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Computational procedures and setup

Protein setup

The starting coordinates where taken from the 1.8 A resolution crystal structure of the
LPMO-substrate complex from Lentinus similis®* (PDB ID 5ACF). The structure is a
monomer that contains 250 amino acids and 358 crystal water molecules, amounting to
2216 atoms in total. The structure was collected with a low radiation dose to minimise
photoreduction during data collection, which is a well-known problem for metalloproteins®2
like LPMQs. 5354

The crystal structure contained one amino-acid residue (Glu235) and ten water molecules
with alternative conformations We included in the calculations only the conformation with
highest occupation or the first conformation if the occupation numbers were equal. It also
contained ten Cl ions (one coordinated to Cu) and an N-acetylglucosamin (NAG) group

bound to Asn138, which were deleted. Hydrogen atoms were added using the Maestro protein
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preparation tools.> For titratable residues (7 arginine, 3 lysine, 7 histidine, 16 aspartate and
5 glutamate residues), Maestro employs the PROPKA program™" to estimate pK, values.
The individual residues were visually inspected and their solvent exposure and hydrogen-
bond network were assessed. Based on this, we concluded that all arginines and lysines
are protonated (+1) and the aspartic and glutamine acids are in their carboxylate form
(—1). Three of these charged residues are buried inside the protein, Glul03, Argl40 and
Glul42. Glul03 forms an ionic pair with the ammonium group of Lys100, whereas Argl40
and Glul40 from another ionic pair. Therefore, they were considered in the charged forms.
The protein contains two cysteine residues (Cys4l and Cysl67) that are cross-linked by a
disulfide bridge.

Histidine residues have two possible protonation sites and in the following, we denote his-
tidines as HIE (N2 protonated), HID (N°! protonated) or HIP (both nitrogens protonated).
The N-terminal histidine is a special case, because the imidazole is methylated on the N¢
atom, whereas N°! coordinates to the Cu ion. For the remaining histidine residues, we em-
ployed the protonation states HIP66, HID78, HIP79, HIP122, HID125, HIP131 and HIE147.
HIP66 forms hydrogen bonds from N°' to the O%' carboxyl group of Asp72 and from N
to a hydroxy group of the substrate. HID78 coordinates to Cu through N2, whereas HIP79
forms a salt-bridge from H’' to the carboxylate group of Aspl16 and a hydrogen bond to a
crystal water molecule through H. HIP122 forms a hydrogen bond to the carboxyl group
of Asp70 through H°' and is exposed on the surface of the protein and was therefore chosen
to be doubly protonated. HID125 forms a hydrogen bond to a crystal water molecule from
H°' and N accepts a hydrogen bond from the NH group of the Trp64 side chain. HIP131
is solvent exposed on the surface and was chosen to be doubly protonated (in the crystal
structure one of the hydrogen interacts with a Cl™ ion). HIE147 is close to the active site
and may participate in the reaction mechanism as the proton donor. The preperation tool
in Maestro originally flipped this residue, but we decided instead to employ the HIE form in

the conformation obtained in the crystal structure. This form is in agreement with a recent
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neutron diffraction study®? on a substrate-free structure, which allows H? to interact with
the O, ligand in [CuO,|". We used this state during setup and equilibration, whereas in the
QM /MM calculations we employed sometimes instead the other two states to model various
proton-transfer events. With His147 in the HIE state, the total charge of the simulated

system in the [Cu(H,0)]*" (1) resting state was -5.

Equilibration and QM /MM setup

The system described above was equilibrated by simulated annealing. Both the equilibra-
tion and the QM /MM calculations followed closely our previous investigations®¥ and here
we only highlight differences. The previous calculations were carried out on a system with-
out substrate, but in this study, we included a trisaccharide substrate (cf. Figure 1 in the
paper). The substrate was described by the glycam.v06 force field, 52 which is tailored for
oligosaccharides. The protein was described with the Amber FF14SB force field5X and water
molecules with the TIP3P model. S The equilibration was performed on state 1, which was

obtained by replacing the coordinating Cl ion in the crystal structure with H,O.

Figure S1: The systems employed for RESP charges (left) and two examples of the employed
QM systems (middle with and right without His147; intermediates 1 and 3 are used as
examples).

For the equilibration, restrained electrostatic potential (RESP) charges were employed for
the metal center and its first coordination sphere (cf. Figure The employed structure was

taken from the crystal structure and only the hydrogen atoms were optimized, employing the
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TPSS functional®# together with the def2-SV(P) basis set.®#54 The electrostatic potential

was calculated in points that were sampled with the Merz-Kollman scheme>l2%516

using
default radii for the light atoms and 2 A for CuZ They were employed by the RESP
program (a part of the AMBER software package) to calculate the charges.

The QM system (system 1) consisted of the copper ion and its first coordination sphere
i.e. the imidazole ring of His78 and the phenol ring of Tyr164, both capped with a hydrogen
atom replacing C*. The entire Hisl residue, which coordinates to Cu through the terminal
amino group as well as the imidazole side chain, was included. The neighboring Thr2 residue
was included up to the C* atom, which was replaced by a hydrogen atom. In addition, the
two first glucose rings of the substrate were also included in system 1, whereas the third
glucose unit was described by MM. Thus, for the 1 state, the QM region comprised 111
atoms (see Figure [S1] middle).

Since the reduction of 1 without substrate has been discussed in several previous com-
putational QM-cluster®>#318519 and QM /MM studies,® we have also considered the reduced
[Cu(H,0)|" state (2). From the optimised structure of 1 we constructed the [CuO,|" (3)
state by replacing the equatorial H,O with O,* . Starting from 3, we also included His147
within the QM region (Figure[S1] right) in various states of protonation (HID, HIE or HIP),
depending on the intermediate. For reactions where His147 acts as proton donor, we em-
ployed the HIP state. For the active intermediates in C—H activation, we studied both HIE
and HID forms.

The QM /MM structure optimizations employed the dispersion-corrected TPSS-D3 func-
tional %52 with Becke—Johnson damping™# and the def2-SV(P) basis set.>1#514 The [CuO,| ™
and [CuO|" intermediates have low-lying singlet states, which are best calculated as an
open-shell singlet with the broken-symmetry approach.522 All species with an even number
of electrons have been calculated both as triplet and singlet species. The most stable state
was employed, but small singlet—triplet splittings are commented. All reported energies

were obtained from TPSS-D3 single-point calculations (with the full protein represented by
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point-charges) with the def2-TZVPP basis setS13 on structures obtained with TPSS-D3/def2-
SV(P). In addition, we also report energies for similar calculations with TPSS-D3 replaced
with B3LYP-D3.523523

For selected states (1-3), we have probed the quality of the structures obtained with the
TPSS-D3 functional and def2-SV(P) basis set by increasing the basis set to def2-TZVPD.
In addition, test calculations were also performed with system 2 optimised. System 2 was
defined as all atoms within 6 A of any atom in system 1. We use the labels “free” and “fixed”
for calculations in which the coordinates of atoms in system 2 were or were not optimized,

respectively.

Overlay of active sites in 5ACF and 4EIS crystal structures

His147

Figure S2: Overlay of active site structures from 5CAF and 4EIS (yellow). Hydrogen atoms
are not shown. Residues numbering is accoriding to 5CAF.
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Optimisations with system 2 free

Table S1: Cu-ligand bond lengths (A) in the present and in previous studies for 3 with
substrate (entries 1-3 and 9-11) and without substate (entries 4-8 and 12,13). All QM/MM
results were obtained with the TPSS-D3 functional and def2-SV(P) basis set (unless other-
wise noted).

Entry Spin Source System 2 Cu—N®yig7s Cu—Npis1 Cu—Nfig1 Cu—Oryy Cu—O0g2 O—-H,/O-H,
1 1 QM /MM fixed 1.98 2.11 1.95 2.28 2.09 2.27/2.26
2 1 QM/MM free 2.01 2.12 1.98 2.31 2.09 2.29/2.28
3 1% QM /MM free 2.00 2.12 1.97 2.39 2.07 2.35/2.41
4 1 QM/MM fixed 2.06 2.15 2.01 2.89 2.04 -

5 1 QM/MM free 2.06 2.13 2.00 2.84 2.04 -

6 1% QM/MM free 2.06 2.12 2.00 2.94 2.01 -

7 10 QM/MMEE free 2.08 2.11 2.01 2.84 1.99 .

8 1 QM-custer =19 . 1.98 2.09 1.97 3.35 1.98 -

9 1 QM—Custer - 1.97 2.16 1.95 4.14 2.11 3.02/2.38
10 0 QM /MM fixed 1.99 2.11 1.96 2.28 2.06 2.24/2.25
11 0 QM /MM free 2.01 2.11 1.99 2.31 2.06 2.26/2.27
12 0 QM/MM fixed 2.06 2.15 2.01 2.87 2.02 -

13 0 QM/MM free 2.06 2.12 2.00 2.82 2.03 -

@ Optimised with TPSS-D3/def2-TZVPD b Optimised with B3LYP-D3/def2-TZVPD.

Jmol

Figure S3: Optimised structures of [Cu(H,O0)]*" (1, left) and [Cu(H,0)]" (2, right). The
optimisation was carried out with TPSS-D3/def2-SV(P) with system 2 free.
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Figure S4: Comparison of optimised structures of [Cu(H,0)]*" (1, left) and [Cu(H,0)]" (2,
right) with system 2 fixed (thin lines) or free (thick lines). The optimisations were carried
out with TPSS-D3/def2-SV(P).

Jmol

Figure S5: Optimised structure of 3, obtained with TPSS-D3/def2-SV(P) and system 2 fixed
(left). The figure to the right shows an overlay of 3 optimised with system 2 fixed (thick
lines) and free (thin lines).

Singlet—triplet splittings of intermediate 3
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Table S2: Singlet—triplet (AE = Ep — Es) splitting for 3 in kJ/mol in the present and in a
previous study (obtained with TPSS-D3/def2-SV(P) without His147 in the QM region). In
addition, the QM /MM energy components from Eqn. 1 are also included (with AEyy =
AEymio3 — AEy ), as well as the QM+ptch energy calculated with the larger def2-TZVPP
basis set (single-point energy calculation; AEqy).

Source System 2 Func AEqumv AEquipten AFqu  AEuu
QM/MMS®  free TPSS-D3 12.5 10.6 140 20
QM/MMS8 free B3LYP-D3 13.2 11.2 16.5 2.0
QM/MM free TPSS-D3 11.9 10.3 14.2 1.5
QM/MM free B3LYP-D3 14.0 12.4 17.0 1.5

Reaction profiles and energetics for intermediates 3—7

Table S3: Reaction energies and barriers (kJ/mol) obtained from single-point calculations
with the def2-TZVPP basis set (for the meaning of the different energies, see Models and
Methods section of the main paper).

Reaction 3—4a
AFE TPSS-D3  B3LYP-D3
Struct TS Prod TS Prod

AEgumu 149 -56 170 0.1
ABEqipten 178 -36 199 20

AB\n 29 -1.9 29 -1.9
AEqu 245 521 272 63.9
AEpa, 6.7 -55.7 -7.3 -61.8
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Figure S6: AEqu/u and AEqy for a range of O—H distances (reaction 3—4a). In the
lower figure, the electrostatic and MM contributions to AEqy /v are shown for the various

distances.

Table S4: Reaction energies and barriers (kJ/mol) obtained from single-point calculations
with the def2-TZVPP basis set (for the meaning of the different energies, see Models and
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Methods section of the main paper).

Reaction 4b—6a
AFE TPSS-D3 B3LYP-D3
Energy TS Prod TS Prod

ABEquam 478 05 662 541
AEqu ipten 547 17 685 563

AENMm -6.9 -22 -69 -2.2
AFEqm 110.5 98.2 165.6 157.8
AV -55.8 -96.4 -97.1 -101.5
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Figure S7: Optimized structures of state 5 with HIE147 in the singlet (top) and triplet
(bottom) spin-states.
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Figure S8: AEqv/ym and AEqy for
reaction 4b—6a. In the lower figure,
are shown for the various distances.

Distance R (4)

a range of O—QO distances in the water dissociation
the electrostatic and MM contributions to AEqwm/num

Table S5: Reaction energies and barriers obtained with def2-TZVPP singlet-point calcula-

tions. His147 was modelled as HIE.

Reaction

C,—H abstraction by 3

AFE
Method
AEqum/Mm
AEQM {pteh
A BN
AEo
AVINTN

TPSS-D3 B3LYP-D3
TPSS-D3 B3LYP-D3
155.7 140.3 168.3 128.0
154.5 135.6 167.1 123.2
1.1 4.7 1.1 4.7
151.5 133.5 162.2 123.6
3.0 21 4.9 -0.4
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Figure S9: Reaction energies and barrier for C—H hydrogen abstraction by [CuO,|". The
figure shows AEqy v and AEqgy for a range of O—H distances. In the lower figure, the
electrostatic and MM contributions to AEqy/ny are shown for the various distances.

Table S6: Reaction energies and barriers for the hydrogen abstraction from RH by the [CuO]"
(6b) and [CuOH]*" (6c) states. The energies are obtained with def2-TZVPP singlet-point

calculations.
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Reaction 6¢c—7b (HID147) 6b—7a (HID147)
AE TPSS-D3  B3LYP-D3  TPSS-D3  B3LYP-D3
TS Prod TS Prod TS Prod TS Prod
AEQM/MM 93.8 485 970 -22.2 685 -17.2 729 -21.8
AEQMmipten 758 314 842 -394 67.0 -23.7 713 -284
A By 128 172 128 172 1.6 6.6 1.6 6.6
AEqm 76.7 448 828 -39 682 -123 739 -16.8
AFEpich -2.8 -135 14 -355 -12 -114 -26 -116
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Figure S10: Reaction energies and barriers for C—H hydrogen abstraction by [CuO|" (6b).

The figure shows AEqy v and AEqy for a range of C,—H distances. In the lower figure,
the electrostatic and MM contributions to AEqn /v are shown for the various distances.

Table S7: Reaction energies and barriers for hydrogen abstraction from RH by the [CuO]"
(6b) and [CuOH|*" (6¢) moieties. The energies are obtained with def2-TZVPP singlet-point
calculations.

Reaction 6¢c—7b (HIE147) 6b—7a (HIE147)

AE TPSS-D3 B3LYP-D3 TPSS-D3 B3LYP-D3
TS Prod TS Prod TS Prod TS Prod

AEQM/MM 103.4 56.7 929 -13.5 1045 -22.4 111.1 -27.1

AEQMipten 855 399 929 -30.3 1024 -254 109.0 -30.1

AENMm 179 16.8 0.0 16.8 2.2 3.0 2.2 3.0
AEqm 94.2 594 - -14.8 1009 -20.1 112.3 -24.8
AFEpich -8.7  -19.5 - -156 1.5 -5.4 -33  -53
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Figure S11: Reaction energies and barriers for C—H hydrogen abstraction by [CuOH]*" (6c).
The figure shows AEqv/vm and AEqgy for a range of O—H distances. In the lower figure,
the electrostatic and MM contributions to AEqn /v are shown for the various distances
(always for the most stable state, singlet or triplet).

Table S8: Reaction energies and barriers (kJ/mol) for the recombination step (7Ta—8a) with
His147 in either the HIE or the HID state. The energies are obtained from single-point
calculations with the def2-TZVPP basis set.

Reaction Ta—8a (HIE) Ta—8a (HID)
AFE TPSS-D3 B3LYP-D3 TPSS-D3 B3LYP-D3
Energy TS Prod TS Prod TS Prod TS Prod

AEgumnv 403 -182.6 534 -193.1 351 -194.0 44.3 -203.8
AEqQMmipten  30.0 -168.6 31.5 -205.1 23.2 -2185 229 -2283

AFENMm 103 120 219 12.0 119 245 214 245
AEqum 38.8 -1564.3 36.6 -190.2 30.1 -203.5 21.2 -213.0
AV -8.8 -144 -52 -150 -69 -144 1.8 -15.3
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Figure S12: Reaction energies and barrier for the recombination step (7a—8a) with His147
in the HIE state. The figure shows AFEqu/nv and AEqgy for a range of C—0O distances.
In the lower figure, the electrostatic and MM contributions to AFEqui/amw are shown for the
various distances.

Table S9: Reaction energies and barriers (kJ/mol) obtained for the recombination step
(7Ta—8a) with His147 in the HIP state. The energies are obtained from single-point calcu-
lations with the def2-TZVPP basis set .

Reaction Ta—8a (HIP)
AFE TPSS-D3 B3LYP-D3
Energy TS Prod TS Prod

AEqumy 619 -158.1 53.1 -165.7
AEQMiptch 515 -165.7 48.7 -156.8

AFyu 475 -156.8 4.4 -163.1
AEqu 105 76 281 7.6
AEpen 39 88 205 -7.0
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