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Particulate methane monooxygenase (pMMO) is the most efficient of the two groups of enzymes that
can hydroxylate methane. The enzyme is membrane bound and therefore hard to study experimentally.
For that reason, there is still no consensus regarding the location and nature of the active site. We have
used combined quantum mechanical and molecular mechanical (QM/MM) methods to study the reactiv-
ity of the Cug site with a histidine brace and two additional histidine ligands. We compare it with the
similar active site of lytic polysaccharide monooxygenases. We show that the Cug site can form a reactive
[CuO]" state by the addition of three electrons and two protons, starting from a resting Cu(i) state, with a
maximum barrier of 72 kJ mol™%. The [CuOI* state can abstract a proton from methane, forming a Cu-
bound OH™ group, which may then recombine with the CHz group, forming the methanol product. The
two steps have barriers of 59 and 52 kJ mol™?, respectively. However, in many of the steps, formation and
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dissociation of H,O» or HO»™ compete with the formation of the [CuOl™ state and the former steps are
typically more favourable. Thus, our calculations indicate that the Cug site is not employed for methane
oxidation, but may rather be used for the formation of hydrogen peroxide. This conclusion concurs with
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Introduction

Methane is one of the hardest organic substrates to hydroxy-
late, with a C-H bond dissociation energy of 435 kJ mol™." In
biology, there are only two families of enzymes that can
perform this reaction. The first is the soluble methane
monooxygenase,>® which contains a highly conserved diiron
active site.” This is a well-characterised group of enzymes,
whose reaction mechanism is rather clear.®'® The second
group is the particulate methane monooxygenase (pMMO),
which normally is the predominant enzyme in methanotrophic
bacteria."'* However, this group has been much harder to
study and characterise because the purification of this large
membrane-bound enzyme is difficult.

The first X-ray structure of a pMMO was published in 2005
(at 2.8 A resolution), showing a heterotrimeric
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recent experimental investigations that excludes the Cug site as the site for methane oxidation.

pmoA;pmoB;pmoC; structure with one mononuclear and one
dinuclear Cu site in the soluble periplasmic parts of the pmoB
subunit, and a monomeric Zn site in the pmoC subunit,
inside the membrane (these three metal sites will be called A,
B and C in the following; ¢f, Fig. 1).'> The Cu, site involves two
His ligands and distant a Glu ligand. The Cug site has three
His ligands, whereas the C site includes an Asp and two His
ligands. In 2008, another X-ray structure of pMMO at 3.8 A
resolution confirmed the presence of the dinuclear Cug site,
but not the mononuclear Cu, site. Site C was occupied by
Cu." Three years later, a crystal structure at 2.68 A resolution
also proposed Cu ions in site B, but it was mononuclear in one
of the three protomers and dinuclear in the other two."* Three
additional crystal structures of pMMO were published in a
study of the Zn inhibition of the enzyme.® They all showed a
single Cu ion in site B, Cu or Zn binding to site A, depending
on the Zn concentration, and sometimes another Zn site.

The dinuclear nature of site B was originally suggested by
X-ray absorption near-edge (EXAFS) measurements on
pmoB."*'*® In 2018, we re-investigated the crystal struc-
tures,'® employing quantum refinement, i.e. X-ray crystallogra-
phy with the Cug site supported by quantum mechanical (QM)
calculations. The results showed that there is actually no
support for a dinuclear copper site B from the crystallographic
data. Instead, it is best described by a single Cu ion, co-
ordinated by four protein ligands and possibly an axial water
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Fig. 1 pMMO with the three metal sites, Cu, in red, Cug in yellow and Cuc in magenta (from the 3RGB structure). (a) shows the entire trimer of
trimers, whereas (b) shows only one subunit with pmoA in cyan, pmoB in blue and pmoC in green. The Cup is close to the Cuc site but the two sites
are never occupied simultaneously in the same crystal or cryo-EM structures.

molecule. The same year, another crystal structure of pMMO
in bicelles also showed a mononuclear Cugp site and the
accompanying EXAFS data were consistent with a mono-
nuclear site.”® Two studies in 2019 with EPR and mass spec-
trometry, respectively, confirmed the mononuclear nature of
all Cu sites in pMMO?"?? and this was later confirmed also for
other types of methanotrophs.>® On the other hand, an EXAFS
study from another group still suggested a dinuclear Cug
site,>* but this conclusion was later attributed to background
contamination and photodamage.*”

Due to the rather poor resolution of the crystal structures,
the metal content, as well as the location of the active site in
PMMO have been highly controversial. Mossbauer spec-
troscopy data led to the proposal that the active site is site C
occupied by a diiron cluster instead of zinc.>® The argument
was mainly based on the residues around site C, with two con-
served His and carboxylate groups, ie. similar to that in the
soluble methane monooxygenases. However, experiments con-
ducted by Rosenzweig and co-workers demonstrated that
addition of Cu could recover over 90% of the methane oxi-
dation activity from the metal-free protein, while adding iron
alone did not restore any activity.”” Moreover, some methane
oxidation activity was detected for a construct involving the
soluble regions of pmoB that contain Cug, whereas no activity
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was detected in the absence of this site.?” Likewise, mutation
experiments indicated that the activity is localised in site B
instead of site A.>” Further biochemical and spectroscopic
studies from the same group suggested that Cug is the active
site and that the reaction mechanism involves a peroxide
intermediate.”®*° However, in 2019 they reinterpreted the
experiments and argued that instead the mononuclear Cuc
site is the active site.*** In particular, they showed that only
the ligands of Cuc are strictly conserved in all pMMOs and
that destruction of the Cug site abolish methane oxidation
activity.*!

In contrast, Chan and coworkers have long argued that
PMMO contains 12-15 Cu ions per protomer, most of which
are lost when preparing the protein for crystallisation, and that
the active site involves a trinuclear Cu; cluster, located in a
negatively charged cavity at the interface between pmoA and
pmoC (called site E in the following).”'%*°7? In fact, they have
constructed a 12-peptide fragment of pmoA from this site that
binds three Cu ions and can slowly oxidise methane in pres-
ence of O, or H,0,.*>* The have also made biomimetic Cu,
models that can oxidise methane.?*

In 2021, two cryogenic electron microscopy (cryo-EM)
studies of pMMO were published. One presented eight cryo-
EM structures of pMMO from three organisms and in different

This journal is © The Royal Society of Chemistry 2025
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types of nanodiscs.>® All showed 2-3 mononuclear Cu sites,
coinciding with the crystallographic Cu,, Cug and Cug sites,
but in three of the structures, the Cuc ion had instead moved
to a nearby site, with one Asn and two His ligands (called site
D in the following). The other study reported one cryo-EM
structure which showed a mononuclear Cu, site and a dinuc-
lear Cug site, but no metal ion in sites C or D.?° On the other
hand, two Cu ions were found in site E, but with strange geo-
metries (only one weak ligand to each Cu ion at distances of
2.6-3.0 A). Finally, a mononuclear site with a Glu ligand and a
dinuclear site with Thr, Asn and Asp ligands were found in the
water-exposed part of pmoB. They belong to a region that has
been termed the Cu' sponge and have been suggested to
provide a buffer of reducing equivalents.”*?*

In addition to the experimental investigations, several com-
putational studies of pMMO have been performed. Yoshizawa
and coworkers have shown that both a mononuclear Cu™-oxo
species and dinuclear bis(pu-oxo)CuCu™ are reactive enough
to oxidise CH,, although the latter species is more easily
formed.*>*7*® The calculations of the mononuclear Cu ion were
based on site A, whereas those on the dinuclear site were
based on site B. Solomon and coworkers have studied the
active species in the Cu-ZSM-5 zeolite that also oxidises
methane and suggested that the active species is a Cu™-0-Cu"
structure'’ and Gupta and coworkers have studied a model
complex with a suggested reactive Cu™-O-Cu" core.>® We have
studied methanol oxidation by a mononuclear Cug site using
QM-cluster calculations.'® Starting from a [CuO]" complex, a
three-step reaction was found, with an initial hydrogen abstrac-
tion from CH,4 (22 kJ mol™" barrier), binding of the resulting
methyl radical to Cu and rebound of the OH group to the
methyl radical (53 k] mol™ barrier).

In 2021, Peng et al. presented a combined QM and mole-
cular mechanics (QM/MM) study of pMMO.*® They showed
that duroquinol cannot reduce a mononuclear Cug site, but it
can reduce the Cug site. Once reduced, Cug can bind O, and it
can be reduced to a [CuO]" state (with another duroquinol
molecule), which can oxidise CH,. The rate-limiting step is the
cleavage of the O-O bond with a barrier of 72 kJ mol™".
Recently, they used QM/MM calculations to compare the reac-
tivity of the Cuc and Cuy, sites, based on the cryo-EM struc-
tures from Rosenzweig et al., suggesting that Cup is the more
reactive site.*' This agrees with ENDOR studies of the binding
of trifluoro-ethanol.** Recently, Siegbahn studied the reactivity
of the Cuyp, site with QM-cluster calculations and showed that it
may oxidise both CH, and NHj, using a Cu'(OH), reactive
intermediate.*®

It is notable that in the Cug site, the amino-terminal His
residue of pmoB coordinates to Cu with both the sidechain
and the amino-terminal -NH, group. Interestingly, this motif
is also observed for the active-site Cu ion in the lytic polysac-
charide monooxygenases (LPMOs), where it was coined a histi-
dine brace.**™” The LPMOs is a group of enzymes that cleave
polysaccharide chains by hydroxylating one of the C-H bonds,
similar to the pMMO reactivity.***” The LPMOs have been
thoroughly studied by computational methods. It has been

This journal is © The Royal Society of Chemistry 2025
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shown that the reaction mechanism involves a [CuO]" species
that abstracts a hydrogen atom from the substrate, after which
the Cu-bound OH group rebinds to the substrate.*®™>?
Moreover, the active site of LPMOs is known to activate O, and
form H,0, in absence of substrate.’*"

Clearly, the reaction mechanism of methane hydroxylation
by pMMO is not fully elucidated and experimental structures
seem to spur more questions than answers. In this paper, we
use QM/MM calculations to study the reactivity of the mono-
nuclear Cug site. Even if it is no longer considered to be the
active site of pMMO, its similarity to the active site of LPMO is
intriguing and we therefore compare its reactivity with that of
the LPMO active site. In particular, we also study alternative
reactions and the results indicate that the Cug site actually
may be poised towards the formation of hydrogen peroxide,
rather than oxidation of methane.

Methods

The proteins

We have studied the Cug site in pMMO. The calculations were
based on the 2.8 A crystal structure of pMMO from
Methylococcus capsulatus (PDB code 3RGB)™ and included only
one pmoA-pmoB-pmoC monomer of the trimeric structure.
No attempts were made to model the missing residues in the
structures. All crystallographic water molecules were kept in
the calculations.

The protonation states of all residues were determined
from a detailed study of the hydrogen-bond pattern and the
solvent accessibility. It was checked by the PROPKA®® and
Maestro software.>” The latter software was allowed to rotate
the amide sidechain of the Asn and Gln residues. All Arg, Lys,
Asp, and Glu residues were assumed to be charged, except
Asp-47B, Asp-132B, Asp-166C, Glu-100B, Glu-96C, Glu-100C,
Glu-154C, Glu-176C, and Lys-55B (the last letter in the residue
numbers indicates the subunit according to the PDB files;
note that subunits A, B and C are pmoB, pmoA and pmoC,
respectively). Residues His-139A, 192A, 40B, 168B, 232B, 160C
and 173C were assumed to be protonated on the ND1 atom,
His-307A and 11B were presumed to be protonated on both
the ND1 and NE2 atoms (and therefore positively charged),
whereas the remaining His residues were modelled with a
proton on the NE2 atom.

MD equilibration

All MM calculations were performed with the Amber soft-
ware.”® For the protein, we used the Amber ff14SB force field*®
and water molecules were described by the TIP3P model.®® For
the metal sites, we employed restrained electrostatic potential
charges,®" obtained from electrostatic potentials calculated at
the TPSS/def2-SV(P) level of theory®>®® and sampled with the
Mertz-Kollman scheme, although at a higher-than-default
point density (~2000 per atoms®*).®> Metal sites outside the
QM systems were kept at the crystal-structure geometry.

Dalton Trans., 2025, 54, 3141-3156 | 3143
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The protein was solvated in a sphere with a radius of 62 A
around the geometrical centre of the protein, giving 99 788
atoms in total. The added protons and water molecules were
optimised by a 10 ns simulated annealing calculation (up to
370 K), followed by a minimisation, keeping the other atoms
fixed at the crystal-structure positions. Bond lengths involving
H atoms were constrained with the SHAKE algorithm,*® allow-
ing a time step of 1 fs.

QM/MM calculations

The QM/MM calculations were performed with the ComQum
software.®”°® In this approach, the protein and solvent are
split into two subsystems: system 1 (the QM region) was
relaxed by QM methods, whereas system 2 contained the
remaining part of the protein and the solvent. It was kept fixed
at the original coordinates (equilibrated crystal structure).

In the QM calculations, system 1 was represented by a wave-
function, whereas all the other atoms were represented by an
array of partial point charges, one for each atom, taken from
the MM setup. Thereby, the polarisation of the QM system by
the surroundings is included in a self-consistent manner
(electrostatic embedding). When there is a bond between
systems 1 and 2 (a junction), the hydrogen link-atom approach
was employed: the QM system was capped with hydrogen
atoms (hydrogen link atoms, HL), the positions of which are
linearly related to the corresponding carbon atoms (carbon
link atoms, CL) in the full system.®”>*® All atoms were included
in the point-charge model, except the CL atoms.”®

The total QM/MM energy in ComQum was calculated as®”*®

__ pHL CL HL
EQM/MM - EQM1+ptch2 + Bz, @=0 — EMMl,q1:0 (1)

where Gy, pienz 1S the QM energy of the QM system truncated
by HL atoms and embedded in the set of point charges model-
ling system 2 (but excluding the self-energy of the point
charges). By g, iS the MM energy of the QM system, still
truncated by HL atoms, but without any electrostatic inter-
actions. Finally, ESI%VHZ%:O is the classical energy of all atoms
(in both the QM and MM regions) with CL atoms and with the
charges of the QM region set to zero (to avoid double-counting
of the electrostatic interactions). Thus, ComQum employs a
subtractive scheme with electrostatic embedding and van der
Waals link-atom corrections.”! No cutoff is used for any of the
interactions in the three energy terms in eqn (1).

The geometry optimisations were continued until the
energy change between two iterations was less than 107° a.u.
(2.6 ] mol™") and the maximum norm of the Cartesian gradi-
ents was below 107> a.u.

QM calculations

The QM system consisted of the Cu ion,'® two methyl-imid-
azole groups modelling the sidechains of His-137A and 139A,
H,N-CH(CH,-imidazole)-CONH-CH,-CONH-(CH,);-COO™, as
a model of the amino-terminal residue His-33A (sidechain and
backbone) and the connecting Gly-34A and Glu-35A residues,
as well as four water molecules. The glutamate sidechain was

3144 | Dalton Trans., 2025, 54, 3141-3156
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included because it is the only residue that may provide
protons needed for the reaction and the water molecules
because they may facilitate the transfer of the protons. The QM
system is shown in Fig. 2.

All QM calculations were performed with the Turbomole
software (versions 7.1, 7.2, 7.6.1 and 7.8).”> We employed two
DFT methods, TPSS®> and B3LYP,”>””° and two basis sets of
increasing size, def2-SV(P)*®* and def2-TZVPD.”® The calcu-
lations were sped up by expanding the Coulomb interactions
in an auxiliary basis set, the resolution-of-identity (RI)
approximation.””””® Empirical dispersion corrections were
included with the DFT-D3 approach’® and Becke-Johnson
damping,®® as implemented in Turbomole.

Geometries were optimised by TPSS-D3/def2-SV(P) calcu-
lations (used in our previous studies of pMMO' and
LPMO*****%) and then more accurate energies were obtained
with B3LYP-D3/def2-TZVPD calculations. It is common practice
to use a cheaper method to obtain geometries and a more
expensive and accurate method for energies,®" and it is impor-
tant to use both a pure and a hybrid DFT functional to see
whether the energies are stable. Reported energies and spin
populations (obtained by a Mulliken population analysis) are
from the B3LYP/def2-TZVPD calculations.

Results and discussion

We have studied the formation of a reactive [CuO]" state, the
oxidation of CH, and putative side reactions for the Cug sites in
PMMO. An overview over all studied reactions is shown in Fig. 3.
As is evident from this figure, the net reaction involves addition
of two electrons and two protons (after a priming reduction of
the Cu" resting state), i.e. Cu' + O, + 2~ + 2H" — [CuO]" + H,0.
The [CuO]" state may then hydroxylate the substrate: [CuO]" +
CH, — [CuOH-CH;]" — Cu' + CH;0H. In cases where the order
of the reduction and protonation is unclear (or could occur in a
concerted manner), we consider the two processes separately.
The details of the O, activation and methane hydroxylation are
described below in separate sections.

The Cug site is shown in Fig. 2. The Cu ion is bound to
three His residues, one of which binds with a His brace con-
sisting of both the imidazole sidechain and the amino-term-
inal backbone -NH, group. This site shows a conspicuous
similarity to the active Cu site in the LPMOs and we therefore
also perform a detailed study of the proton-transfer reactions
to compare with similar calculations for LPMO.”*

The resting state and the initial reduction

First, we discuss the structural changes accompanying the first
reduction of the resting Cu** state (reaction 1 — 2 in Fig. 3). In
the resting (oxidised) state 1 (shown in Fig. 4), the Cu ion
binds to four N atoms, viz. the ND1 atoms of His-33A and His-
137A (called N, and Ny in the following), the NE2 atom of His-
139A (called N¢) atoms and the His-33A backbone (amino-
terminal) -NH, group (called Ny). The four Cu-N distances
show a smaller variation (1.94-2.08 A) than in the quantum-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The quantum systems used for the Cug site with the coordinating and surrounding residues marked.
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10 1 12
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Fig. 3 Reactions in the activation of O, hydroxylation of methane by the Cu sites in pMMO.

refined structure of the same enzyme (1.85-2.22 A).*° The four
N atoms form an approximate square plane, as is expected for
Cu". The Mulliken spin population on the Cu ion is 0.57e. A
water molecule (Wat1) also coordinates to Cu at a distance of
2.30 A. It also forms a hydrogen bond to Glu-35A with a H-O
distance of 1.66 A and to another water molecule (Wat2) with a
H-O distance of 1.89 A. On the opposite side of Cu, there is

This journal is © The Royal Society of Chemistry 2025

another water molecule (Wat4), but at a non-coordinating dis-
tance of 3.13 A. This distance is longer than in a recent mole-
cular dynamics and QM/MM study (2.32-2.39 A)*? but in reason-
able agreement with the recent cryo-EM structures (3.4-3.6 A).>*

In the reduced state 2, the Cu-N, bond is broken, 2.94 A,
and N, instead receives a hydrogen bond from Wat4 (cf.
Fig. 4). Likewise, Wat1 has dissociated from Cu (3.21 A), but it

Dalton Trans., 2025, 54, 3141-3156 | 3145
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Fig. 4 Oxidised resting state 1 (left) and reduced state 2 (right). Distances are in A.

retains its hydrogen bonds to Glu-35A and Wat2. This is molecule (Wat3) forms a hydrogen bond to the carboxyl group
expected because the d'® Cu' ion prefers a lower coordination of Glu-35A. This shows that once the Cuj site is reduced, the
number than the d° Cu" ion. In both structures, a fourth water ~water molecule automatically dissociates, opening for the

4

Fig. 5 QM/MM optimised [CuO,]* (3) in triplet state (left) and [CuO,]° (4) in the doublet state (right). Distances are in A.
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binding of O,, contrary to the suggestion that the high coordi-
nation number would inhibit O, binding.®? This has been
taken as an advantage of the Cuc or Cuy, sites,”**®** but most
likely only reflect the oxidation states of the Cu ion in the avail-
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able crystal and cryo-EM structures. Interestingly, in the
reduced state of the LPMOs, there is a vacant coordination site
trans to the Ny ligand,*"® but in the pMMOs this site is occu-
pied by Ng. The site that is opened by dissociation of N, from

TS6b/c

6¢

Fig. 6 Reactant 6a, first transition state (TS6a/b) and intermediate 6b, as well as the second transition state (TS6b/c) and product 6c for the proto-

nation of [CuO,]. Distances are in A.

This journal is © The Royal Society of Chemistry 2025
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Cu in the reduced state is too small to house O, and the same
applies to the site opened by the dissociation of Wat1. Instead,
the most natural binding site is ¢trans to the former binding
site of Wat1 (¢f. Fig. 3).

Formation of the O,-bound state

We next consider the [CuO,]" state (3 in Fig. 3), i.e. the state
formed by binding of O, to the reduced active site. We studied
it in the triplet, open-shell and closed-shell singlet states. The
triplet state is 17 and 99 k] mol™" more stable than the open-

100

50

Energy (kJ/mol)

-100

-150

-200

6a TS6a/b 6b TS6b/c 6¢c

Fig. 7 Energy profile (kJ mol™) for the reactions involving 6a, 6b and
6c.

Fig. 8 Intermediates 8b and 8d. Distances in A.
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and closed-shell singlet states, respectively. The spin popu-
lations on Cu and O, in the triplet state are 0.37 and 1.46e,
indicating that it is mainly composed of Cu' and triplet O,.
The optimised structure is shown in Fig. 5. O, binds end-on to
Cu with a Cu-O-O angle of 121°. The triplet and open-shell
spin states have nearly identical structures besides that *3 has
a somewhat longer Cu-O bond (2.23 A vs. 2.18 A).

It is notable that in the Cug site of pMMO, O, binds perpen-
dicular to the histidine-brace plane, in contrast to the LPMOs,
where O, and H,0, bind within the histidine-brace plane.>**¢

60 51
40 36

Energy (kJ/mol)

-100

-120 -125

-140

(8a) 8b TS8b/d 8d

Fig. 9 Energy profile (kJ mol™) for the reactions involving 8a, 8b and
8d.
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The reason is that the fourth coordination position in the his-
tidine-brace plane is occupied by the third His ligand in
PMMO. For LPMOs, it has been argued that the reactivity with
H,0, is caused by in-plane binding of H,0,, allowing an inter-
action between Cu 3d,._,» and the empty H,0, c* orbitals; the
histidine brace was argued to increase the ligand-field splitting
of the Cu 3d orbitals, lowering the gap between the Cu 3d,._y-
and H,0, o* orbitals, which in turn lowers the barrier for the
homolytic O-O cleavage.®” However, a later paper showed that
the presence of a substrate (not considered in ref. 87) also
lowers the H,0, o* orbital.®® Thus, arguments based on the
ligand-field imposed by the histidine brace in the LPMOs
cannot simply be transferred to the pMMO Cug reactivity.
Moreover, as can be seen in Fig. 5, the structures of 3 is quite
distorted and the O-Cu-Ng angle (145°) is actually larger than
the Ny-Cu-Np angle (133°; making it unclear which atoms are
coplanar). N, accepts a hydrogen bond from Wat4, which
brings the Cu ion out of the imidazole ring plane of His-33A.

Formation of the [CuOOH]" state

Initial attempts to optimise an intermediate with a protonated
O, unit (5 in Fig. 3) led to release of the O,H group from the
metal site. We note that for the LPMOs, such a release of O,H
was not seen and this protonation could occur before
reduction, yielding a [CuOOH]*" moiety (5), but the associated
energies were quite uphill.®® Consequently, we instead focus
on the pathway in which 3 ([CuO,]") is first reduced to 4. This
reduction leads to a doublet [CuO,] structure, also shown in
Fig. 5. The spin populations on Cu (0.00e) and O, (0.97¢) indicate

Intermediates 7c and 7d. Distances in A.

Fig. 10

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

that it consists of Cu' and ?0,"". Compared to the geometry of
3, the sidechain of His-33A (N,) has dissociated from the
copper ion, consistent with the Cu' oxidation state.

The next step is the protonation of 4 to a [CuOOH]" species,
6. While the related LPMO enzymes have amino-acid residues
optimally located for facile proton transfer to the [CuO,]
unit,>>* no such residues exist in pMMO. With inspiration
from an ongoing debate regarding involvement of the terminal
NH, group in LPMOs,""*° we decided to investigate if the
amino-terminal -NH, group could be involved in protonation
of the superoxide. We investigated a reaction chain where a
proton is added to O, from the nearby Glu-35A residue via the

20
10

Energy (kJ/mol)

-45

7c TS7c/d 7d

Fig. 11 Energy profile (kJ mol™) for the reaction from 7c to 7d.
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amino-terminal -NH, group. Therefore, a proton was added to
the OE2 atom of Glu-35A (denoted 6a, ¢f. Fig. 6). Ny is still dis-
sociated from Cu and the spin densities on Cu and O, are still
0.00 and 0.97e.

From this structure, the proton on Glu-35A can be trans-
ferred to Ny with a barrier of 72 kJ mol™. In fact, the proton
transfers via a Wat1 molecule and the transition state essentially

9d

Intermediates 9b, 9c and 9d (distances in A).

Fig. 12
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involves a H;O" ion (TS6a/b in Fig. 6). The product (6b in Fig. 6)
has a triply protonated Ny atom, which has dissociated from
Cu. The structure is 92 k] mol™ more stable than the 6a struc-
ture. The spin populations on Cu and O, are 0.02 and 0.99.
One of the protons on Ny forms a strong hydrogen bond to
the non-coordinating O atom of the [CuO,]° moiety with a H-
O distance of 1.52 A. Therefore, it is not surprising that this

1.97 )
2.07 L
/ 4

\
1.93 177

1.95
2.35

4

9¢
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proton can easily be transferred to [CuO,]° with a barrier of
only 4 k] mol™?, obtained at a H-O distance of 1.35 A. The
product (6¢) contains a [CuOOH]" unit. It is 105 k] mol~" more
stable than the 6b structure and 197 kJ mol™" stable than the
starting 6a structure. The optimised structures for the tran-
sition state and the product 6¢ are shown in Fig. 6. The spin
populations of 6c¢ are 0.50e on Cu and 0.30e on the O,H group,
indicating something in between the Cu™-HO," and Cu"™-HO,~
states, with a dominance of the latter state, because the spin
population of Cu is only slightly less than for the resting oxi-
dised state 1 (0.57e). Consequently, all four N atoms coordi-
nate to the Cu ion again with distances similar to those of 6a.
However, the Cu-O bond length has decreased to 2.06 A and
the O-O bond length has increased to 1.44 A.

Thus, we can conclude that the formation of 6c is possible
with a net activation energy of 72 k] mol™" and a strongly
exothermic reaction energy. Thus, 6a can be converted to 6c,
provided that Glu-35A can be protonated. The energy profile is
shown in Fig. 7.

Formation of the Cu-oxyl species

For the generation of the oxyl intermediate, [CuO]" (9¢), we
considered two putative reaction paths from 6c, viz. by first
adding a proton and then an electron (6 — 8 — 9) or vice versa
(6 > 7 - 9; ¢f Fig. 3). We again involved Glu-35A as proton
donor, so that the proton was first added to OE2.

If we first protonate 6¢ without any reduction, giving 8, the
proton directly transfers from OE2 to the terminal amino
group without any barrier (8b; the reaction is down-hill by
~51 kJ mol™"). Further transfer of the proton from the amino
group to the inner (Cu-coordinating) O1 atom of HO, does not
lead to any cleavage of the O-O bond or any product (the
energy increases monotonously and the proton goes spon-
taneously back if the restraint is released). However, if it is
instead transferred to the outer O2 atom, HOOH is formed,
which dissociates from the Cu" ion (8d). It has no spin and
the spin population on Cu is 0.57e. This reaction has a barrier
of only 36 k] mol™" and it is exothermic by 125 k] mol™*. Both
structures are in the doublet spin state and they are shown in
Fig. 8. The energy profile is shown in Fig. 9.

Reducing 6c before protonation leads to 7c¢, shown in
Fig. 10. It is most stable in the closed-shell singlet state (188 k]
mol™" below the triplet), indicating a Cu'-HO,  state. As
expected, N, dissociates from Cu. The Cu-O distance is 2.05 A
and the O-O distance is 1.52 A. Interestingly, H,O, can easily
dissociate from this state to the second coordination sphere,
abstracting a proton from Wat1, which then coordinates to Cu
as OH™ (7d in Fig. 10). The reaction has a barrier of only 10 kJ
mol ™" and is downhill by 45 k] mol™". The energy profile is
shown in Fig. 11. A structure with instead HO,™ dissociated
has the same energy within 1 kJ mol .

Next, we added a proton to OE2 of Glu-35A (9a), but it is
automatically transferred to the amino-terminal NH, group
(9b in Fig. 12), a down-hill reaction by ~99 k] mol ™", without
any barrier. Both states are most stable in the closed-shell
singlet states, with the triplet state ~35 k] mol™" higher in

This journal is © The Royal Society of Chemistry 2025
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energy (no open-shell singlet could be found). Interestingly,
for the triplet state, 9a is stable, but not 9b.

From 9b, a proton can be transferred from the amino term-
inal to the non-coordinated O2 atom of the substrate, leading
to a cleavage of the O-O bond. The product is 9¢, the [CuO]" +
H,O0 reactive intermediate, shown in Fig. 12. The new water
molecule forms a strong hydrogen bond to the oxo group, as
does Wat4, with H-O distances of 1.75-1.77 A. The Cu ion is
coordinated to all four N atoms, but the distance to Ny is
quite long, 2.35 A. The Cu-O distance is 1.93 A. The product is
most stable in the triplet state, with the open-shell singlet
10 kJ mol™" higher in energy. The spin populations on Cu and
O are 0.57 and 1.14e, indicating that it consists of Cu™ and a
O’” ion (—0.57 and 0.86e on the open-shell singlet). Since the
reactant is a closed-shell singlet and the product a triplet, the
transition state is found at the crossing of these two spin sur-
faces, at a H-O distance of 1.37 A and with an activation
energy of only 13 kJ mol™'. The 9¢ product is 165 k] mol™*
more stable than the 9b state. The energy profile is shown in
Fig. 13.

An alternative reaction transfers the proton to the Cu-co-
ordinated O1 atom, forming instead HOOH (9d in Fig. 12).
This reaction proceeds in the closed-shell singlet state (i.e.
with Cu remaining in the +I state and HO,~ transforming to
HOOH). The proton on the amino terminal transfers to the O1
atom with a barrier of only 13 k] mol™*. The formed HOOH
dissociates from Cu and forms hydrogen bonds to Wat4
(1.66 A) and the backbone CO group of His-33A. The sidechain
of the latter has also dissociated from Cu. The 9d product is
199 kJ mol™' more stable than the 9b structure with the
proton on the amino terminal and it is 34 kJ mol™" more
stable than 9c.

CH, hydroxylation
Finally, we investigated the abstraction of a hydrogen atom

from the methane substrate. The calculations were started
from the 10 structure, in which the newly formed water mole-

100

50

Energy (kJ/mol)
&
=]

-100

-150 165

-199
TS%/d 9d

-200

(%a) 9b TSoblc 9c

Fig. 13 Energy profile (kJ mol™) for the reaction from 9a and 9b to 9¢
or 9d.
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cule in 9¢ was replaced by a methane molecule. We investigate
both triplet and open-shell singlet spin states (the closed-shell
singlet state is 58 k] mol " higher in energy for 10 and ~145 kJ
mol~" higher for 11; the latter could only be optimised with
restraints). Optimised structures for this reaction are depicted
in Fig. 14. The reactant is most stable in the triplet state, with
the open-shell singlet 5 k] mol ™" higher in energy. In *10, CH,

View Article Online

Dalton Transactions

forms a weak hydrogen bond to [CuO]'" (2.58 A CH-O dis-
tance). The Cu ion coordinates to all four N atoms, but the
Cu-Ny distance is rather long (2.34 A). The Cu-O distance is
also quite long (1.93 A) and the O atom bears a high spin
density (1.16e; 0.56e on Cu), still suggesting a Cu™-O" state.>”
The intermediate formed after the reaction (11) is also most
stable in the triplet spin state, with the open-shell singlet 5 kJ

310

3TS10/11

11

Fig. 14 Optimised geometries of 310, 3TS10/11, 311 and product 12 for the methane hydroxylation reaction. Distances are in A.
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Fig. 15 Energy profile (kJ mol™) for the reaction from 10 to 12.

mol ™" higher in energy. In this structure, a hydrogen atom is
extracted from methane to form [CuOH]" (with an O-H bond
length of 0.98 A) and a CH; radical. Thereby, the Cu-O distance is
elongated to 2.00 A. The spin populations on Cu, OH and CHj are
0.61, 0.14 and 0.98e, indicating mainly a Cu"™~OH -CHj" state. The
intermediate is 11 k] mol™ more stable than the reactant state.

The transition state (TS10/11) on the triplet surface is found
at a H-O distance of 1.20 A (the C-H distance is 1.32 A). It has
spin populations of 0.59, 0.72 and 0.48 and —0.06e on the Cu,
O, C and the transferred H atoms. The activation energy is
59 kJ mol™". This is similar to what we found with a simple
QM-cluster model.’® The transition state on the open-shell
surface has an activation energy of 70 k] mol™". The energy
profile is shown in Fig. 15.

Next, we continued the reaction by an attack of the Cu-
bound OH group on the methyl radical of structure 11. The
product (12 in Fig. 14) contains Cu' and CH;0H and is there-
fore most stable in the closed-shell singlet state. The reaction
is strongly downhill and the product is 222 kJ mol™" more
stable than the reactant 10 and 210 k] mol™* more stable than
the intermediate 11. Both methanol and His-33A have disso-
ciated from the Cu' ion. Thus, the reaction involves a tran-
sition from the triplet spin state of 11 to a closed-shell singlet
state of the product (12), so the transition state is the triplet-
singlet crossing point, which is found at a C-O distance of
2.13 A. The activation energy is 52 kJ mol™".

The observation that 10, TS10/11, and 11 all are most stable
in the triplet state and the product is a singlet is in agreement
with previous small-model studies.’**® Overall, the QM/MM
calculations predict a barrier of 59 kJ mol™* for the reaction,
with the C-H bond activation being rate-determining.

Conclusions

We have studied the reactivity of the His-brace Cug site in
PMMO. We considered several possible reaction mechanisms
summarised in Fig. 3. The resting oxidised Cu" state (1) is first
reduced to Cu' (2), which binds O, (3) in a slightly bent (121°
Cu-O-O angle) end-on fashion, forming a complex that is

This journal is © The Royal Society of Chemistry 2025
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mainly Cu'-?0,. This complex seems to be first reduced to
Cu'-?0,"~ (4), before it can be protonated to a [CuOOH]"
complex (6), which is a mixture of the Cu'~>’HO," and the Cu"™-
HO,™ states. Interestingly, we have recently seen the same for
the LPMO active site, where the intermediate corresponding to
3 also was significantly more favourable to protonate after it was
reduced.® The proton can be transferred from the nearby Glu-
35A residue to O, via the amino-terminal -NH, group with a
barrier of 72 k] mol ™. This is significantly higher than 6-10 kJ
mol ™" obtained from LPMO,* which may be ascribed to both
differences within the first coordination sphere (the LPMOs are
only coordinated by two histidine residues) and the second-
coordination sphere where amino-acid residues can facilitate
facile proton transfer. A second reduction to the Cu’-HO, " state
(7) seems to be needed before it can bind a second proton.
Again the proton can be transferred from Glu-35A to HO, with a
barrier of only 13 k] mol™. Transferring the proton to the non-
coordinating O atom leads to cleavage of the O-O bond to form
[CuO]" + H,0 (9¢). The [CuO]" structure is most stable in the
triplet state and is best described as Cu™O"". The latter struc-
ture can abstract a proton from CH, with a barrier of 59 kJ
mol ™. The transition state is late, with a H-O distance of 1.2 A.
The hydrogen abstraction gives a Cu"~OH -CHj;" intermediate.
Finally, the OH™ group can recombine with the methyl radical,
forming a methanol product. This reaction involves a change
from a triplet to a closed-shell singlet state. The barrier is
slightly lower than for the hydrogen abstraction, 52 kJ mol ™.

However, in many steps, there are alternative reactions
leading towards formation of peroxide. 6¢ can be protonated
with a low barrier (36 k] mol™), forming a dissociated H,0,
product in a strongly exothermic reaction (125 kJ mol™).
Likewise, dissociation of H,0, or HO,™ from 7 is favourable by
45 kJ mol™" and proceeds with a minimal barrier of 10 kJ
mol ™. Finally, protonation of the coordinating O1 atom in 9b
is a competing reaction to the protonation of the non-coordi-
nating O2 atom and it proceeds with the same barrier (13 kJ
mol_l) and leads to a product with H,O, dissociated from the
Cu' ion, that is 34 k] mol™* more stable than the reactive 9¢
structure. These reactions will be further favoured by the gain
in entropy by the dissociation of H,O, or HO, . Therefore, it
seems to be an inevitable conclusion that the Cug site is
poised for the production of H,O, rather than for the oxidation
of methane. Such a conclusion agrees with the recent sugges-
tions that Cup, rather than Cug, is the actual catalytic site of
pMMO.%**** The results may suggest that H,0, is produced in
the Cug for use in the catalytic cycle in the Cup site, as has
also been suggested by Peng et al.,*® although they suggested
that the peroxide is formed directly at the Cup, site. H,O, pro-
duction has also been experimentally observed for a truncated
construct of the PmoB subunit containing the Cuy site.>*

We have also observed that the Cug site has a labile ligand
that can be used to satisfy the differing coordination prefer-
ences of Cu' (a low coordination number) and Cu" (square
planar/pyramidal or octahedral). It is mostly N, of His-334,
which may dissociate and form a hydrogen bond to a second-
sphere water molecule for Cu'.
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It should be noted that there are some further families of
proteins that also contain a Cu ion bound to a histidine-brace
motif, but do not perform oxidative reactions e.g. the Cu sites
in CopC, X325 and Bim1l. CopC is a Cu chaperon that is
involved in bacterial homeostasis.”’ It binds Cu(u) with a
bidentate amino-terminal His ligand, another His residue, an
Asp ligand and sometimes a water molecule.”* The two His
sidechains are at cis positions. A conserved second-sphere Glu
residue is believed to bring stability to the active site and
enhance the Cu binding by forming a hydrogen bond to the
amino terminal.”® H,0, production has been experimentally
observed for some mutants of this Glu group of CopC.%> The
active sites of X325 and Bim1 have the same set of ligands, but
the two His sidechains bind at trans positions.”>** Further QM
studies are needed to understand the role of the Asp ligand
and why such sites cannot perform oxidative reactions. Studies
of Cu complexes of simple peptides have shown that the reac-
tivity is tuned by small details in the coordination sphere.’>°

This study nicely illustrates how computational studies can
be used to describe and predict reactivity of biological sites.
However, more studies are still needed to understand the reac-
tivity of the pMMOs. In particular, accurate estimates of the
reduction potential and proton affinity of the various inter-
mediates would be crucial to judge what states can really be
reached by addition of electrons from biochemical donors and
protons from the solvent.
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