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Methods

All calculations here reported have been carried out using the CP2K package.1 The classical

portion of the protein was described by the AMBER99SB force field.2 Other cofactors present

in the PSII have been classically treated using the general AMBER force field (GAFF)3 (see

also Ref.4,5). The protonation state of the histidines bound to heme molecules, or directly

interacting with iron atoms or the magnesium atom in chlorophylls was chosen in agreement

with their relative orientation in the x-ray structure. The other titratable residues were

considered in their standard protonation state. QM/MM calculations have been performed

on a PSII model consisting of D1, D2 and CP43 protein domains, the respective cofactors

and water molecules present in this region plus the Mn4Ca cluster, starting from the x-ray

structure resolved by Umena et al (PDB ID: 3ARC).6 The Mn4Ca cluster with its ligands

present in the first shell (Asp170, Glu189, His332, Glu333, Asp342, Ala344, and CP43-
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Glu354) plus additional residues in the second shell (Asp61, Tyr161, His190, His337, Ser169

and CP43-Arg357) have been treated at DFT level. Additionally, in the quantum region

were included 4 water molecules directly coordinated with the Mn4Ca cluster, the 10 closest

water molecules and the chloride anion close to Glu333. The total charge of the quantum

region and the MM region is 0 and -16 respectively.

The QM/MM MD simulations have been performed in NVT ensemble coupling the sys-

tem with a thermal bath at room temperature 298.15 K using Nos-Hoover thermostat7–9

(time constant τT = 0.1 ps). Positions of the classical Cα atoms were kept fixed during the

dynamic. A 28.0 Å side cubic cell and a cut-off for the plane-wave expansion of 320 Rydberg

was used to treat the quantum region. The QM/MM model was centered in the cell in

vacuum conditions. The PBE+U scheme10–12 was employed with the DZVP-MOLOPT-SR-GTH

Gaussian basis set optimized for molecular systems.13 The electrostatic coupling between the

the classical and the quantum region of the system was treated by means of fast Gaussian

expansion of the electrostatic potential.14 The systems have been simulated following the

”high” oxidation state paradigm, consistently with previous works15–18 A time step of 0.5

fs was used and the simulations have been carried out for 10 ps.

For minimum energy path calculations (MEP) the B3LYP functional have been used with

the TZVP-MOLOPT-SR-GTH basis set. QM gas-phase models were extracted from the QM/MM

simulations obtaining a homogeneous distribution on the selected reaction pathway through

linear interpolation between the starting and the final geometries.

In order to obtain a reasonable state of the Mn4Ca cluster with O2 detached, necessary to

subsequently built the reaction coordinate of the MEP calculation, we previously proceeded

to perform a distance restrained QM/MM MD simulation, increasing smoothly Mn1-O6 and

Mn3-O5 distances. We considered freshly formed O2 as unbound from the Mn4Ca cluster

when the O2 molecule do not fall backwards to bound state upon subsequent geometry

optimization. Such meta-stable condition was reached for distances of Mn1-O6, Mn3-O6 and
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Mn4-O6 equal to 2.49 Å,3.45 Å,3.38 Årespectively. In this condition, the O5-O6 distance

decreases to 1.21 Å confirming the full formation of molecular oxygen with the typical

double bond. The O6 atom results the closest oxygen to Mn3 while O5 is placed in a vertical

position with respect to the Mn4Ca cluster (see also Fig.2 in the main text).

MEP calculations describing the entrance of W3 into the cavity were preceded by a

constrained QM/MM-MD simulation in which the Mn3-W3 and the intra-molecular O-H

distances have been decreased up to the proton release from W3 to W2 and the relocation

of W3 in the O5 position in the S0 state. The final structure of the constrained QM/MM

MD simulation was used as final point of the reaction coordinate in the MEP calculations.

MEP calculations describing the entrance of the hydroxide ion W2 were preceded by

a constrained QM/MM-MD simulation in which the distance between W2 and Mn3 was

decreased up to the bond formation between W2 and Mn3. The final structure of the

simulation was used as final model of the respective reaction coordinate.
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Fig.S1: Distance and spin distributions along QM/MM MD simulations. In the top panel
the distribution of the Mn-Mn distances sampled in the QM/MM MD simulations of the S4

state after O2 release are shown for both HS and LS configurations. In the bottom panel
the spin distribution of the four Mn ions sampled along the two HS and LS simulations are
also reported.
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Fig.S2: Energy profile for the O2 release coupled with W3 insertion. In the top panel
representative structures of the reaction coordinate are shown. Below, the energy profile is
reported for the LS configuration. Mn3-W3, Mn1-O6 and Ca-W5 distances are also shown
as dashed lines. In the two bottom panels the spin populations of the four Mn ions and the
two oxygen atoms O5 and O6 are also reported.
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Fig.S3: Energy profile for the O2 release coupled with W2 insertion. In the top panel
representative structures of the reaction coordinate are shown. Below, the energy profile is
reported for the LS configuration. Mn3-W2, Mn1-O6 and Ca-W6 distances are also shown
as dashed lines. In the two bottom panels the spin populations of the four Mn ions and the
two oxygen atoms O5 and O6 are reported.
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