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Protein setup for QM /MM calculations

Protein preparation.

The 2.0 A X-ray crystal structure of TFAA10A (PDB entry 5UIZ) consists of a dimer with a photoreduced copper centre in both chains.
Since the active site in chain B is distorted,! chain A was used in this study.

The crystal structure (including chain B) consists of 372 amino acids, two copper centres, 264 water molecules, a glycerol molecule
(GOL302) and several iodide ions (I0D303 to I0D318), resulting in 3415 non-hydrogen atoms in total. Chain B, the glycerol molecule
and the iodide ions were not considered in the calculations. Additionally, three crystal waters (namely WAT402, WAT404 and WAT406)
were removed because of their close proximity to protein residues (ASN42, ASN83 and HIS144, respectively) that lead to artificially
high van der Waals energies or convergence problems in the equilibration.

In the remaining system, nine amino acids (ASN42, ASN62, CYS70, ASN83, ARG97, MET119, GLN141, ASP168, CYS216) and three
water molecules (WAT443, WAT544, WAT553) were modeled with two alternative conformations in the crystal structure. We always
kept the conformation with the higher occupancy (there were no conformations with the same occupancy).

Hydrogen atoms were added using the protein preparation tool in Maestro (version 2021-1).3 The protonation states of all titratable
residues (arginine, lysine, histidine, aspartate and glutamate) were examined using the PROPKA software* to estimate the pK, values
of the residues, and their solvent exposure and hydrogen bond network were assessed using visual inspection. The structure contained
the following titratable residues: 8 arginine, 3 lysine, 10 histidine, 13 aspartate and 3 glutamate. All arginine and lysine residues were
protonated (41 charge) and all aspartate and glutamate residues were deprotonated (—1 charge).

The following naming scheme is used to differentiate the three possible protonation states of the histidine residues: histidines with
protonation of only Né2 or only N°! are labelled HIE and HID, respectively, while histidines protonated at both nitrogens are denoted
HIP. The protonation states for the histidines are HIE37, HIP56, HIE58, HIE96, HIP137, HID144, HIP174, HID190, HIE198, HIE208.
N1 in HIE37 and N2 in HID144 coordinate the copper ion. N®! in HIE58 is too close to the backbone of HIE58 to be protonated. The
proton at N%! in HID199 can form a hydrogen bond with O?! in THR154. HIE96, HIE198 and HIE208 are buried inside the protein. In
HIE198, the proton at Né2 can form a hydrogen bond with the backbone oxygen of THR154. HIP56, HIP137 and HIP174 are located
on the surface of the protein and solvent-exposed.

The amino-terminal group of nitrogen (HIE37) is doubly protonated and hence neutral. It is part of the histidine brace,®> which
coordinates the copper ion. The C-terminus of VAL222 was modelled as a carboxylate group (charge —1) in the crystal structure, which
is clearly supported by the electron density maps, and it was consequently included in the calculations. With the described protonation
states and charge assignments, the protein has a total charge of —2.

The protein includes four cysteine residues that are involved in CYS50-CYS70 and CYS106-CYS216 crosslinks, their presence was
examined using Maestro. Two different orientations are possible for glutamine, asparagine and histidine residues, which are difficult
to distinguish in X-ray data due to the similar scattering power of oxygen and nitrogen. Therefore, their orientation was examined
with the protein preparation tool in Maestro and visual inspection of their hydrogen bond network. Residues HIP56, GLN64, ASN83,
ASN131, GLN175, ASN184 and ASN193 were flipped compared to their orientation in the crystal structure. Contrary to the suggestion
of the protein preparation tool, ASN184 was not flipped because 09! can form a hydrogen bond with H¢2 in HIP137.

Calculation of RESP charges.
Restrained electrostatic potential (RESP) charges for the subsequent equilibration (see below) were computed for the copper centre and
its first coordination sphere (see Fig. S1 left). The input system was extracted from the structures obtained in the setup as described
above. Hydrogen atom positions were optimized in Turbomole® using TPSS/def2-SV(P) with D3 dispersion correction, Becke-Johnson
damping and the resolution of identity (RI) approximation.’?

A development version of Turbomole version 7.5 was used to compute the electrostatic potential in points that were sampled with the
Merz-Kollman scheme, 1911 employing a radius of 2.0 A for copper!2 and default radii for all other atoms.!! The RESP charges were
calculated by fitting to the obtained electrostatic potential using the resp program in Amber. 13

Equilibration.

The system obtained after protein setup was equilibrated with Amber!® using simulated annealing. The system was solvated in an
octahedral 20 A TIP3P water box using tleap (see Fig. S1 middle). Non-hydrogen atoms in the protein and crystal-water oxygen atoms
were kept fixed at their crystallographic positions.

The equilibration consisted in a five-step procedure. First the energy of the system was minimized in 1 000 cycles. Second a 10 ps
molecular dynamics simulation of 20 000 steps and a time step of 0.0005 ps was performed. Next the system was equilibrated for 1 ns
using the SHAKE algorithm to keep bonds involving hydrogen atoms fixed to the equilibrium value, and a time step of 0.002 ps. The
volume was kept constant in these three steps.

In the two final steps of the equilibration procedure, the pressure was kept constant and the SHAKE algorithm was applied. During
10 ns of simulated annealing with a time step of 0.002 ps the system was in the fourth step heated to 370 K in the first 3.2 ns, followed
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by 6.8 ns of cooling to 0 K. The temperature was regulated using Langevin dynamics with a varying time constant during the simulation:
It was set to 0.2 ps in the first 4 ns, 1.0 ps in the following 2.4 ns, 0.5 ps in the next 1.6 ns and 0.05 ps in the final 2 ns. In the fifth and
last step of the equilibration procedure, the system was minimized in 10 000 cycles.

For the following QM/MM calculations, a 40 A sphere was cut out from the octahedral system (see Fig S1 right).

Fig. S1 System used to compute the RESP charges (left), octahedral water box employed in equilibration (middle) and the spherical system used in

the QM/MM calculations (right).

QM regions

QM/MM calculations are known to be sensitive to the employed QM region. 1416 We employed two different QM region sizes in
this study, shown in Figure S2. The small QM region consisted of the Cu ion, HIS37 and HIS144 (constituting the histidine brace),
HIS208 (used as proton donor), TYR213, GLN211 and ASP140. Additionally, GLY38 (bound to HIS37), ALA142 and SER143 (bound
to HIS144), and six water molecules were included in the QM region. Two of the water molecules (W419 and W492) were present in
the crystal structure, the remaining water molecules are from the solvation model and are labeled W2 and W4-W6. Since we observed
large changes in MM energies of up to 30 kJ/mol with the smaller QM region for some proton-transfer reactions (particularly 3 — 4
and 34— gqredy e mainly show the results for the QM region including two additional water molecules (W1 and W3) and ASP90.

In cases where we show results obtained with the small QM region, they are explicitly denoted with the subscript "small".

GLY38

ALAV42

w6
W5
wato = -G%jg
Z w492 o i‘\4
W2 i’ A’L_Aél 42

Fig. S2 Smaller and larger QM regions employed in this study. Carbon atoms are shown in light and dark green, and oxygen atoms are shown in light

and dark red for the small and large QM regions, respectively.
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MM-free calculations

We additionally investigated how optimizing MM residues (optimizing all atoms within 6 A of any atom in our large QM region) impacts
the geometry of several intermediates, in particular: 2ap, 3agp, 3alsh, 319, 4a, 4a™d and 4f°d. We refer to these calculations as
MM-free calculations. An overlay of the structures with fixed MM residues is shown in Figure S3.

We note that the geometry changes are small for intermediates 3a{§&, (RMSD 0.16), 31'*d (RMSD 0.17), 4a (RMSD 0.23), 4a'd
(RMSD 0.28) and 4f°¢ (RMSD 0.19).

Larger changes are observed for the superoxide 2a;;; (RMSD 0.47), where the distance between the distal oxygen atom of the
superoxide and the hydrogen atom of HIP increased from 2.63 At03.16 A, rendering the proton transfer 2a — 3a even less likely.
QM/MM calculations with optimized MM residues for this proton transfer confirm this: The reaction is uphill (93 kJ/mol for the triplet
and 59 kJ/mol for the open-shell singlet) and removing the distant restraint (both for the triplet and the open-shell singlet) leads to the
proton transferring back to HIS. This result thus suggests that the observed and discussed differences between TPSS and B3LYP for this
particular transfer are geometry dependent (see main text).

Since reaction 2a — 3a is unfavorable, the second proton transfer 3a;;;p, — 4a is unlikely to take place. We nevertheless performed
MM-free calculations for the reactant and the product. Somewhat larger changes than for the other intermediates are observed for 3a;p
(RMSD 0.43), where the distance between the proximal oxygen atom of the OOH species and the hydrogen atom of HIP decreased from
3.68 A to 3.56 A. However, with TPSS/def2-SV(P) we obtain very similar reaction energies for the reaction 3ay;p — 4a with the free
and fixed MM regions, namely 5 and 6 kJ/mol, respectively. We thus conclude that the changes to the geometry of 3a;y;, do not change
the conclusions drawn for this reaction.

The reaction energy of reaction 3af{eﬁ13 — 4a"™ changes from 19 kJ/mol to 8 kJ/mol when the MM regions for both reactant and
product are optimized, showing that this transfer is favorable as we also concluded from calculations with a fixed MM region.

Finally, attempts to obtain Zf{el‘%, from MM-free calculations resulted in 3™4 (via proton transfer during the optimization as observed
before).

Therefore, optimizing the MM residues does not change the main conclusions of this manuscript. This is also in agreement with
previous studies, e.g. by Hedegard and Ryde !7.

red
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(c) 3a5L (RMSD 0.16)

(d) 3I*d (RMSD 0.17)

(f) 42" (RMSD 0.28)

(g) 4 (RMSD 0.19)

Fig. S3 Structure overlay for MM-fixed (light blue carbon atoms) and MM-free (light green carbon atoms) calculations.
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The Cu™ state 1 and the superoxide state 2

Since TfAA10A is photoreduced in the crystal structure, we started by optimizing the structure with Cu in +1 state (intermediate 1).
The QM region consisted of all the protein residues present in the small QM region and WAT492. The optimized structure is shown in
Fig. S4. We next added dioxygen to the active site. To allow the hydrogen-bond network to adapt, we moved WAT492 away from the
active site into the solvent region, increasing the Cu—Oyyar49, distance from 3.7 A'to 5.2 A (see Fig. S4). Additionally, we added seven
additional water molecules to the QM system (resulting in the QM region shown in Figure 1). The resulting intermediate 2;; contains
a superoxide (see Fig. S4 and Tab. S21) as consistently observed in previous theoretical calculations.!® Reduction of the superoxide

gives intermediate foldE (see Figure S4).
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Fig. S4 QM/MM optimized structures of the initial reduced state 1, the superoxide state 2 and the reduced form 2. Structures were optimized with
TPSS/def2-SV(P). Distances are reported in A. Energies for 2y were calculated with B3LYP/def2-TZVPP and are given in kJ/mol with reference

to the triplet state.

Table S1 Mulliken spin populations for 2yg, calculated with def2-TZVPP and surrounding point charges. Only values larger than 0.05 are reported.

Residue His37 His144 Cu o,

Atom N N N2 | Cu ol or
S

2,5 TPSS | 0.08 0.06 | 007 | 044 [ 059 0.69

2y, B3LYP [ 0.08 0.7 | 008 | 051 | 057 067
S

24> TPSS 0.09 0.06 0.08 | 0.43 | —0.40 -0.26

2y, B3LYP [ -0.09 -0.06 | -0.08 [ -0.54 | 047 031
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Dissociation

Table S2 Summary of energies for the two types of calculations for dissociation reactions. css stands for closed-shell singlet.
(calculated with B3LYP/def2-SV(P)) are reported in italics for the transfer with a collective variable.

Big-QM energies

Dissociated species Spin Transfer with collective variable Interchange of H, O and oxygen species Starting
state Reaction barrier Reaction energy SI Reaction energy SI structure/
S (kJ/mol) (kJ/mol) Fig. Table (kJ/mol) Table Reference
B3LYP/def2-TZVPP
2T [Cu(ID-H,0-0, 1% 1 88.7 100.9 63.5 65.3 S5, 56 4 85+£7 (1=2) s3 2
0 89.6 102.1 64.8 66.6 S6 115+11 (n=5) S5
[Cu(l)-H,0-0,1* 1 not observed 56431 (n=6) S3
0 not observed 84457 (n=2) S5
3dis [Cu(ID-H,O0- OOH" ]2+ 1 proton transfers to HIS208 - —14+21 (n=17) S7 3int
0 - - - —20421 (n=7) S8
[Cu(ll)-H,0-O0H~ ]** css - - - 141438 (n=7) 59
gred.dis [Cu(I)—OH™ -H,0,1" 172 88.4 80.3 29.3 26.4 S5, 87 s11 —7 and 37 $10 3pred
[Cu(H)fHZO»OOH’]Jr - - - 67+16 (n=3)
+ [Cl.l(I)fHZO-OOH‘]Jr - - - - 92+32 (n=16)
4red.dis [Cu(I)—H,0-H,0,]%* 1/2 66.9 62.1 21.3 26.2 S5, S8 S13 8+7 (n=8) S12 4fred
TPSS/def2-TZVPP
2dis [Cu(i)-H,0-0, " 1% 1 100.9 77.6 S5, 86 s4 67+7 (n=6) s3 2
0 104.1 79.1 S6 83+24 (n=28) S5
[Cu(D-H,0-0,]" 1 not observed 43+54 (n=2) S3
0 not observed not observed S5
3dis [Cu()-H,0-O0H' ]2+ 1 proton transfers to HIS208 - 43423 (n="1) S7 3ine
0 - - - 36+23 (n="7) S8
[Cu(lll) -H,0-O0H~ ]** css - - - - 92429 (n="7) S9
greddis [Cu(ID-OH~ -H,0,1+ 1/2 76.9 28.0 S5, 87 S11 —2and 35 S10 31red
[Cu(II)—H2O -OOH™1* not observed not observed
[Cu(I)—HZO .O0H']" not observed 65+24 (n=16)
4red.dis [Cu(Il)-H,0-H,0,1%* 1/2 51.7 20.0 S5, S8 S13 8£8 (n1=8) S12 4fred
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4f¢9 0.0 0.0 (s=1/2) TS 66.9 62.1(S=1/2) 4reddis 51 3 262 (5=1/9)

Fig. S5 Reactions 2yg — 29 (top), 31! — 3red:dis (middle) and 4f¢ — 47d:dis (hottom). Structures were optimized with TPSS/def2-SV(P),
and only the most stable electron configuration (triplet or open-shell singlet for the dissociation of superoxide) is shown. Distances are reported in A
and are omitted if they remain constant. Energies were calculated with B3LYP /def2-TZVPP and energies in italics were calculated with B3LYP /def2-
SV(P) using the big-QM approach. Energies are reported in kJ/mol relative to 2,p in the triplet state for the dissociation of superoxide and relative
to 31" and 4™ for the dissociation of OOH and H,0,, respectively.
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Table S3 Mulliken spin populations and QM /MM energies for the dissociation of superoxide from 2y in triplet spin state, calculated with def2-TZVPP
and surrounding point charges. Only atoms for which at least one spin population is greater than 0.05 are listed. Energies are relative to 2y in the

triplet state.

Residue His37 His144 Cu 0, Distance (A) AE (kJ/mol)
Atom N NO! N2 | cu| o' 02| cu-0! Cu-0%?|QM/MM MM ptch
TPSS
20k 0.08 0.06 0.07 | 0.44 | 0.59 0.69 2.9 2.0 0.0 0.0 0.0
Wat419% | 0.00 0.00 0.00 | 0.12 | 0.93 0.88 5.6 6.5 57.0 —-20.2 64.2
Wat4927 | 0.00 0.00 0.00 | 0.06 | 0.92 0.99 5.3 6.1 56 —16.0 66.6
w1t 0.00 0.00 0.00 | 0.05 | 0.95 0.97 6.1 6.4 81.2 —155 95.4
w2# 0.00 0.00 0.00 | 0.19 | 0.79 0.88 6.8 6.0 69.7 —-1.3 53.3
Ww3# 0.00 0.00 0.00 | 0.97 | 1.01 0.00 4.2 5.1 65.5 —149 92.7
w4 0.05 0.00 0.00 | 0.17 | 0.81 0.93 8.6 8.1 76.6 —264 167.8
ws# 0.05 0.00 0.00 | 0.18 | 0.86 0.86 8.7 9.1 69.0 -—-28.7 162.7
we6# 0.00 0.00 0.00 | 0.12 | 0.83 0.96 4.4 3.6 62.7 —-1.3 54.2
B3LYP

20E 0.08 0.07 0.08 | 0.51 | 0.57 0.67 2.9 2.0 0.0 0.0 0.0
Wat4197 [ 0.00 0.00 0.00 | 0.00 | 1.02 0.95 5.6 6.5 61.4 —-20.2 56.5
Wat4927 | 0.00 0.00 0.00 | 0.00 | 0.96 1.03 5.3 6.1 -1.9 -16.0 70.8
wif 0.00 0.00 0.00 | 0.00 | 0.99 1.01 6.1 6.4 71.6 —15.5 99.0
w2# 0.00 0.00 0.00 | 0.12 | 0.84 0.95 6.8 6.0 80.1 —-1.3 73.7
w3 0.00 0.00 0.00 | 0.00 | 0.97 1.02 4.2 5.1 54.7 —149 94.3
w4 0.00 0.00 0.00 | 0.09 | 0.87 1.00 8.6 8.1 88.4 264 198.7
W5¥ 0.10 0.00 0.00 | 0.10 | 0.92 0.92 8.7 9.1 89.8 —28.7 182.0
we6t 0.00 0.00 0.00 | 0.05 | 0.88 1.02 4.4 3.6 60.2 —-1.3 53.0

¥ QM/MM energy included in average dissociation energy of Cu(II) and 0, 7: 67+7 kJ/mol (n = 6) with TPSS and 85+ 7 kJ/mol (n = 2) with B3LYP.
We generally assign the cases with a Cu spin density of 0.1 or higher as Cu(II) and O, ~.
T QM/MM energy included in average dissociation energy of Cu(I) and 0,: 43454 kJ/mol (n = 2) with TPSS and 56+ 31 kJ/mol (n = 6) with B3LYP.

Table S4 Mulliken spin populations and QM/MM energies for the reaction 2 — 29 in triplet spin state, calculated with def2-TZVPP and
surrounding point charges. Only atoms for which at least one spin population is greater than 0.05 are listed. Energies are relative to 2, in the triplet

state.

Residue His37 Hisl44 | Cu 0, Distance (A) AE (kJ/mol)

Atom N NOI NE2 cu| ol 0| cu-0! Ccu-0%2|QM/MM MM ptch
TPSS

25 0.08 0.06 0.07 [ 0.44 | 0.59 0.69 2.9 2.0 0.0 00 0.0

TS 0.13  0.07 0.07 [ 0.50 | 0.43 0.69 3.8 2.6 100.9 -31.6 78.4

2dis 0.16 0.07 0.07 [ 0.51 | 0.51 0.56 5.0 3.7 77.6  -22.6 239
B3LYP

25 0.08 0.07 0.08 [ 0.51 | 0.57 0.67 2.9 2.0 00 00 0.0

TS 0.14 0.08 0.08 [ 0.62 | 0.39 0.64 3.8 2.6 88.7 -31.6 65.0

2dis 0.16 0.08 0.08 [ 0.62 | 0.48 0.52 5.0 3.7 635 -22.6 0.1
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Table S5 Mulliken spin populations and QM /MM energies for the dissociation of superoxide from 2y in open-shell singlet spin state, calculated with
def2-TZVPP and surrounding point charges. Only atoms for which at least one spin population is greater than 0.05 are listed. Energies are relative
to 2y in the triplet state.

Residue His37 His144 Cu 0, Distance (f\) AE (kJ/mol)
Atom N  NO! NE2 cu| o' 0%|cu-0' Ccu-0? | QM/MM MM  ptch
TPSS
Wat419% | —0.05  0.00 0.00 | —0.16 [ 0.13 0.14 5.5 6.5 80.0 -222  68.0
Wat492% | —0.03  0.00 0.00 [ —0.11 | 0.08 0.08 5.3 6.0 32.6 —163  66.0
wi# —0.03  0.00 0.00 | —0.12 | 0.09 0.09 6.0 6.2 109.7 —16.3 102.3
w2t —0.07 —0.01 | —0.01 | —0.23 | 0.21 0.16 6.8 5.9 883 —16 503
w3" —0.04 —0.03 | —0.04 | —0.30 [ 0.15 0.27 2.1 3.0 56.3 —19.9 100.5
w4# —0.06 —0.01 [ —0.01 | =020 | 0.14 0.17 8.6 8.2 96.3 —26.8 159.1
Wws# —0.06 —0.01 | —0.01 | —0.22 | 0.18 0.18 8.6 9.0 89.2 283 158.6
we# —0.05 —0.01 | —0.01 | —0.19 | 0.16 0.14 4.3 3.6 865 —39 618
B3LYP

Wat419% | —0.03  0.00 0.00 | —0.10 | 0.08 0.10 5.5 6.5 1043 -222  63.5
Wwat4927 | 0.00  0.00 0.00 [ —0.01 | 0.02 0.00 5.3 6.0 444 —163 715
wif 0.00  0.00 0.00 | —0.03 | 0.03 0.03 6.0 6.2 1242 —163 104.2
wa# —0.06 —0.02 | —0.01 | —0.20 | 0.19 0.11 6.8 5.9 1157 —16 63.0
w3" —0.05 —0.05| —0.04 | —0.40 | 0.16 0.39 2.1 3.0 67.5 —19.9 104.4
w4# —0.05 —0.01 | —0.01 | —0.15 | 0.08 0.15 8.6 8.2 1248 —26.8 191.0
w5t —0.05 —0.01 | —0.01 | —0.18 | 0.14 0.14 8.6 9.0 125.4 —283 170.6
we# —0.04 —0.02 | —0.02 | —0.16 [ 0.13 0.11 4.3 3.6 103.0 -39 56.3

* During geometry optimization, superoxide binds back to Cu. 39%W3 was therefore not included in the calculation of the average QM/MM energy.
¥ QM/MM energy included in average dissociation energy of Cu(II) and O, 7: 83+£24 kJ/mol (n = 8) with TPSS and 115+ 11 kJ/mol (n = 5) with
B3LYP. We generally assign the cases with a Cu spin density of 0.1 or higher as Cu(Il) and O, ~.

¥ QM/MM energy included in average dissociation energy of Cu(I) and O,: Not seen with TPSS and 84 +57 kJ/mol (n = 2) with B3LYP.

Table S6 Mulliken spin populations and QM/MM energies for the reaction 2 — 2dis in open-shell singlet spin state, calculated with def2-TZVPP
and surrounding point charges. Only atoms for which at least one spin population is greater than 0.05 are listed. Energies are relative to 2y in the
triplet state. Note that negative HOMO-LUMO gaps were obtained for 29 in the geometry optimization with TPSS/def2-SV(P) and the single-point
calculation with TPSS/def2-TZVPP and surrounding point charges.
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Residue His37 His144 Cu 0, Distance (A) AE (kJ/mol)

Atom N NOI NE2 Cu o! 02 [ cu-0' cCcu-02% | QM/MM MM ptch
TPSS

2. 009 006 | 008][ 043]-040 -0.26 2.0 2.9 94 -14 03

TS -0.15 -0.08 -0.08 | -0.51 0.35 0.53 3.8 2.6 104.1 -33.6 81.7

2dis -0.17 -0.08 -0.08 | -0.53 0.46 0.51 4.9 3.6 79.1 -26.0 31.7
B3LYP

2uE -0.09 -0.06 -0.08 | -0.54 047 0.31 2.0 2.9 10.4 -1.4  -0.3

TS -0.14 -0.09 -0.08 | -0.63 0.37 0.60 3.8 2.6 89.6 -33.6 66.8

2dis -0.16 -0.08 -0.08 | -0.62 0.47 0.52 4.9 3.6 64.8 -26.0 6.6
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Fig. S6 Energies for the reaction 2 — 2%, The energy of 2 in triplet state was used as reference. Top (gray background): AEQm/Mm

energy and AEy;y obtained from geometry optimizations with TPSS/def2-SV(P) (for structures see Fig. S5). Middle and bottom (white background):

AEqm/mm: AEqum and AE, obtained from single-point calculations with TPSS/def2-TZVPP and B3LYP /def2-TZVPP.
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Table S7 Mulliken spin populations and QM/MM energies for the dissociation of OOH" from 3;; in the triplet spin state, calculated with def2-TZVPP
and surrounding point charges. Only atoms for which at least one spin population is greater than 0.06 are listed. Energies are relative to 3;,, in the
open-shell singlet state. If HOMO-LUMO gaps were negative in the calculations with point charges, © is added to the first column. If they were
negative in the vacuum calculations (required to calculate the point charges contribution, ptch) © is added to the last column. In OOH", the hydrogen
is bonded to O1.

Residue His37 Aspl40 | Hisl44 Cu OOH' H,O0 | H,0 Distance (A) AE (kJ/mol)

Atom N Nt 0°1 Né2 Cu o! 0? 0 0 Cu-0! Cu-0°? | QM/MM MM ptch
TPSS

Wat419” | 0.16 0.09 0.00 0.09 0.53 | 0.43 0.57 | 0.05 | 0.00 7.3 6.9 5.0 5.5 3426

wat492f | 0.18  0.07 0.00 0.08 0.51 0.30 0.69 | 0.05 | 0.00 4.4 4.8 16.2 7.3 —46.3
wif 0.17 0.08 0.00 0.08 0.52 | 0.28 0.72 | 0.05 | 0.00 6.4 6.7 71.2 =75 23.1
w2f 0.16 0.09 0.00 0.08 0.53 | 0.27 0.69 | 0.07 | 0.00 6.5 6.2 63.0 5.3 1.5
w3 0.18 0.07 0.06 0.09 0.53 | 0.26 0.64 | 0.05 | 0.00 5.2 5.0 55.7 163 —71.2
w4t 0.17 0.08 0.00 0.08 0.52 | 0.30 0.70 | 0.06 | 0.00 8.0 7.8 139 -84 34.1
wsf 0.16  0.09 0.07 0.08 0.53 | 0.24 0.60 | 0.07 | 0.00 6.5 6.1 274 161 532
we' 0.15 0.08 0.00 0.09 0.54 | 0.26 0.64 | 0.08 | 0.08 4.3 3.5 51.5 20.6 —38.5

B3LYP

Wat419" 0.15 0.09 0.00 0.08 0.61 0.43 0.58 | 0.05 | 0.00 7.3 6.9 —56.2 5.5 37.4

wat492 | 0.17 0.08 0.00 0.08 0.60 | 0.29 0.72 | 0.05 | 0.00 4.4 4.8 —40.4 7.3 —60.5
wif 0.16 0.08 0.00 0.08 0.61 0.26 0.74 | 0.05 | 0.00 6.4 6.7 106 -75 9.6
w2t 0.14 0.09 0.00 0.08 0.62 | 0.27 0.72 | 0.06 | 0.00 6.5 6.2 4.3 5.3 —79.6
waf 0.16 0.08 0.00 0.09 0.61 0.27 0.74 | 0.04 | 0.00 5.2 5.0 -3.8 16.3 —91.5
w4 0.16 0.08 0.00 0.08 0.61 0.29 0.72 | 0.05 | 0.00 8.0 7.8 —41.7 -84 25.4
w5 0.15 0.09 0.00 0.08 0.61 0.27 0.73 | 0.06 | 0.00 6.5 6.1 —-17.6  16.1 —64.5
we' 0.14 0.08 0.00 0.09 0.62 | 0.26 0.70 | 0.07 | 0.05 4.3 3.5 -9.4  20.6 —-51.9

* During geometry optimization, ASP90 is spontaneously protonated and O, forms. 3dis W419 wyas therefore not included in the calculation of the

average QM/MM energy.
T QM/MM energy included in average dissociation energy: 43 +23 kJ/mol (n = 7) with TPSS and —14 421 kJ/mol (n = 7) with B3LYP.

Table S8 Mulliken spin populations and QM/MM energies for the dissociation of OOH" from 3;,, in the open-shell singlet spin state, calculated with
def2-TZVPP and surrounding point charges. Only atoms for which at least one spin population is greater than 0.06 are listed. Energies are relative
to 3, in the open-shell singlet state. If HOMO-LUMO gaps were negative in the calculations with point charges, © is added to the first column. If
they were negative in the vacuum calculations (required to calculate the point charges contribution, ptch) & is added to the last column. In OOH",
the hydrogen is bonded to O'.

Residue His37 Aspl40 | His144 Cu OOH’ H,O0 | H,0 Distance (10\) AE (kJ/mol)
Atom N Nel 00! N Cu ol 0? o) 0 | cu-0! cu-0? [ QM/MM MM ptch
TPSS
3int 0.00 0.01 —0.08 0.01 0.06 0.02 0.06 0.00 | 0.00 1.9 2.8 0.0 0.0 0.0
Wat419° | —0.16 —0.09 0.00 —-0.09 | —0.53 0.43 0.57 | —0.05 | 0.00 7.3 6.9 4.8 5.5 31.26
Wat4927 | —0.17  —0.07 —0.04 —-0.08 | —0.50 0.30 0.69 | —0.05 | 0.00 4.4 4.8 15.8 6.9 —46.40
wif | —0.16 —0.08 —0.04 -0.07 | —0.51 0.28 0.72 | —0.05 | 0.00 6.4 6.7 71.0 -7.6 22.26
w2t 0.16 0.09 0.00 0.09 0.53 | -0.32 —0.66 0.07 | 0.00 6.2 5.9 19.3 6.3 —15.6
w3t 0.18 0.07 —0.07 0.09 0.54 | —-0.25 —0.63 0.05 | 0.00 5.2 5.0 54.9 16.2 -71.3
w4t | —0.16 —0.08 —0.03 —0.08 | —0.51 0.30 0.70 | —0.06 | 0.00 8.0 7.8 13.9 83 31.66
w5t 0.16 0.09 —0.08 0.08 0.53 | —0.24 —-0.59 0.07 | 0.00 6.5 6.1 27.0 15.9 —52.8
wé6' | —0.15 —0.08 —0.02 —0.08 | —0.53 0.26 0.65 | —0.06 | 0.09 4.3 3.5 52.0 21.2 —41.9
B3LYP
3int 0.13 0.05 0.00 0.04 0.39 | —-0.21 —0.38 0.00 | 0.00 1.9 2.8 0.0 0.0 0.0
Wat419" 0.15 0.09 0.00 0.08 0.61 -0.43  —-0.58 0.05 | 0.00 7.3 6.9 —56.5 5.5 36.8
Wat492F | —0.17  —0.08 0.00 —0.08 | —0.60 0.28 0.71 | —0.05 | 0.00 4.4 4.8 —404 6.9 —60.2
w1t | —0.16 —0.08 0.00 —0.08 | —0.61 0.26 0.74 | —0.05 | 0.00 6.4 6.7 106 7.6 9.5
w2t 0.14 0.08 0.00 0.09 0.61 | —0.31 —0.68 0.06 | 0.00 6.2 5.9 —38.6 6.3 —16.3
wa3f 0.16 0.08 0.00 0.09 0.61 | —0.27 —-0.74 0.04 | 0.00 5.2 5.0 -39 16.2 -91.1
w4" | —0.16 —0.08 0.00 —0.08 | —0.61 0.29 0.72 | —0.05 | 0.00 8.0 7.8 —41.7 83 25.1
w5 0.15 0.09 0.00 0.08 0.61 | —-0.27 —0.73 0.06 | 0.00 6.5 6.1 -17.8 15.9 —63.6
w6' | —0.14 —0.08 0.00 —0.08 | —0.62 0.25 0.69 | —0.05 | 0.05 4.3 3.5 -89 21.2 -51.9

* During geometry optimization, ASP90 is spontaneously protonated and O, forms. 3disW419 wyas therefore not included in the calculation of the
average QM/MM energy.
T QM/MM energy included in average dissociation energy: 36 +23 kJ/mol (n = 7) with TPSS and —20+ 21 kJ/mol (n = 7) with B3LYP.
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Table S9 QM/MM energies for the dissociation of OOH" from 3;, in the closed-shell singlet spin state, calculated with def2-TZVPP and surrounding
point charges. Energies are relative to 3;,, in the open-shell singlet state. If HOMO-LUMO gaps were negative in the calculations with point charges,
© is added to the first column. If they were negative in the vacuum calculations (required to calculate the point charges contribution, ptch) © is
added to the last column. In OOH’, the hydrogen is bonded to ol.

Distance (A) AE (kJ/mol)
Cu-0' cu-0? [ QM/MM MM  ptch
TPSS
3ine 1.9 2.8 0.0 0.0 0.0
Wat4197 7.2 6.9 79.8 4.3 19.3
Wat4927 4.3 4.7 66.2 124 —40.6
wif 6.4 6.6 152.1 —10.0 39.2
waf 6.4 6.0 92.1 —1.8 5.9
w3 4.9 4.2 108.5 81 —39.1
w4 8.0 7.9 943 —156 74.6
w5 6.4 6.3 84.3 20.5 —59.2
w6’ 4.4 4.2 60.8 4.2 4.5
B3LYP
3 1.9 2.8 0.0 0.0 0.0
Wat419" 7.2 6.9 133.2 43 28.8
Wat492" 4.3 4.7 114.1 12.4  —51.1
w1t 6.4 6.6 205.1 —10.0 35.1
w2t 6.4 6.0 144.7 —1.8 0.6
w3f 4.9 4.2 152.3 81 —493
w4t 8.0 7.9 161.4 —15.6 79.6
w5 6.4 6.3 141.5 20.5 —70.4
w6’ 4.4 4.2 72.5 4.2 -8.3

T QM/MM energy included in average dissociation energy: 92 +29 kJ/mol (n = 7) with TPSS and 141 +38 kJ/mol (n = 7) with B3LYP.



Table S10 Mulliken spin populations and QM/MM energies for the dissociation of OOH'/OOH™ from 31, calculated with def2-TZVPP and sur-
rounding point charges. Only atoms for which at least one spin population is greater than 0.06 are listed. Energies are relative to 31, Note that
negative HOMO-LUMO gaps were obtained in the TPSS/def2-SV(P) calculation of W5. In OOH' /OOH™, the hydrogen is bonded to O!.

Residue His37 His144 Cu OOH/OOH™ | H,0 Distance (A) AE (kJ/mol)
Atom N  NO! NE2 cu | of 02 0 | cu-0' cCu-0? | QMMM MM ptch
TPSS
31red 0.09 0.08| 007 | 048] 003 022 [0.00 2.0 2.7 0.0 0.0 0.0
Wat419" | 0.05 0.03 [ 0.03 | 032|020 0.31 | 0.02 6.5 6.2 101.9 -5.6  —399
wat492" | 0.11 0.07 [ 0.07 | 048 | 0.05 0.09 | 0.08 4.5 5.0 375 101 —79.9
w1* 0.11 0.09 | 0.09 | 053] 000 000 |0.15 7.1 6.1 1.6 0.4 512
waf 0.11 0.06 | 0.06 | 047|004 0.16 | 0.06 6.5 7.3 66.2 —6.8 —27.8
w3t 0.05 0.01 | 002 | 024|018 049 | 0.00 4.8 4.9 83.7 8.8 —56.8
w4t 0.08 0.04| 004 | 038|012 028 | 0.03 8.1 8.0 57.1 —13.1 20.0
wst 0.09 0.05| 005 | 043|009 0.19 | 0.05 6.4 6.4 445 194  —985
we" 0.10 0.09 | 0.09 | 053] 000 0.02 [0.14 4.9 3.9 34.7 3.5 -7.6
B3LYP
3]red 0.08 0.09 | 0.07 |o055]001 0.19 [ 0.00 2.0 2.7 0.0 0.0 0.0
Wat419" | 0.05 0.03 [ 0.03 | 033|019 0.32 | 0.02 6.5 6.2 1434  —-56 -353
Wat4925" | 0.12 0.08 | 0.08 | 0.60 | 0.00 0.00 | 0.08 4.5 5.0 488 101 —107.0
wi1* 0.10 0.09 | 0.08 | 060|000 0.00 [0.12 7.1 6.1 7.1 0.4 —565
w2t 0.13 0.08 | 0.08 | 0.62 | 0.00 0.00 | 0.07 6.5 7.3 79.2 —68 —57.1
w3t 0.04 0.01 | 002 | 018019 056 | 0.00 4.8 4.9 103.1 8.8 —58.1
w4 0.09 0.05| 005 | 044|009 022 |0.04 8.1 8.0 101.2  —13.1 18.6
woht 0.13 0.08| 0.08 | 062|000 0.00 |[0.07 6.4 6.4 73.7 194 —112.3
we" 0.09 0.08| 0.08 | 060|000 000 [0.12 4.9 3.9 37.0 3.5 -7.1

“ OOH'/OOH™ spontaneously abstracts a hydrogen atom from water during geometry optimization, leading to the formation of OH~ (coordinating
to Cu) and H,0,. 39%W1 and 34$W6 were therefore not included in the calculation of the average QM/MM energy.

¥ QM/MM energy included in average dissociation energy of Cu(II) and OOH™: 67+ 16 kJ/mol (n = 3) with B3LYP (not seen with TPSS). We
generally assign the cases with a Cu spin density of 0.1 or higher as Cu(II) and OOH™.
T QM/MM energy included in average dissociation energy of Cu(II) and OOH™, including states with higher character of Cu(I) and OOH": 65 =+
24 kJ/mol (n = 6) with TPSS and 92 + 32 kJ/mol (n = 6) with B3LYP.

Table S11 Mulliken spin populations and QM/MM energies for the reaction 3lred _ gredidis calculated with def2-TZVPP and surrounding point
charges. Only atoms for which at least one spin population is greater than 0.06 are listed. Energies are relative to 3. In OOH™, the hydrogen is

bonded to O!.

Residue His37 His144 Cu OOH'/OOH~™ Wy Distance (A) AE (kJ/mol)

Atom N  NO! NE2 cu | of 02 O | cu-0' cu-02|QM/MM MM ptch
TPSS

3rred 1 0.09 008 007 |048] 022 0.03 [0.00 2.0 2.7 00 00 0.0

TS 0.08 005 | 0.05 | 041|027 0.10 | 0.00 2.2 3.3 769 -84 45

greddis® 1 010 0.08 [ 0.07 | 0.54 | 0.00 0.00 | 0.16 3.1 4.2 280 3.4 -126
B3LYP

3rred 1 0.08 009 007 |055]019 001 [0.00 2.0 2.7 00 00 0.0

TS 0.08 0.06 | 0.06 | 049 | 024 0.06 | 0.00 2.2 3.3 88.4 -84 -7.7

greddis* | 909 0.08 | 007 | 062|000 000 |0.14 3.1 4.2 293 3.4 -10.6

“ OOH~ spontaneously abstracts a hydrogen atom from water during geometry optimization, leading to the formation of OH™ (coordinating to Cu)

and H,0,.
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Table S12 Mulliken spin populations and QM/MM energies for the dissociation of Hy0, from 4f¢, calculated with def2-TZVPP and surrounding
point charges. Only atoms for which at least one spin population is greater than 0.06 are listed (except if spin density is located on H,0,). Energies
are relative to 4f¢. In OOH'/OOH™, the hydrogen is bonded to O*.

Residue His37 Hisl44 | Cu H,O0, H,0 Distance (A) AE (kJ/mol)
Atom N NO! NE2 cu [ o 0?2 O | Ccu-0' Cu-0? | QM/MM MM  ptch
TPSS
4fed | 017 0.07 | 008 | 050|005 0.02]000]| 21 3.2 00 0.0 0.0
wat419" | 0.17 0.07 | 0.08 | 051 | 0.00 0.00|0.05 | 7.1 7.9 59 40 146
Wat492" | 0.17 0.08 | 0.08 | 0.51 | 0.00 0.00 | 0.06 | 4.3 3.4 6.0 —30 206
wif 0.17 0.08 | 0.08 | 0.52 | 0.00 0.00 [ 0.06 | 6.2 6.2 108 -1.0 50.0
wa' 017 0.07 | 0.09 | 0.52 | 0.00 0.00 | 0.06 | 6.7 6.6 85 25 119
w3 0.17 0.07 | 0.08 | 0.51 | 0.00 0.00|0.05| 5.0 5.8 144 175 —17.1
w4t 0.17 0.08 | 0.08 | 0.52 | 0.00 0.00 [ 0.06 | 8.2 7.7 133 62 237
ws' 0.17 0.08 | 0.08 | 0.52 | 0.00 0.00 | 0.06 | 5.7 5.0 -10.4 142 -26.1
we' 0.16 0.08 | 0.08 | 0.53 | 0.00 0.00 [ 0.07 | 4.0 4.5 141 170 -23.7
B3LYP
4fed | 016 008 | 008 [ 060|004 001]000]| 21 3.2 00 0.0 0.0
Wwat419" | 0.16 0.08 | 0.08 | 0.61 | 0.00 0.00 [ 0.05 [ 7.1 7.9 73 40 135
Wat492% | 0.16 0.08 [ 0.08 | 0.61 | 0.00 0.00 [ 0.05 | 4.3 3.4 9.6 30 304
wi' 0.16 0.08 | 0.08 | 0.61 | 0.00 0.00 [ 0.05| 6.2 6.2 86 —1.0 547
wa' 0.15 0.08 | 0.09 | 0.61 | 0.00 0.00 | 0.06 | 6.7 6.6 104 2.5 225
w3' 0.16 0.08 | 0.08 | 0.61 | 0.00 0.00 | 0.05 | 5.0 5.8 119 175 —164
w4t 0.15 0.08 | 0.08 | 0.61 | 0.00 0.00 | 0.05 | 8.2 7.7 143 6.2 304
ws' 0.16 0.08 | 0.08 | 0.61 | 0.00 0.00|0.05| 5.7 5.0 7.5 142 —233
we' 0.14 0.08 | 0.08 | 0.61 | 0.00 0.00 | 0.06 | 4.0 4.5 125 17 —19.3

 QM/MM energy included in average dissociation energy of Cu(Il) and H,0,: 8 +8 kJ/mol (n = 8) with TPSS and 8 +7 kJ/mol (n = 8) with B3LYP.

Table S13 Mulliken spin populations and QM/MM energies for the dissociation of H,O, from 4fd calculated with def2-TZVPP and surrounding
point charges. Only atoms for which at least one spin population is greater than 0.06 are listed (except if spin density is located on H,0,). Energies
are relative to 44, In OOH'/OOH™, the hydrogen is bonded to ol

Residue His37 His144 Cu H,0, Wy Distance (A) AE (kJ/mol)

Atom N  NO! NE2 cu | o8 02 0 | cu-0!' cu-0* | QM/MM MM ptch
TPSS

4fed 1017 0.07 | 0.08 | 0.50 | 0.05 0.02 | 0.00 2.1 3.2 0.0 00 0.0

TS 0.14 0.03 | 0.10 | 0.03 [ 0.06 0.38 | 0.00 2.9 4.4 51.7  -9.3 39.0

greddis | 018 0.08 | 0.00 | 0.07 000 0.51[0.04 4.2 5.0 200 -263 721
B3LYP

a4fed 1016 0.08 | 0.08 | 0.60 | 0.04 0.01 | 0.00 2.1 3.2 0.0 00 0.0

TS 0.21 0.05 | 0.05 | 0.54 [ 0.00 0.00 | 0.00 2.9 4.4 66.9 -9.3 33.6

greddis | 017 0.09 | 0.07 | 061|000 0.00 ] 0.00 4.2 5.0 21.3 -263 78.8
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Fig. S8 Energies for the reaction 4f —— 4448 The energy of 4f¢ was used as reference. Top (gray background): AEqm/mm energy and AEyy
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First proton transfer

Formation of the [Cu—OOH]%" intermediate 3

Table S14 Intermediates and conformers obtained for the reaction 2;p — 3. Negative HOMO-LUMO gaps are marked with ©. css stands for

closed-shell singlet.

Conformers  Spin State

TPSS/def2-SV(P)

AEqp v (kJ/mol)
TPSS/def2-TZVPP  B3LYP/def2-TZVPP

Obtained by

S=1 0.0 0.0 0.0 .
2app S=0 10.5 9.6 10.0 transferring proton back to HIS from 3b
S=1* 36.0 23.2 60.0 .
TS s—of 21.7 3.7 49.6 TS of reaction 2a;;, — 3a
3a S=1 33.9 18.9 58.6
S5=0 15.2 -5.8 48.7 Product of reaction 2a;; — 3a
S=0 (css) 18.0 4.1 59.2
S=1 12.5 n/a n/a . . .
2byp S—0 20.7 n/a n/a increasing QM region of 2HIP,small
S=1 35.2 n/a n/a . . .
3b S—0 159 n/a n/a increasing QM region of 3,
S=1 14.4 n/a n/a .
2eyp S=0 n/a n/a n/a protonating 2y
S=1 207.56 178.0 235.0 .
TSine =0 194.1 158.6 229.6 TS of internal proton transfer
S=1 348 ¢© 19.4 56.4 . *
3int S=0 29 226 26.1 Product of internal proton transfer
S=1 21.8 2.5 —1.4 .
2dyp S=0 12.6 81 11.8 transferring proton back to HIS from 3,
S=1 35.8 17.2 48.2 .
3d S=0 29 22.4 26.5 Product of reaction 2dyp — 3d

+ 09_H#2 distance is 1.10 é
T 0d—H?2 distance is 1.14 A.

* The OOH species turns during the transfer (see Fig. $9, S20 and $22), so that the hydrogen is again bound to the distal oxygen. This leads to a
re-orientation of the hydrogen bond network, which could further stabilize intermediate 3;,.

2ayp (S=1)

3a (S=0)

3a (S=0)
3int (S=0)

\— ¥ (-22.6)
<,V Vv
AN

Fig. S9 Structures of selected conformers obtained for the reaction 2y,p — 3.
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Table S15 (S?) for the open-shell singlet QM/MM and single-point calculations for the reaction 2ap — 3a.

Distance (A) | TPSS/def2-SV(P) | TPSS/def2-TZVPP | B3LYP/def2-TZVPP | CAM-B3LYP/def2-TZVPP
0d.. He2 QM/MM ptch QM ptch QM ptch oM
2.63 (2ayp) 1.00 1.00 1.00 1.01 1.01 1.01 1.01
2.40 1.00 n/a n/a n/a n/a n/a n/a
2.20 1.00 n/a n/a n/a n/a n/a n/a
2.00 1.00 n/a n/a n/a n/a n/a n/a
1.80 1.00 n/a n/a n/a n/a n/a n/a
1.60 0.95 0.96 0.90 1.00 1.00 1.00 1.00
1.40 0.63 0.54 0.65 0.90 0.87 0.97 0.91
1.30 0.39 0.06 0.46 0.74 0.74 0.85 0.85
1.25 0.28 0.07 0.50 0.70 0.74 0.83 0.84
1.20 0.20 0.08 0.54 0.65 0.75 0.81 0.82
1.14 (TS) 0.24 0.14 0.60 0.61 0.76 0.79 0.80
1.10 0.29 0.20 0.64 0.59 0.79 0.77 0.79
1.04 (3a) 0.33 0.24 0.69 0.58 0.82 0.73 1.01

Table S16 Mulliken spin populations for intermediates 2ayp, 3a and 3;,;, calculated with def2-TZVPP and surrounding point charges. Only atoms for
which at least one spin population is greater than 0.06 are listed. In O,/OO0H, 09 and OP are the oxygen atoms distal and proximal to Cu, respectively.

Residue His37 Aspl140 His144 Tyr213 Cu 0O, / OOH
Atom N  NOI 091 092 N cr ct 0 Cu od or
S=1
2ayp, TPSS 0.08 006 | 0.00 0.00 0.06 | 000 0.00 o000]| 042 070 0.63
2a;;p, B3LYP 0.09 007 | 0.00 0.00 0.06 | 000 0.00 000| 049 | 067 0.60
2a.,, CAM-B3LYP [ 0.09 0.07 | 0.00 0.00 0.06 | 000 0.00 000| 055| 064 0.57
3a, TPSS 0.11 008 | 0.13 0.09 0.07 | 008 0.04 005 050]| 020 0.41
3a, B3LYP 0.12 009 | 0.12 0.02 0.08 | 009 005 005| 058| 024 043
3a, CAM-B3LYP 0.15 0.09 | 0.00 0.00 0.08| 000 000 000| 064]| 035 0.64
3, TPSS 0.10 008 | 0.18 0.6 008 | 010 005 007| 049 | 046 0.15
3,.., B3LYP 0.12 009 | 0.11 0.04 0.08 | 011 006 007| 055| 048 0.17
S=0

2ay;p, TPSS 0.10 0.06 [ 0.00 0.00 0.06 | 000 0.00 000 | 042 -043 —025
2a,;p, B3LYP —0.10 -0.07 | 000 000 | -0.07| 000 000 000 ]| -053]| 051 0.26
2a;;p, CAM-B3LYP [ —0.10 —-0.07 | 0.00 0.00 | —0.07 | 000 0.0 0.00 [ 059 [ 0.55 0.28
3a, TPSS 0.02 003 | —0.11 —0.04 0.02 | —0.03 -0.02 -002| 0.13| 002 0.07
3a, B3LYP 0.11  0.06 | —0.03 —0.01 0.05 | —0.04 —0.02 —003| 047 | -023 -0.26
3a, CAM-B3LYP 0.15 007 | 0.00 0.00 0.04 | 000 0.00 000 | 053] -033 -045
3, TPSS 0.00 0.01 | —0.08 —0.03 0.01 | 000 0.00 000]| 006| 006 0.02
3> B3LYP 0.13 005 | 0.00 0.00 004 | 000 000 000]| 039 -038 -—021
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WAT |
492 \ "‘
11025 Y18 ¢

%21

HIP208 2
g
%1

1.3
%.D ﬂ 24
HiIS144

. 0.0 (S=1) NTS 52.7 (S=1) A3 a ,as=n

2ap 11 (S=0) 50.9 (S=0) 46.3 (S=0)

Fig. S11 Reaction 2ayp — 3a. Structures were optimized with B3LYP/def2-SV(P), only the most stable electron configuration (triplet or open-shell
singlet) is shown. Accordingly, we show here only the TS structure for the open-shell singlet with a 049...H# distance of 1.20 A, but report the barrier
for the triplet spin state at 1.15 A (structure not shown). Energies were calculated with B3LYP/def2-SV(P) and are given in kJ/mol with reference

to 2ayp. Distances are reported in A and are omitted if they remain constant.
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Formation of the [Cu—OOH]" intermediate 374

Table S17 Conformers obtained for the intermediate 3"9.

Conformers  Spin State AEqyvm (kJ/mol) Obtained by
TPSS/def2-SV(P) TPSS/def2-TZVPP  B3LYP/def2-TZVPP
3ared # S=1/2 0.0 0.0 0.0 reducing 2ay (S=1)
3bred # S=1/2 —0.1 —0.6 —0.6 reducing 2ay;, (S=0)
3cred £ S=1/2 —-15.0 n/a n/a reducing 2by, (S=1)
gqred S=1/2 65.0 n/a n/a reducing 2by, (S=0)
3ered # S=1/2 0.0 n/a n/a  reducing 2dyp (S=1)
gfred 3 S=1/2 —0.1 n/a n/a reducing 2d;p (S=0)
3gred # S=1/2 —43.8 n/a n/a protonating 2;%%
3hred f S=1/2 64.0 n/a n/a increasing QM region of 23?131%, small
3ired S=1/2 ~27.4 ~26.5 ~31.8  increasing QM region of 3b™d,
3jred S=1/2 —43.8 —28.9 —28.0 reducing 3a (S=1)
3kred S=1/2 —43.8 —29.1 —28.2  reducing 3a (S=0)
31red S=1/2 —49.7 —28.4 ~29.6 reducing 3;,, (S=0)
Ts{gf S=1/2 126.6 117.8 126.3 TS of internal proton transfer
3red S=1/2 —27.1 —29.3 —35.2  Product of internal proton transfer *

int

¥ Superoxide spontaneously abstracts a hydrogen atom from HIP during geometry optimization.
T Superoxide spontaneously abstracts a hydrogen atom from water during geometry optimization.

“ The OOH species turns during the transfer (see Fig. $12, $21 and S$23), so that the hydrogen is again bound to the distal oxygen. This leads to a

3_red

re-orientation of the hydrogen bond network, which could further stabilize intermediate 37¢.

3ared 3ared

<§'i£4 «§L§//

3ared

Fig. S12 Differences in structures of selected conformers of 3",
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Table $S18 Mulliken spin populations for intermediates 3a™¢, 3b"™d, 3jd, 3k™d and 31, calculated with def2-TZVPP and surrounding point charges.
Only atoms for which at least one spin population is greater than 0.05 are listed. In OOH, O and OP are the oxygen atoms distal and proximal to

Cu, respectively.

Residue His37 His144 Cu OOH
Atom N  NOI N2 cu | o4 or
3a™d TPSS | 0.07 0.07 | 0.07 | 0.44 | 0.08 0.23
3a™d B3LYP | 0.07 0.08| 0.07 | 052 | 0.04 0.21
3bd TPSS | 0.07 0.07 | 0.07 | 0.44 | 0.08 0.23
3bd B3LYP | 0.07 0.08 | 0.07 | 0.52 | 0.04 0.21
3jed TPSS | 0.07 0.07 | 0.06 | 0.46 | 0.06 0.23
3jed B3LYP | 0.07 0.07 | 0.07 | 0.54 | 0.03 0.20
3kd TPSS | 0.07 0.07 | 0.06 | 0.46 | 0.06 0.23
3kred B3LyP | 0.07 0.07 | 0.07 | 0.54 | 0.03 0.20
3red PSS | 0.09 0.08 | 0.07 | 0.48 | 0.03 0.22
3I*d B3LyP | 0.08 0.09 | 0.07 | 0.55 | 0.01 0.19
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To estimate the reaction energy for reaction gred ___, gred e performed QM/MM calculations with a smaller QM region (see
Fig. 1) and obtained intermediate 2a£‘f§,’smau by reducing 2pyp ooy in the triplet state (all other attempts to obtain ffﬁ,’smau resulted in
spontaneous formation of 3§f§au). The proton transfer 2a§‘f§, small — Sals"f[‘fau (see Fig. S13 and S14) is downhill with a reaction energy
of —119 kJ/mol (—100 kJ/mol with TPSS). Although we obtained large changes in MM energies with the small QM region, the MM
energy for the proton transfer Zaffﬁ)’smau — 3a’, does not change more than 10 kJ/mol (see Fig. S14). Since the proton transfer
is downhill with the small QM region and spontaneous with the larger one, we conclude that the proton transfer after reduction is
highly favorable. Thus, if the second electron can be transferred, we consider reaction 2a™d —— 3a'd more likely than 2 — 3. We

also obtain a conformer 3b£§fan that is —149 kJ/mol (—127 kJ/mol with TPSS) lower than Za?ﬁ% smal- However, the reduction potential

from 2yp oy (S=1) to Zgg,’smau is —0.64 eV, showing that also this reduction is less likely than the reductions of later reaction

intermediates.

10 0000000
2.4°°
HIP208
HIS144
~ & -~ -~
258 sman 0.0 (5=1/2) 3ard, -118.6 (5=1/2) 3bld, -149.2(S=1/2)

Fig. S13 Reaction Zaﬁﬁavsma” —— 339, and conformer 3b[%d,,. Structures were optimized with TPSS/def2-SV(P). Distances are reported in A.
Omitted distances for 32’59, and 3b%¢,, are identical to the distances reported for 2aﬁ|dplsma”. Energies were calculated with B3LYP /def2-TZVPP and

are given in kJ/mol with reference to 2aﬁ|dpvsma”.
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TPSS/def2-SVP
AE (kJ/mol)
A

def2-TZVPP
AE (kJ/mol)
|
(9]
o

—~100- AEQM‘!.ﬂ/l‘ﬂ/,\‘

2.25 200 1.75 1.50

1.25

def2-TZVPP
AE (kJ/mol)

AEopm

225 200 1.75 150
Distance 0¢...H&2 (&)

1.25

—e— TPSS/def2-TZVPP (5=1/2)
--o-- B3LYP/def2-TZVPP (5=1/2)

AE ptch

225 200 1.75 150 1.25

Distance 0¢...H&2 (&)

Fig. S14 Energies for the reaction Zaﬁﬁ;’sma” ——3a", | calculated with the small QM region. The energy of 2ﬁ|dp’sma" was used as reference. Top (gray
background): AEqum/mm energy and AEy;y obtained from geometry optimizations with TPSS/def2-SV/(P) (for structures see Fig. S13). Middle and
bottom (white background): AEqm/mm, AEqm and AE ., obtained from single-point calculations with TPSS/def2-TZVPP and B3LYP/def2-TZVPP.
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1 800d Hsz

HOMO
S=1/2
£>1.80 2> 1.60.

ﬁ,% 1 z?.oO He? 1 600 He? 1.4053..Hsz g

Fig. S15 Selected LUMOs for the reactant, product and selected O9...H?? distances of 1.8, 1.6 and 1.4 A for the reaction 2;p — 3. HOMOs are
shown for the same geometries but after reduction.
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Second proton transfer

Formation of the [CufHZOZ]3+ intermediate 4

Table S19 Intermediates and conformers obtained for the reaction 3,;p — 4. Negative HOMO-LUMO gaps are marked with ©.

Intermediates/  Spin State AEqpn/mm (kJ/mol) Obtained by
Conformers TPSS/def2-SV(P) TPSS/def2-TZVPP  B3LYP/def2-TZVPP
3ayp :z(l) gg 103 67 3(1) protonating 3a
S=1 33.5 36.1 17.7 .
TS1 S—0 250 257 165 TS1 of reaction 3ay;; — 4a
S=1 16.2 11.8 —6.6 .
I S—0 131 74 99 I of reaction 3ay, — 4a
S=1 14.9 22.7 9.2 .
TS2 S—0 12.3 26.5 76 TS2 of reaction 3ay;, — 4a
S=1 8.4 14.0 —-3.7 .
4a S—0 6.1 11.7 —6.0 Product of reaction 3ay;, — 4a
s S=1 38.4 n/a n/a . . .
3byp S—0 6.9 n/a n/a increasing QM region of 3yyp g
4b T gz(l) :;j(l) :3(1)2 :222 increasing QM region of 4.,
3¢ S=1 29.4 5 n/a n/a rotonating 3
HIP S=0 15.2 n/a n/a P & int

T An attempt to transfer the proton in 4b back to HID208 failed, when releasing the restraint the proton always transferred back to form H,0,.

4a (S=0)

Fig. S16 Structures of selected conformers for the reaction 3y p — 4.
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TPSS/def2-SVP
AE (kJ/mol)

Q= —e— TPSS/def2-TZVPP (5=1)
% E 20 1 —e— TPSS/def2-TZVPP (S=0)
ﬁ i"- . B3LYP/def2-TZVPP (S=1)
g o B3LYP/def2-TZVPP (S=0)
g=] < 0y --v-- CAM-B3LYP/def2-TZVPP (S=1)
--v-- CAM-B3LYP/def2-TZVPP (5=0)
50 1
75 1
o _—
& 250 0]
NS
X
N 25 ]
% < 50
0_
T T T T T T —100 T T T T T T
3.5 3.0 2.5 2.0 1.5 1.0 3.5 3.0 2.5 2.0 1.5 1.0
Distance Of...H2 (4) Distance OF...H®2 (4)

Fig. S17 Energies for the reaction 3ayp — 4a. The energy of 3ayp in the open-shell singlet state was used as reference. Negative HOMO-LUMO
gaps are marked with ©. AEqu/um energy and AEy obtained from geometry optimizations with TPSS/def2-SV(P) (for structures see Fig. 4). Middle
and bottom (white background): AEqu/mm, AEqm and AE,, obtained from single-point calculations with TPSS/def2-TZVPP, B3LYP/def2-TZVPP
and CAM-B3LYP/def2-TZVPP.
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Table S20 (S?) for the open-shell singlet QM/MM and single-point calculations for the reaction 3a,,p — 4a calculated with the larger QM region.

Distance (A) | TPSS/def2-SV(P) | TPSS/def2-TZVPP | B3LYP/def2-TZVPP
OP.. H#2 QM/MM ptch oM ptch QM
3.59 (Bayp) 0.68 0.62 0.94 0.89 1.01
3.40 0.68 n/a n/a n/a n/a
3.20 0.69 n/a n/a n/a n/a
3.00 0.71 n/a n/a n/a n/a
2.80 0.72 n/a n/a n/a n/a
2.60 0.74 0.70 0.98 0.95 1.01
2.40 (TS1) 0.76 0.72 0.98 0.96 1.01
2.20 0.79 0.75 1.00 0.97 1.01
2.00 0.83 0.78 1.00 0.98 1.01
1.80 0.90 0.85 1.00 1.00 1.01
1.68 (I) 0.94 0.89 1.00 1.00 1.01
1.60 0.96 n/a n/a n/a n/a
1.40 1.00 0.99 1.00 1.01 1.01
1.20 (TS2) 1.00 1.00 1.00 1.01 1.01
1.06 (4a) 1.00 1.00 1.00 1.01 1.01

Table S21 Mulliken spin populations for intermediates 3ayp, 4a and 4b, calculated with def2-TZVPP and surrounding point charges. Only atoms
for which at least one spin population is greater than 0.07 are listed In OOH/H,0,, 09 and OP are the oxygen atoms distal and proximal to Cu,

respectively.

Residue His37 Gly38 Asp140 Ser143 His144 Tyr213 Cu OOH /H,0,
Atom N N N 0%t 0%2 o] N N2 cr ct 0 cet ce? Cu od oP
S=1
3ayp, TPSS 0.10  0.09 0.05 0.20 0.12 0.05 0.05  0.07 0.13 0.06 0.08 0.00 0.04 | 051 0.07 0.25
3ayp, B3LYP 0.09  0.09 0.04 0.23 0.12 0.03 0.05  0.07 0.18 0.10 0.10 0.00 0.06 | 0.57 0.02 0.19
3ayp, CAM-B3LYP | 0.09 0.08 0.00 0.00 0.00 0.00 0.00  0.07 0.38 0.11 0.22 0.21 0.14 | 0.60 0.00 0.16
4a, TPSS 0.16  0.08 0.04 0.21 0.13 0.08 0.09  0.08 0.15 0.08 0.09 0.00 0.05 | 0.54 0.00  0.09
4a, B3LYP 0.15  0.08 0.02 0.21 0.12 0.06 0.10  0.08 0.18 0.10 0.10 0.00 0.06 | 0.62 0.00 0.07
4a, CAM-B3LYP 0.14  0.08 0.00 0.00 0.00 0.00 0.00  0.09 0.38 0.10 0.22 0.21 0.14 | 0.65 0.00 0.06
4b, TPSS 0.15  0.09 0.03 0.20 0.12 0.08 0.08 0.08 0.15 0.08 0.09 0.00 0.05 | 0.52 0.07  0.03
4b, B3LYP 0.14  0.09 0.01 0.20 0.11 0.06 0.09  0.08 0.20 0.11 0.11 0.00 0.06 | 0.60 0.06 0.01
4b, CAM-B3LYP 0.13  0.09 0.00 0.00 0.00 0.00 0.00 0.08 0.38 0.11 0.23 0.21 0.13 | 0.64 0.00  0.05
$=0
3ayp, TPSS 0.06 0.06 | —0.03 | —0.18 —0.08 —0.03 | —0.04 0.05 | —0.09 —0.05 —0.05 0.00 —0.03 | 0.33 0.00 0.12
3ayp, B3LYP 0.07 0.08 | —0.06 | —022 —0.07 —0.02 | —0.04 006 | —0.14 —0.09 —0.08 0.00 —0.05 | 053 | —0.02 0.11
3ayp, CAM-B3LYP | 0.08 0.09 | —0.02 | —0.06 —0.02 0.00 0.00 007 | —034 —008 —021 —0.19 —0.13 | 0.59 0.00 0.16
4a, TPSS 0.16 0.08 | —0.05 | —021 —0.12 —0.08 | —0.09 0.09 | —0.14 —0.08 —0.08 0.00 —0.05 | 0.53 0.00  0.09
4a, B3LYP 014 0.08 | —005 | —022 —0.10 —0.05 | —0.09 008 | —0.17 —0.10 —0.10 0.00 —0.06 | 0.62 0.00  0.07
4a, CAM-B3LYP 0.13 0.08 | —0.01 | —0.07 —0.02 0.00 0.00 0.09 | —035 -0.09 —020 —0.19 —0.13 | 0.65 0.00  0.06
4b, TPSS 0.15 0.09 | —0.04 | —021 —0.11 —0.07 | —0.06 0.08 | —0.15 —0.08 —0.09 0.00 —0.05 | 0.51 0.07  0.03
4b, B3LYP 0.14 0.09 | —0.03 | =023 —0.10 —0.04 | —0.07 0.08 | —020 —0.11 —0.11 0.00 —0.06 | 0.60 0.06 0.01
4b, CAM-B3LYP 0.13  0.09 0.00 | —0.01 0.00 0.00 0.00 008 | —038 —0.10 —023 —020 —0.13 | 0.63 0.00  0.05
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Formation of the [Cu—H,0,1%" intermediate 474

Table $22 Intermediates and conformers obtained for the reaction 3[§& —— 474

Conformers  Spin State AEqp mm (kJ/mol) Obtained by

TPSS/def2-SV(P) TPSS/def2-TZVPP  B3LYP/def2-TZVPP
33{?1% S=1/2 0.0 0.0 0.0 increasing QM region of 31?1%,small
TS17d S=1/2 10.8 15.2 15.0 TSI of reaction 3alth — 4a"d
rred S=1/2 4.4 10.5 13.3  Intermediate of reaction 3af$$, — 4a™d
TS2red S=1/2 20.2 26.6 30.8  TS2 of reaction 3aid, — 4ad
4ard S=1/2 19.2 22.4 24.1  Product of reaction 3aS, — 4a™d
4pred S=1/2 19.5 n/a n/a increasing QM region of 4;%?;111
3bf§ﬁ13 S=1/2 31.2 n/a n/a  protonating 314
3cfed, S=1/2 25.4 n/a n/a  protonating 3j"4
3disd, S=1/2 38.2 n/a n/a  reducing 3a;p (S=1)
Beffﬁ, S=1/2 37.3 n/a n/a reducing 3ay (S=0)
4cred S=1/2 16.9 n/a n/a reducing 4a (S=1)
4dred S=1/2 16.8 n/a n/a reducing 4a (S=0)
4ered S=1/2 —20.5 -25.0 —29.2  reducing 4b (S=1)
4fred ¥ S=1/2 —20.6 —25.6 —30.0 reducing 4b (S=0)

t An attempt to transfer the proton in 4fd back to HID208 failed, when releasing the restraint the proton always transferred back to form H,0,.

4a red

Fig. S18 Structures of selected conformers for the reaction 3[§h — 49,
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red

Table $23 Mulliken spin populations for intermediates 3af§h, 42" and 4f"?, calculated with def2-TZVPP and surrounding point charges. Only atoms
for which at least one spin population is greater than 0.05 are listed. In H,O,, 09 and OP are the oxygen atoms distal and proximal to Cu, respectively.

Residue His37 Hisl44 | Cu | H,0O,
Atom N NOL [ Ne2 Cu | or

3alsd, TPSS 0.12 0.08 [ 0.08 [o0.50] 0.15
3alsd, B3LYP 0.11 0.09 [ 0.08 | 058 0.12
3alsd, CAM-B3LYP | 0.11 0.08 | 0.07 |[0.62 | 0.11
4a™d, TPSS 0.18 0.06 [ 0.08 [ 051 0.06
4a™d, B3LYP 0.17 0.07 [ 0.08 | 0.60 | 0.05
4a™d, CAM-B3LYP | 0.16 0.07 | 0.08 [ 0.64 | 0.04
4fd, TPSS 0.17 0.07 [ 0.08 | 050 | 0.05
4fd, B3LYP 0.16 0.08 | 0.08 | 0.60 | 0.04
4fd, CAM-B3LYP | 0.15 0.08 | 0.08 | 0.64 [ 0.03

AE (k)/mol)
=N
c wu o

TPSS/def2-SVP
w

3.0 2.5 2.0 15

1.0

def2-TZVPP
AE (k)/mol)
N
o
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3.0 2.5 2.0 1.5
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—e— TPSS/def2-TZVPP (S=1)
B3LYP/def2-TZVPP (5=1/2)
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Fig. S19 Energies for the reaction 3aﬁ|dp — 42", The energy of 3a|'_f|dp was used as reference. Negative HOMO-LUMO gaps are marked with &. Top
(gray background): AEqy/mm energy and AEy obtained from geometry optimizations with TPSS/def2-SV(P) (for structures see Fig. 5). Middle

and bottom (white background): AEqu/mm, AEqm and AE

and CAM-B3LYP/def2-TZVPP.

n obtained from single-point calculations with TPSS/def2-TZVPP, B3LYP /def2-TZVPP
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Internal proton transfer

WAT
\492

1.0 1'4%1.8

9.9 (5=1) 186.2 (5=1) 7.7 (5=1)
3a 0.0 (5=0) TS 180.9 (5=0) Bint -22.6 (5=0)

Fig. S20 Reaction 3a — 3;,,. Structures were optimized with TPSS/def2-SV(P). Distances are reported in A and are omitted if they remain
constant. Energies were calculated with B3LYP/def2-TZVPP and are given in kJ/mol relatove to 3a in the open-shell singlet state.

WAT
492
1.0
°]6'080 \
1.9
HID208
v
0
2
HIS144
v (]
i 0.0(s=1/2) TS 1581 (s=1/2) 3% 33(5=12)

red  Structures were optimized with TPSS/def2-SV(P). Distances are reported in A and are omitted if they remain
constant. Energies were calculated with B3LYP /def2-TZVPP and are given in kJ/mol relative to 3i"d.

Fig. $21 Reaction 3id — 37¢d
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Fig. S22 Energies for the internal proton transfer 3a — 3;;.

1.8 1.6 1.4 1.2 1.0
Distance R (4)

The energy of 3a in triplet state was used as reference. Distance R between 0%, and

He2 in A. Negative HOMO-LUMO gaps were obtained for energies marked with &. Top (gray background): AEqm/mm energy and AE,,,, obtained
from geometry optimizations with TPSS/def2-SV(P) (for structures see Fig. 520). Middle and bottom (white background): AEqu mm. AEqm and
AE ., obtained from single-point calculations with TPSS/def2-TZVPP and B3LYP/def2-TZVPP.

Table S24 <52> for the open-shell singlet QM/MM and single-point calculations for the reaction 3a — 3;,,. Corresponding Mulliken spin populations

are reported in Table S16.

Distance (10\) TPSS/def2-SV(P) | TPSS/def2-TZVPP | B3LYP/def2-TZVPP
02.. H8? QM/MM ptch QM ptch oM
1.92 (3a) 0.33 0.24 0.69 0.58 0.82

1.81 0.35 n/a n/a n/a n/a
1.61 0.36 n/a n/a n/a n/a
1.42 0.42 0.33 0.77 0.67 0.92
1.21 (TS) 0.53 0.45 0.88 0.77 1.00
1.05 (3;,0) 0.24 0.12 0.44 0.46 0.72
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Fig. S23 Energies for the internal proton transfer 3i —— 3/, The energy of 3i"? in triplet state was used as reference. Distance R between O3,
and H2 in A. Negative HOMO-LUMO gaps were obtained for energies marked with <. Top (gray background): AEqm/mm energy and AEy;; obtained
from geometry optimizations with TPSS/def2-SV(P) (for structures see Fig. S21). Middle and bottom (white background): AEqm/mm. AEqm and
AE,, obtained from single-point calculations with TPSS/def2-TZVPP and B3LYP/def2-TZVPP.
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