
  Chemical
  Science
rsc.li/chemical-science

Volume 13
Number 45
7 December 2022
Pages 13251–13634

ISSN 2041-6539

EDGE ARTICLE
Pratul K. Agarwal, Flora Meilleur et al.
Capture of activated dioxygen intermediates at the copper-
active site of a lytic polysaccharide monooxygenase



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:2

0:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Capture of activa
aDepartment of Molecular and Structura

University, Raleigh, NC 27695, USA. E-mail
bNeutron Scattering Division, Oak Ridge Na

USA
cVeraChem LLC, 12850 Middlebrook Rd. Ste
dDepartment of Physiological Sciences an

Oklahoma State University, Stillwater, OK

okstate.edu

† Electronic supplementary informa
https://doi.org/10.1039/d2sc05031e

‡ Current address: Biomolecular Measur
Standards and Technology, Gaithersbur
Laboratory, Institute for Bioscience and B
20850.

Cite this: Chem. Sci., 2022, 13, 13303

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th September 2022
Accepted 19th October 2022

DOI: 10.1039/d2sc05031e

rsc.li/chemical-science

© 2022 The Author(s). Published by
ted dioxygen intermediates at the
copper-active site of a lytic polysaccharide
monooxygenase†

Gabriela C. Schröder, ab William B. O'Dell, ‡ab Simon P. Webb, c

Pratul K. Agarwal *d and Flora Meilleur *ab

Metalloproteins perform a diverse array of redox-related reactions facilitated by the increased chemical

functionality afforded by their metallocofactors. Lytic polysaccharide monooxygenases (LPMOs) are a class

of copper-dependent enzymes that are responsible for the breakdown of recalcitrant polysaccharides via

oxidative cleavage at the glycosidic bond. The activated copper-oxygen intermediates and their mechanism

of formation remains to be established. Neutron protein crystallography which permits direct visualization

of protonation states was used to investigate the initial steps of oxygen activation directly following active

site copper reduction in Neurospora crassa LPMO9D. Herein, we cryo-trap an activated dioxygen

intermediate in a mixture of superoxo and hydroperoxo states, and we identify the conserved second

coordination shell residue His157 as the proton donor. Density functional theory calculations indicate that

both superoxo and hydroperoxo active site states are stable. The hydroperoxo formed is potentially an

early LPMO catalytic reaction intermediate or the first step in the mechanism of hydrogen peroxide

formation in the absence of substrate. We observe that the N-terminal amino group of the copper

coordinating His1 remains doubly protonated directly following molecular oxygen reduction by copper.

Aided by molecular dynamics and mining minima free energy calculations we establish that the conserved

second-shell His161 in MtPMO3* displays conformational flexibility in solution and that this flexibility is also

observed, though to a lesser extent, in His157 of NcLPMO9D. The imidazolate form of His157 observed in

our structure following oxygen intermediate protonation can be attributed to abolished His157 flexibility

due steric hindrance in the crystal as well as the solvent-occluded active site environment due to crystal

packing. A neutron crystal structure of NcLPMO9D at low pH further supports occlusion of the active site

since His157 remains singly protonated even at acidic conditions.
Introduction

Lytic polysaccharide monooxygenases (LPMOs; also designated
PMOs) are copper metalloenzymes that perform unique redox
chemistry resulting in disruption of polysaccharide chains by
oxygen atom insertion at the glycosidic bond.1 LPMOs originate
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from a range of organisms including bacteria, fungi, algae as
well as animals and are classied according to Auxiliary Activity
(AA),2 namely the AA9–AA11 and AA13–16 families. Herein we
study activity of an AA9 LPMO, a family of LPMOs of fungal
origin that are active on cellulose. The LPMO active site is highly
conserved and contains a mononuclear Cu2+ center within
a “histidine brace” motif in which the copper is coordinated by
the N-terminal histidine amino group, the Nd atom of His1 and
the N3 atom of a second conserved histidine in the equatorial
plane.3 The LPMO axial position is occupied by a Tyr residue
2.5–3.0 Å from the copper center, with the exception of some
AA10 LPMOs where the Tyr is replaced by a Phe.4 In the Cu2+

resting state, the remaining equatorial and axial positions are
each occupied by a water molecule.5,6

Of particular commercial and biotechnological interest is
the ability of fungal LPMOs to catalyze the oxidative cleavage of
recalcitrant crystalline cellulose at the C1 and/or C4 position,
thereby enhancing polysaccharide depolymerization by
increasing glucan access to hydrolytic enzymes and ensuring
efficient bioconversion.7,8 The overall reaction of LPMOs for
Chem. Sci., 2022, 13, 13303–13320 | 13303
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oxidative cleavage of the glycosidic bond proceeds as shown in
Scheme 1 in which oxygen is inserted at the C1 or C4 position
which destabilizes the glycosidic bond resulting in bond
breakage via an elimination reaction.9

While H2O2 has also been shown to be a LPMO co-
substrate,10–12 the work presented here focuses on the activation
of O2, the rst characterized co-substrate in polysaccharide
oxidation and the substrate in the synthesis of H2O2 in the
absence of polysaccharide substrate.9,13,14 One-electron reduction
of the copper active site to Cu1+ and binding of the molecular
oxygen co-substrate initiates the reaction cycle with the generally
accepted formation of a Cu2+ superoxide, [Cu–O2]

+.9,13,15,16 In the
current consensus for the O2-based mechanism, following the
rapid reduction of molecular dioxygen to the superoxide, the
LPMO reaction mechanism requires further delivery of electrons
and protons to form a reactive oxygen intermediate which
oxidizes the polysaccharide substrate.17 The identity of the acti-
vated oxygen species responsible for hydrogen atom abstraction
(HAA) from the polysaccharide substrate leading to subsequent
substrate oxidation, is however still a matter of ongoing
research.18 Intensive studies encompassing X-ray crystallo-
graphic, computational and spectroscopic examinations of
mononuclear copper monooxygenases as well as biomimetic
copper complexes have proposed dioxygen intermediates such as
the superoxide [Cu–O2]

+ and hydroperoxo [CuOOH]+ species
where the O–O bond of molecular oxygen remains intact as the
reactive intermediate, however the superoxide species is unlikely
to act as the HAA since this has been shown to be energetically
unfavorable.16,19–23 Furthermore, formation of the hydroxide
[CuOH]2+ and oxyl [CuO]+ intermediates aer O–O bond scission,
with subsequent involvement in HAA, have been proposed.23–31

Formation of a potential hydroperoxo, hydroxy or oxyl HAA
species would require further protonation and reduction of the
superoxide; however, the identity of the proton donor is still
debated. Several second-shell residues including histidine
(His147 in LsLPMO9A/His161 in MtPMO3*) as well as glutamine
(Gln167 in MtPMO3*) and glutamate (Glu201 in JdLPMO10A)
have been proposed to be involved in intermediate
protonation.31–33 QM/MM calculations by Hedegård et al. propose
that a positively charged second-shell His147 in LsLPMO9A is
involved in protonation of the superoxo intermediate.34 Muta-
genesis and electron paramagnetic resonance (EPR) studies of
Scheme 1 Oxidation of the C1/C4 carbon in the glycosidic bond catalyze
by the reactive oxygen species shown in green.

13304 | Chem. Sci., 2022, 13, 13303–13320
His161 inMtPMO3* by Span et al. found that His161 plays a role
as a proton donor during oxygen activation. QM/MM studies of
JdLPMO10A have also proposed Glu201, a residue in the vicinity
of the copper active site as a potential proton donor.33 In addition
to protonation of the initially formed superoxide species via
a second shell residue, recent quantum mechanics/molecular
mechanics (QM/MM) calculations have also shown that the
superoxide species can abstract a hydrogen atom from an exog-
enous reducing agent such as ascorbic acid to form a hydro-
peroxo species.35

Given their role in boosting polysaccharide degradation for
downstream industrial applications, elucidation of intermediates
in the LPMO reaction pathway will pave the way for improved
utilization of LPMOs. While there have been extensive studies on
the LPMO mechanism, direct characterization of catalytic inter-
mediates remains elusive given the insoluble nature of the
polysaccharide substrate and the risk of radiation damage-
induced artefacts at the copper active site. Neutron protein
crystallography is particularly well suited to the determination of
protonation states within a protein due to the technique's unique
sensitivity to hydrogen atoms and protons oen invisible to X-ray
diffraction.36,37 Neutron protein crystallography is also a non-
destructive technique ideally suited for the study of radiation-
sensitive metalloproteins for characterization of catalytic inter-
mediates.38 The application of cryo-neutron protein crystallog-
raphy to study the protonation states of activated oxygen catalytic
intermediates has been demonstrated by Raven, Moody and
coworkers for the characterization of compound I and compound
II.39,40 In particular, a neutron crystallography study of cyto-
chrome c peroxidase (CcP) resulted in cryo-capture and charac-
terization of a deprotonated Fe(IV)]O compound I species in
a 2.5 Å resolution structure.41 In further study, a potential
protonated Fe(IV)–OH compound II species was observed in an
dioxygen activated and cryocooled structure of ascorbate peroxi-
dase (APX) at a 2.2 Å resolution.42

We report here two neutron models of a carbohydrate-free
C4-hydroxylating Neurospora crassa LPMO9D: a structure of
the activated, ascorbate-reduced form and a structure of the
resting state at pH 4.4 (pD 4.8) to further address open ques-
tions regarding initial molecular oxygen activation. The neutron
crystallographic structure of the reduced NcLPMO9D shows
cryo-capture of activated dioxygen at the copper active site
d by LPMOs with oxygen as the co-substrate. H atoms to be abstracted

© 2022 The Author(s). Published by the Royal Society of Chemistry
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modelled as a superoxo and protonated hydroperoxo species
with a population ratio of 0.30 : 0.70. The neutron scattering
length density maps of the conserved secondary coordination
shell His157 is best represented as 70% imidazolate and a 30%
singly protonated form, indicating the His157 acts as a proton
donor during early dioxygen intermediate formation. This
imidazolate intermediate state was found to be stable following
DFT calculations. The copper coordinating N-terminal amino
group His1 remains in a doubly protonated ND2 state following
copper reduction and molecular oxygen activation. We probed
the exibility of His157 in our structure and the corresponding
His161 in MtPMO3* using molecular dynamics (MD) simula-
tions to further explore their function during initial oxygen
activation. His161 in MtPMO3* displayed mobility between an
inward and outward conformation, with His157 in our structure
displaying similar mobility but to a lesser extent. Mining
minima free energy calculations further indicate His157 exi-
bility in solution which is absent in the crystal structure due to
binding-face to binding-face crystal packing. Furthermore, the
neutron and X-ray crystal structures of the resting state
NcLPMO9D at low pH show that His157 remains singly
protonated when exposed to acidic conditions. The additive
effect of limited mobility and active site occlusion due to crystal
packing have therefore permitted trapping of a hydroperoxo
intermediate and designation of the second-shell His157 as the
proton donor.
Fig. 1 Crystal packing of molecule A andmolecule B in theNcLPMO9D c
the planar active site surfaces packed facing each other. (B) Crystal symm
Tyr206 and Trp207. (C) Alignment of molecule B ofNcLPMO9Dwith the G
proline residues with glucose pyranose rings.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Crystallographic features of the NcLPMO9D neutron
structures

Both the ascorbate-reduced and low pH neutron crystals of
NcLPMO9D belonged to the monoclinic P21 space group. The
crystal structures include two protein molecules per asymmetric
unit (molecule A and molecule B) related by non-
crystallographic symmetry (NCS). Analysis of the crystallo-
graphic contacts shows that the two NCS related NcLPMO9D
molecules pack with their planar polysaccharide binding
interfaces against each other in a binding-face to binding-face
conguration also seen in PDB structures 4EIR, 5TKG, 5TKH
and 5TKI (Fig. 1A).15,43,44 While present in a dimeric conforma-
tion in the crystal structure, LPMOs including NcLPMO9D
function as single-domain monomeric proteins in solution,
where they associate with planar crystalline cellulose as
conrmed by early LPMO structural studies,8,15,45 and single-
molecule observations of LPMO using atomic force micros-
copy (AFM).46 Within this binding-face to binding-face packing
architecture, the two coordinated coppers are ∼12 Å apart,
precluding direct interaction. Binding interface residues Tyr25,
Tyr206 and Trp207 adopt distinct conformations in molecule A
and B, contributing to different microenvironments near the
Cu2+ active site (Fig. 1B). Structural alignment of our
NcLPMO9D molecule A or molecule B with the oligosaccharide-
bound form of LsLPMO9A (PDB 5ACI),47 indicates that the
rystals. (A) Cartoon of molecule A (coral) andmolecule B (light green) of
etry in molecule A and B is broken by alternate conformations of Tyr 25,
luc6 bound LsLPMO9A (PDB 5ACI) in grey to illustrate superposition of

Chem. Sci., 2022, 13, 13303–13320 | 13305
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substrate pyranose rings of the LsLPMO9A structure superim-
pose with the proline rings Pro43 and Pro163 for both molecule
A or molecule B of NcLPMO9D (Fig. 1C). The alignment further
indicates that Tyr206 of molecule A is positioned to interact
with substrate via its phenol ring. This suggests that the crys-
tallographic environment of the active site in molecule A more
closely mimics surface residue interaction with the pyranose
ring of the glucose units and creates an occluded active site,
possibly analogous to the bulk solvent-protected environment
created when the planar active site of LPMO binds to its crys-
talline linear polysaccharide substrate. Such crystal packing in
which active site residues mimic carbohydrate substrate pyra-
nose rings has also been observed in the crystal packing of
NcLPMO-3 (PDB 4EIS).15 Representation of the protein surface
additionally illustrates the active site occlusion due to crystal
packing (Fig. 2).
Ascorbate-reduced copper active site

To probe the protonation states of key catalytic residues and
intermediates in the NcLPMO9D active site, a neutron diffraction
dataset to 2.4 Å resolution was collected at 100 K on a crystal of
NcLPMO9D reduced with ascorbate at pD 6.0 (pH 5.6) in the
presence of atmospheric oxygen. Structure renement was per-
formed solely against neutron data to circumvent potential
artefacts induced by X-ray radiation damage. The axial position is
vacant, supporting displacement of both the equatorial and axial
water molecules upon Cu2+ reduction and dioxygen activation as
demonstrated by Kjaergaard et al. using extended X-ray absorp-
tion ne structure (EXAFS), X-ray Absorption Near Edge Spec-
troscopy (XANES) and density functional theory (DFT)
calculations.16 The neutron scattering length density maps at the
active site of molecule A indicate the presence of a fully occupied
equatorially coordinated dioxygen species in a mixed state of
a two-atom superoxo species and a three-atom hydroperoxo
species with occupancies of 0.30 and 0.70, respectively (Fig. 3A
Fig. 2 Solvent accessible surface in the crystal packing of molecule A an
with a probe radius of 1.5 Å.

13306 | Chem. Sci., 2022, 13, 13303–13320
and B). The intermediates have h1 end-on geometry at a Cu–O1
distance of ∼1.96 Å and ∼1.98 Å for the superoxo and hydro-
peroxo species, respectively. The superoxo species is modelled
with an O–O bond length of 1.28 Å while the hydroperoxo species
is modelled with a bond length of 1.46 Å. The Cu–O1–O2 angles
are ∼147° and 151° for the superoxo and hydroperoxo species
respectively. A Glu30 residue from molecule B is modeled 2.06 Å
and 2.08 Å away from the O2 of the superoxo and hydroperoxo
species, respectively, however it displays a disordered confor-
mation with limited neutron scattering length density, as has
been observed for NcLPMO9D structures with the same crystal
packing.15,43,44 Themodeling of an activated dioxygen species is in
good accordance with our previous high resolution X-ray struc-
tures which indicated the presence of a peroxo species with a 1.44
� 0.06 Å bond length with a Cu–O1–O2 angle of 140.52° and 1.90
Å from the Cu following ascorbate reduction (Fig. 3D).43 Activated
dioxygen species have beenmodelled in further LPMO structures
including NcLPMO9D and NcPMO-3 from Li et al., JdLPMO10A
from Bacik et al. as well as in an articial copper protein from
Mann et al. (Table 1).15,20,33,43,48 Most recently, an EPR/electron–
nuclear double resonance (ENDOR) spectroscopy study by Davy-
dov et al. of copper coordination complexes captured a Cu(I)-
superoxo species that undergoes internal electron transfer to
form a Cu(II)-peroxo species which is protonated to form the
Cu(II)-hydroperoxo species.49 These species were captured in end-
on copper coordination corresponding to the equatorial end-on
coordination observed for the hydroperoxo species in the struc-
ture presented here. In our previous high-resolution X-ray
structure, discrimination between a putative superoxo and per-
oxo species was based on bond length determination due to the
lack of visibility of hydrogen atoms. In addition, the occupancy of
the activated dioxygen species only rened to 0.59 and an axial
water remained present with an occupancy of 0.48. We reason
that photoreduction due to X-ray beam exposure resulted in an
intermediate with reduced occupancy. The NcLPMO9D active site
d molecule B of the asymmetric unit of NcLPMO9D. Surface displayed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Neutron diffraction structure of the ascorbate reduced NcLPMO9D crystal (PDB 7T5D). (A) Active site of molecule A (coral) with
a hydroperoxo species bound at the equatorial position. (B) Active site of molecule A (coral) with a superoxo species bound at the equatorial
position. (C) Active site of molecule B (light green) with a water bound at the axial position. (D) Equatorially coordinated activated dioxygen
superoxo/peroxo in X-ray diffraction structure of ascorbate reduced NcLPMO9D (green) by O'Dell et al.43 (PDB 5TKH). (A–C) Neutron scattering
length density 2Fo–Fc maps displayed in blue at a 1.0 s cut-off. Neutron scattering length density Fo–Fc maps displayed in green at a 2.5 s cut-off.
H atoms displayed in white and D atoms displayed in turquoise. (D) Electron density 2Fo–Fc maps displayed in grey at a 1.0 s cut-off. Electron
density Fo–Fc maps displayed in green at a 3.0 s cut-off.

Table 1 Structurally modelled dioxygen species in LPMOs

LPMO PDB Dioxygen species Position Cu–O (Å) O1–O2 (Å) Cu–O–O (°)

NcLPMO9D 4EIR – chain A Superoxide – end-on Axial 2.96 1.16 147.75
4EIR – chain B Superoxide – end-on Axial 2.92 1.15 142.11

NcPMO-3 4EIS Peroxo – end-on Axial 3.44 1.49 117.16
JdLPMO10A 5VG0 – Chain A Peroxo – side-on Equatorial O1 – 2.14,

O2 – 1.84
1.48 O1 – 57.67,

O2 – 79.39
JdLPMO10A 5VG0 – Chain A Peroxo – end-on Equatorial 1.83 1.46 109.52
JdLPMO10A 5VG1 – Chain B Peroxo – end-on Equatorial 2.49 1.45 115.32

5VG0/5VG1 joint
quantum renement
(ComQum-X) – Chain A

Superoxide – end-on Equatorial 2.31 1.25 108.6

5VG0/5VG1 joint
quantum renement
(ComQum-X) – Chain B

Superoxide – end-on Equatorial 2.27 1.25 113.6

NcLPMO9D 5TKH – Chain A Peroxo – end-on Equatorial 1.90 1.44 140.52
Articial copper protein 6ANX Hydroperoxo Intermediate 1.94 1.52 137.60
NcLPMO9D
(current
neutron structure)

7T5D – Chain A Superoxo Equatorial 1.96 1.28 147
7T5D – Chain A Hydroperoxo Equatorial 1.98 1.46 151

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2022, 13, 13303–13320 | 13307

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:2

0:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc05031e


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:2

0:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
presented here is absent of radiation damage since neutron
protein crystallography is a non-destructive technique permitting
capture of a mixed occupancy of a superoxo and hydroperoxo
species.37 The observed hydroperoxo species may represent an
early dioxygen intermediate in the LPMO catalytic mechanism, or
it may be an intermediate in LPMO-catalyzed H2O2 formation,
since LPMOs are known to produce H2O2 in the absence of
substrate.50 Caldararu et al. have further shown it is more ener-
getically favorable for H2O2 formation to proceed by dissociation
of H2O2 from the copper active site than HO2.33 This higher
dissociation energy of HO2 is supported by the observed binding
stability of the hydroperoxo species in our structure.

The molecule B copper active site contains a water molecule
coordinated in the axial position with a partial occupancy of
0.65 and a Cu–O distance of ∼2.2 Å while the equatorial
position is vacant (Fig. 3C). This geometry, while not chemi-
cally relevant, has been observed in partially photo-reduced
LPMO structures,6 suggesting that the active site of molecule
B underwent only partial reduction during the ascorbate soak.
We attribute the differences between molecule A and molecule
B to the conformations of the Tyr residues at the binding
interfaces.
Fig. 4 Mixed protonation state His157 in ascorbate reduced
NcLPMO9D (PDB 7T5D). (A) The molecule A (coral) second shell
His157 is deprotonated with an equatorial hydroperoxo species
coordinated to Cu2+. (B) The molecule A second shell His157 is singly
N3-protonated with an equatorial superoxo species coordinated to
Cu2+. (C) The molecule B (light green) second shell His157 is singly N3-
protonated with an axial water coordinated to Cu2+. Neutron scat-
tering length density 2Fo–Fc maps displayed in blue at a 1.0 s cut-off. H
atoms displayed in white and D atoms displayed in turquoise.
Protonation state of His157

Testing of different protonation states and visual examination
of the 2Fo–Fc and Fo–Fc omit neutron scattering length density
maps of the molecule A secondary coordination shell His157
suggest that this residue is best modelled by the neutral N3-
protonated form and the imidazolate form with occupancies
of 0.30 and 0.70, respectively (Fig. 4A and B). Analysis of the
molecule B neutron scattering length density maps indicate
that His157 is singly N3-protonated at full occupancy (Fig. 4C).
The N3 nitrogen of His157 in molecule A is observed at
a distance of ∼3.0 Å from the distal oxygen O2 of the equato-
rially bound superoxo species and hydroperoxo species. These
ndings indicate that His157 plays a role in protonation of the
activated dioxygen species observed in the barricaded active
site presented here. While an imidazolate species may be an
unusual catalytic intermediate, it has been determined that
the pKa of a deprotonated His is 14, while the peroxo group is
very basic with a pKa of up to 24 (as found in hydroperoxide
dicopper complex), supporting the donor role of a neutral His
proposed herein.51,52 Activity and structural studies of
MtPMO3* as well as QM/MM calculations of LsLPMO9A have
implicated this conserved histidine residue in proton transfer
to the copper-bound superoxide during LPMO catalysis
(His161 and His147 in MtPMO3* and LsLPMO9A, respec-
tively).31,32 QM/MM studies have also indicated that the Glu201
residue near the copper active site in JdLPMO10A is capable of
donating a proton to a bound superoxo to form a hydroperoxo
species.33 Computational studies have suggested that ascor-
bate may function as a proton donor to the superoxo species;35

however, the active site occlusion due to crystal packing in our
structure does not permit ascorbate to access the copper active
site, and there was no evidence in the neutron scattering
length density maps for an ascorbate molecule near the active
13308 | Chem. Sci., 2022, 13, 13303–13320
site. Following formation of the superoxide in NcLPMO9D, the
species we observe may result from protonation by His157 to
form the Cu(II)-hydroperoxyl species [CuOOH]2+, the Cu(III)-
hydroperoxo [CuOOH]2+, or upon further reduction a Cu(II)-
hydroperoxo [CuOOH]+, i.e.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Superoxo:

[Cu]+ + O2 / [Cu–O2]
+ with Cu(II) center

Hydroperoxyl radical/Hydroperoxo:

[Cu–O2]
+ + H+ / [Cu–OOH]2+ with Cu(II)/Cu(III) center

Hydroperoxo:

[Cu–O2]
+ + H+ + e− / [Cu–OOH]+ with Cu(II) center

All these species have been posited as viable reaction inter-
mediates in computational and small molecule
studies.20,23,49,53–55

Density functional theory (DFT) calculations. While the
neutron data supports modeling of a two and three atom
dioxygen species at the active site, it does not, however, permit
discrimination between the hydroperoxyl or hydroperoxo
species just discussed nor does it resolve the redox state of the
copper ion. We performed DFT calculations on active site
‘cutout’ models to further assess the proposed (based on our
neutron data and previous work) intermediates in the copper
active site of molecule A. The aim of the DFT calculations was to
qualitatively investigate the stability of different intermediate
states with respect to proton dissociation/transfer and rule out
any that were found to be unstable. To this end, local minimum
energy searches were performed by DFT geometry optimization
of the ‘cutout’ active site models, which comprised the copper
center plus the two or three atom dioxygen species, and the
surrounding residues His1, His84, His157, Gln166, and Tyr168.
Appropriate protonation states, along with total charge and
multiplicities, were set providing the following models: Cu(II)-
superoxo species with singly protonated His157, Cu(II)-hydro-
peroxyl radical with imidazolate His157, Cu(II)-hydroperoxo
with imidazolate His157, and Cu(I)-hydroperoxo with imidazo-
late His157 – see Table 2. (Note that we investigated the second
reduction to form the Cu(I)-hydroperoxo species as it can
potentially be derived from ascorbate by long-range intra-
molecular electron transfer to the active site, and it has been
proposed to occur via LPMO aromatic residues localized near
the copper active site.14,15,56,57) Further DFT calculation details
including the basis set etc. are provided in the Methods section.

The DFT calculation results are summarized in Table 2. All
the active-site models considered showed energy and energy-
gradient convergence to a stationary point on the potential
energy surface with the proton still located at its initial position
Table 2 Details of the DFT models

Model DFT active site residues

Superoxo, His157 NE2-protonated His1, His84, His157, Gln166, T

Hydroperoxyl radical, His157 doubly
deprotonated

His1, His84, His157, Gln166, T

Hydroperoxo, His157 doubly
deprotonated

His1, His84, His157, Gln166, T

Hydroperoxo, His157 doubly
deprotonated

His1, His84, His157, Gln166, T

© 2022 The Author(s). Published by the Royal Society of Chemistry
and so are considered stable and none are ruled out. More
details of the energy convergence proles are provided in the
ESI.†We note that the current DFT calculations/‘cutout’models
do not provide a means of directly comparing the relative
energies of the proposed intermediates due to the different
combinations of total charge and spin states across the four
models. Nor can the possible Cu(III)-hydroperoxo with imida-
zolate His157 intermediate be adequately examined, due to
probable multi-determinant character.58 Accurate calculated
energy differences between all the intermediates will require
a multi-determinant QM treatment due to propensity of copper
centers to exhibit multiple near degenerate electronic states,58,59

as well as a more complex structural model e.g. inclusion of an
electron donor molecule.23 This will be addressed in planned
future calculations using QM/MM with a multi-determinant
wavefunction QM method.
Active site protonation following initial dioxygen activation

The N-terminal amino group of the histidine brace has been
postulated to play a role in intermediate formation and stabi-
lization during LPMO catalysis.60 A previous neutron protein
crystallography study of unreduced JdLPMO10A, a bacterial
LPMO, suggested that the amino terminal is present as
a mixture of the -ND− and -ND2 protonation states.48 The
JdLPMO10A neutron structure was, however, later revisited and
a joint X-ray–neutron quantum renement concluded that the
amino terminal is present solely in the -ND2 state.33 We there-
fore sought to determine the protonation state of the N-terminal
amino group upon NcLPMO9D reduction by ascorbate in the
presence of atmospheric O2. The neutron scattering length
density map indicates that both molecule A and molecule B
contain the amino terminal in the -ND2 protonation state. Fo–Fc
omit difference maps calculated conrm the ND2 state in both
molecule A and molecule B (Fig. 5A–D). The role of possible
deprotonation of the N-terminal histidine amino group came to
the forefront when it was proposed to promote reactive inter-
mediate formation and stabilization based on ndings from
a small molecule copper complex.61 Structural and spectro-
scopic studies of a substrate-bound LsLPMO9A suggested that
the two protons of the N-terminus are exposed to different
chemical environments, with one being involved in a hydrogen
bond network, which potentially promotes N-terminal depro-
tonation during LPMO catalysis.47 Our neutron protein
Starting proton
position

System net
charge Multiplicity Final His157 state

yr168 His157 NE2 +1 Triplet His157 singly NE2-
protonated

yr168 O–O–H +1 Triplet Double deprotonated
His157

yr168 O–O–H 0 Doublet Double deprotonated
His157

yr168 O–O–H −1 Singlet Double deprotonated
His157

Chem. Sci., 2022, 13, 13303–13320 | 13309
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Fig. 5 Protonation state of the N-terminal His157 amino group in the ascorbate reduced NcLPMO9D crystal (PDB 7T5D). (A) Molecule A (coral)
omit map displaying D2 proton and (B) D3 proton of the N-terminal nitrogen. (C) Molecule B (light green) omit map displaying D2 proton and (D)
D3 proton of the N-terminal nitrogen. Neutron scattering length density 2Fo–Fc maps displayed in blue at a 1.0 s cut-off. Neutron scattering
length density Fo–Fc maps displayed in green at a 3.0 s cut-off. H atoms displayed in white and D atoms displayed in turquoise.
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crystallography structures show that the N-terminal amine is
not involved in protonation upon initial Cu2+ reduction and
molecular dioxygen activation. However, a mechanistic role for
the N-terminal amine in other contexts cannot be conclusively
ruled out by our experiments.

A study by Paradisi et al. on LsAA9 spectroscopically detected
a radical Cu2+-tyrosyl complex in which the axial Tyr164 was
present as a deprotonated radical following reaction with H2O2

following ascorbate reduction.62 This tyrosyl radical intermediate
formed irreversibly and was inactive toward substrate, indicating
that it may play a role in active site protection during uncoupled
turnover. A further spectroscopic study on TaLPMO9A by Singh
et al. isolated a Cu2+-tyrosyl radical intermediate following ascor-
bate reduction and addition of H2O2.63 The long-lived Tyr175
radical intermediate was spectroscopically distinct from the tyrosyl
radical observed in LsAA9 and was proposed to play a role in active
site protection from oxidation or be involved in substrate oxida-
tion. To address the observation of the two radical species, McEvoy
et al. performed QM/MM to model the feasibility of both depro-
tonated tyrosyl radical species.64 The intermediate observed by
13310 | Chem. Sci., 2022, 13, 13303–13320
Singh et al. was proposed to be to a cis-[Tyr-CuOH]+ formed by
hydrogen transfer from the tyrosine hydroxy to an oxyl species in
the equatorial plane. The intermediate observed by Paradisi et al.
was characterized as a trans-[Tyr-CuOH]+ which can be formed
through internal hydrogen transfer from a water molecule axially
coordinated to the copper. Calculations of reactivity of these
tyrosyl radical species toward the substrate however indicated
limited reactivity, further supporting a protective role for tyrosine
to prevent oxidative damage. Given these observations of a tyro-
sine acting as a proton donor to form a deprotonated phenoxyl
species, we further examined the protonation state of Ty168 in the
copper axial position ofNcLPMO9D. Fo–Fc omit differencemaps in
both molecule A and B indicate Tyr168 remains in the protonated
form (Fig. 6), excluding it as a proton donor at the early stages of
dioxygen activation.
Histidine protonation at acidic conditions

During LPMO catalysis, a second shell histidine has been
proposed to be involved in protonation of active site
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Protonation state of the Tyr168 in the ascorbate reduced NcLPMO9D crystal (PDB 7T5D). (A) Molecule A (coral) omit map displaying Oh

protonation and (B) Molecule B (light green) omit map displaying Oh protonation. Neutron scattering length density Fo–Fc maps displayed in
green at a 3.0 s cut-off. H atoms displayed in white and D atoms displayed in turquoise.
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intermediates with QM/MM studies by Hedegård and Ryde on
LsAA9A suggesting that His147 in a doubly protonated state can
act as a proton donor.31 Additionally, Span et al. have proposed
that His161 in MtPMO3 plays a role as a proton donor based on
structural, mutagenesis and spectroscopic studies as well as
activity assays.32 LPMOs are expected to catalyze oxygen insertion
under acidic conditions since they function synergistically
alongside cellulases which show optimum activity at pH 3.5–
5.5.65–67 Given the surprising role of a neutral His157 as a proton
donor to the activated dioxygen species in our structure, we
sought to probe the protonation state of His157 when exposed to
acidic buffer conditions. We collected a 2.14 Å room-temperature
neutron diffraction dataset under low pH conditions (pH 4.4/pD
4.8) achieved by vapor exchange of the crystal with acidied
buffer. Analysis of the neutron scattering length density maps
Fig. 7 Protonation state of second-shell His157 at acidic conditions (PD
(light green) His157 N3-protonation. Neutron scattering length density 2Fo
density Fo–Fc maps displayed in green at a 3.0 s cut-off. H atoms displa

© 2022 The Author(s). Published by the Royal Society of Chemistry
indicate that the His157 residue remains singly protonated at the
N3-position at this pH, which is supported by Fo–Fc omit differ-
ence maps in both molecule A and B (Fig. 7). To further support
our acidic pH structure obtained by vapor exchange, a 1.5 Å X-ray
dataset was collected on a crystal directly soaked in acidic buffer.
The position of His157 at pH 4.4 superimposes to its position at
pH 6.0. In this position, Nd-protonation would sterically clash
with the backbone amide proton, further supporting the single
N3-protonation state observed in our neutron structure (Fig. S6
and S7†) which coincides with unrestrained renement studies
of the protonation state of second-shell His residues.68 The
barricaded active site observed in crystallo and electropositive
environment of the copper potentially play a role in maintaining
the observed single histidine protonation state and prevent
formation of protonation pathways to the active site. In both the
B 7T5E). (A) Molecule A (coral) His157 N3-protonation. (B) Molecule B
–Fc maps displayed in blue at a 1.0 s cut-off. Neutron scattering length
yed in white and D atoms displayed in turquoise.
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neutron and X-ray low pH structures, the copper remains coor-
dinated in the histidine brace, contrary to the disordered His78
observed in LsLPMO9A at pH 3.5 (PDB 5N04).69 The low pH
structure of LsLPMO9A was obtained using high NaCl concen-
trations, however, resulting in His78 displacement by a chloride
anion. The absence of NaCl in our crystallization conditions
precludes coordinating histidine residue displacement by
a chloride anion.
Conformational exibility of His157

Analysis of the crystal structure of MtPMO3* deposited by Span
et al. indicates that the second shell His161, corresponding to
NcLPMO9D His157, is present in two conformations: an
“inward” copper-facing conformation with a with a Cu–N3

distance of ∼5 Å, and an “outward” copper-distant conforma-
tion with a Cu–N3 distance of ∼10 Å (Fig. 8).32 The experimen-
tally observed existence of both “inward” and “outward”
conformations indicates mobility of the conserved second shell
histidine, at least when the copper active site is solvent exposed.
It may also suggest a mechanism whereby the “outward” second
shell histidine can “collect” a proton from solvent (becoming
doubly protonated) and, in turn, the “inward” conformation
donates a proton in the active site.31,32 In this work we have
established that in the dimeric packing of NcLPMO9D in the
crystal, unusually, neutral His157 donates a proton to active site
intermediates, and, furthermore, that it cannot become doubly
protonated even under acidic conditions. We therefore con-
jectured (see previous section) that in the NcLPMO9D dimer,
His157 is blocked (or barricaded) from “collecting” a proton
from solvent. It does, however, seem possible, that in the
unhindered monomer form of NcLPMO9D, a exible His157
conformation dependent proton transport mechanism would
be available.
Fig. 8 Alignment of a second shell residue His157 in the “inward” and “ou
5UFV) molecule A (teal), molecule B (yellow), molecule C (pink), mol
NcLPMO9D His157 (PDB 7T5C) from molecule A (coral) and molecule B

13312 | Chem. Sci., 2022, 13, 13303–13320
To examine computationally the possibility that NcLPMO9D
His157 can exhibit “inward” and “outward” conformations
when in monomeric form, and whether it is likely that dimer
crystal packing occludes such exibility, we used two different
approaches: MD simulations and VM2 mining minima free
energy calculations – see Methods section. The goal of the MD
calculations was to establish whether inward/outward conver-
sion is possible on the microsecond timescale. The mining
minima calculations, unlike MD, can easily traverse high energy
barriers during conformational searches. Therefore, it was
employed to establish, regardless of kinetic barrier/timescale,
whether inward/outward conformations exist or not in the
monomer and dimer forms, and if so, what their relative ener-
gies are. It was also used to estimate an energy barrier to
interconversion in the monomer.

Molecular dynamics (MD) simulations. The exibility of
His157 (or equivalent) in monomeric LPMO was investigated
using microsecond timescale MD simulations. Three different
1.0 ms MD simulations were performed: two of these were based
on the neutron diffraction structure reported here, NcLPMO9D,
and the third was based on a related LPMO structure
(MtPMO3*, PDB ID = 5UFV). The MD simulations were per-
formed using explicit solvent and counter-ions using AMBER's
ff14SB force-eld (more details are available in the Methods
section). Weak positional restraints were applied to Cu to keep
it in the active site.

The rst 1.0 ms MD simulation, starting from the neutron
structure reported here, showed a stable “inward” His157
conformation, staying in this original “inward” conformation
during the entire MD trajectory. We note that although
restraints were applied to keep Cu in the active site, the inter-
acting residue conformations seen in the simulation were not
adversely affected and are consistent with their positions in the
neutron structure. The most exible regions of the protein are
tward” conformation. Alignment of molecule A MtPMO3* His161 (PDB
ecule D (purple), molecule E (turquoise) and molecule F (red) with
(green).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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41–45, 117–120 and 197–214 (Fig. 9A). Representative confor-
mations of the active site are shown in (Fig. 9B) and indicate
little movement in that region.

To obtain further insight, another 1.0 ms MD simulation,
based on the related LPMO MtPMO3* (PDB ID = 5UFV,
monomer A), was performed. This MD simulation indicated
that His161 (at the equivalent position to His157 in our neutron
structure) is able to freely interconvert between the “inward”
and “outward” conformations at the microsecond timescale
(Fig. 10). Notably, the active site shows signicantly more
movement, and more than 10 transitions between inward and
outward conformations were observed over the course of the
whole simulation (Fig. 10B). Therefore, we hypothesized that
His157 in our structure is possibly trapped in a conformation
that makes it difficult to explore outward conformations at the
microsecond timescale, i.e., there is a larger kinetic barrier to
transition than for 5UFV. Importantly, for the MD simulation
based on 5UFV, restraints between Cu and the surrounding
residues were equivalent to those used in the rst simulation,
Fig. 9 Conformational flexibility of LPMO and active-site residues. Result
(A) Conformational flexibility of the entire protein calculated based on r
shown as thin blue tubes are rigid while colored regions with thicker green
flexibility). (B) Active site residues (only 20 frames spaced at regular inter

Fig. 10 Conformational flexibility of a related LPMO and active-site r
Conformational flexibility of based on RMSF10. (B) Active site residues. His
between the inward and outward conformations during the 1 ms MD sim

© 2022 The Author(s). Published by the Royal Society of Chemistry
which excludes the possibility that the lack of interconversion
between the inward and outward conformation in MD based on
our structure is due to the use of distance restraints. Overall, we
observed that MtPMO3* (5UFV) is, according to the simulation,
a lot more exible than our neutron diffraction structure, with
the regions 18–25, 32–37, 110–122, 159–168 and 205–216
showing high exibility (Fig. 10A). Given that the forceeld and
water model are identical, and the only difference is the protein
sequence, we are condent that the MtPMO3* second coordi-
nation shell residues display more overall exibility than
NcLPMO9D at the microsecond timescale. This difference in
exibility is consistent with the interconversion behavior of
His157/161 as well. (See ESI† for representative conformations
of the active site).

We performed another 1.0 ms MD simulation based on our
neutron scattering LPMO structure but with an outward His157
conformation, in order to characterize the exibility of His157
when starting from the outward conformation. The starting
outward conformation was generated using the VM2 mining
s from 1 ms MD simulation, starting from the reported neutron structure.
oot mean square fluctuations of slowest 10 modes (RMSF10). Regions
/yellow/red tubes show highest flexibility (regions labeled show largest
val of 50 ns are shown).

esidues (MtPMO3* PDB 5UFV) results from 1 ms MD simulation. (A)
161 (equivalent to His157) is highly flexible and transition back and forth
ulation (see Fig. 9 legend for more details).

Chem. Sci., 2022, 13, 13303–13320 | 13313
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minima soware, as described in detail below. This system is
identical to the rst MD simulation discussed above (same
topology le with the same number of atoms) except for the
starting conformation. In this simulation, His157 was able to
interconvert to the inward conformation at the microsecond
timescale only twice (Fig. 11), conrming our hypothesis of
some dynamic interconversion of His157 (Fig. 11B) albeit at
a lower rate than that observed for MtPMO3*. Once fully in the
inward conformation, His157 stayed locked in that position,
suggesting the presence of an energy barrier to interconversion
that limits occurrence on the 1.0 ms timescale at least. It is
interesting that the two related LPMOs show a difference in the
rates of His157 (and equivalent His161) conformation inter-
conversion. This interconversion rate could have a functional
role, as it may affect the sampling of certain conformational
events required in the catalytic cycle, as has been observed in
several other enzyme systems.70

Mining minima (VM2) free energy calculations. To further
probe the extent of His157 exibility and the associated ener-
getics in our own structure, we carried out 2nd-generation
mining minima (VM2) free energy calculations,71–74 and
compared the predicted thermodynamically accessible
NcLPMO9D His157 conformations found when the active site is
solvent exposed to those found when the active site is in the
crystal structure with binding-face to binding-face packing. The
VM2 mining minima method is well suited to this task because
it is designed to overcome large energy barriers during confor-
mational searching – see Methods section and references
therein. Previous applications of VM2 include calculation of
inhibitor binding free energies for HIV-1 protease, phosphodi-
esterase 10a, MAP kinase p38, Breast-Cancer-Gene 1 (BRCA1) C-
Terminal (BRCT), cyclin-dependent kinase 8 and cyclin C.71–73,75

When applied to NcLPMO9D with its active site exposed to
solvent (i.e. the monomeric structure), the VM2 method, which
performs extensive molecular conformational searching and
provides a total free energy via a Boltzmann weighted ensemble
of the resultant low energy conformers, predicts that both
“inward” and “outward” His157 conrmations are populated (a
representative structure from these calculations with His157 in
Fig. 11 Conformational flexibility of LPMO and active-site residues (st
simulation. (A) Conformational flexibility of based on RMSF10. (B) Active
transition into the inward conformation during the 1 ms MD simulation. S

13314 | Chem. Sci., 2022, 13, 13303–13320
the outward conformation was used as the starting model of the
MD simulations previously described). Focusing only on the two
lowest energy conformers found by VM2 (Fig. 12), the rst
conformer is “inward” and the second conformer is “outward”
with a free energy difference of only 0.11 kcal mol−1 between
them. Furthermore, summing the probabilities of each type of
conformation populated, so that 99.0% of the total population
is included, His157 has a predicted 3 : 1 “inward” to “outward”
probability distribution. In contrast, when applied to the
NcLPMO9D dimer, as per the crystal structure (Fig. 1A), VM2
nds only conformations where His157 remains fully “inward”.
This is despite VM2's ability to drive molecular conformations
over large energy barriers, as well as a free energy window set at
10 kcal mol−1 for retaining minima found by the conforma-
tional search. This result strongly supports preclusion of
movement of His157 to an “outward” conformation due to the
barricaded active site present in the crystal structure. An esti-
mate of the inward/outward conversion barrier in the monomer
was obtained by generation of an interpolated reaction path
using the Morph Conformations, with corkscrew interpolation,
capability in UCSF Chimera59,76 between the lowest free energy
“inward” and “outward” conformations found by VM2. For each
reaction path structure, a constrained conformational search
was carried out, providing an energy path for the conversion
process. These calculations suggest that the barrier is ∼11.0
kcal mol−1 from the inward to outward conformation, and
∼12.1 kcal mol−1 from the outward to the inward conformation.
More details are available in the ESI – see Table S6 and Fig. S1.†

We conclude, then, that the steric obstruction resulting from
crystal packing of the dimer has signicantly limited the
conformational exibility of His157 and suggest that the likely
mobility of this residue in the monomer, which has a solvent
exposed active site, may facilitate its protonation and serve
a functional role. Taken together with the crystal structure
active site occlusion, these factors may explain the single N3-
protonation of His157 observed even at acidic conditions.
However, the single protonation of His157 solely at the N3

position in our crystal structures does not rule out formation of
the doubly protonated second shell histidine residue under
arting from His157 in outward conformation). Results from 1 ms MD
site residues. His157 is able to explore different conformations and
ee Fig. 9 legend for more details.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Second shell His157 conformations from VM2 mining minima free energy calculations. For NcLPMO9D with its active site exposed to
solvent His157 adopts an “inward” (cyan) and “outward” (pink) conformation. The inward and outward conformations are separated by a 0.11 kcal
mol−1. H atoms displayed in white.
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similar acidic operando conditions where the active site would
not be barricaded by crystal packing.
Conclusion

The neutron structure presented here provides a full-atom
snapshot of the early catalytic intermediates in the LPMO
reaction pathway. Our results provide the rst direct observa-
tion of a cryo-trapped protonated copper–dioxygen species at
the LPMO active site. The unique occluded active site environ-
ment found in the crystal structure presented here has resulted
in stabilization of an activated dioxygen species at the
NcLPMO9D active site with joint occupancy as a superoxo
intermediate and a hydroperoxo intermediate. A second-shell
histidine was further observed in a single N3-protonation state
and in the imidazolate form, leading us to postulate that it plays
a role in the early stages of dioxygen intermediate protonation
to form an end-on coordinated hydroperoxo species, as
observed in small molecule copper complexes.49 The unique
barricaded environment provided by the binding-face to
binding-face crystal packing in our structure facilitated trap-
ping of the superoxo/hydroperoxo active site intermediate and
identication of His157 as the proton donor. While it is not
generally established which reactive intermediate is involved in
HAA, the observed hydroperoxo species may perform substrate
hydrogen abstraction or undergo reduction and protonation to
form a potential Cu oxyl species responsible for substrate
hydrogen abstraction in the LPMO reaction cycle. Given the
absence of substrate in the current structure the peroxo species
may, however, constitute an intermediate in the formation of
H2O2 in a non-productive LPMO catalytic pathway. Although
unusual, a neutral histidine functioning as a general acid has
been mechanistically proposed for the His95 residue in triose
phosphate isomerase and the His98 residue in methylglyoxal
synthase.77–79 It remains to be determined whether the role of
the second shell His157 in protonation of the activated dioxygen
© 2022 The Author(s). Published by the Royal Society of Chemistry
species prevails operando when NcLPMO9D is solvent-exposed
and intermittently binds substrate. The computational studies
presented here further describe novel exibility of LPMO
second shell His residues. The exibility ofMtPMO3*His161, as
well as that observed for NcLPMO9D His157 to a lesser extent,
may serve a functional role in catalysis that must be further
explored.
Experimental and computational
methods section

A detailed account of the experimental procedure, data collec-
tion and renement strategy has been described.80 Provided
here are the experimental details in brief as well as descriptions
of the computational methods employed.
Protein expression and crystallization

Neurospora crassa LPMO9D (NcPMO-2) was heterologously
expressed in the Pichia pastoris SuperMan5 strain and puried
and crystallized as described by O'Dell et al. previously43,44

Crystal quality was assessed on beamline CG4-D, the IMAGINE
instrument at the High Flux Isotope Reactor at Oak Ridge
National Laboratory.81
Crystal ascorbate soak and data collection

To reduce the copper active site, a large crystal was harvested
and placed in a deuterated buffer containing 100 mM HEPES
pD 6.0 (pH 5.6), 25% PEG 3350 and 100mM ascorbic acid pD 6.0
(pH 5.6) at room temperature. The crystal was incubated for two
hours aer which it was ash-frozen in liquid nitrogen using
the deuterated buffer supplemented with 25% glycerol as
cryoprotectant. Time-of-ight neutron diffraction data were
collected on beamline 11B, the Macromolecular Neutron
Diffractometer (MaNDi) at the Spallation Neutron Source (SNS)
at Oak Ridge National Laboratory.82
Chem. Sci., 2022, 13, 13303–13320 | 13315
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Crystal low pH vapor exchange data collection

To obtain low pH conditions in the LPMO crystal, a large crystal
was harvested and mounted in a quartz capillary to which
a deuterated low pH buffer was added to facilitate vapor
exchange in three stages.83,84 The rst vapor exchange was per-
formed in 22% PEG 3350 and 100 mM sodium acetate pD 5.6
(pH 5.2) for three days, followed by 22% PEG 3350 and 100 mM
sodium acetate pD 5.2 (pH 4.8) for six days and 22% PEG 3350
and 100 mM sodium acetate pD 4.8 (pH 4.4) for 16 days. Time-
of-ight neutron diffraction data were collected on beamline
11B, the Macromolecular Neutron Diffractometer (MaNDi) at
the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory.82 Following this, an X-ray dataset was collected on
the same crystal at 298 K using a copper rotating-anode home
source.
Crystal low pH direct soak and data collection

LPMO crystals were directly exposed to acidic conditions by
soaking crystals in low pH buffer. A crystal was transferred to
a buffer composed of 22% PEG 3350, 100 mM and 100 mM
sodium acetate with sequential incubation at pH 5.6, pH 5.2
and nally pH 4.8 for ten minutes each. Crystals were subse-
quently ash-frozen in liquid nitrogen with the pH 4.8 acidic
buffer supplemented with 25% glycerol used as a cryoprotec-
tant. Data were collected at 100 K using a copper rotating-anode
home source.
Model renement

X-ray data were indexed, integrated and scaled with CrysA-
lisPRO and the CCP4 suite.85,86 Neutron diffraction data were
reduced using the Mantid data analysis and visualization
package.87 The time-of-ight diffraction data were integrated
using three-dimensional prole tting of the Bragg peaks.88

Structure solution and renement of the X-ray diffraction data
of the low pH structures as well the neutron diffraction data of
the ascorbate-soaked structure were performed by utilizing the
PHENIX soware suite with manual model building to t
density maps performed in Coot.89–91 Dioxygen species were
modelled using restrained bond length renements.
Electronic structure (density functional theory) calculations

The active site models used for DFT calculation were derived by
extracting coordinates from the resting state X-ray structure
(PDB 5TKG, O'Dell et al.43) including residues His1, His84,
His157, Gln166 and Tyr168 along with the active site copper(II)
ion, pre-bound molecular O2 and the axial and equatorial water
molecules. To reduce the total number of atoms in these
models, the main chain of residues His84, His157, Gln166 and
Tyr168 were truncated at Cb which was modeled as a methyl
group. DFT calculations were performed with Gaussian 09 using
the B3LYP functional with the 6-31G** basis set applied to all
atoms. The model was implicitly solvated using the polarizable
continuum model as implemented in Gaussian 09 with
a dielectric constant of 4.24 (scrf keyword solvent = Dieth-
ylEther). For geometry optimization, the coordinates of one
13316 | Chem. Sci., 2022, 13, 13303–13320
heavy atom per residue (as performed previously in DFT
calculation of NcLPMO9D in O'Dell et al.43) were constrained to
their starting values to maintain the relative conformation
imposed by the protein backbone.
MD simulations

Molecular dynamics (MD) simulations were performed for
LPMO in explicit water solvent, using a protocol developed in
our lab.92 Model preparation and simulations were performed
using the AMBER v16 suite of programs for biomolecular
simulations.93 AMBER's ff14SB force-elds were used for all
simulations.94 MD simulations were performed using NVIDIA
graphical processing units (GPUs) and AMBER's pmemd.cuda
simulation engine using our lab protocols published
previously.95,96

A total of 4 separate simulations were performed for LPMO in
the monomeric form. The monomer form was used to avoid
crystal packing artifacts. The rst MD simulation was based on
the structure determined in this study with His157 in the inward
conformation, a second MD simulation was started with His157
in outward conformation obtained from VM2 calculations – see
below. The third MD simulation was based on a related LPMO
structure with PDB code 5UFW (rst protomer only). To rule out
any difference in results between the monomeric and dimeric
forms, a fourth MD simulation was performed with LPMO in
dimeric form based on the structure reported here. (The results
of the dimeric complexes were similar to the monomeric form
and were excluded from further analysis).

The missing hydrogen atoms were added by AMBER's tleap
program. Aer processing the coordinates of the protein and
substrate, all systems were neutralized by addition of counter-
ions and the resulting system were solvated in a rectangular
box of SPC/E water, with a 10 Å minimum distance between the
protein and the edge of the periodic box. The prepared systems
were equilibrated using a protocol described previously.96 To
keep Cu in the active-site for each protomer, 6 distance
restraints (5.0 kcal mol−1 A−2) were applied between the
following atoms: Cu-His1N, Cu-His1ND1, Cu-His84NE1, Cu-
168TyrOH, and Cu with the two crystallographic water oxygen
atoms. For 5UFW based system: Cu-His1N, Cu-His1ND1, Cu-
His75NE1, Cu-169TyrOH, and Cu with the two crystallographic
water oxygen atoms.

The equilibrated systems were then used to run 1.0 ms of
production MD under constant energy conditions (NVE
ensemble) and the 6 distance restraints per protomer. The use
of the NVE ensemble is preferred as it offers better computa-
tional stability and performance.97 The production simulations
were performed at a temperature of 300 K. As the NVE ensemble
was used for production runs, these values correspond to the
initial temperature at start of simulations. A temperature
adjusting thermostat was not used in the simulations; over the
course of 1.0 ms simulations the temperature uctuated close to
300 K with RMS uctuations between 2 and 4 K, which is typical
for well equilibrated systems. A total of 1000 conformational
snapshots (stored every 1000 ps) were collected for each system
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and were used for analysis. Structures were visualized using
PyMOL.

RMSF10 calculations. For dynamical analysis, backbone (Ca)
and all-atom exibility of simulation trajectories was deter-
mined from the root mean square uctuation (RMSF),
computed by aggregating the magnitude of displacement
eigenmodes computed using the quasi-harmonic analysis
(QHA) in the ptraj analysis module in AMBER. As described
previously,98,99 only the top 10 QHA modes (RMSF10) were used
in the analysis to focus on the principal dynamics or long time-
scale functionally relevant uctuations in the proteins. 1000
conformational snapshots collected fromMD were used for this
analysis.
VM2 calculations

VM2 is an implementation of the second-generation Mining
Minima (M2) method originally developed by Gilson et al.100–105

It is a free energy calculation method, which combines exten-
sive molecular conformational searching71,106 with a rigorous
statistical mechanics approach.100 Molecular conguration
integrals over all space are closely approximated in a tractable
manner by summation of local conguration integrals associ-
ated with the low energy minima of the system.107,108 VM2's
search algorithm can drive molecular conformations over high-
energy barriers, via a mode-distort-minimize procedure, to nd
relevant minima even when they structurally diverse. As such,
VM2 is well suited for exploration of thermally accessible
conformations of His157 in monomeric and dimeric
NcLPMO9D, respectively, as carried out in this study.

We applied molecular mechanics (MM) based VM2, taking
the AMBER ff14SB parameter les (prmtop etc.) generated by
the setup for MD simulations (see above) and converting them
to formats readable by the VM2 soware. It should be noted that
for computational efficiency, VM2 includes solvation effects
through continuum models (see below for details), so only the
water molecules coordinating directly with active site copper
centers were explicitly included. To further manage computa-
tional expense, and to focus on the region of interest, not all
protein atoms were included in the VM2 calculation. Rather,
a ‘cutout’ approach was taken, where all residues containing an
atom within 14 Å of the His157 alpha carbon (CA) were present
in the energy model, and of these all atoms within 12 Å of
His157 CA were set as mobile. For themonomer, this resulted in
904 atoms present in the calculation, with 476 of these mobile;
for the dimer, this resulted in 1256 atoms present, with 600 of
these mobile. To maintain the basic arrangement of the active
site copper rst-shell coordination residues (histidine brace,
tyrosine, and two water molecules) during aggressive confor-
mational searching, a at-bottomed energy well restraint
potential was applied to their coordinating atoms, as well as the
central copper atom itself.

VM2 is an iterative method,71 with each iteration comprising
a conformational search, with removal of any repeat conformers
produced, calculation of the conguration integrals at 300 K for
the resulting set of new conformers,107,108 addition of this set of
conformers to the pool already established, and then
© 2022 The Author(s). Published by the Royal Society of Chemistry
determination of the total free energy by summation of the local
conguration integrals of all conformers (minima) currently in
the pool. Once the conformational search no longer nds new
low energy conformers the total free energy stops changing
between iterations. The calculations in this study were deemed
converged when the absolute value of the free energy change
between iterations was less than 0.01 kcal mol−1. The confor-
mational search carried out during each VM2 iteration included
1200 mode-distort-minimize procedures. Molecular distortions
were from atom displacements along single-modes produced by
diagonalization of the Hessian matrix in torsional space and, in
addition, atomdisplacements based on random combinations of
pairs of these modes.71,106 For energy-derivative involved steps,
e.g. the mode-distort-minimize procedure and the Hessian
(energy 2nd-derivative) calculation, required for congurational
entropy terms, solvation energy was included using the general-
ized Born (GB) continuum model.109,110 The Poisson–Boltzmann
Surface Area (PBSA) method111 was applied to provide a more
accurate single-point solvation energy correction at GB deter-
mined geometries. On completion, VM2 calculations output the
total free energy, and in addition the relative free energy of each
individual conformer along with its Boltzmann distribution
probability. Also outputted are PDB and mol2 formatted les
containing all protein conformers produced within 10 kcal mol−1

of the lowest energy conformer, up to a maximum of 1000,
allowing for structural visualization and analysis.
Data availability

Crystallographic data for NcLPMO9D at low pH (X-ray struc-
ture), ascorbate soaked (neutron structure), low pH vapor
exchange (joint X-ray/neutron structure) have been deposited at
the Protein Data Bank under PDB IDs 7T5C, 7T5D and 7T5E,
respectively, and can be obtained from https://doi.org/10.2210/
pdb7t5c/pdb, https://doi.org/10.2210/pdb7t5d/pdb and https://
doi.org/10.2210/pdb7t5e/pdb. Molecular dynamics (MD)
trajectory data for this paper are available at the Data
Archiving and Networked Services (DANS) at https://doi.org/
10.17026/dans-zkr-pyrc. Further datasets supporting this
article have been uploaded as part of the ESI.†
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E. D. Hedegård, Chem. Sci., 2021, 12, 352–362.
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I. W. Davis, N. Echols, J. J. Headd, L.-W. Hung,
G. J. Kapral, R. W. Grosse-Kunstleve, A. J. McCoy,
N. W. Moriarty, R. Oeffner, R. J. Read, D. C. Richardson,
J. S. Richardson, T. C. Terwilliger and P. H. Zwart, Acta
Crystallogr., Sect. D: Biol. Crystallogr., 2010, 66, 213–221.

90 P. Emsley, B. Lohkamp, W. G. Scott and K. Cowtan, Acta
Crystallogr., Sect. D: Biol. Crystallogr., 2010, 66, 486–501.

91 P. V. Afonine, R. W. Grosse-Kunstleve, N. Echols,
J. J. Headd, N. W. Moriarty, M. Mustyakimov,
T. C. Terwilliger, A. Urzhumtsev, P. H. Zwart and
P. D. Adams, Acta Crystallogr., Sect. D: Biol. Crystallogr.,
2012, 68, 352–367.
13320 | Chem. Sci., 2022, 13, 13303–13320
92 C. Narayanan, D. N. Bernard, K. Bafna, D. Gagné,
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