation 15. The broad signals around g =6-10  thus was as-

signed to the closed cubane structure denoted as the ‘g  4 sig-

nal’ 15 . However, as the g = 4.1 and g = 6-10 signals originate 

from quite different states, it is inadequate that both the signals 

have been categorized as “g  4 signals”. Meanwhile, there is 

also some variety in the g = 4.1 signals in the range of g = 4-5 
16-19.  This variety of g = 4-5 is not in a negligible scale. In plant 

PS II, the g-factor of the signals has also been characterized as 

“g  4 signals”. On the relaxation process of the S3 to S2 states 

at cryogenic temperature, the signal with g ~ 5, denoted as S2’ 

state, was observed 16, 17. This signal was converted to g = 4.1 

after annealing to 220 K. The g ~ 5 signal thus has been pro-

posed to be an intermediate between the S2 and S3 states. In cy-

anobacteria, the g = 4 signal is generally not detected under 

physiological conditions 18, 19.  However, Boussac et al. have 

reported the g = 4.7-4.9 signal at high pH in Thermosynecho-

coccus elongatus, supporting that this state is an intermediate of 

the S2-S3 transition relevant to the g = 5 signal in spinach PS II 
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18, 19. The structural difference between g = 4 and 5 is an im-

portant clue to understand the S state transitions. 

In this study, we focused on the effect of the extrinsic pro-

teins, PsbO, PsbP and PsbQ, on the S2 EPR signals. These pro-

teins are essential for the oxygen evolving activity. The main 

difference between plant and cyanobacterial PS II core com-

plexes exists in the extrinsic proteins, i.e., PsbO, PsbP and PsbQ 

are found in plant PS II, whereas the latter two are replaced with 

PsbV and PsbU in cyanobacterial PS II20. These proteins also 

bring about the variety of the S1 state signals 21, 22. Upon removal 

of the extrinsic proteins, high-concentration Ca2+ is required to 

retain the oxygen evolution activity 23. The extrinsic proteins 

also stabilize the Mn4CaO5 cluster and protect it from the attack 

of exogenous reductants 24, 25. In this paper, we report the EPR 

analysis of the g ~5 EPR signal in extrinsic proteins-depleted 

PS II in the presence of high-concentration of Ca2+. We discuss 

the molecular structures of the g = 4 and g = 5 signal states, 

based on recent results 26. 

 

Figure 1 The model structure of the water oxidizing center 

of photosystem II (PDB:4ub6). The Mn4CaO5 cluster and its di-

rect ligands, seven amino acid residues of D1 and CP43 subu-

nits and four water molecules, are shown. Purple, yellow, and 

red spheres represent Mn, Ca, O atoms, respectively, while blue 

spheres represent water molecules. 

 

2. MATERIALS AND METHODS 

2.1. PS II sample preparation. PS II membranes were pre-

pared from market spinach according to the method described 

previously27. The membranes were suspended in a buffer con-

taining 400 mM sucrose, 5 mM NaCl, 5 mM CaCl2, 0.5 mM 

EDTA•2Na and 40 mM Mes/NaOH (pH 6.0). The S2 state was 

formed under white light illumination (500 W tungsten lamp) 

for 5 min at 200 K. All treatments were performed under dim 

green light at 4 ºC.   

Depletion of the extrinsic proteins, PsbO/P/Q, was performed 

by 1 M CaCl2 treatment 28, followed by resuspension in the 

above buffer. The membranes were also resuspended in buffers 

containing 100-1000 mM of CaCl2, and 1000 mM of SrCl2, 

NaCl and MgCl2 for measurements with high-concentration cat-

ions. 

2.2.EPR measurements. X-band CW-EPR measurements 

were carried out using a Bruker 300E EPR spectrometer with a 

super high Q resonator (ER 4122SHQ) and a gas flow temper-

ature control system (ESR900, Oxford Instruments, Oxford, 

GB). All EPR measurements were performed at 6 K.  

2.3.EPR calculations. EPR calculations were performed by 

MATLAB R2019a (The Mathworks, Inc) 26. 

 

3.RESULTS 

Figure 2 shows the EPR spectra of (a) untreated and (b-f) 

PsbO/P/Q-depleted PS II membranes in the presence of (b) 5, 

(c) 200, (d) 500, (e) 700, and (f) 1000 mM CaCl2. The PSII 

membranes were illuminated at 200 K. The S1 state spectra were 

subtracted from the S2 state spectra (see Fig. S1). The signals at 

g ~ 4.3 and g ~ 3, which are ascribed to the rhombic iron and 

cytb559, respectively, were not completely subtracted. 

Upon depletion of the extrinsic proteins, the g = 4 signal was 

largely reduced (trace b). However, the signal was recovered in 

the presence of high-concentration CaCl2, and the effective g-

factor was shifted toward ~5 (traces b-f).  

Figure 2. EPR spectra of the S2 state in (a) the untreated PSII 

and (b-c) the PsbO/P/Q-depleted PS II in the presence of (b) 5, 

(c) 200, (d) 500, (e) 700, and (f) 1000 mM CaCl2. The signal 

from YD
• (~340 mT) was removed. Gaps around 210 mT were 

also eliminated. Each spectrum was normalized by the average 

of the relatively clear peaks (2-4th left and 4-5th right from the 

center) of the g = 2 multiline signals. Experimental conditions: 

microwave frequency, 9.49 GHz; microwave power, 0.64 mW, 

modulation frequency, 100 kHz; modulation amplitude, 9 G.  

 

Figure 3 shows the effect of cations in (a) the untreated PSII 

and (b-c) the PsbO/P/Q-depleted PS II in the presence of (b) 5 

mM CaCl2, (c) 1 M NaCl, (d) 1 M MgCl2, (e) 1 M CaCl2, and 

(f) 1 M SrCl2. In the presence of 1 M divalent cations, Mg2+, 

Ca2+, and Sr2+, the g = 4-5 signal was observed, whereas this 
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signal was not detected in the presence of the same concentra-

tion of a monovalent cation, Na+. Figure 4 shows the relation-

ship of the g = 4-5 signal intensities with the concentration of 

Ca2+ (b) and the metal species (c, Mg2+; d, Sr2+; e, Na+) in the 

PsbO/P/Q-depleted PS II together with the intensity in the un-

treated PS II (a). The relative intensities of the g = 4-5 signal 

were initially evaluated by the peak-to-through, where the 

trough was taken as the left edge of the g = 4.3 spike signal 

when present, The signal was then normalized by the sum of the 

g = 4-5 and g = 2 multiline signals, and estimated under the 

assumption that the intensity ratio of the g = 4-5 signal and the 

g = 2 multiline is 0.5 in the untreated sample.   

The mechanism of the Ca2+ concentration dependence is un-

clear.  For simplification, we assumed a very weak binding site 

for the cation that is relevant for the spin conversion. The dotted 

line in Figure 4 was obtained by assuming that the equilibrium 

between the g = 4-5 state and the g = 2 multiline state depends 

on the concentration of Ca2+. The equilibrium constant KCa 

(equation 1) was estimated to be > 300 mM.  

 

𝐾𝐶𝑎 =
[ℎ𝑖𝑔ℎ 𝑠𝑝𝑖𝑛 𝑠𝑡𝑎𝑡𝑒]

[𝑙𝑜𝑤 𝑠𝑝𝑖𝑛 𝑠𝑡𝑎𝑡𝑒 ][𝐶𝑎2+]
                  (1).   

 

 

 

Figure 3. EPR spectra of the S2 state in (a) the untreated PSII 

and (b-c) the PsbO/P/Q-depleted PS II in the presence of (b) 5 

mM CaCl2, (c) 1 M NaCl, (d) 1 M MgCl2, (e) 1 M CaCl2, and 

(f) 1 M SrCl2. Each spectrum was normalized by the average of 

the relatively clear peaks (2-4th left and 4-5th right from the 

center) of the g = 2 multiline signals. Experimental conditions 

are the same as Fig. 2. 

 

Figure 5 shows the expanded view of the g = 4-5 signals in 

(a) the untreated PSII, and the PsbO/P/Q-depleted PS II in the 

presence of (b) 200 mM and (c) 1 M CaCl2. The spectra were 

obtained by subtraction of the S1-state spectra from the S2 spec-

tra after annealing at 273 K. Short annealing of the S2 state at 

273 K for 2 s 19 enhanced the g = 4 signal by a factor of about 2 

(Figure S1). In untreated PS II, the obtained g-factor was 4.1 

(trace a). In the presence of 200 mM CaCl2, the g = 4 signal was 

observed at g ~ 4.66, By further addition of CaCl2 to 1 M, the 

signal was shifted to g ~ 4.9. The hyperfine structures, with 16-

17 lines separated by about 3 mT, were observed in the spec-

trum centered at g = 4.86.  Previously, Kim et al. reported the 

hyperfine structure of the g = 4.1 signal in the oriented NH3-

treated PS II, which was detected at the parallel direction to the 

membrane normal relative to the external field. Note that the 

hyperfine structure in the present work was detected in the pow-

der spectrum, indicating that the effective g-anisotropy in the 

spin state is very small. The g = 4.9 signal would be identical to 

that in the previous reports, in which the signal was observed in 

spinach PS II in the relaxation process from the S3 to S2 states 
16, 17 or in T. elongatus at high pH 18, 19.  

 

 

Figure 4.  Relationship of the relative intensity of the g = 4-

5 EPR signal with Ca2+ concentrations and metal species. (a, 

black open circle) untreated PSII; (b-e) PsbO/P/Q-depleted PS 

II in the presence of (b, red circles) 5-1000 mM CaCl2, (c, or-

ange diamond) 1 M MgCl2, (d, purple diamond) 1 M SrCl2, and 

(e, green square) 1 M NaCl. A dotted line represents the fitting 

curve of the Ca2+ concentration dependence in (b) with KCa = 1 

M. 

 

 

Figure 5. The g = 4-5 EPR signals of the S2 state in (a) the 

untreated PS II (g = 4.1), and (b, c) the PsbO/P/Q-depleted PS 
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II in the presence of (b) 200 and (c) 1000 mM CaCl2. The S1-

state spectra were subtracted from the S2-state spectra after an-

nealing at 273 K. Experimental conditions are the same as Fig. 

2.  

 

4.DISCUSSION 

4.1. The g = 5 signal. The S2 state has mainly two kinds of 

EPR signals, the g = 2 multiline signal and the g = 4 signal. The 

g = 2 multiline signal arises from the ground state of the S = 1/2 

low spin state, while the g = 4 signal arises from the transition 

of the middle state S =  3/2 in the S = 5/2 high spin state 9-11. 

Quantum chemical calculations have suggested that S2 state has 

two isomer structures, i.e., the open cubane (R-form) and closed 

cubane (L-form) forms 14, 15. The low and high spin states were 

assigned to the open and closed cubane structures, respectively. 

The g = 4.1 signal was detected only in plant PS II under phys-

iological conditions. We showed that the g = 5 signal shifts from 

the g = 4 signal in the PsbO/P/Q-depleted PS II in the presence 

of high-concentration divalent cations. The g-factor shift has 

been previously reported in the untreated spinach PSII 16, 17, 

where the signal at g = 5 appeared during the decay of the S3 

state at a cryogenic temperature, and subsequently the g = 5 sig-

nal converted to the normal g = 4.1 signal. Therefore, the g = 5 

signal was assigned to the intermediate between the S2 and S3 

states. The intermediate state was supported in the observation 

of the g ~ 5 signal in the process of the S2 to S3 transition in T. 

elongatus 18, 19. In cyanobacterial PS II, this signal was detected 

only under high-pH conditions. The g-factor in T. elongatus 

PSII was estimated to be g = 4.75 18, 19, which was slightly dif-

ferent from that in plant PS II. The g-factors under different 

conditions are summarized in Table 1. The g-factor was up-

shifted in the presence of high-concentration divalent cations in 

the PsbO/P/Q-depleted PS II, indicating that this shift is caused 

by a charge effect. In the presence of the extrinsic proteins, the 

Mn4CaO5 cluster may be less affected by the surface charge. In 

the absence of the extrinsic proteins, however, it is readily af-

fected, which would cause the structural distortion of the 

Mn4CaO5 cluster. If both spinach and T. elongatus PS II com-

plexes are regulated by the similar charge effect, the pH depend-

ence of the g-factor observed in T. elongatus would be caused 

not by direct deprotonation of the Mn4CaO5 cluster but by the 

deprotonation of nearby amino acid residues, such as D1-

His337. 

 

4.2. Appearance of the hyperfine splittings in the g = 5 

signal. In the presence of high-concentration Ca2+ in the 

PsbO/P/Q-depleted PS II, the g = 4-5 signal showed not only 

the g-factor shift but also resolving hyperfine splitting spacing 

with about 3 mT separations. In a single spin model, the spin 

Hamiltonian is described as26 

 

ℋ = 𝑔𝛽𝑺𝑩𝟎 + 𝐷 [𝑺𝒛
2 −

1

3
𝑆(𝑆 + 1)]  + 𝐸 (𝑺𝒙

2 − 𝑺𝒚
2)  

 + ∑ 𝑰 ∙ 𝑨 ∙ 𝑺                                                             (2) 

 

, where S and I are electron spin and nuclear spin operators, 

respectively, D and E are zero-field splitting (ZFS) parameters, 

g is a g-factor, A is a hyperfine tensor, and S is an effective spin 

operator. The effective g-factor is determined by the first three 

terms in eq (2). The anisotropy of the g = 4.1 signal is mainly 

ascribed to the zero-field splitting parameters, D and E, which 

have been well characterized by the rhombic parameter E/D = 

0.25 10, 11 . The x, y and z axes are approximately along the Mn4-

W2, Mn4-E333 and Mn4-W1 axes, respectively 26. The effec-

tive g-factors in the X-band were 4.0, 3.7, 4.7 for gx, gy, and gz, 

respectively. 

A d-electron system in the symmetrical crystalline field is 

close to g = 2, generally called the ‘missing angular momentum’ 

The g-factor of Mn(III) in the g = 4.1 signal has been assumed 

to be g = 2, which has been well reproduced in the experimental 

and calculated results 11, 15, 26. The g-factor shift from 2 is de-

rived from spin-orbital coupling caused by the distortion of the 

crystal field. Mn(III) in the octahedral symmetric field has four 

d electrons, occupying the dxy, dxz, dyz, and dx2-y2 (or dz2) or-

bitals (Figure S2). This arrangement in the d4-electron system 

does not affect the spin-orbital interaction as the first approxi-

mation. An elongated/shortened bond in z direction is also in-

sensitive to the g-factor under the conditions of degenerating 

dxy, dxz, dyz orbitals. These insights have been well supported 

by the simulation results 11, 26. Therefore, the effective g = 4.1 

indicates that Mn4 is in the axial symmetric crystalline field. 

The anisotropy in the Mn4CaO5 cluster is mainly explained by 

the onsite rhombic parameter, e/d, of the Mn(III) located in 

Mn426.  

   There are two possibilities for missing g-anisotropy of the 

g = 5 signals: (1) the spin system has S = 7/2 with g = 2, and the 

crystalline field is a axial symmetry, i.e., E/D (e/d)  ~0.11; (2) 

the spin system has S = 5/2, and the crystalline field is a rhombic 

symmetry, i.e., E/D (e/d)  ~0.33. Figure 6 shows the rhombic 

parameter dependence of the effective g-factor of the g = 4.9 

signal.  In the case of the S = 7/2 system, E/D  ~0.11 gives a 

good solution, in agreement with the previous report, in which 

the g = 5 signal was assigned to S = 7/2 with g = 2 16.  In the 

case of the S = 5/2 spin system, the rhombic symmetry E/D = 

0.33 gives g = 2.32. Table S1 shows the possible g-anisotropy 

at a different E/D ratio. 

 

 

Table 1: Experimental parameters of the g = 4-5 signals in 

PS II 

 Effective 
g-factor 

Lin-
ewidth 

(mT) 

Hyperfine 
separation 

(mT) 
spinach *1 

(untreated) 
4.09 38.9 n.d. 

spinach *1 
(with 1 M CaCl2) 

4.86 22.8 3.1 

spinach *2 
(S3 relaxation at 77 K) 

4.7 27 n.d. 

T. elongatus*3 

(at high pH) 
4.75 24 n.d. 

spinach*4 
(in oriented, NH3-

treated) 

4.1 26 3.6 

 
*1 this work, *2 estimated from refs. 16, 17, *3 estimated from 

refs. 18, 19, *4 estimated from ref.29 . The linewidth was evaluated 

as a peak-to-peak separation. 
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Figure 6. Conditions for the isotropic geff  = 4.9 signal. The 

g-factor for each xyz axis in the S = 5/2 or S = 7/2 spin system 

with D = −0.455 cm−1. 

 

 

The g = 5 signal is observable only in a limited magnetic 

structure.  Nevertheless, the g = 5 signals are detected in various 

conditions, e.g., during S3 relaxation at a cryogenic temperature 

in untreated spinach 16, 17, at high pH in T. elongatus 18, 19, and 

in the presence of high-concentration Ca2+ in extrinsic protein-

depleted PSII, indicating that these signals originate from a sim-

ilar S2 structure, albeit slightly different g-factors depending on 

the environmental conditions. 

Figure 7 shows (a) the experimental and (b, c) simulated 

spectra of the g = 5 (4.9) signal. The experimental spectrum was 

obtained by subtraction of the spectrum before annealing at 273 

K from that after annealing in the S2 state. The subtraction better 

eliminates an unwanted spike signal observed at g = 4.3. The g-

factor of g=4.860.10 was estimated from the symmetry of the 

spectrum with the hyperfine structure. The error range on the 

subtraction procedure was evaluated as the spacing of the next 

hyperfine lines. 

The simulation was evaluated using the spacing of the central 

part of the spectrum and the whole linewidth. The effective iso-

tropic g = 4.9 was used for simulation. A set of four isotropic 

hyperfine splittings, A1 = 1.4 mT, A2 = 1.5 mT, A3 = 1.5 mT, 

and A4 = 2.6 mT, were used. Kim et al. have used the hyperfine 

set of four isotropic hyperfine constants, 4.5, 3.7, 3.4, and 1.6 

mT, for the g = 4.1 signal in the oriented NH3-treated PS II ob-

served at 0°29. The present parameters are slightly smaller than 

those for the NH3-treated PS II. This is consistent with the nar-

rowing of the whole spectral line width, which is caused by the 

hyperfine narrowing with an increase of the g-factor (Table 1).  

The hyperfine structure readily disappears by introducing 

small g-anisotropy. Fig. 7(c) shows the trial simulation includ-

ing g-anisotropy. The hyperfine structure disappeared by the 

anisotropy of g ~ 0.3, which would rationally explain the shift 

of the effective g-factor in the intermediates with g = 4-5 in 

spinach PS II and in T. elongatus PSII at high pH.  

 

4.3. Modified Structure of the S2 state 

We have recently reported that the anisotropy of the g = 4.1 

signal is ascribed to Mn4(III) 26. If the g = 5 signal arises from 

the S = 7/2 spin system, the crystalline field surrounding 

Mn(III) is close to the axial symmetry (Fig.6), but some struc-

tural change should take place in the conversion from the S = 

5/2 g = 4 state to the S = 7/2 g = 5 state. The most plausible 

structure for the S = 7/2 state is a monomer/trimer structure, as 

shown in an early report30. The structure of the manganese clus-

ter consists of the Mn3CaO4 cube and an additional Mn(Mn4) 

atom with an oxo bridge (O4). The change in the spin topology 

may be ascribed to the breakage between Mn4 and the cube, 

resulting in the monomer/trimer structure. Using a two spin 

coupling model for simplification, the S = 7/2 spin state is de-

scribed as ferro-coupling between S = 2 (Mn4) and S = 3/2 

(cube). This contrasts to the g = 4 spin system, where the S = 

5/2 spin state is described as antiferro-coupling between S = 2 

(Mn4) and S = 9/2 (cube).  

 

 

Figure 7. (a) Experimental and (b, c) simulated EPR spectra 

of the g = 4-5 signal. The experimental spectrum was obtained 

by subtraction of the spectrum before annealing at 273 K after 

200 K illumination from that after annealing. The simulation 

parameters: four hyperfine coupling constants A1 = 14 G, A2 = 

15 G, A3 = 15 G, and A4 = 26 G; effective g-factors, (b) 4.9 for 

geff,xyz, and (c) 4.75, 4.6, and 4.9 for geff,x, geff,y, and geff,z, respec-

tively. 

 

 

In the case of the S = 5/2 spin system for the g = 5 signal, the 

crystalline field surrounding Mn(III) should have an approxi-

mately orthorhombic symmetry (Figure S2A). As distortion on 

the xy plane (E/D) does not contribute to the g-factor shift 

largely in itself, leaning of the z direction should be involved. 

We have determined the z direction to be Mn-W1 for the  g = 

4.1 signal 26. Thus, the crystalline field should be forced to lean 
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toward the O5-Mn4-W1 bond axis. Therefore, the movement of 

the z axis, including Mn4-W1 or Mn4-O5, may be essential for 

the g-factor shift. Recent quantum chemical calculations have 

shown the possibility of the distortion of the Mn4 crystalline 

field in the S2 state 31.  

Recent XFEL results showed the elongation of the distance 

between Mn1 and Mn4 and insertion of two oxygen atoms in 

the S3 state, i.e., distant Mn1-Mn4 structure 6, 7. According to 

this model, one oxygen is inserted between Mn1 and Mn4 upon 

extraction of an electron. The electron transfer event also incor-

porates the modification of the surrounding protein coordinates.  

In untreated spinach PSII, the g = 5 signal state was suggested 

to be an intermediate during the relaxation of the S3 to the S2 

states at a cryogenic temperature 16, 17.  If the long distance be-

tween Mn1 and Mn4 or the modification of the z axis of Mn4 

remains in the intermediate upon electron donation from YZ, 

this S2 intermediate may give the g = 5 signal, where the mono-

mer/trimer coupling appears in the cluster (S =7/2) or the crys-

talline field of Mn4 is distorted (S=5/2). In the forward process 

of the S2 to S3 transition, the intermediate g = 5 structure would 

be transiently formed. The g = 5 intermediate state should have 

a slightly higher energy than the g = 2 and g = 4.1 states in the 

untreated PSII. In contrast, the g = 5 state in the extrinsic pro-

tein-depleted PS II with a high-concentration divalent cation or 

in T. elongatus PS II at high pH may be relatively stabilized by 

the charge effect of the surroundings of the manganese cluster. 

The model is summarized in Fig. 8. The observations are as fol-

lows: (1)The Mn1-Mn4 distance is larger in the S3 state due to 

the insertion of an additional oxygen atom 6, 7; (2) The g = 5 

state shows the distortion of the Mn4 coordinates in the S2 state 

(this work); (3) The g = 5 signal state is an intermediate state 

between the S2 (the g = 4 state) and S3 states 16-19. These obser-

vations show that the insertion of an O-O bond is triggered from 

the g = 5 structure. On the other hand, the g = 5 signal is detected 

in the relaxation from the S3 to S2 states at 77 K16. Therefore, a 

weakly bound oxygen might be still located in the vicinity of 

Mn4 on the relaxation process at 77 K. The intermediate g = 5 

state is proposed to have a ‘distant Mn’ structure with a Mn1-

Mn4 distance similar to that in the S3 state or with a distorted 

crystalline field of Mn4. 

 

Figure 8. The structural model of the S2 and S3 states based 

on the present EPR study and the previous XFEL results 6, 7.  

The Mn1-Mn4 distance is larger in the S3 state due to the inser-

tion of an additional oxygen atom 6, 7.  

 

4.4. Comparison of the g = 5 signal state with the closed 

structure (g = 4.1) based on quantum chemical calculations 

  Quantum chemical calculations have proposed two isomers 

in the S2 state with the open and closed cubane structures with 

Mn(III) at Mn1 and Mn4, respectively 14, 15. The low spin state 

(S = 1/2) with the g ~ 2 multiline EPR signal was assigned to 

the open cubane (R) structure, whereas the high spin state (S = 

5/2) with the g ~ 4 EPR signal was assigned to the closed cubane 

(L) structure. It was experimentally supported that Mn4 is 

Mn(III) in the g = 4 spin state 26. However, the closed cubane 

model obtained by the quantum chemical calculation does not 

provide the g = 4.1 signal, because the mixing of the ground 

state and the weakly excited level derives the downshift of the 

g-factor26.  

In contrast, the possibility cannot be excluded that the closed 

cubane model by the quantum chemical  calculation 14, 15 is sim-

ilar to the structure of the g = 5 signal state. In this case, the 

calculation should be reevaluated as the ground state S = 7/2 or 

S = 5/2 with a shifted g-factor in an asymmetrical crystalline 

field. The quantum chemical calculations using spin-orbital 

couplings for the g-factor shift have not yet been performed. 

Although it might be challenging subject in this field, the spin-

orbital interaction should be included in calculation for accurate 

estimation of the S2 state structures. 

 

5. CONCLUSIONS 

The shift of the g = 4.1 signal was detected in the PsbO/P/Q-

depleted PS II. The effective g-factor of the signal shifts up to 

~5(4.9), depending on the divalent cation concentration. In ad-

dition to the shift of the effective g-factor, the hyperfine struc-

ture spacing with about 3 mT was detected. The shift was re-

lated to the breakage of the chemical coupling or the distortion 

of the crystalline field of the Mn4(III) in the S2 state manganese 

cluster. Regarding the g = 5 signals as the intermediate states 

between the S2 and S3 states, another S2 structure with a ‘distant 

Mn’ was proposed.   
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