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Methodology

Computational details

Calculations were performed using ORCA 4! and the computational procedure used has been
described previously.? All models were geometry optimised into their respective high spin
states using the BP86 functional.>* The zeroth-order regular approximation (ZORA)
Hamiltonian was applied to include scalar relativistic effects.>” ZORA versions of the def2-
SVP basis sets were used for C and H atoms. All other atoms used ZORA versions of the
def2-TZVP basis set with f functions removed.® The resolution of identity approximation (RI-
J) for coulomb integrals, along with the decontracted general Weigend auxiliary basis sets
were used.®>*' Dispersion corrections proposed by Grimme along with Becke-Johnson
damping (D3BJ) were included.'?® All calculations included the conductor-like polarizable
continuum model (CPCM) with a dielectric constant € = 8.0 in line with previous studies.**
Integration grids were increased (Grid6é and IntAcc 6 in ORCA convention) and tight SCF
convergence criteria applied. Throughout optimisation calculations all terminal carbon atoms

were constrained. The Heisenberg exchange coupling constants were calculated using the



broken symmetry DFT (BS-DFT) methodology proposed by Pantazis et al.}*® For BS-DFT
calculations the hybrid meta-GGA TPSSh functional was used. The chain of spheres
(RIJCOSX) approximation to exact exchange was applied along with the same decontracted
auxillary basis sets involved in geometry optimization calculations.*”'® The ZORA versions
of the def2-TZVP basis set with f functions removed was used for all atoms.8. The “flipspin’
feature of ORCA was used to construct initial BS guesses.*® Convergence to the correct BS
and HS states in all calculations was confirmed by examination of the calculated Mulliken
spin populations. Spin ladder calculations were performed using the ‘orca _eca’ module
within ORCA. For all single point energy calculations the same method as described for BS-

DFT calculations was used with alternative functionals (BP86, B3LYP, TPSS0 and TPSSh).

Model systems

All starting models were generated from the S, XFEL crystal structure (PDB: 6DHF)? and
geometry optimised into the S, state. All models used the HS oxidation state of
(Mn'""(Mn")3 as used in previous studies.?* The models contain seven directly coordinated
amino acids, six of which are from the D1 protein chain (Asp-170, Glu-189, His-332, Glu-
333, Asp-342, Ala-344) and one from the CP43 protein chain (Glu-354). The following
second sphere residues were also included (all are located in the D1 protein chain unless
stated otherwise): Asp-61, Tyr-161(Y;), GIn-165, Ser-169, His-190, Asn-298, His-337 and
CP43-Arg-357, along with the partial backbone of Glu-329 which hydrogen bonds to His-
332. All terminal carbon atoms were constrained throughout the calculations. Each model
contains four water molecules directly coordinated to the WOC, two bound to Mn4 (W1 and
W2) and two bound to Ca (W3 and W4), along with sixteen crystallographic water
molecules. In the O4 model all bridging oxygen atoms are in p-oxo (0%). In the O4H and
O5H models, O4 and O5 are modelled as p-hydroxo (OH) ligand between Mns and Mns

respectively whilst keeping all other bridging oxygen atoms as p-oxo (O%). Coordinated



water ligands W3 and W4 were in the aquo form, with W2 as a hydroxo ligand and W1 as an

aquo or hydroxo depending on model.
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Figure S1: A) The WOC structure and labelling described in the main text. The open cubane
is maintained in all models. Hydrogens have been excluded for clarity. Colour coding: MnllI
(green), MnlV (pink), oxygen (red) and calcium (white). B) The commonly referred atom
names as described in the main text. Ligand and crystallographic waters are shown in blue to
distinguish from bridging oxygens which are shown in red.



Mulliken Spin populations

Table S1: The Mulliken spin populations of each manganese centre (Mn1-4) are shown, confirming
the oxidation state (Mn"")(Mn'V)s for all models.

Mnl [Mn2 |Mn3 | Mn4
04 390 (290 |2.80 |2.89
O4H [3.90 (291 |2.85 |2.87
O5H [3.89 291 |2.82 |2.88
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