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The lytic polysaccharide monooxygenases (LPMOs) are copper metalloenzymes that can enhance
polysaccharide depolymerization through an oxidative mechanism and hence boost generation of
biofuel from e.g. cellulose. By employing density functional theory in a combination of quantum
mechanics and molecular mechanics (QM/MM), we report a complete description of the molecular
mechanism of LPMOs. The QM/MM scheme allows us to describe all reaction steps with a detailed
protein environment and we show that this is necessary. Several active species capable of abstracting
a hydrogen from the substrate have been proposed previously and starting from recent crystallographic
work on a substrate—LPMO complex, we investigate previously suggested paths as well as new ones. We
describe the generation of the reactive intermediates, the abstraction of a hydrogen atom from the
polysaccharide substrate, as well as the final recombination step in which OH is transferred back to the
substrate. We show that a superoxo [CuO,]* complex can be protonated by a nearby histidine residue
(suggested by recent mutagenesis studies and crystallographic work) and, provided an electron source is
available, leads to formation of an oxyl-complex after cleavage of the O-O bond and dissociation of
water. The oxyl complex either reacts with the substrate or is further protonated to a hydroxyl complex.
Both the oxyl and hydroxyl complexes are also readily generated from a reaction with H,O,, which was
recently suggested to be the true co-substrate, rather than O,. The C—H abstraction by the oxyl and
hydroxy complexes is overall favorable with activation barriers of 69 and 94 kJ mol™!, compared to the
much higher barrier (156 kJ mol™) obtained for the copper—superoxo species. We obtain good
structural agreement for intermediates for which structural data are available and the estimated reaction
energies agree with experimental rate constants. Thus, our suggested mechanism is the most complete
to date and concur with available experimental evidence.
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carbohydrates.®® The key to this enhancement is the ability of
LPMOs to oxidise the C-H bond of the glycoside linkage con-
necting the sugar units in polysaccharides, which ultimately
leads to cleavage of the glycoside link. A number of different
LPMOs have been categorized, belonging to four distinct

1 Introduction

Widespread and abundant polysaccharide bio-polymers
constitute a major resource whose utilization in production of
biofuel or commercial chemicals would constitute a large step

towards a more sustainable exploitation of resources. Unfortu-
nately, this requires degradation of the polysaccharide into
smaller sugars, which has shown to be a major obstacle and
requires both hydrolytic enzymes and thermal work due to
the remarkable stability of many naturally occuring
polysaccharides."?

A class of copper-dependent enzymes, called lytic poly-
saccharide monooxygenases (LPMOs), have been shown to
enhance polysaccharide depolymerization, thereby providing
a route to efficient conversion of polysaccharides into smaller
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classes, AA9,* AA10,® A11 (ref. 9) and AA13.''* Speculations on
the underlying molecular mechanism have begun,>® but the
picture is still far from complete. Mechanistic studies are
complicated by the fact that the different LPMOs have
remarkably varying amino-acid sequences and target a wide
range of different polysaccharide substrates,"”* many of which
are insoluble. Moreover, they have varying regioselectivity: some
LPMOs oxidise only the C1 atom of the glycoside linkage,
whereas others oxidise only the C4 atom, and still others can
oxidise both C1 and C4.'%*'">* However, a common feature of all
LPMOs is the active site, in which a copper ion®**-*? is ligated by
three nitrogen donor atoms in a so-called histidine brace
moiety, in which one histidine residue coordinates with the N
atom, whereas the other one (which is the amino-terminal
residue) coordinates with both the side-chain N°' and the
backbone N atoms.® A similar coordination environment is also
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seen in the particulate methane monooxygenases (but with an
additional monodentate histidine ligand).****

The net oxidation of a substrate RH by O, by the LPMOs
proceeds under consumption of two electrons and two protons,
as shown in eqn (1).

RH + O, + 2H" + 2¢” — ROH + H,0 (1)

The active site and some putative mechanisms for the reaction
are shown in Fig. 1. In the resting state, the metal ion is in the
Cu(u) state (1). We focus on AA9 LPMOs, for which the resting
state without the substrate typically displays an octahedral coor-
dination with an axial tyrosine ligand and two water molecules,
one axial (¢rans to tyrosine) and the other equatorial (trans to the
N-terminal amino group). When the polysaccharide substrate
binds, the axial water molecule is probably displaced, as shown in
a recent crystal structure of an LPMO-substrate complex,”
although this does not seem to be universal for all substrates.*
Presumably, 1 is reduced to Cu(1) (2), which leads to dissociation
of the second, equatorial water molecule”*® as is indicated for
reaction 1 — 2 in Fig. 1. It is not known if this reduction takes
place before or after the binding of the saccharide. The following
steps are even more unclear. From 2, most studies have suggested
a mechanism employing O, as co-substrate, leading to the oxygen
species [CuO,]" (3) and (after reduction, protonation and disso-
ciation of water) [CuO]" (6b in Fig. 1). Both 312212526 and 6b*>1437-3
have been suggested as the reactive species that abstracts
a hydrogen atom from the substrate.

Crystal structures of oxygen-bound LPMOs (without
substrate) have been reported**** and it is known that substrate-
free LPMO can activate O, and produce H,0,.**** Meanwhile,
studies on model systems have suggested both hydroxyl**** and
hydroperoxyl complexes as reactive intermediates.** Quantum
mechanical (QM) calculations on small cluster models of the
enzyme have suggested that O, is not reactive enough to
abstract a hydrogen atom from the substrate, and that either
oxyl***** or hydroxyl*® complexes are more likely. By comparing
calculated hydrogen bond-dissociation energies for small
cluster models, we could recently show®® that complexes with
Cu-O or Cu-OH moieties (6a-6¢ in Fig. 1) are sufficiently
reactive to abstract C-H, whereas complexes with Cu-OO or Cu-
OOH moieties (3 and 4a-4b) had too low bond-dissociation
energies to abstract hydrogen. Yet, we did not consider the
associated activation energies, how complexes 6a-6¢ may form
or the effect of the surrounding protein, although we for
complexes 1-3 have demonstrated that the protein imposes
large structural changes on the active site.*® A recent study with
larger QM-cluster models supported this and further confirmed
that the hydrogen-abstraction by the oxyl-complex is favored
over intermediates with intact O-O bonds.*® Different pathways
for the formation of an oxyl-complex have been considered.
Importantly, Bissaro et al.*’ recently showed that H,0, rather
than O, could be the co-substrate.

In this paper we have performed a full investigation of the
reaction mechanism of the LPMOs. The investigation is based
on a recent crystal structure of a LPMO-oligosaccharide
complex.” We investigate formation of both Cu-oxyl (6b) and

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chemical Science

hydroxyl (6¢) complexes along several suggested pathways,
starting from the Cu(u)-superoxide complex (3 in Fig. 1).
Moreover, we investigate reaction paths where the Cu-oxyl and
hydroxyl complexes are formed from hydrogen peroxide (5 —
6b and 5 — 6¢). Several of the pathways discussed in this paper
have not previously been considered, neither theoretically nor
experimentally. However, the QM-cluster study in ref. 39 did
consider coordination of H,0, to Cu(1), while a very recent
a QM/MM study*® have also considered generation of 6b from
peroxide. Unfortunately, the two studies obtain contradictory
results regarding the H,0, coordination to the Cu metal. We
compare our results to these recent studies whenever possible.
In all calculations we include the oligosaccharide substrate to
investigate the reactivity of the reactive oxygen species in C-H
abstraction from the substrate. The calculations employ the
combined QM and molecular mechanicss approach (QM/MM)
to include possible effects of the surrounding protein.

2 Models and methods

2.1 General computational setups

Calculations in this paper were performed with the QM/MM
approach, using the QM software Turbomole** 7.1 and the
MM software AMBER 14.*° The QM/MM calculations were per-
formed with the ComQum interface,”*> which combines these
two programs. In ComQum, the total studied system is divided
into three subsystems, denoted systems 1, 2 and 3. System 1 is
described with a QM method, while systems 2 and 3 both are
described with an MM force field. The structure of system 2 can
optionally be optimised at the MM level, whereas system 3 is
always kept fixed at the starting structure. When there is a bond
between systems 1 and 2 (a junction), the hydrogen link-atom
approach is employed: the QM region is capped with
hydrogen atoms (hydrogen link atoms), the positions of which
are linearly related to those of the corresponding carbon atoms
(carbon link atoms) in the full system.***?
The total QM/MM energy is calculated as

Eomvim = Eqmipich T Evmmizz — Emmi- (2)

Eqmipteh 18 the QM energy of system 1, including hydrogen link
atoms and a point-charge model of systems 2 and 3 (taken from
the Amber force field and excluding only the carbon link
atoms).> Eynvazs i the total MM energy of the full system (but
with the charges of the QM system zeroed) and Epv4 is the MM
energy of system 1 (still with zeroed charges; it is included to
avoid double-counting of the energy of system 1). We will for
some reactions discuss the electrostatic effect of the protein,
which is calculated as

Eplch = EQM+plch - EQM (3)

where Eqy is taken from a calculation in vacuum with the QM/
MM optimised structure.

All QM calculations employed density functional theory and
reported energies were obtained with the dispersion-corrected
TPSS-D3 functional,®®*® employing a def2-TZVPP basis set®
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Fig. 1 Fungal LPMO active site. Residue numbers refer to the enzyme from Lentinus similis” (5ACF).

(unless otherwise specified). The energies were also checked
(using the same structures and basis set) with the B3LYP-D3 >*
functional. All energies were obtained as single-point calcula-
tions on structures optimised with TPSS-D3 and the def2-SV(P)
basis set.*”** In general, we only report QM/MM energies, but
a more detailed breakdown of Eqwmm in the QM and MM
energy components (and Epp, from eqn (3)) is provided in the
ESL.T The ESI{ also contains a more detailed account of the
computational and protein setup (including the alternate
configurations and protonation states of individual amino
acids).

The QM system (system 1) consisted of the copper ion and its
first coordination sphere i.e. for all intermediates this is the
imidazole ring of His78 and the phenol ring of Tyr164, both
capped with a hydrogen atom replacing C* The entire His1l
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. The last ligand in the
first coordination sphere varies between the different interme-
diates in Fig. 1. In 1 and 2, the ligand is H,O. In the next steps
the water ligand is replaced in accordance with the various steps
shown in Fig. 1. In addition, the two first glucose rings of the

3868 | Chem. Sci., 2018, 9, 3866-3880

substrate were also included in system 1, whereas the third
glucose unit was always described by MM. Apart from a few
initial calculations, the His147 residue was generally also
included (both in HID, HIE and HIP forms). Representative
examples of the QM systems employed are shown in Fig. S1 in
the ESLt

3 Results

In the first part of this section, we compare the obtained QM/
MM structures with structures from earlier QM-cluster*®* and
QM/MM studies.* Here we focus on intermediates 1-3, for
which we briefly discuss differences in our structures compared
to previous theoretical work. Next, we discuss the formation of
the reactive oxygen species, i.e. 6a-6c¢ in Fig. 1, before we finally
investigate the C,—H abstraction by 6b and 6c (reactions 6 — 7),
as well as the recombination to form a Cu’ species and ROH
(reactions 7 — 8).

3.1 The resting state and the initial reduction

We start by qualitative discussion of the structural changes
accompanying the first reduction of the [Cu(H,O)]*" state
(reaction 1 — 2 in Fig. 1). A comparison between our previous

This journal is © The Royal Society of Chemistry 2018
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QM/MM results, QM-cluster calculations and experimental
results were given in ref. 46, and we here focus on a comparison
of differences for the 1 and 2 states to our previous QM/MM
structures without substrate.*® We note that this comparison
cannot be carried out directly with available experimental data,
since the LPMO-substrate crystal structure has Cl~ coordi-
nating to Cu in the equatorial position and an empty axial
coordination site. In our current QM/MM setup, the axial
coordination site is kept empty (unlike our previous QM/MM
structures), yielding a five-coordinate copper site.

Experimental and computational studies for LPMOs of both
the AA9 and AA10 families have shown that the reduction (1 —
2) is accompanied by dissociation of one or both water mole-
cules from the copper ion.**** Here, we have denoted the
reduced state [Cu(H,0)]" (2), to emphasize that the water
molecule always is included in the QM system for 1 and 2,
although it might not bind directly to Cu(i). For the AA9
enzymes, the reduction is also associated with an elongation of
the Cu-O bond to the axial tyrosine.***>*¢¢6 This Tyr ligand is
typically not present in the AA10 LPMOs, which results in
a different (trigonal bipyramidal) geometry in the AA10
LPMOs.”** The active sites in our QM/MM optimised structures
are shown in Fig. 2. The Cu-O distance to the water ligand in 1
is 2.17 A and when one electron is added to this structure, the
water molecule dissociates to form 2 (the Cu-O distance is 3.07
A, as can be seen in Fig. 2).

In contrast to our previous QM/MM calculations without
substrate,’ the Cu-O bond length to tyrosine is remarkably
constant (2.29 and 2.31 A, respectively). It has been argued that
this bond shortens upon substrate binding.” Our results suggest
the bond may remain short also in the 2 state due to the lack of
the axially coordinated water in the substrate-LPMO complex.”
We note that an elongation of this bond was suggested in the
QM-cluster results of ref. 39. We have previously discussed this
particular elongation,*® and that the bond is flexible and rather
sensitive to the computational setup. We first investigated
whether the different starting structures in ref. 39 and our study
could be the underlying reason. However, an overlay of the
starting structures employed here (5ACF’) and by Bertini et al.*
(4EIS*") in Fig. S2t shows that these are fairly similar. It seems
therefore more likely that slight differences in basis set and
functional choice, or possibly the lack of dispersion corrections
in ref. 39, is the underlying reason for this discrepancy.

To ensure that the employed QM/MM model is sufficiently
accurate, we also carried out optimisations with system 2 opti-
mised with MM. As can be seen in Fig. S3 in the ESIL,T nearly
identical conclusions were obtained and the distances within
the first ligand-sphere change little when system 2 is relaxed.
However, some changes in the second coordination sphere are
observed, shifting the position of the active site (¢f. Fig. S47).
This indicates that an energetically accurate description may
require a larger QM region for reaction 1 — 2, underlining that
our discussion of this step is qualitative. It is nevertheless
reassuring that our model can reproduce the experimentally
observed water dissociation upon reduction. As will be dis-
cussed in the next subsection, the structure of the [CuO,]" (3)
state changes much less when system 2 is relaxed. Before

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 QM/MM optimised [Cu(H,O)I** (1, upper) and [Cu(H,O)I* (2,
lower) states. The optimisations were carried out with TPSS-D3/def2-
SV(P) and system 2 fixed.

discussing this state, we note that we also optimised the inter-
mediates 1 and 2 with the larger def2-TZVPD basis, which lead
to only minor changes.

3.2 The superoxide state

We next consider the [CuO,]" state (3 in Fig. 1), ie. the state
formed by binding of O, to the reduced active site. As for 1 and 2,
we have previously investigated 3, but for a different LPMO and
without any substrate. It should be noted that it is not known
whether this state is formed before or after binding of the
substrate, since all available crystal structures of oxygen-bound
states are substrate-free and their reduction level is unknown.***!

The optimised structure for 3 are shown in Fig. 3 (upper
part); selected structural parameters are compared to earlier
results in Table S1 in the ESL.f The optimised structure has
a relative short Cu-O Tyr bond (2.28 A), compared to previous
QM/MM* (2.89 A) and QM-cluster®** results (3.4-4.1 A). Again,
the main difference between our QM/MM results with and
without substrate is a water molecule coordinated in the axial
position in the previous structures. Hence, also for 3 we ascribe
the shorter Cu-O Tyr bond to the lack of this water molecule.
Again, the result in ref. 39 stands out with a very long Cu-O

Chem. Sci,, 2018, 9, 3866-3880 | 3869
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distance for the tyrosine ligand (4.1 A), despite the lack of an
axial water molecule. The experimental structure of the LPMO-
substrate complex” had an Cl™ ion coordinating in the equato-
rial position (where O; coordinates in Fig. 3). The Cl™ ion is
known as a O, mimic and the experimental Cu-O Tyr bond of
2.5 A also shows a decrease, compared to the recent substrate-
free structure of O, bound intermediate,* in which the corre-
sponding distance is between 2.6 and 2.7 A. The experimentally
observed decrease is thus 0.1-0.2 A. In our optimized structures
of 3 with and without substrate (¢f Table S1}), we obtain
a decrease around 0.1 A, which fits well to the experiment.

Allowing system 2 to relax for 3 has a much smaller effect
than for intermediates 1 and 2. The optimised structures are
compared in Fig. S5 in the ESI.{ Both the Cu-ligand distances
and the overall placement of the active site are almost identical
for the structures with and without system 2 relaxed. The same
is true when employing a larger basis set (def2-TZVPD), as was
also seen for the substrate-free QM/MM results* (cf. entries 3, 6
and 7 in Table S17).

The QM calculations indicate that the [CuO,]" moiety
consists of Cu(u) and a superoxide ion, each with one unpaired
electron. These two electrons can have either parallel or anti-
parallel spin, giving rise to triplet or (open-shell) singlet states.
The two spin states have nearly identical structures (selected
distances are reported in the lower part of Table S1t). We find
that the triplet is 12-14 kJ mol ™' more stable than the open-
shell singlet state. Spin-state splitting energies are reported in
Table S21 and they are similar to what was obtained for the
substrate-free LPMO in ref. 46. We therefore focus on the triplet
state in the following.

Next, we included the second-sphere residue His147 in the
QM system in various protonation states. This residue has been
suggested to stabilize the O, intermediate*® and it is also
a putative proton donor.* The latter implies that it is in the
doubly protonated state (denoted HIP in the following), which is
also the most probable form at the pH value of maximum
activity for many cellulases (5.0). It has also been shown that the
activity of some LPMOs is reduced® by mutations of His147,
suggesting a role of His147 in the mechanism. The role could be
that His147 facilitates the formation of 4a and 4b, and perhaps
ultimately the Cu-oxyl (6a-6b) or hydroxy (6c) species. We
investigate the first step in this section, 3 — 4a, and several
possibilities for the fate of 4a below.

The optimised structure of 3 including His147 in the HIE
form (i.e. protonated only on the N°> atom) is shown in Fig. 3
(lower part), whereas we show the corresponding complex with
His147 in the HIP form in Fig. 4 (left). The inclusion of His147
in the QM region has only a marginal effect on the Cu-ligand
distances. The effect is somewhat larger when considering the
distances between the O, ion and the substrate, which are 2.26-
2.27 A for 3, but increase to 2.32-2.40 A for the HIE form and
2.46-2.69 A for the HIP form. Another significant change
between the HIE and HIP variants is that the distance between
the H®2 proton and O, changes from 2.26 to 1.87 A, reflecting
the positive charge in the latter structure. This change most
likely facilitates proton transfer.

3870 | Chem. Sci., 2018, 9, 3866-3880
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Fig.3 QM/MM optimised [CuO,]* (3) without (upper) and with (lower)
His147 included in the QM region. Both optimisations were carried out
with TPSS-D3/def2-SV(P) and system 2 fixed.

The structures along the reaction path for such a transfer are
shown in Fig. 4, along with the calculated QM/MM energies (see
further Table S3 and Fig. S6;f the latter shows energies for
individual O-H distances). It can be seen that the reaction is
nearly thermoneutral with a small barrier (15-18 kJ mol ',
depending on the functional), showing that protonation is
facile. As can be seen from the structures in Fig. 4, the reaction
proceeds with small changes in the structures, even for
distances within the first ligand sphere. Interestingly, the elec-
trostatic contributions from the environment increase steady as
the proton moves from His147 to O,. This is shown in Fig. S6
and it can be seen that in vacuum the reaction is uphill by more
than 50 k] mol™" (¢f. AEqy in Table S37).

The net reaction involves addition of two electrons and two
protons, but the order of these additions is unknown. Although
the reaction might proceed with reduction first or with simul-
taneous reduction and protonation, the results in this sections
shows that it is reasonable to assume that the first step in the
reaction chain is the protonation of 3 to 4a, as this reaction was
found to be facile. The further reactions from 4a to form oxyl or
hydroxyl intermediates (6 in Fig. 1) will be investigated below.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Reactant 3 (left), transition state (middle) and product 4a (right) for the reaction 3 — 4a. All structures were optimised with TPSS/def2-

SV(P) and system 2 fixed.

3.3 Formation of Cu-oxyl and hydroxyl species from O,

We now proceed to consider formation of Cu-oxyl or hydroxyl
species with O, as substrate, i.e., by subsequent protonation
and reductions as laid out in the route 3 — 4 — 6 in Fig. 1. We
consider several possible pathways to generate [CuO]" (6b) from
[CuOOH]*" (4a). The proton donor is always the His147 residue
(in the HIP form).

Direct cleavage of the O-O bond and dissociation of water
directly from 4a (without any reduction) is uphill by 76 kJ mol *
and requires a high activation barrier of 111 k] mol ™" (with the
TPSS functional). This is quite expected as it gives rise to a [Cu-
OJ’" species. Additionally, we also investigated a pathway in
which O-0 is cleaved after reduction of 4b, which would mean
0-0 cleavage occurs after two-electron reduction. However, this
also turned out to be unfavorable, since it was found the
reduction of 4b did not lead to reduction of the [CuOOH]" unit,
but rather reduced histidine (His147). A similar conclusion for
this state was obtained in our previous QM-cluster study.*®

Therefore, we focus on the one-electron reduced state and
the 4b — 6a reaction. QM/MM energetics, structures and
selected bond lengths for the reactant, transition state and
product are shown in Fig. 5. The main difference between
reactant and product is the short Cu-O bond (1.8 A) in the oxyl
species (6a) compared to the parent 4b, for which the Cu-O
bond is 2.0 A. The calculated activation barrier is 48 kJ mol *
and the reaction is thermoneutral with the TPSS functional.
Results with the B3LYP functional, together with the QM/MM
energy components are provided in Table S4.f Interestingly,
they show that the reaction energy strongly depend on the
employed functional: with B3LYP, the reaction is uphill with
54 kJ mol ", The activation energy is less functional dependent,
with a B3LYP value of 66 k] mol . Still, the reaction is predicted
to be feasible both with TPSS and B3LYP, although in the latter
case the product, 6a, is expected to have a shorter life time.

Further analysis of the reaction shows that the electrostatic
contributions increase steadily with increased O-O distance
(Epten is shown as a function of the O-O distance in Fig. S8t). The
effect is significant already for the transition states: depending on
the functional, the effect is 50-100 k] mol ™" for the activation

This journal is © The Royal Society of Chemistry 2018

energy and around 100 k] mol " for the reaction energy (cf. Table
S4+t). Thus, reaction 4b — 6a is much less favorable in vacuum
(by 96-102 kJ mol '), compared to the result from Equpech-
Accordingly, QM-cluster calculations with small clusters may fail
to reproduce the reaction profile, emphasizing the importance of
including the protein environment. We have carefully analyzed
the underlying wave functions from QM/MM and QM calcula-
tions, showing that the large differences between QM and QM/
MM is not a result of different electronic states. Rather, it is
the change of protonation state for His147 (from HIP to HID) that
gives a large environment effect.

3.4 Formation of Cu-oxyl and hydroxy species from H,O0,

In light of the recent proposal that H,0, is the co-substrate, we
have also investigated coordination of H,O, to the Cu(i) ion, i.e.
species 5 in Fig. 1. Initially, we investigated all three forms of
His147, namely HIP, HIE and HID (i.e. protonated only on the
N°' atom) in the singlet spin state. However, the HID form was
found to be less stable than HIE and we therefore focus on the
HIE and HIP forms (we also investigated the corresponding
triplet spin-states which, as expected, always was higher in
energy than the singlet).

For all three protonation states of His147, coordination of
H,0, turned out to be unstable, which is not unexpected,
considering that Cu(i) typically prefers low coordination
numbers. For the HIE variant, we have optimised a second-
sphere singlet state (5) shown in Fig. 6 (upper part) with Cu-O
distances of 3.5-3.7 A. A similar second-sphere complex of Cu(1)
and H,0, was described in ref. 48, both for a small QM-cluster
model and with QM/MM, although the Cu-H,O, distances were
somewhat smaller in their QM/MM structure (around 2.8 A). In
our case, the position of H,0, is over the Cu(i) ion, interacting
with the H*? proton of HIE147 and also with GIn162, as was also
found in ref. 48. In addition, H,O, interacts with two nearby
water molecules and these were included in the QM region for
all states with HIE147. Notably, the crystallographic study in ref.
40 found that the site occupied by H,O, in Fig. 6 can be occu-
pied by O, in what they called a pre-bound state.

Chem. Sci,, 2018, 9, 3866-3880 | 3871
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Fig. 5 Reactant 4b (left), transition state (middle) and product 6a (right) for reaction 4b — 6a. Structures were optimised with TPSS/def2-SV(P)

and energies were obtained with TPSS-D3/def2-TZVPP.

Attempts to coordinate H,O, to the Cu(1) ion lead to struc-
tures in which the O-O bonds are very long with O-O distances
of 2.0 (singlet) and 2.1 A (triplet), respectively (see Fig. S7 in the
ESIT). These intermediates are similar to the “caged OH"”
structures obtained in ref. 48. However, they were appreciably
less stable than a structure in which H,0, is cleaved to H,O and

—
Singlet

0.0 kd/mol

" Triplet’

il
-69.8 kJ/mol

Fig. 6 Optimised structures of intermediates 5 (upper) and 6b (lower)
in the HIE147 state. Structures were optimised with TPSS/def2-SV(P)
and energies were obtained with TPSS-D3/def2-TZVPP.

3872 | Chem. Sci., 2018, 9, 3866-3880

[CuO]" (6b) in the triplet state (with His147 in the HIE state).
This intermediate formed spontaneously under the attempt to
optimise 5 with H,0, coordinating to Cu() in the triplet state.
The resulting structure is shown in Fig. 6 (lower). It is about
70 kJ mol~" more stable than 5 (in the singlet state). Interest-
ingly, the C,~H distance is 2.2 A, so it is apparently set up for
hydrogen abstraction.

When His147 is protonated (HIP), we obtain only states in
which the O-O bond is cleaved, i.e. 6¢ is formed spontaneously,
independent of the spin-state and also when starting from
structures with H,O, pointing away from HIP147. His147 was
kept in the HIE form in ref. 48, and direct comparisons are
therefore not possible. The various structures and the relative
energies between the singlet and triplet are shown in Fig. 7. The
singlet is in this case favored by 53 kJ mol ". The differences
between the two spin states for the bond distances within the
first coordination sphere are small, whereas the distance to C,~
H is 3.3-3.5 A, i.e. slightly longer than for 6b, but still allowing
a facile C-H transfer (as discussed further below). Thus, the
results show that H,0, is a possible co-substrate, as both 6b and
6c are readily generated from H,0,. Our calculations predict
that H,0, reacts by a second-sphere mechanism, in which
His147 positions the co-substrate in proximity to Cu(i) before
the cleavage of the O-O bond.

3.5 C-H activation reaction

Next, we investigate abstraction of the C,~H atom from the
polysaccharide substrate. For the [CuO,]" (3) intermediate, the
reaction energy is 140 k] mol ' and the activation barrier is
more than 150 k] mol " (see Table S5 and Fig. $91), making this
reaction highly unlikely. We recently found the same employing
a QM-cluster approach, although no activation barriers were
calculated.®® Another recent QM-cluster study also came to the
same conclusion.*® Therefore, we focus on the [CuO]" (6b) and
[CuOH]*" (6¢) intermediates in the following. However, before
investigating the reactions 6b — 7a and 6¢ — 7b, we investi-
gated the protonation state of His147 for the reactants and
products. For intermediates 6b and 7a, the HIE state is 120 and
122 kJ mol~" more stable than the HID state, respectively. The

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Optimised structures of intermediate 6c in the singlet (upper)
and triplet states (lower) with HIP147. Structures were optimised with
TPSS/def2-SV(P) and energies were obtained with TPSS-D3/def2-
TZVPP.

corresponding energy differences for 6¢ and 7b are 116 k] mol "
and 187 kJ mol ™%, also in favor of the HIE state. On the one
hand, this large energy-difference in favor of the HIE
tautomer suggest that the abstraction reaction occurs from the

His147 (;Iu His147 (ﬁu

0 kdimol

View Article Online
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HIE form, unless the barrier is significantly higher in this form.
On the other hand, the HID form is more natural to employ for
the C,~H abstraction, as this form is obtained directly from
reactions 5 — 6¢c and 4 — 6 (in which HIP donates a proton and
thereby becomes HID). With these considerations in mind, we
decided to investigate the C,—H abstraction with both the HIE
and HID forms of His147. It turned out, that for 6b and to
a lesser degree 6¢, the protonation state of the nearby His147
residue strongly influences the activation energies.

We start by considering the C,~H abstraction from the Cu-
oxyl complex (6b — 7a). The structures of the reactant, transi-
tion state and product as well as the QM/MM activation and
reaction energies are shown in Fig. 8 (with His147 in the HID
state) and 9 (with His147 in the HIE state). The energies shown
here were calculated with TPSS, while additional details and the
corresponding results with B3LYP are given in the ESI, Table S6
and Fig. S10.f Independent of the His147 state, the Cu-O
distance of the oxyl ligand is remarkably constant, with
a difference of only 0.04 A between the reactant and the product.
The Cu-O bond length to the tyrosine ligand (¢rans to the oxyl
group) also shows only minimal changes, from 2.4 A in the
reactant to 2.5 A in the product. For the HID form, the activation
energy of 69 k] mol ' and the overall reaction energy of
—17 k] mol™" (73 and —22 kJ mol ™" with the B3LYP functional)
show that the reaction is feasible. Interestingly, the HIE form
gives rise to a higher activation energy, 104 kJ mol~", while the
reaction energy is —22 kJ mol™* (111 and —27 kJ mol™ ' with
B3LYP).

We next turn to the Cu-hydroxyl complex (6¢c — 7b). The
reactant, transition state and product structures and corre-
sponding energies are shown in Fig. 10 and 11 (additional
details are given in Fig. S11 and Table S77). In contrast to the 6b
— 7a reaction, we obtain a large change in the Cu-O distance,
from 1.9 A to 2.2-2.3 A, reflecting a change from hydroxyl to
water.

The ground state of 6¢ was found to be a singlet, but as is
evident from Fig. S11,7 we find that the singlet-triplet energy
splitting gradually decreases during the C-H abstraction (as

His147 (HID‘ (

-17.2 kd/mol

68.5 kJImoI

Fig. 8 Reactant (6b, left), transition state (middle) and product (7a, right) for the 6b — 7a reaction with His147 in the HID state. Structures were
optimised with TPSS/def2-SV(P) and energies were obtained with TPSS-D3/def2-TZVPP.
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Fig. 9 Reactant (6b, left), transition state (middle) and product (7a, right) for the 6b — 7a reaction with His147 in the HIE state. Structures were
optimised with TPSS/def2-SV(P) and energies were obtained with TPSS-D3/def2-TZVPP.

expected): for the TPSS functional, the triplet becomes ener-
getically lower than the singlet for a C,~H distance of 1.45 A
(1.40 A with B3LYP) and for the product, the triplet is signifi-
cantly more stable. In the following, we estimate the activation
energy from the energy at the singlet-triplet crossing.

Our calculations also show that the activation energy is less
sensitive to the protonation state of His147 for the Cu-hydroxyl
intermediate 6¢ than for Cu-oxyl (6b). For His147 in the HID
form, we obtain a C4~H activation energy of 93 k] mol " with the
TPSS functional (97 kJ mol ' with B3LYP). The corresponding
values for the HIE variant are 103 and 93 k] mol ", respectively.
These values are close to the activation energy obtained for 6b
with His147 is in the HIE form (104-111 kJ mol %)

Interestingly, the reaction energies for the 6¢c — 7b reaction
show some functional dependence, which was not seen for the
6b — 7a reaction. For the HID form, the TPSS functional
predicts the 6¢ — 7b reaction to be uphill by 49 kJ mol ,
whereas B3LYP predicts that the reaction is slightly downhill
with —22 k] mol . Similar values are obtained for the state with
His147 in the HIE147 form: 57 (TPSS) and —14 k] mol™"
(B3LYP), ¢f. Table S7.7 The reason for the increased functional

His147 (ﬁu His147 (HID

J

0 kd/mol

dependence in reaction 6¢c — 7b is that the most stable spin-
state changes in the course of reaction. This can lead to
uncertainties with DFT methods (see e.g. ref. 65). We currently
investigate this reaction with more accurate methods based on
multireference perturbation theory. Yet, within the accuracy
provided by DFT-based QM/MM, we can conclude that in the
HIE protonation state of His147, the Cu-oxyl and Cu-hydroxyl
have comparable activation energies, whereas the lowest acti-
vation energy is obtained for the Cu-oxyl complex with His147
in the HID protonation state. With the current accuracy of the
employed exchange-correlation functional, we can not exclude
that the reaction energies of 6b and 6c¢ are similar. We note also
that the electrostatic environment contributions are uniformly
small (2-10 k] mol %, see Fig. S10 and S11t), which is in marked
contrast to the much more sensitive proton-transfer reactions
discussed above.

To investigate the relative stability of 6b and 6¢c, we finally
studied the protonation of 6b to 6c. Here, His147 acted as the
proton donor and hence was in the HIP form. Protonation of 6b
turned out to be facile with a low energy barrier (below
20 kJ mol™") and with a overall reaction energy of around

His147 (ﬁ:u 7
\!

2

93.8 kJ/mol

) 48.5 kd/mol

Fig. 10 Reactant 6c (left), transition state (middle) and product 7b (right) for the 6¢c — 7b reaction with His147 in the HID state. Structures were
optimised with TPSS/def2-SV(P) and energies were obtained with TPSS-D3/def2-TZVPP.
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Fig. 11 Reactant 6c (left), transition state (middle) and product 7b (right) for the 6¢c — 7b reaction with His147 in the HIE state. Structures were
optimised with TPSS/def2-SV(P) and energies were obtained with TPSS-D3/def2-TZVPP.

—150 k] mol *. Therefore, 6b should be rapidly converted to 6¢
in acidic media. Considering the fact that 6c is very easy to
generate, this intermediate should be considered the favored
one, despite its slightly higher activation energy.

3.6 Recombination step and product formation

The final reaction is the recombination of the saccharide radical
and the Cu ligand, i.e. the 7a — 8a reaction in Fig. 1. We first
studied the reaction from [CuOH]" (7a). As noted in previous
section, the HIE state is 121 k] mol~' more stable than the HID
state, and we therefore focus on the former here. However, as in
previous section, we investigated both tautomers, but in this
case the HIE and HID states give rise to similar activation and
reaction energies. We also carried out the 7a — 8a reaction with
His147 in the HIP state. The reactant, 7a, the transition state and
product 8a are shown in Fig. 12 (for His147 in the HIE form) and
13 (for His147 in the HIP form) together with the corresponding
energies (see Tables S8 and S9 and Fig. S127 for further details).

The reaction involves a transition from the triplet spin-state
of [Cu-OH]" and R’ (7a) to a closed-shell singlet state of the

0 kd/mol,

product (Cu’ and ROH; 8a). The transition state is the triplet-
singlet crossing point. With His147 in the HIE form, the tran-
sition state has a C,~O bond length of 2.6 A and the activation
energy is 40 k] mol '. With the B3LYP functional, the transition
state occurs at a somewhat shorter bond distance (2.2 A) and the
activation energy is slightly higher (53 k] mol ", see Table S87).
Independent of the employed functional, the reaction is
strongly downhill by 182-193 kJ mol '. Both activation and
reaction energies are similar for the HID state (albeit generally
10 kJ mol " lower, cf. Fig. 14). The corresponding activation
energy for the HIP state is either slightly higher (62 kJ mol "
with TPSS) or similar to that with the HIE form (B3LYP), while
the reaction is still significantly downhill (158-165 k] mol %),
independent of the employed functional.

As expected, attempts to obtain a protonated ROH; product
state directly from 7b were unsuccessful. They were carried out
with His147 in the HID state to allow the possibility for the
product to protonate this residue, but this did not occur.
However, the reaction (7b — 8a under protonation of HID to
HIP) is downhill by between 43 and 47 k] mol ", depending on

1182.6 kJimo)

) 40.3 kalmol,

Fig. 12 Reactant 7a (left), transition state (middle) and product 8a (right) for the 7a — 8a reaction with His147 is in the HIE state. The structures
were optimised with TPSS/def2-SV(P) and energies were obtained with TPSS-D3/def2-TZVPP.
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Fig. 13 Reactant 7a (left), transition state (middle) and product 8a (right) for the 7a — 8a reaction with His147 is in the HIP state. The structures
were optimised with TPSS/def2-SV(P) and energies were obtained with TPSS-D3/def2-TZVPP.

the functional. Therefore, it may occur with a concerted
protonation of HID to HIP under the transfer of OH". Since the
active site is close to the surface, the deprotonation may also
occur through connections to the bulk solvent. Another possible
reaction path for 7b could be protonation of His147 in the HID
form to form 7a + HIP. We are currently investigating these
different possibilities.

4 Discussion

We have calculated reaction and activation energies for the full
putative mechanism of the LPMOs in Fig. 1. In this section, we
relate our findings to known experimental data and previous

[Cu « RH]*

‘0/

[CuO;  RHJ*
3

[Cu « ROHJ*

Ers =15 (17) H* 8a

H,0,

[CuOOH « RHJ**

4a
E4a-3 =-6 (0)
. [Cu e H;0; « RH]*
5
[CuOOH « RH]*
4b H*
“H,0 ™ [CuOeRHP*
Ers = 48 (66) 6a

Egap =-1(54)

RH | -ROH

theoretical results. Our suggested mechanism is shown in Fig. 14
along with the calculated reaction and activation energies.

It is known that the investigated LPMO is C4-specific.
Focusing on the structural parameters, we note that for our
optimised structure of the [CuO,]" (3) complex, the distances
from O; to the H, and H, atoms of the substrate are 2.29 A and
2.28 A, respectively (Fig. 3 and Table S1). These distances are
slightly longer with the larger def2-TZVPD basis set (2.35 A and
2.41 A, Table S17). The similarity of these distances suggests
that a regiospecificity (for C,~H) can only occur if the O-O bond
is broken before the hydrogen-transfer step, as tentatively sug-
gested by O'Dell et al.,* based on superimposing a substrate-
free structure of the [CuO,]" complex with the structure of the

HIDE ¢ = 35 (44)
HIEE < = 40 (53)
HIPE. ¢ = 62 (53) H

[CUOH e R*]* # [CuOH, s R*J**

/ Ta 7b
HIEE aen = -22 (-27)  MEE7a.6p = 57 (-14)

HIOEp60 = -17 (-22)  MPE7a.6p = 48 (-22)

HIDE,, 70 = -194 (-204)
HIEE 72 =-182 (-193)
HIPE g, 72 = -158 (-166)
HIDHIPE o = .43 (-47)

HIEE < = 103 (93)
HIDE. < = 93 (97)

[CuOH « RH]**

Ers=0 6c
W Eep.sc = -148 (-148)
“H,0

H* =
Ers=1960) /" weg ¢ = 104 (1)

HIDE. s = 69 (73)
[CuO « RHI*
6b
Es.gp = -70 (-74)

Fig. 14 Final, calculated mechanism for LPMO C-H activation. Activation energies are given as Ets and individual reaction energies are given
below products, using the reactant as reference (all energies are in kJ mol™2). The energies are from TPSS with B3LYP in parentheses (always with
def2-TZVPP basis sets). Protons are in all cases from His147 (in the HIP form). A few reactions are calculated with His147 in HIE/HIP or HIE/HID
forms, as indicated with a subscript. Energies where not obtained for cases with different number of particles between reactant and product
(reductions), and in case of 5 — 6¢, since 6¢ was formed spontaneously.
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LPMO-substrate complex.” Interestingly, the difference
between the two distances become larger with His147 in the HIP
form, making the C,-H abstraction less likely. The distances
between the [CuO]" oxygen atom in 6b and the H, and H,
hydrogen atoms in the substrate are 2.4 A and 3.1 A, respec-
tively. Similarly, the distance between the [Cu-OH]** oxygen
atom and H, and H, hydrogen atoms are 3.6 A and 4.2 A,
respectively for 6¢ (singlet). Thus, the difference in 6b and 6¢ are
0.6-0.7 A (a similar difference is observed for the triplet spin-
state of 6¢), which is much larger than the 0.1-0.2 A for the
corresponding [CuO,]" intermediate (¢f Fig. 3 and 4). Thus, we
confirm that the structures after cleavage of the O-O bond can
explain the C,-H regioselectivity of this LPMO. The calculated
energies also support this; structures involving [Cu-0]" (6b) and
[Cu-OHT*" (6¢) have activation energies of 93-111 k] mol " (with
His147 in the HIE form, Table S7t), which are much lower than
the 140-168 kJ mol " we obtain for 3 (Table S5; 1 also with
His147 in the HIE form).

Unfortunately, direct comparison of these activation barriers
with experiment is not straight-forward, as kinetic data is
difficult to obtain for LPMOs and has therefore been scarce.
Rate constants kops***% between 0.01 s~ * and 0.1 s, and in
some special cases®”*® up to 0.2-0.5 s~ have been reported for
different LPMOs. The LPMO we target in this study” has a ke.c =
0.11 s~ (at 310 K), which (according to transition-state theory)
translates into an activation free energy of 81 k] mol " if the pre-
exponential factor is set to kT/h = 6 x 10'2.% Note also that ref.
14 translates the rate constant to 63 k] mol ', presumably due
to a different pre-factor.

We find that the C-H abstraction is the rate-determining
step. We have in our previous study* (using a smaller model)
obtained a thermochemical energy correction of —6 kJ mol™"
for 6b and —13 kJ mol " for 6c. Assuming a similar magnitude
of correction for the activation barrier, we obtain activation
energies of 63 and 81 k] mol™" for 6b and 6¢ and His147 in the
HID state (these values are with the TPSS functional; the cor-
responding B3LYP values are 67 and 84 k] mol '). The corre-
sponding values with His147 in the HIE state are in most cases
slightly higher: 99 k] mol ™" for 6b and 90 k] mol~* for 6c with
the TPSS functional (105 and 80 k] mol' with B3LYP). The
approximation of using a thermodynamical correction from
reaction energies for barrier heights deserves a comment. The
correction mainly comes from the zero-point vibrational energy
(ZPVE), and are of the same magnitude as literature values on
barrier heights for H-abstractions. For instance, the authors of
ref. 48 estimated the effect to be —11 k] mol™* from ZPVE and
7 kJ mol~" from entropy (T x AS), resulting in a total correction
of —4 k] mol ™ *. However, it should be noted that these numbers
are literature values, taken from an organic system. Thiel and
co-workers™ showed for the H-abstraction in a metalloenzyme
(P450cam) that ZPVE can be somewhat higher (—18 kJ mol ™),
whereas the corrections from entropy indeed are small (below
5 kJ mol™"). Nevertheless, with an estimated magnitude of 5-
18 kJ mol ', the choice of functional quite often introduces
larger errors. With these considerations in mind, the calculated
activation energies show that both 6b and 6c¢ are likely inter-
mediates and with His147 in the HID form, they give activation

This journal is © The Royal Society of Chemistry 2018
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energies close to the experimental one. With His147 in the HIE
form, the activation energies are in most cases slightly larger
than the experimental one. In a recent study, the same LPMO as
studied here was shown to be active with a number of different
polysaccharide substrates, and it was suggested that different
mechanisms were operative for different substrates.** Our study
shows that even for the same substrate, different active species
can be operative, depending on the second coordination
sphere.

Our calculations thus show that His147 may have several
roles in the mechanism. First, it is a possible proton donor,
which can explain the results from recent mutagenesis experi-
ments, showing that mutation of this residue results in
a decreased activity of LPMO.* Second, this histidine residue is,
together with Gln162, involved in positioning H,0, for disso-
ciation. Finally, the protonation state (and tautomeric from) of
His147 also influences the activation energy of the C-H step,
which may alter which species is most reactive. Notably, both
His147 and GIn162 are highly conserved among different AA9
LPMOs.*

Given the large sequence variance between LPMOs (there are
no residues except from the histidine brace residues that are
strictly conserved in all different LPMO classes, AA9, AA10, AA11
and AA13), it is naturally interesting to speculate in how general
our suggested mechanism is, particular seeing that the second
coordination sphere often plays a role. Since His147 and Gln162
are generally conserved in AA9 LPMOs, it is likely that the
suggested mechanism is valid for AA9 LPMOs. The AA10 LPMOs
varies considerably depending on their substrate specificity
(chitin or cellulose).?® Chitin active AA10 LPMOs have a Glu
residue in place of GIn162, and it is possible that this Glu might
play the combined role of His147 and GIn162 (i.e. proton donor
and positioning of H,0,). Similarly, both AA11 (ref. 9) and AA13
(ref. 11) have a Glu/Asp and Gln in the in second coordination
sphere, but the number of characterized structures for these
classes are more scarce. Cellulose active AA10 are again
different, but has concerted H-bonding mortifs that resemble
the His147 and GIn162 mortif.***> For instance, in the cellulose
active AA10 LPMO with PDB entry 40Y7,>* a Glu residue replaces
GIn162 and an Arg residue replaces His147.>> Yet, it is clear that
further investigations are required to fully understand the role
of the second coordination sphere in the mechanism.

While the good agreement between the calculated and
experimental activation energies are reassuring, activation
energies obtained from experimental rate constants should also
be interpreted with some care. For instance, the LPMO rate
constant have shown to depend on the externally applied
reductant,®® as discussed further below.

It is notable that a previous QM-cluster study* also sug-
gested an oxyl species, but this study is not directly comparable
to ours, because O, and O~ were positioned trans to the tyrosine
ligand, based on initial (and probably incomplete) crystallo-
graphic data.** Both our previous QM/MM study*® and a recent
experimental study® suggest that O, binds in an equatorial
position. In ref. 45, they obtained activation barriers of
146 k] mol ' and 64 k] mol ™" for species with O; and O,
respectively (using the B3LYP functional). Accordingly, our
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results agree with ref. 45 that the oxyl-species is more reactive
than the superoxide. Very recently, a QM-cluster study* and
a QM/MM study*® (employing a equatorial coordination of oxyl
and superoxo ligands) have also suggested the oxyl species to
abstract the C-H bond, although ref. 48 finds that hydroxylation
of the glycoside bond has a higher activation energy.

Most evidence thus seems to point towards that hydrogen
abstraction from C-H occurs after O-O bond breaking, either
with a [Cu-O]" or a [Cu-OH]*" active species or both. With the
present results, it is naturally interesting to compare the two
investigated mechanisms for generation such species. Starting
with the O, pathway in Fig. 1, the initial protonation of the
superoxide 3 — 4ais certainly feasible with an activation energy
below 20 kJ mol~". The cleavage of the O-O bond in 4a requires
further reduction to 4b and our calculations suggest that the
second reduction (of 4b in Fig. 1) does not occur before the
bond is cleaved. Instead, the O-O bond is cleaved in 4b to
generate an oxyl species (6a) with an activation energy of 48
(TPSS) to 66 k] mol~" (B3LYP), which is slightly lower than for
the C-H abstraction step. The reaction is thermoneutral with
TPSS but uphill with B3LYP, showing that 6a is expected to have
a short life time. Thus, these calculations show that the oxyl and
hydroxyl species can be generated from O,, but it requires an
external supply of electrons and their timely delivery to the 4a
and 6a intermediates. The short life-time of 6a makes it
a unlikely candidate for the reactive species for the C-H
abstraction, although the bond-dissociation energy was
favorable.*®

The question on how these electrons are supplied has been
much discussed. A number of different electron-transport
systems have been demonstrated for LPMOs, ranging from the
protein cellobiose dehydrogenase (CDH)* to small redox-active
molecules™ and even light-activated systems.*””> Still, the mech-
anism of the electron shuttle from donor to LPMO is unclear. For
the initial reduction of the resting state (1), it has been shown that
CDH can transfer electrons with rate constants that are larger
than the LPMO reaction (keps = 0.9-67 s~ 1),”*”® which is difficult
to combine with the observed dependence of the LPMO activity
on the reductant.”””* A possible explanation could be that the
reduction potentials of the transient species, e.g., 4a and 6a, are
significantly different from that of 1. Since calculations of
reduction potentials are associated with large errors (as we have
previously shown for LPMOs*), we can at present not investigate
this option in detail. Currently it is known that the initial
reduction (1 — 2) does not need to be carried out in presence of
substrate,” but it is more difficult to envisage how CDH (or other
reductants) transfers the electrons when the substrate shields the
Cu active site during reaction, although long-range electron
transfer* and electron-transfer chains through the LPMO
protein® have been suggested. Since our calculations show that
generation of active Cu-oxygen species is possible via the O,
pathway in Fig. 1, this pathway must still be considered a viable
option, although it is not our favored pathway.

The H,0, pathway alleviates the need for transfer of elec-
trons when the substrate is bound to the active site.*” It is
known that LPMOs can produce H,0, in absence of poly-
saccharide substrate,*»”* although the exact concentration is
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difficult to estimate.”” Our calculations support the H,O,
pathway, as both 6b and 6c are readily generated from H,O,,
probably through a state with H,O, bound in the second coor-
dination sphere of Cu (5), because no states with H,0O, coordi-
nated to Cu(1) could be located. Note that binding of HO, to
Cu(n) is also a possibility, forming 4b, meaning that the
“priming” reduction could be reduction of 4b, combined with
cleavage of the O-O bond, giving rise to one of the 6 species
(which could explain the observed dependency on the reduc-
tant). While this scenario might be worth further investigation,
it must currently be considered speculative.

Neither ref. 45 nor ref. 39 considered the hydroxyl interme-
diate or how the reactive species are generated, although ref. 39
did obtain a structure in which H,0, coordinates to Cu(i).
However, the structure was optimised without the substrate,
using a different crystal structure. The generation of an oxyl
species from H,0, (but not O,) was considered in ref. 48: our
prediction that formation of an oxyl complex is feasible from
H,0, generally agrees with the results from this study.

Finally, we note that it has recently been suggested that
deprotonation of the terminal NH, unit may be part of the
mechanism,"** but no conclusive evidence for this deproto-
nation has yet been published. A recent neutron and X-ray
diffraction study has been claimed show such a state,** but
the crystallographic data are ambiguous: in a separate study we
have re-investigated this crystal structure using quantum
refinement. We see no evidence of a terminal NH, deprotona-
tion and this path is therefore not considered here. Moreover,
our QM-cluster studies showed that deprotonation did not lead
to any enhanced reactivity.*®

5 Conclusions

In this paper, we have investigated the substrate-LPMO
complex with QM/MM methods, starting from a recently pub-
lished crystal structure.” The full mechanism has been mapped
out and the results are shown (together with activation and
reaction energies) in Fig. 14.

The calculations show that protonation of a superoxo [CuO,]"
complex is feasible and can lead to formation of an oxyl complex
after reduction and dissociation of water. This oxyl complex is
readily protonated to a Cu-hydroxyl complex. Both Cu-oxyl and
Cu-hydroxyl (6b and 6¢) are sufficiently reactive to abstract
a hydrogen from the polysaccharide substrate. In addition, we
have shown that the protonation state of the second-sphere
histidine (His147) can shift the balance between two intermedi-
ates by enhancing the reactivity of the Cu-oxyl intermediate.

In a parallel set of calculations we have investigated the
generation of the two reactive intermediates (6b and 6¢) from
H,0, and our calculations show that this is more favorable.
Thus, the calculations support H,0, as co-substrate.

All in all, the current calculations shows a new route to
LPMO activity, through both Cu-oxyl and Cu-hydroxyl inter-
mediates. They further support H,O, as co-substrate and pin-
point the role of the second coordination sphere. In future
calculations, we intend to address the C-H abstraction with
more accurate multireference methods and to address the
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problem of calculating reduction potentials for the various
states of LPMO. It will furthermore be interesting to compare
the calculated rate for generation of H,0, without substrate,*
which can be directly compared to the rate-determining C-H
abstraction step. By such a calculation, the relative importance
of the generation of H,O, from LPMOs can be compared to the
enzymatic reaction. Finally, a recent paper showing that
particulate methane monooxygenase has a mono-nuclear active
site** indicates that our conclusions may be generalized also to
that enzyme. We are currently investigating this possibility.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This investigation has been supported by grants from the
Swedish research council (project 2014-5540) and from COST
through Action CM1305 (ECOSTBio). EDH thanks the Carlsberg
foundation (CF15-0208 and CF16-0482) and the European
Commission for support. The computations were performed on
computer resources provided by the Swedish National Infra-
structure for Computing (SNIC) at Lunarc at Lund University.

Notes and references

1 M. Chang, Curr. Opin. Chem. Biol., 2007, 11, 677-684.

2 M. E. Himmel, S.-Y. Ding, D. K. Johnson, W. S. Adney,
M. R. Nimlos, J. W. Brady and T. D. Foust, Science, 2007,
315, 804-807.

3 S. Karkehabadi, H. Hansson, S. Kim, K. Piens, C. Mitchinson
and M. Sandgren, J. Mol. Biol., 2008, 383, 144-154.

4 P. V. Harris, D. Welner, K. C. McFarland, E. Re,
J.-C. N. Poulsen, K. Brown, R. Salbo, E. Ding, H. Vlasenko,
S. Merino, F. Xu, J. Cherry, S. Larsen and L. L. Leggio,
Biochemistry, 2010, 49, 3305-3316.

5 G. Vaaje-Kolstad, B. Westereng, S. J. Horn, Z. Liu, M. Zhai,
H. Serlie and V. G. H. Eijsink, Science, 2010, 330, 219-222.

6 G. R. Hemsworth, G. J. Davies and P. H. Walton, Curr. Opin.
Struct. Biol., 2013, 23, 660-668.

7 K. E. H. Frandsen, T. J. Simmons, P. Dupree, ]J.-C. N. Poulsen,
G. R. Hemsworth, L. Ciano, E. M. Johnston, M. Tovborg,
K. S. Johansen, P. von Freiesleben, L. Marmuse, S. Fort,
S. Cottaz, H. Driguez, B. Henrissat, N. Lenfant, F. Tuna,
A. Baldansuren, G. ]J. Davies, L. L. Leggio and P. H. Walton,
Nat. Chem. Biol., 2016, 12, 298-305.

8 R. J. Quinlan, M. D. Sweeney, L. L. Leggio, H. Otten,
J.-C. N. Poulsen, K. S. Johansen, K. B. R. M. Krogh,
C. 1. Jeorgensen, M. Tovborg, A. Anthonsen, T. Tryfona,
C. P. Wwalter, P. Dupree, F. Xu, G. J. Davies and
P. H. Walton, Proc. Natl. Acad. Sci. U. S. A., 2011, 108,
15079-15084.

9 G. R. Hemsworth, B. Henrissat, G. J. Davies and P. H. Walton,
Nat. Chem. Biol., 2014, 10, 122-126.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chemical Science

10 V. V. Vu, W. T. Beeson, E. A. Span, E. R. Farquhar and
M. A. Marletta, Proc. Natl. Acad. Sci. U. S. A., 2014, 111,
13822-13827.

11 L. L. Leggio, T. J. Simmons, J.-C. N. Poulsen,
K. E. H. Frandsen, G. R. Hemsworth, M. A. Stringer, P. von
Freiesleben, M. Tovborg, K. S. Johansen, L. de Maria,
P. V. Harris, C.-L. Soong, P. Dupree, T. Tryfona, N. Lenfant,
B. Henrissat, G. J. Davies and P. H. Walton, Nat. Commun.,
2015, 6, 5961.

12 W. T. Beeson, V. V. Vu, E. A. Span, C. M. Phillips and
M. A. Marletta, Annu. Rev. Biochem., 2015, 84, 923-946.

13 E. A. Span and M. A. Marletta, Curr. Opin. Struct. Biol., 2015,
35, 93-99.

14 P. H. Walton and G. J. Davies, Curr. Opin. Chem. Biol., 2016,
31, 195-207.

15 G. R. Hemsworth, D. Guillaume, G. J. Davies and H. Brumer,
Biochem. Soc. Trans., 2016, 44, 94-108.

16 G. Vaaje-Kolstad, Z. Forsberg, J. S. M. Loose, B. Bissaro and
V. G. H. Eijsink, Curr. Opin. Struct. Biol., 2017, 44, 67-76.

17 T. Isaksen, B. Westereng, F. L. Aachmann, J. W. Agger,
D. Kracher, R. Kittl, R. Ludwig, D. Haltrich,
V. G. H. Eijsink and S. J. Horn, J. Biol. Chem., 2014, 289,
2632-2642.

18 C. Bennati-Granier, S. Garajova, C. Champion, S. Grisel,
M. Haon, S. Zhou, M. Fanuel, D. Ropartz, H. Rogniaux,
I. Gimbert, E. Record and J.-G. Berrin, Biotechnol. Biofuels,
2015, 8, 90.

19 J. W. Agger, T. Isaksen, A. Varnai, S. Vidal-Melgosa,
W. G. T. Willats, R. Ludwig, S. J. Horn, V. G. H. Eijsink and
B. Westereng, Proc. Natl. Acad. Sci. U. S. A., 2014, 111,
6287-6292.

20 M. Frommbhagen, S. Sforza, A. H. Westphal, J. Visser, S. Hinz,
M. J. Koetsier, W. J. H. van Berkel, H. Gruppen and
M. A. Kabel, Biotechnol. Biofuels, 2015, 8, 101.

21 X. Li, W. T. Beeson IV, C. M. Phillips, M. A. Marletta and
J. H. D. Cate, Structure, 2012, 20, 1051-1061.

22 Z. Forsberg, A. MacKenzie, M. Serlie, A. K. Rohr, R. Helland,
A. S. Arvai, G. Vaaje-Kolstad and V. G. H. Eijsink, Proc. Natl.
Acad. Sci. U. S. A., 2014, 111, 8446-8451.

23 Z. Forsberg, A. K. Rehr, S. Mekasha, K. K. Anderson,
V. G. H. Eijsink, G. Vaaje-kolstad and M. Serlie,
Biochemistry, 2014, 53, 1647-1656.

24 V. V. Vu, W. T. Beeson, C. M. Phillips, J. H. D. Cate and
M. A. Marletta, J. Am. Chem. Soc., 2014, 136, 562-565.

25 C. M. Phillips, W. T. Beeson, J. H. Cate and M. A. Marletta,
ACS Chem. Biol., 2011, 6, 1399-1406.

26 W.T. Beeson, C. M. Phillips, J. H. D. Cate and M. A. Marletta,
J. Am. Chem. Soc., 2012, 134, 890-892.

27 S. J. Horn, G. Vaaje-Kolstad, B. Westereng
V. G. H. Eijsink, Biotechnol. Biofuels, 2012, 5, 45-56.

28 Z. Forsberg, G. Vaaje-Kolstad, B. Westereng, A. C. Bunzs,
Y. Stenstrem, A. MacKenzie, M. Segrlie, S. J. Horn and
V. G. H. Eijsink, Protein Sci., 2011, 20, 1479-1483.

29 G. R. Hemsworth, E. J. Taylor, R. Q. Kim, R. C. Gregory,
J. P. Lewis, S. J. Turkenburg, A. Parkin, G. J. Davies and
P. H. Walton, J. Am. Chem. Soc., 2013, 135, 6069-6077.

and

Chem. Sci,, 2018, 9, 3866-3880 | 3879


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00426a

Open Access Article. Published on 26 2018. Downloaded on 17.07.2025 18:41:32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

30 G. Vaaje-Kolstad, L. A. Bghle, S. Gaseidnes, B. Dalhus,
M. Bjeras, G. Mathiesen and V. G. H. Eijsink, J. Mol. Biol.,
2012, 416, 239-254.

31 F. L. Aachmann, M. Serlie, G. Skjdk-Braek, V. G. H. Eijsink
and G. Vaaje-Kolstad, Proc. Natl. Acad. Sci. U. S. A., 2012,
109, 18779-18784.

32 G. Vaaje-Kolstad, S. J. Horn, M. Serlie and V. G. H. Eijsink,
FEBS J., 2013, 280, 3028-3049.

33 E. I. Solomon, D. E. Heppner, E. M. Johnston,
J. W. Ginsbach, J. Cirera, M. Qayyum, M. T. Kieber-
Emmons, C. H. Kjaergaard, R. G. Hadt and L. Li Tian,
Chem. Rev., 2014, 114, 3659-3853.

34 L. Cao, O. Caldararu, A. Rosenzweig and U. Ryde, Angew.
Chem., Int. Ed., 2017, 57, 162-166.

35 T. J. Simmons, K. E. H. Frandsen, L. Ciano, T. Tryfona,
N. Lenfant, J.-C. N. Poulsen, L. F. L. Wilson, T. Tandrup,
M. Tovborg, K. Schnorr, K. S. Johansen, B. Henrissat,
P. H. Walton, L. L. Leggio and P. Dupree, Nat. Commun.,
2017, 8, 1064.

36 C. H. Kjaergaard, M. F. Qayyum, S. D. Wong, F. Xu,
G. R. Hemsworth, D. J. Walton and E. I. Solomon, Proc.
Natl. Acad. Sci. U. S. A., 2014, 111, 8797-8802.

37 J. Y. Lee and K. D. Karlin, Curr. Opin. Chem. Biol., 2015, 25,
184-193.

38 E. D. Hedegard and U. Ryde, J. Biol. Inorg Chem., 2017, 22,
1029-1037.

39 L. Bertini, M. Lambrughi, P. Fantucci, L. De Gioia,
M. Borsari, M. Sola, C. A. Bortolotti and M. Bruschi, Inorg.
Chem., 2017, 57, 86-97.

40 W. B. O'Dell, P. K. Agarwal and F. Meilleur, Angew. Chem.,
Int. Ed., 2017, 56, 767-770.

41 J.-P. Bacik, S. Mekasha, Z. Forsberg, A. Y. Kovalevsky,
G. Vaaje-Kolstad, V. G. H. Eijsink, J. C. Nix, L. Coates,
M. J. Cuneo, C. J. Unkefer and J. C.-H. Chen, Biochemistry,
2017, 56, 2529-2532.

42 R. Kittl, D. Kracher, D. Burgstaller, D. Haltrich and
R. Ludwig, Biotechnol. Biofuels, 2012, 5, 79.

43 D. Dhar and W. B. Tolman, J. Am. Chem. Soc., 2015, 137,
1322-1329.

44 B. D. Neisen, N. L. Gagnon, D. Dhar, A. D. Spaeth and
W. B. Tolman, J. Am. Chem. Soc., 2017, 139, 10220-10223.

45 S. Kim, J. Stahlberg, M. Sandgren, R. S. Patond and
G. T. Beckham, Proc. Natl. Acad. Sci. U. S. A.,2014,111,149-154.

46 E. D. Hedegard and U. Ryde, ACS Omega, 2017, 2, 536-545.

47 B. Bissaro, A. K. Rehr, G. Miiller, P. Chylenski, M. Skaugen,
S.J. Horn, G. Vaaje-Kolstad and V. G. H. Eijsink, Nat. Chem.
Biol., 2017, 13, 1123-1128.

48 B. Wang, E. M. Johnston, P. Li, S. Shaik, G. J. Davies,
P. H. Walton and C. Rovira, ACS Catal., 2018, 8, 1346-1351.

49 R. Ahlrichs, M. Bir, M. Hiser, H. Horn and C. Kolmel, Chem.
Phys. Lett., 1989, 162, 165-169.

50 D. A. Case, V. Babin, J. T. Berryman, R. M. Betz, Q. Cai,
D. S. Cerutti, T. E. Cheatham III, T. A. Darden, R. E. Duke,
H. Gohlke, A. W. Goetz, S. Gusarov, N. Homeyer,
P. Janowski, J. Kaus, I. Kolossvary, A. Kovalenko, T. S. Lee,

3880 | Chem. Sci., 2018, 9, 3866-3880

51
52

53

54

55

56

57

58

59

60

61

62

63

64

65
66

67

68

69

70

71

72

73

74

View Article Online

Edge Article

S. LeGrand, T. Luchko, R. Luo, B. Madej, K. M. Merz,
F. Paesani, D. R. Roe, A. Roitberg, C. Sagui, R. Salomon-
Ferrer, G. Seabra, C. L. Simmerling, W. Smith, J. Swails,
R. C. Walker, J. Wang, R. M. Wolf, X. Wu and P. A. Kollman,
AMBER 14, University of California, San Francisco, 2014.

U. Ryde, J. Comput. Aided Mol. Des., 1996, 10, 153-164.

U. Ryde and M. H. M. Olsen, Int. J. Quantum Chem., 2001, 81,
335-347.

N. Reuter, A. Dejaegere, B. Maigret and M. Karplus, J. Phys.
Chem. A, 2000, 104, 1720-1735.

L. Hu, P. Séderhjelm and U. Ryde, J. Chem. Theory Comput.,
2011, 7, 761-777.

J. Tao, J. P. Perdew, V. N. Staroverov and G. E. Scuseria, Phys.
Rev. Lett., 2003, 91, 146401.

S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys.,
2010, 132, 154104.

A. Schifer, H. Horn and R. Ahlrichs, J. Chem. Phys., 1992, 97,
2571-2577.

A. D. Becke, Phys. Rev. A, 1988, 38, 3098-3100.

A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785-789.
K. Eichkorn, F. Weigend, O. Treutler and R. Ahlrichs, Theor.
Chem. Acc., 1997, 97, 119-124.

M. Gudmundsson, S. Kim, M. Wu, T. Ishida, M. H. Momeni,
G. Vaaje-kolstad, D. Lundberg, A. Royant, J. Stahlberg,
V. G. H. Eijsink, G. T. Beckham and M. Sandgren, J. Biol.
Chem., 2014, 289, 18782-18792.

R. C. Gregory, G. R. Hemsworth, ]J. P. Turkenburg, S. J. Hart,
P. H. Walton and G. ]J. Davies, Dalton Trans., 2016, 45, 16904.
E. A. Span, D. L. M. Suess, M. C. Deller, R. D. Britt and
M. A. Marletta, ACS Chem. Biol., 2017, 12, 1095-1103.

K. Pierloot, Int. J. Quantum Chem., 2011, 111, 3291-3301.

J. S. M. Loose, Z. Forsberg, M. W. Fraaije, V. G. H. Eijsink and
G. Vaaje-kolstad, FEBS Lett., 2014, 588, 3435-3440.

D. Cannella, K. B. Mollers, P. E. Jensen, M. J. Bjerrum,
K. S. Johansen and C. Felby, Nat. Commun., 2016, 7, 11134.
J. S. M. Loose, Z. Forsberg, D. Kracher, S. Scheiblbrandner,
R. Ludwig, V. G. H. Eijsink and G. Vaaje-Kolstad, Protein
Sci., 2016, 25, 2175-2186.

F. Jensen, Introduction to Computational Chemistry, Wiley,
2nd edn, 2007.

H. M. Senn, ]J. Kistner, J. Breidung and W. Thiel, Can. J.
Chem., 2009, 87, 1322-1337.

D. Kracher, S. Scheiblbrandner, A. K. G. Felice, E. Breslmayr,
M. Preims, D. Haltrich, V. G. H. Eijsink and R. Ludwig,
Science, 2016, 352, 1098-1101.

B. Bissaro, Z. Forsberg, Y. Ni, F. Hollmann, G. Vaaje-kolstad
and V. G. H. Eijsink, Green Chem., 2016, 18, 5357-5366.
T.-C. Tan, D. Kracher, R. Gandini, C. Sygmund, R. Kittl,
D. Haltrich, B. M. Hiéllberg, R. Ludwig and C. Divne, Nat.
Commun., 2015, 6, 7542-7552.

B. Westereng, D. Cannella, J. W. Agger, H. Jorgensen,
M. L. Andersen, V. G. H. Eijsink and C. Felby, Sci. Rep.,
2015, 5, 18561.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00426a

	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...

	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...

	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...
	Molecular mechanism of lytic polysaccharide monooxygenasesElectronic supplementary information (ESI) available: Detailed description of the employed...


