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1. Preparation of photosystem II complexes. As previously described, the D1-N87A 

variant was constructed in the psbA-2 gene of Synechocystis sp. PCC 6803 and 

transformed into a host strain of Synechocystis that lacks all three psbA genes and 

contains a (His)6-tag at the C-terminus of the CP47 polypeptide.1 The D1-N87A cells 

were grown on solid BG-11 medium containing 5 g/ml kanamycin monosulfate and 20 

g/ml gentamycin sulfate in the absence of glucose. The liquid cultures2 and the 

extraction and purification of PSII were performed as previously described.3 The purified 

PSII core complexes (Chl concentration of ~ 1.2 mg/ml) were stored in a buffer solution 

containing 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH 6.0), 20 mM CaCl2, 

5 mM MgCl2, 50 mM histidine, 1 mM EDTA, and 0.03% (w/v) n-dodecyl-β-maltoside at -

80 °C. Polymerase chain reaction amplification and sequencing of genomic DNA in the 

region of the psbA gene that contains the D1-N87 codon were performed on aliquots of 

each cell culture that was harvested to verify the integrity of the mutant cultures.1 No 

trace of the wild-type codon was detected in any of the mutant cultures. Natural 

abundance 13C or 13C-labeled methanol was added to the final resuspension buffer of 

the cyanobacterial PSII to 5% (v/v).4 The methanol treated samples were loaded into 4 

mm O.D. quartz EPR tubes for pulsed EPR measurements. The methanol bound S2 

state of each sample was generated by illumination at 200 K for 8 minutes followed by 

rapid freezing at 77 K in the dark. 

2. Light-induced EPR signals of WT and D1-N87A PSII. 

	  
Figure 1S(A-B): Pseudo-modulated field-sweep electron-spin-echo EPR spectrum of 

the S2 state of (A) untreated WT PSII and (B) 13C-methanol bound D1-N87A PSII from 

Synechocystis sp. PCC 6803. In both cases, the S2 multiline signal is centered at 340 

mT (g = 2) with an overall spectral width of 200 mT. The signal-to-noise ratio of the S2 

multiline spectrum in part A is better due to a much higher sample concentration of 

A 

B 



untreated WT PSII. The field positions marked by asterisks are background signals from 

the dark stable tyrosine-D radical of PSII and artifacts of the pulsed EPR resonator. 

3. 2D 14N and 13C HYSCORE spectroscopy. The two-dimensional (2D) HYSCORE 

experiments were carried out at 5 K using a custom-designed X-band Bruker ELEXSYS 

E580 spectrometer equipped with an Oxford CF 935 helium flow cryostat. The 2D 14N 

and 13C HYSCORE spectra were acquired using a four-pulse	(π/2	–	τ	–	π/2	–	t1	–	π	–	 t2	–	

π/2	–	τ	–	echo)	and six-pulse	((π/2)y	–	τ1	–	(π)y	–	τ1	–	(π/2)x	–	t1	–	(π)x	–	t2	–	(π/2)x	–	τ2	–	(π)x	–	

τ2	–	 (echo)x)	sequence,5 respectively, containing 256 × 256 points.6-9 These sequences 

included appropriate phase cycling schemes to eliminate unwanted features from 

experimental echo envelopes. The latter sequence10 has an advantage over the former 

since it can avoid the influence of the cross-suppression effect11-13 on the weak 

modulation of I = 1/2 nuclei (e.g. 13C) from the deep modulations of the 14N nuclei. The 

length of the π/2- and π-pulse was 8 ns and 16 ns, respectively. The delays in the pulse 

sequence were defined as the difference in the starting point of the pulses. The echo 

intensity was measured as a function of t1	and t2, where t1 and t2 were incremented in 

steps of 16 ns from an initial value of 40 ns and 32 ns, respectively.	The 8 ns time 

difference between the initial value of t1 and t2 was set to account for the difference in 

length between the π/2- and π-pulse. This provided symmetric spectra in both 

dimensions. The inter-pulse delays τ,	 τ1	 and τ2 were 140 ns, 24 ns and 140 ns, 

respectively. Spectral processing of HYSCORE data, including baseline correction of 

relaxation decay by polynomial correction and apodization using a Hamming window 

was performed in Matlab R2019b. The 2D data was zero-filled to a 2048 × 2048 matrix 

prior to performing fast Fourier transformation. The appearance of off-diagonal cross-

peaks in the 13C HYSCORE spectra is described below.	

 The 2D HYSCORE technique measures nuclear transitions of hyperfine coupled 

NMR-active nuclei interacting with an S = 1/2 electron spin. There are two transitions with 

frequencies να	and	νβ	 for 13C with nuclear spin of I = 1/2, corresponding to the two ms = 

±1/2 manifolds of the electron spin of the manganese cluster in the S2 state in the 

presence of an applied magnetic field. The value of these hyperfine frequencies 

depends on the vector sum of the applied magnetic field and local magnetic field 

induced on the 13C nucleus by the isotropic and anisotropic hyperfine interactions with 

electron spin. These may produce a pair of cross-features	(να,	νβ)	and	(νβ,	να)	in the (+,+) 

quadrant, as well as a pair	of features	(−να,	νβ)	and (να,	−νβ)	 in the (−,+) quadrant of the 



2D HYSCORE spectrum. The actual appearance of cross-peaks in the (+,+) or (−,+) 

quadrants is governed by the relative value of the 13C hyperfine couplings and the 

nuclear Zeeman frequency, 13Cν.14, 15 The cross-peaks in the (−,+) quadrant arise 

primarily from strong hyperfine interactions, where, |13CA| > 2(13Cν), whereas peaks in the 

(+,+) quadrant are predominantly from interactions for which |13CA| <	2(13Cν).	The cross-

peaks may appear in both quadrants simultaneously for intermediate cases when the 

hyperfine interaction is comparable to the 13C Zeeman frequency.14 

The 2D 14N and 13C HYSCORE spectra were acquired at a magnetic field position of 

335.0 mT. Due to the inhomogeneous broadening of the S2 multiline peaks in Figure 1S,	

the spectral width clearly exceeds the excitation bandwidth of microwave pulses 

employed in the 2D HYSCORE experiments. In this case, the pulses lead to incomplete 

excitation of the EPR spectra, and thus orientationally-disordered cross-peaks or ridges 

are obtained that represent all possible orientations of the principal axes of 13C hyperfine 

tensor(s) relative to the applied magnetic field. However, cross-peaks or ridges indicate 

the interdependence or correlation of να	 and	 νβ	 in the same orientation at the given 

magnetic field. The coordinates of any arbitrary point in the cross-peak or ridge are 

described in the first order by the equation: 

να(β) =	|13Cν|	±	|13CA|/2|									

This can be used to estimate of the corresponding hyperfine coupling constant A as: 

να	–	νβ	=	|A|	if	|13CA|	<	2(13Cν)	

να	+	νβ	=	|A|	if	|13CA|	>	2(13Cν)	

4. Spectral simulations. The experimental hyperfine values extracted from the raw 

experimental 2D HYSCORE spectra were used to simulate the positions and line widths 

of the off-diagonal cross-peaks CI in the EasySpin v5.2.2516, 17 package using Matlab 

R2019b. The excitation bandwidth of the microwave pulses was optimized during the 

simulation process. The strain-induced effects of the 13C hyperfine interactions was 

modeled by previously described methods employing a triangle distribution function for 

the isotropic hyperfine coupling of hyperfine interaction tensors for a half-integer spin 

nucleus (13C or 15N).18 
 

 



Table 1S: Complete set of simulation parameters for the 2D 13C HYSCORE spectrum of 

the 13C-methanol-bound S2 state of D1-N87A PSII. The hyperfine coupling constants are 

in units of MHz. 

 

	

5. 2D 14N HYSCORE spectroscopy of the S2 state of 13C-methanol treated D1-N87A 

PSII from Synechocystis sp. PCC 6803.  

	

	

	

	

	

	

	

	

	

	

	

 

 

 

 

Figure 2S(A-D). Experimental and simulated contour-plot representation of the (A-B) (-

,+) and (C-D) (+,+) quadrant of the 2D 14N HYSCORE spectrum of the 13C-methanol 

bound S2 state of the OEC of D1-N87A PSII from Synechocystis sp. PCC 6803. The 

spectrum was acquired at a magnetic field of 335.0 mT and temperature of 5 K. The pair 

of cross-peaks in the (-,+) quadrant in parts A and B arise from the strongly hyperfine 

coupled imino nitrogen of the D1-H332 residue that is a ligand to the Mn1(III) ion. The 

Nucleus Aiso T Ax Ay Az α β γ 
13C 3.63 ± 0.15 1.65 ± 0.11 2.4 ± 0.14 1.5 ± 0.12 7.0 ± 0.16 -22.8 59.6 1.7 

	

A B 

	

C D 



cross peaks in the (+,+) quadrant arise from weaker hyperfine couplings with a peptide 

nitrogen and the guanidyl nitrogen atoms of CP43-R357.1, 7 

 

Table 2S. 14N hyperfine and quadrupolar parameters of the S2 state of methanol bound 

D1-N87A PSII. The hyperfine coupling constants are in units of MHz. 

	

Nitrogen 

atom 

Ax Ay Az Aiso K η  

NI 5.64 7.05 8.2 6.96 ± 0.21 0.50 ± 0.04 0.60 ± 0.05 

NII 0.18 0.1 0.01 0.10 ± 0.02 0.51 ± 0.03 0.76 ± 0.10 

NIII 0.09 0.05 0.05 0.06 ± 0.04 0.24 ± 0.03 0.90 ± 0.07 

 

6. 2D 13C HYSCORE spectroscopy of the S2 state of D1-N87A PSII from 

Synechocystis sp. PCC 6803. 

	  

Figure 3S. Experimental contour-plot representation of the (+, +) quadrant of the 2D 13C 

HYSCORE spectrum of the S2 state of the OEC of (A) 13C-methanol-treated and (B) 

untreated D1-N87A PSII from Synechocystis sp. PCC 6803. The spectrum was acquired 

at a magnetic field of 335.0 mT and temperature of 5 K. The intense cross-peaks at (5.4, 

2.1) and (2.1, 5.4) MHz in part A are due to the hyperfine interactions of bound 13C-

methanol with the unpaired electron spin in the S2 state of D1-N87A PSII. These are not 

observed in the untreated sample. Part A displays an S2-minus-S1 difference HYSCORE 

spectrum, while part B shows the spectrum of the S2 state. Hence, there is a small on-



diagonal five-pulse contribution at (1.7, 1.7) MHz that is visible in part B, which is not 

observed in part A.  

7. 2D 13C HYSCORE spectroscopy of the S2 state of 13C-methanol-treated WT PSII 

from Synechocystis sp. PCC 6803. 

 
Figure 4S. Experimental contour-plot representation of the (+, +) quadrant of the 2D 13C 

HYSCORE spectrum of the S2 state of the OEC of 13C-methanol-treated PSII from 

Synechocystis sp. PCC 6803. The spectrum was acquired at a magnetic field of 335.0 

mT and temperature of 5 K. As can be seen, the intense cross-peaks at (5.4, 2.1) and 

(2.1, 5.4) MHz are not observed in this spectrum, indicating that 13C-methanol is not 

bound to the OEC in the S2 state of WT PSII. 

8. QM/MM optimization of computational models of methanol binding in the S2 

state.	We constructed two-layer QM/MM models from PDB entry 3ARC19 as described 

previously.20 The sphere model included all residues with an alpha carbon atom within 

15 Å of the OEC and all waters within the same distance. Cut protein chains were 

capped with an acetyl (ACE) or methylamine (NME) group at the N- and C-termini, 

respectively. The QM layer was comprised of the OEC and the side chains of all its 

ligands, as well as several second shell residues (D1-D61, D1-H337, and CP43-R357) 

and 10 water molecules (W1-W5, W7-W9, WX, and WY). In the MM layer, capping 

residues, waters, and ions were frozen to encourage the model to hold its shape after its 

removal from the surrounding PSII environment. To optimize the hydrogen bond network, 

the hydrogen atoms of all waters were free to move. To bind methanol or methoxide to 

the OEC, either W1 or W2 was replaced with the desired molecule and the QM/MM 



model was optimized. All calculations were performed using the Gaussian 1621 software 

package with the B3LYP22 functional for the QM layer and the Amber23 force field for the 

MM layer. Within the QM layer, the 6-31G(d)24-26 basis was applied to carbon, nitrogen, 

oxygen, and hydrogen atoms and the LaNL2DZ27 basis set and pseudopotential was 

applied to manganese and calcium atoms.  

9. Density Functional Theory calculations.	We used the coordinates from QM/MM 

models of the S2 state to perform DFT calculations using the software package, ORCA 

4.1.2.28 The QM layer of the three computational models Mn4-W1, Mn4-W2 and Mn1-

MeOH containing the Mn4Ca-oxo cluster, amino acid residues, bound methoxy/methanol 

and water ligands (Figure 3A-C) were used for density functional theory (DFT) 

calculations in the high-spin (high-spin, MS  = S’ = 13/2) state and then in the broken-

symmetry (BS) (low-spin, MS = 1/2) state by flipping of electronic spins at two of the four 

Mn centers using the “FlipSpin” routine of ORCA to produce a low-spin S’ = ½ ground 

state (doublet). The calculations used both hybrid- and hybrid meta-generalized gradient 

approximation (GGA) B3LYP and TPSSh functionals with the split-valence polarization 

(SVP) basis set,29, 30 utilizing the effective core potential (ECP or pseudopotential) 

approximation to include valence electrons and to replace core electrons. By using the 

resolution of identity approximation (RI), these calculations were complemented with the 

decontracted auxiliary basis set, i.e. Coulomb fitting def2/J31-34 implemented in Orca 

4.0.1,35 that decreased the computational time significantly and the TZVP basis set29, 30 

along with the chain of spheres (RIJCOSX)36 approximation to exact exchange using the 

same decontracted auxiliary basis set was replaced for heavier manganese (Mn) atoms. 

The calculations used a conductor-like polarizable continuum model (CPCM) with a 

dielectric constant of ε = 80.437 and included an atom-pairwise dispersion correction with 

the Becke-Johnson damping scheme (D3BJ),38, 39 a third generation (D3) semi-empirical 

van der Waals correction. All the optimized geometries converged successfully. The 

calculations for the 13C hyperfine interactions were carried out in spin-unrestricted mode. 

BS-DFT calculations were performed on each model in terms of single and double spin 

flips to compute the six pairwise exchange coupling constants Jij that parameterize the 

magnetic coupling between the four Mn ions in an Ising-type Hamiltonian in order to 

determine the model that is compatible with experimental hyperfine parameters that 

were obtained from the 2D 13C HYSCORE measurements. Specific details of hyperfine 

coupling calculations were consistent with previous theoretical methodologies40 and the 



calculated 13C isotropic hyperfine (Aiso) couplings were rescaled using the empirical 

factors derived for the B3LYP and TPSSh as described previously.41, 42 

9.1. Evaluation of exchange interaction parameters.  

The electronic structure of Mn4Ca-oxo cluster in the OEC is defined by a set of six 

pairwise Mn – Mn exchange interaction terms Jij, that were calculated using BS-DFT. 

Diagonalization of the Heisenberg Hamiltonian to obtain the complete spin-ladder was 

used to confirm the effective S = ½ ground state (low-spin) in antiferromagnetic 

interaction. Details on the prediction of exchange interactions and magnetic properties 

are described in references.43-45 

Table 2S. BS-DFT calculated exchange interaction constants J (in cm-1) of the two Mn4 

models. The BS-DFT calculation employed B3LYPa and TPSShb functional, respectively. 

The units for the exchange coupling constants, J, are in cm-1. 
Model Mn4-W2  Mn4-W1  

Ja 

-10.36 

-8.98 

-10.40 

-6.14 

-5.33 

-6.17 

Jb 

-12.98 

-11.25 

-13.02 

-4.98 

-4.32 

-4.99 

	

As shown in Table 2S, the exchange coupling constants, J, were calculated from the 

Noodleman (1st row), Benchini (2nd row), and Yamaguchi (3rd row) coupling schemes.46, 

47 48 49, 50 51 In general, the third scheme covered all possible mechanisms of spin 

exchange interactions from the strong to the weak coupling limit.46, 48  We observed that 

the magnitude of exchange interaction values were not sensitive to the choice of 

functional and basis set used in BS-DFT calculations for the computational models. It 

was also evident from the BS-DFT calculations that the clusters were weakly 

antiferromagnetically coupled systems with negative exchange coupling constants, J. 	

The exchange interactions in the OEC are not described in detail as it is not the 

primary focus of the DFT calculations. Moreover, it is meaningless to interpret the 

calculated J couplings or perform comparisons with experimental data since the 

observed ground state and measured energy differences between magnetic levels in the 

spin-ladder representation could significantly deviate for real and model systems, 

depending on the number of potential spin eigen states available in molecular topologies 



of the atomic compositions. It is also important to note that BS-DFT solutions are not 

spin eigen functions. Nevertheless, the calculated values using the TPSSh functional are 

in agreement with the range of exchange couplings obtained for previous OEC models 

employing similar DFT functionals and basis sets.52  

9.2. Calculation of the spin Hamiltonian parameters.  

 The DFT calculations employed hybrid-GGA B3LYP22, 53, 54 and hybrid meta-GGA 

TPSSh55 functionals to calculate the spin-Hamiltonian parameters. The split-valence 

polarization (SVP)	29, 30 basis set was used for lighter atoms, such as C, N, O and H and 

the triple-zeta valence polarization (TZVP)29, 30	basis set was utilized with the auxiliary 

basis set31-34 for heavier manganese (Mn) atoms. For comparison, we also performed 

single point calculations of isotropic hyperfine coupling constants using B3LYP and 

TPSSh approximations with the EPR optimized EPR-II basis set.56 These afforded 

comparisons of calculated spin densities and 13C hyperfine coupling constants with 

calculations using hybrid and meta-hybrid functionals with Ahlrich basis set. 	

We calculated the 13C hyperfine coupling constants with the TPSSh functional 

combined with triple-zeta ZORA-recontracted basis set on carbon atom, including the 

relativistic picture-change effect. In this case, calculations used the zeroth-order regular 

approximation (ZORA)57 58, 59 Hamiltonian to include scalar relativistic effects. ZORA 

adapted segmented all-electron relativistically contracted (SARC/J)60 auxiliary basis sets 

were employed for optimizations, and the TZVP	 29, 30 basis set was replaced for 

manganese atoms as well. In principle, nuclear hyperfine and quadrupole coupling 

constants can be calculated for 55Mn, 14N and 17O using the chain of spheres 

(RIJCOSX)36 approximation for comparisons. However, the main focus of this study was 

to calculate the 13C hyperfine couplings and to the calculated values with the 

experimental 13C HYSCORE results. The BP86 functional53, 61 is known to be not reliable 

for heavier atoms, so was not used in our DFT calculations of 13C hyperfine coupling 

constants.  

9.2.1. Calculated g-tensors.  

The Mn4Ca-oxo cluster in the S2 state of the OEC cluster is in an S’ = ½ ground state, as 

established by antiferromagnetic exchange couplings between the electron spins of 

adjacent Mn ions. Shown in Table 3S are the calculated g-tensor components (non spin-

projected) of the QM layer of the Mn4-W2, Mn4-W1 and Mn1-MeOH computational 

models. The g-tensors confirmed the low-spin ground (S’ = ½) state of the S2 state. For 

all three models, the calculated isotropic values of the g-tensor are very close to the free 



electron ge value. In addition, the g3 (or gz) component of the g-tensor is slightly larger 

than the free electron ge value, indicating that there is an admixture from d-orbitals of 

managnese ions to electron spin density. This component of the g-tensor typically 

coincides with the S2-state principal axis of the low-spin manganese cluster with respect 

to the direction of the applied magnetic field.  

 

Table 3S. Calculated g-tensor components using the TPSSh functional with the EPR-II 

or ZORA/TZVP basis set. 

Model	

EPR-II	 ZORA/TZVP	

gx gy gz giso gx gy gz giso 

Mn4-W2	 1.9912 2.0147 2.0164 2.0074 1.9917 2.0145 2.0168 2.0076 

Mn4-W1	 1.9765 2.0035 2.0222 2.0007 1.9773 2.0031 2.0220 2.0008 

Mn1-

MeOH	
1.9967 2.0092 2.0194 2.0083 1.9988 2.0038 2.0071 2.0032 

	

9.2.2. 13C hyperfine interactions.  

 The Mn4-W1 and Mn4-W2 models contain a deprotonated methoxide group that 

binds to the dangler manganese Mn4 site in the first coordination sphere, whereas Mn1-

MeOH contains a methanol molecule binding at the Mn1 site of the Mn4Ca-oxo cluster in 

the S2 state. The hybrid functional calculations used in this work present an opportunity 

to calculate the 13C hyperfine coupling constants of bound methoxide or methanol for 

direct comparison with the experimental couplings determined by the 13C HYSCORE 

analysis. It was previously demonstrated that the B3LYP functional tends to significantly 

underestimate 55Mn isotropic hyperfine coupling constant.42, 62 An approximate spin-

projection approach has to be used to rescale the isotropic and anisotropic hyperfine 

constants calculated for 13C. A scaling factor of 1.59 and 1.53 was determined to be 

suitable for the B3LYP and TPSSh functional, respectively.41 Thus, we rescaled the 

calculated 13C couplings by a factor of 1.59 in Table 4S and 5S. The calculated 13C Aiso 

and T values for model Mn4-W2 are in close agreement with experimental coupling 

constants that were measured by 13C HYSCORE. 

 

 

 



 

 

Model	

EPR-II	 ZORA/TZVP	

Aiso T Aiso T 

Mn4-W2	 3.38 1.78 3.36 1.78 

Mn4-W1	 8.30 7.89 1.0 2.69 

Mn1-

MeOH	
1.68 1.75 1.60 1.80 

 

Table 5S. Rescaled 13C-hyperfine couplings using the TPSSh functional with the EPR-II 

or ZORA/TZVP basis set. 

Model	

EPR-II	 ZORA/TZVP	

Aiso T Aiso T 

Mn4-W2	 3.23 1.89 3.37 1.90 

Mn4-W1	 0.86 2.09 0.33 2.98 

Mn1-

MeOH	

1.53 1.78 1.89 1.75 
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