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Abstract 

The high-spin S2 state was investigated with photosystem II (PSII) from spinach, 

Thermosynechococcus vulcanus, and Cyanidioschyzon merolae. In extrinsic proteins-depleted 

PSII, high-spin electron paramagnetic resonance (EPR) signals were detected in neither species, 

whereas all species showed g ~ 5 signals in the presence of a high-concentration of Ca2+ instead 

of the multiline signal. In the intact and PsbP/Q-depleted PSII from spinach, the g = 4.1 EPR signal 

was detected. These results show that formation of the high-spin S2 state of the manganese cluster 

is regulated by the extrinsic proteins through a charge located near the Mn4 atom in the Mn4CaO5 

cluster, but is independent of the intrinsic proteins. The shift to the g ~ 5 state is caused by tilting 

of the z-axis in the Mn4 coordinates through hydrogen bonds or external divalent cations. The 

structural modification may allow insertion of an oxygen atom during the S2-to-S3 transition.  
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In 4.6 billion years of the history of the earth, the invention of photosynthetic oxygen evolution 

is one of the most dramatic events, which allowed formation of the oxygenic atmosphere that 

provides the basis for life activities. The Mn4CaO5 cluster, which is located in the photosystem II 

(PSII) protein complex,1-3 is the core machinery for the oxygen evolution. Various photosynthetic 

species have spread all over the earth. On the other hand, the Mn4CaO5 cluster is well-conserved 

in all oxygen-evolving photosynthetic species. Figure 1 shows the evolution of oxygen-evolving 

species, which was simplified into five groups; cyanobacteria, green algae, green plants, red algae, 

and diatoms. Cyanobacteria are the ancestor of both red and green lineages (Figure 1). Red algae 

and diatoms are grouped into the red lineage, whereas green algae and plants are grouped into the 

green lineage. The main differences of these species are the variety of the extrinsic proteins located 

at the membrane surface of the lumenal side,4, 5 which are essential for the oxygen-evolving 

activity. Cyanobacteria have three major extrinsic proteins, PsbO, PsbV, and PsbU, while red algae 

and diatoms have PsbQ’ and PsbQ’/Psb31, respectively, in addition to the PsbO/V/U. In contrast, 

green algae and plants have PsbO, PsbP, and PsbQ as their major extrinsic proteins (Figure 1). X-

ray crystallography and cryo-electron microscopy have revealed the structures of PSII from 

different photosynthetic organisms (Figure. S1).6-10  
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Figure 1. Illustration of the evolution of PSII. All the systems have D1/D2/CP47/CP43 as 

intrinsic proteins. Green algae and green plants in the green lineage have PsbO/P/Q as extrinsic 

proteins. Cyanobacteria, red algae, and diatoms in the red lineage have conserved PsbO/V/U, 

although red algae has PsbQ' and diatoms has PsbQ'/Psb31 as extra extrinsic proteins. 

 

 

The manganese cluster has five different redox states denoted Sn (n = 0 – 4), where Sn advances 

to Sn+1 by one-electron oxidation. S4 is the highest oxidation state of the cluster, and it immediately 

relaxes to the lowest oxidation state S0, with the evolution of molecular oxygen.11 The structure 

of the Mn3CaO4 cube and an additional Mn and oxygen resemble a ‘distorted chair’ (Figure S2).6 

The Mn-cluster has been studied mainly using plant and cyanobacterial PSII. Electron 

paramagnetic resonance (EPR) studies have shown some structural differences between plants and 

cyanobacteria. In plant PSII, an EPR signal is detected in the S1 state using a parallel polarization 

mode, showing a broad and featureless signal centered at g = 4.8 while cyanobacterial PSII shows 

a hyperfine structure spacing with 32 G at g = 12 in the S1 state.12, 13 The extrinsic PsbO/P/Q-

depleted spinach PSII also gives the S1 state spectrum with a similar hyperfine structure at g =12.13 

The results show that the extrinsic proteins give rise to some structural modifications to the 

Mn4CaO5 cluster directly. The differences between plant and cyanobacterial PSII are observed in 

the S2 state more clearly. In the S2 state of plant PSII, two kinds of isomers are detected, the g = 2 

multiline and the g = 4.1 signals. However, the g = 4.1 EPR signal is not detected in cyanobacterial 

PSII under normal conditions.  

The amino acid residues around the manganese cluster are well conserved among different 

species, and the difference between plants and cyanobacteria seems to be only the Asp87 residue 
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of the D1 subunit (D1-N87). Banerjee et al. reported that a D1-N87A mutant of the cyanobacterium 

Synechocystis sp. PCC 6803 showed no g = 4 signal,14 suggesting that D1-N87 has no relationship 

with the conversion between the g = 2 multiline and g = 4 signals. This is consistent with the results 

in Chlamydomonas reinhardtii, which has the same asparagine residue as that in cyanobacteria, 

but the g = 4 signal was observed.15 Therefore, the difference between plant and cyanobacterial 

PSII is speculated to be ascribed to the difference in the extrinsic proteins. 

So far, four kinds of S2-state signals have been reported: the g = 2 multiline, g = 4.1, g = 6-10, 

and g = 5 signals. The g = 6-10 signal is converted from the g = 2 multiline signal by near-infrared 

illumination below 65 K.16 The g = 5 signal has been proposed to arise from an intermediate state 

between the g = 4 S2 state and the S3 state.17-20 Although some quantum chemical calculations 

have been reported,21, 22 the four spin model based on the calculations does not reproduce the EPR 

results.  

Recently, we have shown that the g-factor was shifted from 4 to 5 in the PsbO/P/Q-depleted 

spinach PSII, depending on the concentrations of divalent cations.23 The results showed that the g 

factor shift is caused by the structural modification of the W1-Mn4-O5 axis in the manganese 

cluster.23  The g = 5 signal increases in proportion to the concentration of Ca2+, where the g = 5 

and the multiline signal are in equilibrium.23 The relationship between the formation of the O-O 

bond beyond the S3 state and the high spin structures in the S2 state is important to understand the 

whole mechanism of the oxygen-evolving reactions. In this paper, we studied the role of the 

extrinsic proteins in the regulation of the high spin state in the S2 state from different species of 

organisms. 

Figure 2 shows the EPR spectra of (a) untreated, (b) PsbP/Q-depleted and (c, d) PsbO/P/Q-

depleted spinach PSII in the presence of (a-c) 5 mM and (d) 1 M CaCl2. The removal of the 
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extrinsic proteins from each PSII was conducted by 2 M NaCl or 1 M CaCl2 treatment as shown 

in Figure S3. The spectra were obtained by subtraction of the S1-state spectra from the S2-state 

spectra that were obtained by illumination at 200 K and subsequent annealing at 273 K. The g = 

4-5 signal was enhanced by annealing.23 In the absence of PsbP/Q, the g = 4.1 signal was detected 

with a reduced intensity. In the absence of PsbO/P/Q, the g = 4 signal was hardly detected. The 

result shows that the formation of the g = 4.1 signal is ascribed to the presence of PsbO. In addition, 

it was shown that high-concentration of Ca2+ induced the g = 5 signal instead of the multiline 

signal.23 

 

 

Figure 2. EPR spectra of the spinach PSII of (a) untreated, (b) PsbP/Q-depleted, and (c, d) 

PsbO/P/Q-depleted PSII in the presence of (a-c) 5 mM and (d) 1 M CaCl2. The S1-state spectra 

were subtracted from the S2-state spectra obtained after annealing at 273 K. Experimental 
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conditions: microwave frequency, 9.49 GHz; microwave power, 0.64 mW, modulation frequency, 

100 kHz; modulation amplitude, 9 G. 

 

Figure 3 shows the EPR spectra of (a) untreated and (b, c) PsbO/V/U or PsbO/V/U/Q’-depleted 

PSII in the presence of (a, b) 5 mM and (c) 1 M CaCl2 from (A) T. vulcanus and (B) C. merolae. 

In both PSII, the g = 4 signal was detected in neither untreated nor extrinsic proteins-depleted PSII. 

However, in the presence of 1 M CaCl2, the high-spin signal was observed at g = 4.85 and g = 

4.90 in PSII from T. vulcanus and C. merolae, respectively, instead of the multiline signal. These 

results show that there is a species dependence in the formation of the S2 isomers under the usual 

condition, but this species dependence disappears in the absence of the extrinsic proteins. 

 
 

 

Figure 3. EPR spectra of (a) untreated and (b, c) PsbO/V/U or PsbO/V/U/Q’-depleted PSII from 

(A) T. vulcanus and (B) C. merolae.  Samples contain (a, b) 5 mM and (c) 1 M CaCl2. The S1-
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state spectra were subtracted from the S2-state spectra obtained after annealing at 290 K. The 

experimental conditions are the same as that for Figure 2. 

 

In the absence of the extrinsic proteins, the g = 5 signals were observed in all the species in the 

presence of high concentrations of divalent cations, whereas the multiline signal was disappeared 

under such conditions. Figure 4 shows the expanded spectra of the g = 5 signals in the different 

species. Trace b was obtained at pH 8.6 in the T. vulcanus PSII, corresponding to the condition 

previously used for detection of the similar signal in T. elongatus PSII.17, 18 Traces c-e were 

obtained in the extrinsic proteins-depleted PSII at pH 6.0 from spinach (c), T. vulcanus (d), and C. 

merolae (e). The subtraction procedures are shown in Figures S4 and S5. Some differences in the 

g-value may be due to the sharpness of the hyperfine peaks. The properties of the g = 4-5 signals 

were listed in Table 1. 
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Figure 4.  High-spin S2 EPR signals of PSII in the S2 state after annealing at 273-290 K. Each 

spectrum was obtained by subtraction of the S1-state spectra or S2-state spectra before annealing 

to eliminate the unwanted spike signal at g ~ 4.3. Spectra were recorded with (a) untreated PSII 

membranes from spinach at pH 6.0, (b) PSII core complexes from T. vulcanus at pH 8.6, and (c-

e) CaCl2-treated PSII in the presence of 1 M CaCl2 at pH 6.0 from (c) spinach, (d) T. vulcanus, 

and (e) C. merolae. Experimental condition is the same as that for Figure 3.  

 

 

Table1. EPR properties of the g = 4-5 signals in PSII. 

 g-
value 

Line 
width 
 (mT) 

Hyperfine 
spacing 
(mT) 

Spinach (PsbO/P/Q-
depleted) 

4.86 22.8 3.1 ± 0.3 

T. vulcanus 
(PsbO/V/U-depleted) 

4.85 28.7 2.9 ± 0.2 

C. merolae 
(PsbO/V/U/Q'-
depleted) 

4.90 25.5 3.0 ± 0.3 

Spinach 
(untreated) 

4.09 38.9 n.d. 

T. vulcanus 
(untreated, pH 8.6) 

4.74 23.9 n.d. 

 

 

The model structures of the S2-state isomers related to the extrinsic proteins are summarized in 

Figure S6, which are based on the recent model for the g ~ 5 state.23 In this model, the high-spin 

S2 state is stabilized by a charge effect near the manganese cluster.23 The decrease of the g ~ 4 

signal in the PsbP/Q-depleted PSII reflects the roles of these extrinsic proteins for maintaining 

Ca2+ and Cl-.5 Furthermore, depletion of PsbO causes the complete loss of the g ~ 4 signal in the 

spinach PSII. Although the size of PsbO depends on the species, it is possible to compare the PsbO 

surfaces in the lumenal side among the different species using the crystal structure and the 
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alignment of the amino-acid sequences. The surface charge distribution of the PsbO is similar 

among the different species. Differences in the PsbO protein are found in the region in contact 

with CP47 among the species, and the region in contact with the O4 path contacting with D1-N87. 

The D1-N87 have been already excluded from the possibility.14, 15 Therefore, we compared the 

sequences of PsbO in the CP47-binding region in different species (Table S1). Although red algal 

and cyanobacterial PSII have PsbO, they do not show the g = 4 signal. In this region, the 

differences in the amino acid residues between species seem to exist only at the residue of R262 

in plants (Figure S7). PsbO-R262 is conserved in higher plants and C. reinhardtii, but varies 

significantly in cyanobacteria and red algae. In some cyanobacteria, this residue is missing, but in 

other cyanobacteria and red algae, it is changed to Q, A or E (Table S1). PsbO-R262 located at the 

end of the region in spinach does not form a salt-bridge due to the lack of a negatively charged 

amino acid residue. The shift of the g = 4 signal toward g = 5 is ascribed to a charge effect near 

the manganese cluster.23 However, as R262 is far from the manganese cluster by more than 10 Å, 

it may not provide a direct effect. PsbO-R262 interacts with the manganese cluster via a hydrogen-

bond network through D1-D61 extending from PsbO to the PSII core proteins (Figure S8). D1-

D61 is one of the candidates for charged residues deriving the structural modifications.18, 24 The 

network also includes the Cl- site, which also affects the formation of the high-spin state.25-27 If 

PsbO-R262 is related to the protonation of D1-D61,18 the g ~5 state might be induced through the 

charge of PsbO involved in the hydrogen-bond network. 

  In the following, we consider the physical implications of the g ~5 signal in the structure and 

mechanism of oxygen evolution. The spin Hamiltonian is generally expressed as: 

ℋ = 𝑔𝑔𝑔𝑔𝑺𝑺𝑩𝑩𝟎𝟎 +  ∑ 𝑰𝑰 ∙ 𝑨𝑨 ∙ 𝑺𝑺 + 𝐷𝐷 �𝑺𝑺𝒛𝒛2 −
1
3
𝑆𝑆(𝑆𝑆 + 1)�      + 𝐸𝐸 (𝑺𝑺𝒙𝒙2 − 𝑺𝑺𝒚𝒚2)                (1) 
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, where S and I are electron spin and nuclear spin operators, D and E are zero-field splitting  

parameters, g is an intrinsic g-factor of ~2, A is a hyperfine tensor, and S is an effective spin 

operator (Sx, Sy, Sz), and B0 is an external magnetic field. The effective g factor is determined by 

the intrinsic g-factor and zero-field splitting by the interaction with the orbital angular momentum. 

The zero-field splitting consists of each onsite fine structure (d) of a manganese ion and the 

interactions between the ions. The angular dependence of the g = 4 signal shows that the zero-field 

splitting of the signal is mainly ascribed to ‘Mn4’,29 indicating that the shift of the effective g-

factor can also be ascribed to ‘Mn4’. In the d-orbital system of the transition metal, the spin-orbital 

interaction was quenched under the symmetrical coordinates around the z-axis, i.e., dz2 and dx2-y2 

orbitals (Figure S8).  Figure 5 shows the structural model for the modification of the g ~ 4 to the 

g ~ 5 signal. The xyz-axes in Figure 5 are defined in eq. (1), and the orientation of the z-axis is 

determined by our previous results.29  Mn4 is surrounded by the 6 oxygen atoms in the usual S2 

state 6, 30. Therefore, the intrinsic g-factor is close to be g = 2,29 where the effective g ~ 4 signal in 

the S = 5/2 state is detected by the combination of the zero-field splitting. On the other hand, the 

g ~ 5 signal arises from the S = 5/2 or S = 7/2 spin system.23  

In the case of the S =5/2 spin system, the breakage of the orthorhombic symmetry would cause 

the shift from the intrinsic g ~ 2 (Figure S8), where the z-axis for the crystalline field is along the 

Mn4-W1 axis, where W1 is the oxygen of the water molecule. The breakage of the Mn4-O5 

coupling is also required for the formation of the S = 7/2 spin system. In both cases of S = 5/2 and 

7/2, the modification of the W1-Mn4-O5 axis is required for the g ~ 5 signal. Quantum chemical 

calculations suggest that the Mn4-O5 distance is easily elongated.21, 31 The D1-D61 residue is 

connected to the Mn4 via the water molecule W1. Besides, the y-axis is relatively fixed on the line 

of the amino-acid residues, D1-D170 and D1-E333. It is notable that the y-axis of Mn4 has the 
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unique linear coordinates with the amino acid residues for a manganese atom in the cluster. 

Therefore, a tilt of the z-axis is essential for the interaction with W1. D1-D61 connects to PsbO-

R262 through a hydrogen-bond network. The perturbation of the hydrogen-bond of D1-D61 to 

Mn4 explains the pH dependence of the g ~ 5 signal.18 An external cation would also influence the 

hydrogen-bond of D1-D61 in the extrinsic proteins-depleted PSII. These interactions pull the Mn4, 

which causes the distortion of the z-axis from the octahedral coordinates.  

The manganese cluster in the S2 state is composed of one Mn(III) and three Mn(IV) ions. The 

onsite zero-field splitting (d) of Mn(III) has been expected to be one order of magnitude larger 

than that of Mn(IV).28  However, recent studies suggested that Mn(IV) ion has a larger zero-field 

splitting.32  In a recent report, we measured the orientational dependence of the g = 4 signal and 

compared with the crystal structure.29 The results showed that the main zero-field splitting is 

ascribed to the Mn4, but not to Mn1.29  It is notable that this experimental result is independent of 

the valence of Mn4.  

Quantum chemical calculations have shown the two possibilities of Mn1 (III) and Mn4(III) in 

the S2 high-spin state. The Mn1(III) model gives a set of smaller values of the exchange couplings 

J,22, 33 which would be inadequate for the formation of the g = 4 - 5 signals in the four coupled spin 

model. From this point of view, the original Mn4(III) model with a set of larger exchange 

couplings21, 34 would be more preferable. Further studies would be required to clarify these models. 

Recent XRD results show the insertion of an oxygen atom during the transition from the S2 to 

S3 states.35-37 The insertion of the oxygen atom is one of the most important reactions to solve the 

oxygen evolving mechanism. The regulation of the coordination geometry through the charge of 

D1-D61 would be a key reaction for the structural modification of the cluster. 
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In conclusion, the species dependence of the high-spin S2 state was investigated in spinach, T. 

vulcanus, and C. merolae PSII. The g = 4.1 signal was observed in intact and PsbP/Q-depleted 

spinach PSII, but not in the T. vulcanus and C. merolae PSII. In the extrinsic proteins-depleted 

PSII from these species, no high-spin signal was detected under a low concentration of Ca2+, but 

in the presence of a high-concentration of Ca2+, the g ~ 5 signals were detected in all of these 

species instead of the multiline signal. These results show that the formation of the high-spin S2 

state is regulated by the extrinsic proteins, but independent of the species-dependence of the 

intrinsic proteins.  The charge near Mn4 may cause the distortion of the coordinates of Mn4 along 

the z-axis, and allows the insertion of an oxygen atom through a hydrogen-bond network. The 

results will provide a clue to clarify the role of the extrinsic proteins in the molecular mechanism 

of the S-state transitions and water oxidation. 
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Figure 5. Structural model of the modification of the g = 4 to the g = 5 state. The xyz-axes are 

defined in eq. (1).29 Access of cations toward D1-D61 gives the perturbation of the z-axis of Mn4 

in the S2 high-spin state, resulting in the formation of the g = 5 signal. 

 

Experimental Methods 

PSII membranes were prepared from market spinach according to the method described 

previously.23 The membranes were suspended in a buffer containing 400 mM sucrose, 5 mM NaCl, 

5 mM CaCl2, 0.5 mM EDTA•2Na and 40 mM Mes/NaOH (pH 6.0) after centrifugation at 43,000 

x g for 20 min. PSII core complexes were prepared from Thermosynechococcus vulcanus 6, 38 and 

Cyanidioschyzon merolae.8, 39 The purified core complexes were suspended in the same buffer as 

that used for the PSII membranes after centrifugation at 20,000×g for 10 min in the presence of 

10% PEG6,000. All treatments were performed under dim green light at 4ºC.  

Depletion of the extrinsic proteins, PsbP/Q, in spinach PSII, was performed by treatment with 2 

M NaCl.40 Depletion of PsbO/P/Q in spinach, PsbO/V/U in T. vulcanus, and PsbO/V/U/Q' in C. 

merolae, was performed by 1 M CaCl2 treatment.41 The extrinsic proteins-depleted samples were 

resuspended in the above Mes buffer (pH 6.0). For experiments with a high-concentration of cation, 

the samples were resuspended with the same buffer but containing 1 M CaCl2. The S2 state was 

formed by white light illumination (500 W tungsten lamp) for 3 min for core complexes and 5 min 

for membranes at 200 K. After illumination, samples were annealed in darkness for approximately 

2 seconds at 290 K for core complexes and 273 K for membranes.18, 23 

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 temperature control system (ESR900, 

Oxford Instruments, Oxford, GB). All EPR measurements were performed at 6 K. 
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