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Method

Quantum Mechanics/Molecular Mechanics

We built our Quantum Mechanics/Molecular Mechanics (QM/MM) model from coordinates

provided by Umena et al. 1 (PDBID: 3WU2) as described previously.2 This model of ∼2500

atoms includes residues whose alpha carbons are within 15 Å of the OEC, using ACE and

NMA as capping residues with fixed positions during the calculations. We include the

OEC, one Cl− ion, 14 waters, the side chain of D1-D61, D1-Y161, D1-N181, D1-E189,

D1-H190, D1-H332, D1-E333, D1-H337, D1-D342, D1-A344, CP43-E354, CP43-R357, D2-

K317 and the whole residue of D1-S169, D1-D170, D1-G171 in the QM layer. For the

calculations involving electron transfer from Mn1 or Mn4 to YZ
•, D1-Q165 and D1-N298 are

included in the QM layer to establish a proper electrostatic environment for the YZ
•.3 The

structures are optimized using the ONIOM method4 in Gaussian16:5 The QM layer employs

DFT level of theory using the B3LYP exchange-correlation functional6–9 and the LanL2DZ

pseudopotential and basis set for Mn and Ca atoms,10,11 the 6-31G(d) basis set for O and

Cl,12 the 6-31G for H, C and N.13–15 The MM layer is calculated using the AMBER force

field.16 Structure visualization was performed using VMD.17

All QM/MM optimized structures are available in the QMMM folder of our github page

built for this paper: https://github.com/JinchanLiu/S2toS3/.

Molecular Dynamics

System Preparation and Parameterization

We construct our MD system with psfgen from the 1.9 Å resolution X-ray crystal struc-

ture of Thermostichus vulcanus PSII (PDBID: 3WU2),1 assisted by information from other

X-Ray structures (PDBID: 4V62 and 4UB6).18,19 Chain A to Z of PDB 3WU2 is used to

build our PSII monomer system. The X-ray structure is first oriented to have the pro-

tein hydrophobic surface on x-y plane to match the lipid bilayer building around the PSII
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monomer. To minimize box dimension of our system and save computational resources, the

PSII is further rotated in the x-y plane to make the longest dimension of the protein in the

x-y plane fall on the diagonal of the x-y plane. The final system has a box dimension of

143Å×144Å×140Å with 302k atoms.

Protein. Missing residues in PDB 3WU2 are constructed by referencing other X-ray

structures, such as PDB 4UB6 and 4V62. In instances where no coordinate information was

available, we utilize psfgen to generate coordinates for missing regions less than 4 amino acids

in length. Notably, any missing regions larger than 4 amino acids are exclusively located

at the N-termini and are excluded from the system, with the N-termini capped with ACE

patch. For the protonation states of ASP, GLU, ARG and LYS, we considered protonation

states from MCCE calculations by Kaur et al. 20 and predicted by propKa.21 After careful

visualization, A-E65, B-D380 and O-E97 are protonated. All CYS are neutral with a disulfide

bond added between O-C19 and O-C44. For HIS, we used the protonation states from Kaur

et al.:20 A-H92, A-H304, A-H337, B-H343, C-H74, C-H398, O-H228 and U-H81 are modelled

as HSP; A-H195, A-H252, B-H157, B-H201, D-H61 , D-H87 , D-H189, D-H336, O-H231 and

V-H118 are modelled as HSE; all other HIS are modelled as HSD. CHARMM36m force field

is used for protein.22

Pigments. Chlorophyll-a, pheophytin-a, plastoquinone-9 are modelled with the topology

and parameter files from Guerra et al..23 All 11 β-carotenes from PDB 3WU2 are included

and 2 extra are added according to PDB 4V62. The 2 extra β-carotenes are modelled as

unknown ligands in PDB 3WU2. CgenFF is used for parameterizing β-Carotene.24

Heme and non-heme iron are modelled with the topology and parameter files from

Adam et al..25

Lipids. We include all MGDG, DGDG, SQDG and PG from PDB 3WU2 in our MD

system with missing lipid tails or head groups patched. New topology files for these lipids

are written because of the inconsistency in atom names between CHARMM force field and

X-ray structures. Six extra lipids are added according to PDB 4V62 (residue 401 1811 5042
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3585 2562 5525 when visualized in VMD). Two extra lipids are manully added to maintain

the stability of the hydrophobic pocket formed between D1 (chain A), b599b (chain F), psbJ

(chain J) and prevent water coming in. The lipids in the membrane bilayer are built by

CHARMM-GUI.26,27 We use a lipid composition of MGDG:DGDG:SQDG:PG=8:4:1:2 for

the outer leaflet and MGDG:DGDG:SQDG:PG=8:4:8:1 for the inner leaflet.28,29 For each

type of lipid, we assign lipid tails with certain degrees of unsaturation and numbers of carbons

according to Sakurai et al. 30 (Table S1). CHARMM36 force field is used for all lipids.31

Table S1: Amount of lipids of different lipid tails in the outer leaflet and the inner leaflet
built by CHARMM-GUI.

Outer Leaflet Inner Leaflet
MGDG DGDG SQDG PG MGDG DGDG SQDG PG

16:0/16:0 31 15 9 8 22 10 42 3
16:0/18:1 59 32 3 13 46 18 21 5
16:1/16:1 21 11 14 6
18:0/18:1 11 3 3 6 7 4 14 2
16:0/16:1 4 2

The OEC and its ligands. The coordinates for the OEC as well as its surrounding

amino acids and waters are taken from QM/MM calculations. Bond and angle terms of

the OEC as well as between the OEC and the ligands are added to maintain the geometry

(Table S2, S3). The centers for bonds and angles adopts the number from QM calculations.

The constants for bonds and angles are adapted from the parameters for a manganese-

vanadium water oxidation catalyst by Cárdenas et al..32 The point charges for the OEC

and its coordinating ligands adopt the ESP charges from our QM/MM calculations. The

Lennard-Jones parameters for the Mn ions are adapted from Won.33

Water and ions. All water molecules solved by PDB 3WU2 are included and all oxygens

of glycerol molecules are modelled as water (segname WXG in our files). A water box of

62k waters is used to solvate the system. 355 Na+ and 181 Cl- are added to the system to

neutralize and maintain a salt concentration of 0.15M. TIP3P model is used for water34 and

CHARMM36 force field is used for ions with updated NBFIX terms.35
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Table S2: The bond constants for the OEC and its ligands.

Bond Type Constant
MnIII µ-oxo 350 kcal/mol/Å2

MnIII OC/NR2 250 kcal/mol/Å2

MnIV µ-oxo 400 kcal/mol/Å2

MnIV OC/NR2 300 kcal/mol/Å2

Ca µ-oxo 250 kcal/mol/Å2

Ca OC/NR2 150 kcal/mol/Å2

Table S3: The angle constants for the OEC and its ligands.

Angle Type Constant
Mn/Ca µ-oxo Mn/Ca 600 kcal/mol/rad2

µ-oxo Mn/Ca µ-oxo 600 kcal/mol/rad2

µ-oxo Mn/Ca OC/NR2 200 kcal/mol/rad2

OC/NR2 Mn/Ca OC/NR2 150 kcal/mol/rad2

Mn/Ca OC CC 200 kcal/mol/rad2

All files required to reproduce our results can be found in the MD folder of our github

page. All topology and parameter files for the OEC can be found in the MD/toppar/ folder.

An example script of mutating the PSII as needed and assembling the whole system is

provided in the MD/modifyMDsys/ folder.

MD protocal

Equilibration and Solvation

The system is equilibrated with the different components of the system gradually relaxed.

Step 1: The system at S1 is minimized for 5000 steps with everything constrained ex-

cept for the following: hydrogens of water molecules whose coordinates are not taken from

QM/MM, cofactors from PDB 4V62 and 4UB6, the two extra lipids manually added to the

hydrophobic pocket formed by b599b (chain F) and psbJ (chain J), the protein residues

guessed by psfgen.

Step 2: The system at S1 is minimized for 5000 steps, heated up to 300K, and equilibrated
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for 1 ns in the NVT ensemble with the lipid tails added to the relaxed component.

Step 3: The system at S1 is minimized for 5000 steps and equilibrated for 10ns at 300K

in the NPT ensemble with the following remain restrained: non-hydrogen atoms of protein,

cofactors and water determined by PDB 3WU2 and the OEC as well as its surrounding

amino acids and waters whose coordinates are taken from QM/MM.

Step 4: The system at S1 is minimized for 1000 steps and heated up to 350K in the NPT

ensemble to sample water conformation. An extra water is added in this step (segname WA)

in the case where one water was sampling two sites. The following remain restrained during

this step: non-hydrogen atoms of protein determined by PDB 3WU2 and the OEC as well

as its surrounding amino acids and waters taken from QM/MM. The system is then cooled

down to 300K: it is equilibrated for 0.5 ns for every 10K. And then the system is further

equilibrated for 5 ns at 300K.

Step 5-1: The system at S1 is minimized for 1000 steps and equilibrated for 10ns at 300K

with the protein backbone restrained, together with the atoms whose coordinates are taken

from QM/MM. The resulting coordinate for this step is provided in the MD folder of the

github page for this paper, named 3wu2_PSII_S1_addwat1.pdb

Step 5-2: Using the coordinate of 3wu2_PSII_S1_addwat1.pdb, we build the system

at Sn
2cYZ

• (S2DW), with W10 binding to the Mn4 and WS10 is left vacancy. The system

at S2DW is minimized for 1000 steps and equilibrated for 10ns at 300K with the protein

backbone restrained, together with the atoms whose coordinates are taken from QM/MM.

The starting coordinate for this step is provided, named 3wu2_PSII_S2DW.pdb

Step 6: The system is minimized for 1000 steps and equilibrated with only atoms whose

coordinates are taken from QM/MM constrained. The resulting coordinate from this step is

provided, named 3wu2_PSII_S2DW_EQed.pdb

A distance restraint between OD1-D61 and Mn4 is added with a force constant of 50

kcal/(mol · Å2
) to represent the strong hydrogen bond between W1 and D61 as well as the

ligand binding between W1 and Mn4.2 Without this restraints, D61 will fall apart from Mn4,
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with two waters in between Mn4 and D61 and the Cl1 will move away.36

Another distance restraint between NE2-H190 and OH-Y161 is added with a force con-

stant of 50 kcal/(mol · Å2
) as emphasized by Ishikita and Saito.37

The replenishment of W10

After the six steps of equilibration, we performed 50 replicas of 500 ps simulations to sample

the replenishment of W10 with the two distance restraints. An example of the NAMD con-

figuration file is provided, named 3wu2_PSII_S2DW_SW_rep1.conf. The replenishment

is characterized by water occupancy. The occupancy of a specific water molecule at a given

water site at time t is calculated as the number of replicas in which this particular water

molecule is present at the designated site at time t, divided by the total number of replicas.

A water is count as "present at the designated site" if it is within 1.7 Å of the water site.

Therefore, a water may be present at two water sites at the same time, so that the water

occupancy at a water site at time t may add up to more than 100%.
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Figure S1: Possible S+
2 YZ states giving rise to the EPR signals. (A) The low-spin open-

cubane isomer proposed to give rise to the g=2.0 multiline EPR signal (B) The high-spin
closed-cubane isomer and (C) The O4H open-cubane isomer potentially giving rise to the
g=4.1 signal. The closed-cubane is 1.4 kcal/mol higher than the open-cubane while the O4H
open-cubane is 14.9 kcal/mol higher, which makes it difficult to present.
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Figure S2: Three hydrogen bond networks (HBNs) at the O4H open-cubane S+
2 YZ state.

HBN1 has W8 donating hydrogen bonds to N181 and Cl1, WN3 accepting a hydrogen bone
from WN4 and donating a hydrogen bond to WN2, and is the most energetically favorable
one. HBN2 has W8 donating hydrogen bonds to N181 and W10. HBN3 has WN3 donating a
hydrogen bond to WN4 and accepting a hydrogen bond from WN2, resulting in one O-H bond
of WN4 point to a hydrophobic pocket. This reorientation of WN4 leads to overall one less
hydrogen bond compared to HBN1, and therefore, is unfavorable as discussed previously.38

Figure S3: Two hydrogen bond networks at the open-cubane S+
2 YZ state. The left one

has WN1 donating hydrogen bonds to O4 of the OEC and WN2, while the right one has
WN1 donating hydrogen bonds to O4 and D61. Although the right one is the HBN adopted
for the S1 state, the HBN on the left is 2.4 kcal/mol more favorable at S+

2 oYZ state and is
adopted in all of our S2 state structures, except when O4 is protonated.
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Figure S4: Simulated EXAFS of the (A) S+
3 cYZ state and (B) S+

3 oYZ state we obtained
from QM/MM optmization.
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Figure S5: The proton-coupled electron transfer (PCET) at Sn
2YZ

• for the open-cubane
state, with the electron transfer from Mn1III to YZ

• coupled by a proton transfer from H190
to YZ

•. Without the water insertion, S+
3 oYZ-H2O is not sufficiently stable to manifest,

suggesting the PCET is forbidden for the open-cubane without the presence of water. This
is likely due to the charge environment of Mn1 disfavor a Mn1IV. In comparison, The free
energy change for the PCET at the open-cubane with the presence of water is -9.4 kcal/mol.
Overall, these open-cubane structures suggest that the incoorporation of the water promotes
the PCET, consistent with the analysis on the closed-cubane structures.
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Figure S6: The distances between Mn ions and their ligands for Sn
2cYZ

•+H2O and
Sn
2oYZ

•+H2O. (A) The Mn1IV in Sn
2cYZ

•+H2O and the Mn1III in Sn
2oYZ

•+H2O. The Mn1III

adopts a Jahn-Teller axis along the O3-Mn1-E189 axis, breaking a µ-oxo bridge and account-
ing for the destabilization of Sn

2oYZ
•+H2O. (B) The Mn4III in Sn

2cYZ
•+H2O and the Mn4IV

in Sn
2oYZ

•+H2O. The Mn4III adopts a Jahn-Teller axis along the D170-Mn4-E333 axis.

Figure S7: Superposition of Sn
2oYZ

• and Sn
2oYZ

•+H2O showing the unbinding of E189 in
Sn
2oYZ

•+H2O.
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Figure S8: The difference in hydrogen bond network between Sn
2cYZ

• and Sn
2cYZ

•+H2O.
The oxygen of major change in Sn

2cYZ
•+H2O is labelled in grey. (A) The rotation of W1

and W2 in Sn
2cYZ

•+H2O to accommodate O6. (B) The rotation of W1 and W2 breaks the
hydrogen bond between W1 and the backbone of S169, resulting in a new hydrogen bond
between W1 and WN1. This change brings W1 closer to OH-S169, from 4.53 Å to 4.12 Å.
A change in this distance is described by Hussein et al. 39 during the S2 → S3 transition.
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Figure S9: The changes of Mn spin densities and Mn3-O6 and Mn3-O5 distances during
the closed-cubane to open-cubane isomerization at (A) Sn

2YZ
•+H2O, (B) S+

3 YZ and (C)
Sn
3YZ

•.
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Figure S10: For the isomerization at Sn
2YZ

•+H2O from the closed-cubane to the open-
cubane, we identified an electron transfer from Mn4III to Mn3IV, leading to the Jahn-Teller
axis shift from the D170-Mn4-E333 axis to the O5/O6-Mn3-E354 axis.

xv



Table S4: The numbering of water molecules.

Batista chain & resid in PDB 3WU2 Yuno resid in our MD resid in our QM/MM
W1 A595 W1 95 190
W2 A624 W2 - 189
W3 A601 W3 69 187
W4 A544 W4 44 186
W5 A509 W24 9 188
W6 A567 W23 67 198
W7 A564 W25 64 197
W8 A609 W22 109 192
W9 A621 W21 121 193
W10 A568 W61 68 199
W11 A572 W62 72 191
WN1 A511 W19 11 194
WN2 C633 W20 512 195
WN3 A605 W48 105 196
WN4 A516 W49 16 200
WL1 A623 W28 499 175
WL2 A597 W26 97 185
WL3 A508 W27 8 176
WL4 A562 W29 62 178
WL5 A576 W30 76 177
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Table S5: The relative energy for the states before and after the PCET, pre- and post-
water insertion at varying spin states.

QM size System Energy (kcal/mol)

213 atoms

Sn
2cYZ

•
ααααα 0.00 ααααβ 0.01 αααβα -1.00 αβαβα 0.46

Sn
2oYZ

•
ααααα -4.59 ααααβ -4.58 αααββ -5.29 αβαββ -5.54

S+
3 cYZ-H2O αααα 13.10 αααβ 10.87 αβαβ 12.93

S+
3 oYZ-H2O not available

216 atoms

Sn
2cYZ

•+H2O ααααα 0.00 ααααβ 0.00 αααβα -0.93 αβαβα 0.45
Sn
2oYZ

•+H2O ααααα 8.07 ααααβ 8.07 αααββ 7.20 αβαββ 8.46
S+
3 cYZ αααα 3.27 αααβ 3.00 αβαβ 5.04

S+
3 oYZ αααα -4.12 αααβ -5.20 αβαβ -4.36

Table S6: The relative free energy for the states before and after the PCET, pre- and post-
water insertion at varying spin states.

QM size System Free Energy (kcal/mol)

213 atoms

Sn
2cYZ

•
ααααα 0.00 ααααβ 0.10 αααβα -0.50 αβαβα 1.87

Sn
2oYZ

•
ααααα -3.02 ααααβ -3.01 αααββ -3.33 αβαββ -2.62

S+
3 cYZ-H2O αααα 12.58 αααβ 10.93 αβαβ 13.85

S+
3 oYZ-H2O not available

216 atoms

Sn
2cYZ

•+H2O ααααα 0.00 ααααβ 0.11 αααβα -0.39 αβαβα 1.86
Sn
2oYZ

•+H2O ααααα 11.34 ααααβ 11.28 αααββ 10.82 αβαββ 12.91
S+
3 cYZ αααα 6.03 αααβ 6.19 αβαβ 9.08

S+
3 oYZ αααα 1.92 αααβ 1.23 αβαβ 3.06
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Table S7: The relative energy of the states along the closed to open-cubane transition at
Sn
2YZ

•+H2O at varying spin states.

QM size System Energy (kcal/mol)
ααααα αααβα αβααα αβαβα

200

4443-closed-cubane (A1) 0.00 -0.99 1.32
4434-closed-cubane (A3) -5.35 -5.98 -5.81 -6.45
4434-open-cubane (A7) 5.65 5.87 5.09 5.06
3444-open-cubane (A11) 5.56 6.91 5.96

Table S8: The relative free energy of the states along the closed to open-cubane transition
at Sn

2YZ
•+H2O at varying spin states.

QM size System Free Energy (kcal/mol)
ααααα αααβα αβααα αβαβα

200

4443-closed-cubane (A1) 0.00 -0.41 1.38
4434-closed-cubane (A3) -4.34 -4.57 -4.69 -4.57
4434-open-cubane (A7) 7.12 7.79 6.97 7.65
3444-open-cubane (A11) 9.23 10.61 10.37
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Magnetic structure and proton hyperfine coupling con-

stants for A3

The magnetic structure and proton hyperfine coupling constants were calculated for state

A3 (4434-closed-cubane) using the broken symmetry approach following our previous work2

and the original work by Pantazis et al. 40 with the ORCA 5.0.4 package.41–43 Coordinates

of atoms in the QM region of A3 were extracted from the corresponding QM/MM model

and the dangling bonds were capped with hydrogen atoms with dC-H = 1.00 Å and dN-H

= 1.00 Å. The calculations were performed with the B3LYP functional6–9 and the zeroth-

order regular approximation (ZORA)44,45 for scalar relativistic effects. The basis sets were

decontracted ZORA-adapted segmented all-electron relativistically contracted (SARC) basis

sets ZORA-def2-TZVP for N, O and Mn atoms and ZORA-def2-TZVP(-f) for H, C, Ca and

Cl atoms. RIJCOSX approximation was applied with the SARC/J auxiliary basis sets for

Coulomb fitting. The DEFGRID2 integration grid was used with special grids on H atoms for

increased integral accuracy (SpecialGridIntAcc 9). The "very tight" SCF convergence criteria

was used for calculating energy of Broken-symmetry spin configurations, and the "tight"

SCF convergence cirteria was used for calculating EPR hyperfine coupling constants. The

COSMO implicit solvent model was applied with a dielectric constant ε = 8.0 representing

the protein environment around OEC.46,47

The four Mn centers in A3 are Mn1IV, Mn2IV, Mn3III and Mn4IV. Together with the

Y•
Z, the 2n−1=16 possible high spin and broken symmetry spin configurations are listed in

Table S9. The relative energy of different spin configurations indicate that the Y•
Z spin is

very weakly coupled to Mn spins, and the lowest energy configuration for Mn centers is ααβα.

The magnetic interaction between Mn centers can also be described with an effective

Hamiltonian, i.e. the Heisenberg-Dirac-van Vleck (HDvV) Hailtonian:

HHDvV = −2
∑
i<j

JijS⃗i · S⃗j (1)
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Table S9: Possible spin configurations, MS, and relative energy to the high spin configura-
tion (kcal/mol).

Spin MS Energy (kcal/mol) Spin MS Energy (kcal/mol)
ααααα 7 0 ααααβ 6 0.00
αααβα 4 -0.52 αααββ 3 -0.52
ααβαα 3 -1.65 ααβαβ 2 -1.65
αβααα 4 -0.39 αβααβ 3 -0.39
βαααα 4 0.47 βαααβ 3 0.47
αβαβα 1 -0.95 αβαββ 0 -0.95
βααβα 1 -0.15 βααββ 0 -0.15
ββααα 1 -0.99 ββααβ 0 -0.99

The exchange coupling constants (J) can be extracted with the single-value decompo-

sition (SVD) implemented in an in-house Python script. The result in Table S10 suggests

ferromagnetic coupling between Mn1-Mn2 (J12), Mn1-Mn4 (J14) and Mn2-Mn4 (J24), and

an antiferromagnetic coupling between Mn1-Mn3 (J13), Mn2-Mn3 (J23) and Mn3-Mn4 (J34).

This is consistent with the observation that ααβα is the lowest energy configuration. And

again Y•
Z is very weakly coupled to Mn spins as suggester by ca. zero values of J15, J25, J35

and J45.

Table S10: Exchange coupling constants (J) among Mn centers.

J (cm−1)
J12 20.8 Mn1-Mn2
J13 -3.3 Mn1-Mn3
J14 2.0 Mn1-Mn4
J15 0.0 Mn1-Y•

Z
J23 -27.5 Mn2-Mn3
J24 0.8 Mn2-Mn4
J25 0.0 Mn2-Y•

Z
J34 -17.2 Mn3-Mn4
J35 0.0 Mn3-Y•

Z
J45 -0.0 Mn4-Y•

Z

These exchange coupling constants are utilized to reconstruct the HDvV Hamiltonian

matrix, which is then diagonalized to obtain the site spin expectation value ⟨SZ,i⟩. This

calculation can be done with the orca_eca utility from the ORCA package. The isotropic

hyperfine coupling constants (Aiso) can be calculated by scaling the "raw" results (Aiso,BS)
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from broken symmetry DFT calculations with the following equation:

Aiso = ±Aiso,BS
⟨SZ⟩BS

Si

⟨SZ,i⟩
St

(2)

where ⟨SZ⟩BS = MS which is the total MS of the broken symmetry wavefunction.

Table S11: Spin projection factors.

St ⟨SZ⟩BS Si ⟨SZ,i⟩ Scaling Factor

ααβαα

Mn1IV

3 3

1.5 1.417 0.945
Mn2IV 1.5 1.197 0.798
Mn3III 2.0 -1.376 0.688
Mn4IV 1.5 1.262 0.841

Y•
Z 0.5 0.500 1.000

ααβαβ

Mn1IV

3 2

1.5 1.417 0.630
Mn2IV 1.5 1.197 0.532
Mn3III 2.0 -1.376 0.459
Mn4IV 1.5 1.262 0.561

Y•
Z 0.5 0.500 0.667

The "raw" hyperfine coupling constants are calculated with the lowest energy configu-

rations ααβαα (MS = 3) and ααβαβ (MS = 2). The spin ground state has S = 3, and the

first excited state (S = 2) also degenerated with the ground state (0.007 cm−1 in our calcu-

lation). The corresponding spin projection factors and the final scaling factors, calculated

using St = 3, are provided in Table S11. The protons chosen for isotropic hyperfine cou-

pling constant calculations are labeled in Figure S11. The raw and scaled proton hyperfine

coupling constants are listed in Table S12 and S13, respectively. The direct average are also

included as the two configurations are isoenergetic.

Table S12: Unscaled isotropic hyperfine coupling constants (Aiso) in MHz of protons in
OEC ligands.

H name Aiso,BS,ααβαα (MHz) Aiso,BS,ααβαβ (MHz)
HA 0.884 1.326
HB 1.035 1.552
HC 0.914 1.370
HD 1.032 1.548
HE 5.504 8.256
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Figure S11: Labels for protons on W1, W2 and O6, which were chosen for hyperfine
coupling constant calculations.

Table S13: Scaled isotropic hyperfine coupling constants (Aiso) in MHz of protons in OEC
ligands.

H name Aiso,ααβαα (MHz) Aiso,ααβαβ (MHz) Aiso,average (MHz)
HA 0.7 0.7 0.7
HB 0.9 0.9 0.9
HC 0.8 0.8 0.8
HD 0.9 0.9 0.9
HE 4.6 4.6 4.6

The ORCA input for EPR g tensor and proton hyperfine coupling constants calculation,

the orca_eca utility input file, and the Python code for SVD calculation of exchange coupling

constants (J) are provided in the QMMM folder of our github page.
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