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ABSTRACT 

Lytic polysaccharide monooxygenases (LPMOs) are copper-containing enzymes that facilitate the 

degradation of recalcitrant polysaccharides by oxidative cleavage of glycosidic bonds. They are 

gaining a rapidly increasing attention as key players in biomass conversion, especially for the 

production of second generation biofuels. The elucidation of the detailed mechanism of the LPMO 

reaction is a major step towards the assessment and optimization of LPMO efficacy in industrial 

biotechnology, paving the way to the utilization of sustainable fuel sources. Here, we used Density 

Functional Theory (DFT) calculations to study the reaction pathways suggested to date, exploiting a 

very large active site model for a fungal AA9 LPMO and using a celloheptaose unit as a substrate 

mimic. We identify a copper oxyl intermediate as responsible for hydrogen abstraction from the 

substrate, followed by a rapid, water assisted hydroxyl rebound leading to substrate hydroxylation.  

INTRODUCTION 

The recently discovered lytic polysaccharide monooxygenases (LPMOs, also known as PMOs) are 

metalloenzymes, featuring a single copper centre, which boost biomass degradation by oxidative 

polysaccharide chain breakage via oxidation at C1 and/or C4.1–6 They have been gaining rapidly 

increasing attention in the last few years. 4,7–11 Focus has been mainly put on the use of LPMOs in 

enzymatic cocktails for the production of second generation biofuels, made from non-edible 

biomass such as agricultural and forest residues, crops not used for food purposes, as well as 

industrial and urban wastes.12,13 Besides their potentially crucial role in the long overdue issue of 

reduction of greenhouse emissions by utilization of low-carbon sources,14 these enzymes also pose 

challenging fundamental questions, related to their unusual catalytic and structural properties that 

make them peculiar within the framework of Cu active sites in biological systems.  
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The LPMO active site is composed by a copper atom coordinated equatorially by the imidazole 

nitrogen atoms of two histidines, one of these being the N-terminal residue, and the nitrogen atom 

of the terminal amine, in a so-called histidine brace motif.4 When copper is in the oxidized Cu(II) 

state, the coordination is completed by the oxygen atoms of a conserved Tyr residue and a water 

molecule. 

Based on their substrate specificity and on the host organism, LPMOs are currently classified into 

four Auxiliary Activity (AA) families in the Carbohydrate-Active enZyme (CAZy) database:15 

cellulose- and hemi-cellulose active fungal LPMOs (forming the AA9 family); chitin- and 

cellulose-active bacterial LPMOs (AA10); chitin-active fungal LPMOs (AA11) and fungal starch-

degrading LPMOs (AA13).  

Although the structural features that underlie substrate binding and specificity by LPMOs are yet to 

be fully elucidated, a deeper level of understanding is being achieved thanks to the increasing 

number of LPMOs structures deposited in the PDB database: this allows for a structural comparison 

of the LPMOs family members, and for the identification of conserved/varying regions that are 

involved in substrate binding and (regio)selectivity. In AA9 LPMO (hereafter LPMO9s), the 

substrate-binding surface is mostly constituted by highly variable Loop 2 (L2) and loops LS and 

LC. These regions feature aromatic residues,9,16–19 and the spacing between them typically matches 

the distance between polysaccharide units,16,19 so that they are indicated as directly involved in the 

ligand binding. Major insights were gained thanks to the crystal structure of an LPMO9 with bound 

oligosaccharide,20 revealing that hydrogen bonds between surface exposed Asn and His residues 

also play a crucial role in the interaction with the substrate, together with an electrostatic interaction 

between the N-terminal His1 imidazole and the ring oxygen of the sugar occupying the +1 site. 
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NMR investigations followed by docking studies on a closely related LPMO member also indicated 

His155, Ala80, His83 and Tyr204 residues as involved in the ligand binding.21 

The LPMO reaction results in the breakage of the glycosidic bond and, depending on whether 

oxidation takes place at C1 or C4, yields sugar lactones or ketoaldoses, respectively. In both cases, 

the reaction proceeds via oxidative cleavage of a C-H bond by atmospheric O2
22 or, as very recently 

proposed, by H2O2,23 requiring the H abstraction from the carbon atom and subsequent 

hydroxylation to give a C-OH species. Assuming the enzyme in the Cu(I) reduced state and O2 as 

oxidant, the substrate hydroxylation catalysed by LPMOs further requires two protons and two 

electrons, whereas H2O2 can react without additional protons and electrons. In both cases substrate 

hydroxylation is accompanied by elimination of a water molecule. At present, there is no consensus 

on what is the exact mechanism underlying the LPMO catalytic activity. Preliminary, and somehow 

contrasting, hypotheses on the possible reaction path came from spectroscopic,24 crystallographic25 

and computational24,26 insights. In particular, two studies describing DFT-based investigations24,26 

contributed to the modelling of some of the intermediate species possibly involved in the LPMO 

catalytic cycle with O2 as oxidant. Kjaergaard et al.24 reported calculated structures for both Cu(II) 

and Cu(I) states of an LPMO9 enzyme: calibrating their calculations based on spectroscopic (X-ray 

absorption near edge structure and extended X-ray absorption fine structure) measurements, they 

describe a significant rearrangement in the copper coordination upon reduction, with Cu(I) 

becoming three-coordinated by the histidine-brace nitrogens. Moreover, the authors investigated the 

first step in the LPMO reaction, i.e. the binding of dioxygen to Cu(I), leading to the formation of a 

Cu(II)-superoxide species by inner-sphere reduction. The most stable structure obtained by their 

calculations displays the superoxide ion bound end-on to Cu(II). Kim et al.26 used DFT to explore 

the whole LPMO reaction mechanism, investigating two hypothesized reaction pathways differing 

for the intermediate species that abstracts a hydrogen atom from the substrate: their calculations 
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indicate that the substrate hydroxylation proceeds via an oxygen-rebound mechanism where a 

copper-oxyl intermediate is responsible for breaking the C1-H (or C4-H) bond in the substrate. 

Despite the insights gained so far, the open questions are still largely outnumbering the undisputed 

evidences concerning the LPMO catalytic mechanism. In particular, the main unsolved issues 

concern i) to what extent the presence of the sugar might promote oxidative addition of the oxidant 

(O2 or H2O2) to Cu(I); ii) the identity of the intermediate that performs the hydrogen atom 

abstraction (HAA hereafter) step and iii) whether the necessary electrons and protons are 

transferred separately or in combined steps.  

In this paper, we investigate the main LPMO reaction pathways hypothesized so far using DFT 

calculations. As a prototype system, we built a large active site model of an AA9-LPMO from 

Neurospora crassa (NcLPMO9M), calculating and comparing the potential energy surfaces of the 

different proposed reaction schemes.  We aimed at providing new insights into the monooxygenase 

activity of fungal LPMOs, underlying the role played by second sphere residues in assisting the 

catalytic mechanism. 

METHODS 

The active site model 

The starting structure for the QM calculations was based on the X-ray geometry of the AA9-LPMO 

solved by Li et al. (PDBcode: 4EIS, chain B).25 In this structure, the Cu(II) ion is five-coordinated 

in a roughly square-pyramidal geometry by the two Nε of the imidazole rings of His1 and His82 

residues, the N amine atom of the His1 N-terminal, the hydroxyl moiety of Tyr171 and a water 

molecule.  
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In our investigation, we considered a very large model of about 420 atoms (see Fig. 1 and 

Supplementary Fig. 1 and 2). The model is composed by the active site of the protein with first and 

second coordination sphere residues and by the substrate modelled by a cellulose oligomer of seven 

monomeric units (celloheptaose). The model also includes the side chain of two Tyr residues 

(Tyr20 and Tyr210) lying on the flat cellulose binding surface of the protein, that are located more 

than 14 Å far from the copper ion. The inclusion of these two residues in the model was inspired by 

the fact that conserved aromatic amino acids on the flat LPMO face were suggested to be 

responsible in vivo for the weak interactions that yield substrate binding.16,25,27 Indeed, the aromatic 

ring of these two residues interacts with the peripheral units of the celloheptaose allowing the 

substrate to be close enough to enter into the reaction without imposing any constraints to the 

polysaccharide atoms. It is important to note that, in our model, the role of these two residues is not 

to accurately model the binding of the substrate to the surface of the enzyme, but to assist the 

anchoring the substrate in proximity of the active site. 

 

 

Figure 1: a) Cartoon representation of the N. crassa LPMO (light yellow) docked to a cellulose 
(light green) surface. The seven D-glucose units of the celloheptaose, used to model the substrate in 
our calculations, are displayed as sticks, while the other sugar monomers completing the cellulose 
chain are shown as thin green lines. The copper atom is represented by a brown sphere; all the other 



7 

atoms are shown as sticks, with the usual colour coding (white for H, blue for N, red for O), except 
for C atoms, which are green for the substrate and yellow for the protein. The H atoms of the 
protein active site are omitted for the sake of clarity. b) Semi-transparent, bottom view of the flat 
putative substrate binding surface of LPMO. The solvent accessible surface (SAS) of two conserved 
Tyr residues Y20 and Y210 is coloured in pink. c) Detailed representation of the active site model 
used. 

The approach adopted in building the copper active site model is that of including a large enough 

number of atoms to allow coordination rearrangements during the reaction with the substrates (O2 

and celloheptaose). The importance to consider such second coordination sphere residues in the 

cluster model to properly describe the catalytic mechanism has been discussed in several recent 

studies.28–31 We included in the model residues reaching deep within the antiparallel beta sheet 

region of the LPMO core to minimize the number of constraints at the protein active site. This 

implies that the copper first shell residues (His1, His82, Tyr171, apical H2O) are allowed to freely 

relax during geometry optimizations, in particular Tyr171, that is believed to detach from the metal 

upon Cu(I) formation. To this end, the N3O Cu coordination was embedded in a 14-residue “second 

shell” (encompassing Asn39, Gly40, Pro41, Val42, Trp78, Pro79, Asp80, Ser81, Glu155, Ile156, 

Ile157, His160, Gln169, Phe170), which avoids unrealistic conformational rigidity imposed by the 

constraints to the first shell residues. When possible, the side chains were simplified in order to save 

CPU time. Finally, the outermost carbon atoms of the second shell residues were kept fixed at their 

4EIS-B.pdb structure during geometry optimizations. Details of the residues included in the model 

and of the constrained atoms are reported in Supplementary Fig. 1 and 2.  

Geometry optimizations to transition states have been first carried out on a smaller model in order 

to perform eigenvector following technique with only a very limited number of atom constraints. 

The model includes the first shell residues (His1, His82 and Tyr171) and the substrate is mimicked 

by a cellobiose unit. The TS structures have then been inserted into the large model and geometry 
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optimizations of such model have been carried out by constraining the few atoms that move along 

the reaction coordinate to the positions calculated in the small model (see Supplementary Fig. 3 for 

the atoms constrained in each TS). Finally, several structures connecting the reactant, the TS and 

the product have been generated assuming a linear reaction coordinate in order to obtain the entire 

reaction profile. 

Computational Details 

Computations were performed in the framework of the Density Functional Theory (DFT) using the 

pure Gradient Generalized Approximation BP86 functional.32,33 The def-SVP basis set was adopted 

for the second shell residues and for the peripheral units of celloheptaose, while higher quality def-

TZVP34 basis set was adopted for Cu, first shell residues, dioxygen, and the two units of the 

celloheptaose directly involved in the catalytic mechanism. Resolution-of-Identity (RI) technique 

was adopted for pure functionals in order to save CPU time.35 All calculations were carried out 

using the TURBOMOLE suite of programs.36 Such computational approach has already been found 

to be  appropriate for the correct representation of the electronic properties of Cu-peptide 

interactions.37,38 In the framework of the unrestricted formalism, the unpaired spin electronic 

structures were modelled with the broken symmetry (BS) approach introduced by Noodleman et 

al.39,40 that consists in the localization of opposite spins of the mono-determinant wave function in 

different parts of the molecule. In this work, the BS singlet species within this formalism have been 

considered and the resulting electronic structures have been checked by computing spin and charge 

populations using the Mulliken and the NBO schemes, respectively.41–43 

To check the effects of spin contamination in the BS solutions, we project out the higher spin state 

from the singlet BS solution obtaining a pure-spin state energy. This latter has been computed by 

applying the Yamaguchi equation:44 
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where HS<S2> and BS<S2> are the total spin operator of the high-spin (triplet) and the broken-spin 

(open shell singlet) states, respectively. LS<S2> is the total spin operator of closed shell singlet state, 

which is equal to 0. 

The species, in which the hydrogen atom of the substrate has been transferred to the active site 

reproducing the HAA mechanism, has been calculated as singlet BS solutions, in which two 

electrons with opposite spin were localized on the substrate and active site, respectively. In the 

rebound mechanism (see the Results section), in which the OH group spontaneously moved to the 

substrate, the BS solution converged to the pure singlet one after several geometry optimization 

steps. 

Transition states search has been performed on the small model according to a pseudo Newton-

Raphson procedure, and the TSs have been characterized by a full vibrational analysis. The 

presence of constrained atoms resulted in the occurrence of several imaginary frequencies. 

However, the eigenvector corresponding to the reaction coordinate was easily identified as the one 

with an eigenvalue much lower than the other negative eigenvalues.  

In order to verify the consistency of the results, we have also carried out geometry optimizations of 

the LPMO-Cu(II), LPMO-Cu(I) and LPMO-Cu(II)-O-O•─ using the B3LYP33,45 hybrid exchange-

correlation functional with the same TZVP-SVP basis set. The results obtained using the B3LYP 

functional are consistent with those obtained by using the BP86 scheme, and, for the sake of clarity, 

will be not further commented in the text (see Supplementary Tables 1 and 2 for the comparison of 

the geometries calculated using the different schemes). 
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Nomenclature 

In the following, LPMO-Cu(II) and LPMO-Cu(I) protein structures are indicated by POX and PRED 

labels, respectively. These labels were substituted by PO2 when O2 binds the Cu atom, while the tag 

RH is added when the celloheptaose is included in the model. The investigated intermediates 

following O2 and celloheptaose binding to the LPMO enzyme, are labelled according the general 

scheme Kx-J-RH, where K is a generic number referring to the path along which this intermediate 

is formed, x indicates the chemical nature of the species coordinated to the Cu atom and J the nature 

of the species that dissociates from the active site. The RH tag is substituted by R• when a hydrogen 

atom is abstracted from the C4 atom of the celloheptaose and by RO-, ROH and ROOH when this 

atom is replaced by oxyl, hydroxyl and peroxyl species, respectively. Isomers of the investigated 

computational models are pointed out by adding the tag iso. 

RESULTS 

Validation of the model 

In the present work, the active site model includes a greater number of atoms, compared to those 

used for previously reported computational investigations of the LPMO mechanism. We decided to 

build such a large model, despite its computational cost, to take into account second coordination 

sphere effects and to avoid introducing any constraint on the first coordination sphere residues. 

Despite being clearly less relevant than that deriving from the first coordination sphere, the 

importance of secondary sphere residues in determining properties and function of metalloproteins 

has been demonstrated for several systems,46 including those that activate dioxygen.47 In the case of 

LPMOs, a very recent work from Span et al. revealed the crucial role played by secondary 

coordination sphere in a fungal LPMO: in particular, they identified His and Gln amino acids, 
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belonging to a H-bond network conserved in all fungal LPMO families, as important residues for 

oxygen activation.48 

Our model was validated by comparing the optimized Cu(II) and Cu(I) geometries with 

experimental data. The optimized active site structure for the oxidized, LPMO-Cu(II) form (POX), 

preserves the square pyramidal coordination mode of the experimental X-ray structure. In 

particular, N(-NH2), Nδ(His1), Nε(His82) and O(H2O) form the four corners of the equatorial plane 

and O(Tyr171) serves as apical ligand (see Fig. 2 and Supplementary Fig. 4). All the bond distances 

with the Cu atom are within 0.15 Å with respect to the X-ray values, with the only exception of the 

Cu-O(Tyr171) distance, which is about 0.25 Å longer in the calculated structure. Slight distortions 

are observed, as witnessed by the 29° dihedral angle between the two planes (O-N-N and N-N-N) 

formed by the equatorial ligands. The reliability of our model is further supported by the calculated 

root mean square deviation (RMSD) of the model structure (including all atoms) with the 

crystallographic structure, that is as low as 0.732 Å. (see Supplementary Fig. 5 for the overlay of 

calculated and experimental structures). 

 

Figure 2: Coordination geometry of the copper ion in the LPMO-Cu(II) (POX), LPMO-Cu(I) (PRED) 
and LPMO-Cu(II)-O-O•─ (PO2) species with selected interatomic distances (in angstroms) and 
angles (in degrees). For the sake of clarity, aliphatic hydrogen atoms are not shown. 
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The crystallographic structure of the reduced Cu(I) form (PRED), obtained by X-ray photoreduction 

on an AA10 LPMO from Enterococcus faecalis,49 shows a significant rearrangement of copper 

coordination. The Cu(I) site is three-coordinate, with the copper ion bound by the same three N 

atoms as in the oxidized form, in a T-shaped geometry (N-Cu-N angle with the two histidines of 

154°). Such a coordination for Cu(I)-LPMO was further confirmed by an Extended X-ray 

Absorption Fine Structure (EXAFS) investigation performed on a AA9 LPMO from Thermoascus 

aurantiacus.24 Notably, our optimized geometry of LPMO-Cu(I) closely reproduces the 

crystallographic structure, as both O ligands in LPMO-Cu(II) move away from the copper ion upon 

reduction: the Cu-O(Tyr171) distance increases up to 3.01 Å, and the water molecule providing the 

equatorial O ligand in LPMO-Cu(II) also leaves the first coordination sphere (see Fig. 2). In the 

optimized structure, the side chain carbonyl oxygen of Gln169 forms a H-bond with the hydroxyl 

group of Tyr171. Notably, such interaction has been also inferred by X-band EPR measurements on 

a mixed C1-C4 oxidizer LPMO from Myceliophthora thermophila.48  

The dissociated water molecule is held close to the active site by the formation of H-bonds with the 

side chain amidic nitrogen of Gln169 and the Nδ atom of His160. In addition, the change to a T-

shaped geometry upon reduction and the calculated N-Cu distances for Cu(I)-LPMO (1.92 Å for 

both Nδ(His1)-Cu and Nε(His82)-Cu and 2.22 Å for Cu-N(-NH2)) are in excellent agreement with 

spectroscopic24 results and crystallographic measurements.25 It should be noted that these results are 

similar to those obtained by Kjaergaard et al.24 in a previous DFT investigation, but at variance with 

the four-coordinate Cu(I)-LPMO structure proposed by Kim et al.26, the latter being in contrast with 

experimental findings concerning reduced LPMOs. This discrepancy might be due to the small size 

and the large number of constraints of the model adopted by these authors, as well as to the 

different level of theory adopted in their calculations. A decrease of 0.33e of the total charge on 

copper was observed between the optimized Cu(II) and Cu(I) structures. This value is in line with 
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those recently obtained for reduction of Cu amyloid peptide systems,37 and indicates a reduction 

process in which the extra electron occupies molecular orbitals mainly localized on the metal 

centre. The good agreement between calculated and experimental structural data for the copper site 

of LPMO in both oxidation states is an essential requisite to ascertain the reliability of the present 

model in predicting structural changes along the putative steps of the catalytic mechanism.  

The binding of celloheptaose to the LPMO-Cu(II) enzyme (POX-RH; see Supplementary Fig. 6) in 

our larger model occurs through the interaction of two glucosyl units with the two lateral Tyr 

residues and a H-bond between the oxygen atom of one of the CH2OH groups of the celloheptaose 

and the hydrogen atom of the Ser81 hydroxyl group. The Ser81 side chain also forms a second H-

bond interaction with the -NH of the His82 imidazole ring. This H-bond network contributes to 

anchor the substrate to the enzyme. The orientation of the substrate and its distances from the 

anchoring amino-acids are also in reasonable agreement with the recent crystallographic structure 

obtained for an AA9 LPMO from Lentinus similis in the presence of polysaccharide substrate.20 In 

particular, the H-bond interaction of the Ser81 hydroxyl group with the substrate is well reproduced 

by the X-ray structure, with the OSer81(H)-OSubst distance in the model (2.67 Å) perfectly matching 

the experimental value (2.7 Å). In addition, the average C-C distances between the Tyr aromatic 

ring and the interacting glucosyl unit are 4.17 and 4.54 Å (see Supplementary Fig. 2), and both 

values are comparable with the crystallographic value (3.7 Å for the C-C distance between Tyr203 

and anchored glucosyl unit of cellohexaose).20 

The O2 binding to the Cu ion is facilitated by the concomitant binding of the substrate 

Following Cu(II) reduction and consequent transition to a three-coordinate geometry, the LPMO 

catalytic mechanism is believed to proceed via binding of O2 to form a LPMO-Cu(II)-O-O•─ 

superoxo intermediate (PO2). We have therefore investigated the binding of O2 at the LPMO-Cu(I) 
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active site. At this stage of the pathway, it is also relevant to evaluate the effect of substrate binding 

on the coordination of O2.  

The two possible S=1 and S=0 spin states (open shell singlet, broken symmetry (BS) corrected) of 

the O2-adducts LPMO-Cu(II)-O-O•─ (PO2; Supplementary Fig. 7) and celloheptaose-LPMO-Cu(II)-

O-O•─ (PO2-RH; Supplementary Fig. 8) were tested and compared. Moreover, both side-on and 

end-on binding to yield PO2 were explored. The lowest energy state for PO2
 was found to be the 

triplet state with the superoxide ion binding equatorially to copper in an end-on fashion, with O-O 

distance equal to 1.27Å. The electronic structure is compatible with a LPMO-Cu(II)-O2
─ 

description, according to the charges and spin populations. The singlet state was 10.6 kcal/mol 

higher in energy than the triplet one, and the O2 binding energy to the LPMO-Cu(I) site was found 

to be -6.5 kcal/mol. The triplet-singlet energy difference is higher with respect to the value reported 

by Kjaergaard et al.24 for their AA9 LPMO from T. aurantiacus (4.5 kcal/mol), whereas the O2 

binding energy reported in the same investigation is significantly lower (-0.7 kcal/mol). The binding 

of O2 yields a distorted tetrahedral geometry of the Cu atom (see Fig. 2). 

To investigate whether dioxygen binding to Cu(I) is assisted by the presence of a substrate molecule 

bound to the flat surface of the enzyme, we also optimized the geometry for the celloheptaose-

LPMO-Cu(I) adduct (PRED-RH) (i.e. in the absence of dioxygen), in order to compare the O2 

binding energy in the absence and in the presence of the substrate. We found that in the presence of 

the substrate, the O2 binding is further favoured by 4.0 kcal/mol. In this case, the geometry of the 

Cu atom with bound dioxygen shows the same distorted tetrahedral geometry that was observed for 

PO2 without the substrate. Such distortion draws the Cu atom closer to the celloheptaose allowing 

the O2 ligand to approach more closely the sugar. Interestingly, the energy difference in O2 binding 

in absence and presence of celloheptaose is similar to that determined experimentally for the 
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binding of an oligosaccharide substrate in the presence and absence of chloride.20 It is also worthy 

of note that Cu(II) does not bind O2, as the geometry optimization of the LPMO-Cu(II)-O2 adduct 

evolves by dissociating the O2 ligand (see Supplementary Fig. 9). This finding confirms, as 

observed experimentally, that Cu reduction is required for LPMO reactivity, and provides further 

validation for the model and the level of the theory used here.  

The Cu(II)-oxyl radical is responsible for hydrogen atom abstraction from the substrate 

After formation of the superoxo PO2-RH species, different routes to substrate hydroxylation have 

been hypothesized. Please note that, although the Nc-LPMO that we have investigated can oxidize 

both the C1 and C4 positions of cellulose, in the present paper we only investigated the reaction 

mechanism for C1. Although we cannot rule out differences between the oxidative mechanisms of 

C1 and C4, previous DFT investigations showed that the oxidative mechanism at the two carbons is 

most likely the same, with differences in the energy barriers as low as 2-4 kcal/mol.26 

Once the superoxo species has been formed, there are several distinct proposed pathways that could 

lead to substrate hydroxylation: they can be classified based on what is the reaction intermediate 

that performs the HAA from the sugar carbon atom. In particular, three different classes of 

mechanisms are investigated in this work (see Fig. 3). In the first class, that was proposed based on 

the analogy with other copper-dependent monooxygenases, the superoxo intermediate itself 

performs HAA on the substrate RH, forming a negatively charged Cu(II) hydroperoxo species and a 

substrate radical R• (LPMO-Cu(II)-O-OH─---•R). In the second group of proposed pathways, the 

superoxo species is first protonated to give a O-OH group coordinated to copper that can perform 

the HAA step. The third class of mechanisms is characterized by a double protonation of the 

superoxo species, followed by the dissociation of a water molecule, resulting in a Cu(II)-oxyl 

radical that perform the HAA step. These mechanisms may diverge, according to whether the 
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necessary electrons and protons are transferred separately or in combined steps, leading to different 

intermediate species. Another possible mechanism is based on the release of free superoxide ion 

right after the formation of the superoxo intermediate, that therefore acts as the ROS responsible for 

substrate hydroxylation. However, this mechanism is considered to be unlikely.5,24 Indeed, it would 

lead to uncontrolled attack to the substrate, in contrast with experimental evidences,50 especially 

concerning C1 and C4 regioselectivity, hinting at LPMOs acting via highly controlled reaction 

mechanisms. 
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Figure 3: Overview of the possible catalytic pathways proposed so far for LPMOs on 
polysaccharidic substrates (RH). Blue HAA label identifies the Hydrogen Atom Abstraction (HAA) 
step. Starting from the reduced form of the enzyme, LPMO-Cu(I) (PRED, far left), two alternative 
routes are possible, depending on whether dioxygen binding occurs before (blue box) or after 
(purple box) that of the substrate to the protein. Both pathways would lead to a superoxo 
intermediate, LPMO-Cu(II)-OO•─, in contact with the substrate RH (PO2-RH). Three distinct sets 
of pathways have been proposed for the oxidation of the polysaccharide: mechanisms 1 and 2 (grey 
box) are based on HAA performed directly by the superoxo intermediate, mechanisms 3, 4 and 5 
(red box) are based on HAA by a Cu(II)-hydroperoxo intermediate, while mechanisms 6 and 7 
(yellow box) are based on HAA by a Cu(II)-oxyl intermediate. Several species are depicted in a 
lighter shade of grey to indicate that they were not isolated as stable intermediates in this work. 
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We first explored the viability of the superoxo class of possible mechanisms (paths 1 and 2 in Fig. 

3, grey box), which are based on the assumption that the HAA is performed by the O2 coordinated 

in PO2-RH, or by the intermediate that is formed after its mono-electron reduction (2O2-RH). In the 

former case, the singlet spin state of the resulting LPMO-Cu(II)-O-OH─···•R intermediate (1O2H-

R•) is slightly more stable by only 0.7 kcal/mol than the triplet one. The calculated energy 

difference associated to the HAA step by PO2-RH to give the 1O2H-R• intermediate is equal to 

+25.1 kcal/mol, indicating that such mechanism is a highly unfavourable process. This value is 

slightly smaller than that calculated by Kim et al.26 (+32.3 kcal/mol) obtained using a much smaller 

active site model and imposing many more constraints. In our model, this energy difference 

subsequently slightly decreases to +23.4 kcal/mol as the O2H group moves towards the CuN3 plane 

to give a distorted square planar arrangement and forming H-bonds with His160 and a water 

molecule (1O2H-R•-iso).  

We also calculate a very large energy difference (+30.9 kcal/mol) when the hydrogen abstraction is 

preceded by the mono-electron reduction of the enzyme (path 2) to give the LPMO-Cu(II)-O-

OH•2─···•R (2O2H-R•) hydroperoxo species. As in the previous case, the O-OH group can 

subsequently move towards the CuN3 plane to give a more stable distorted square planar 

arrangement (+20.6 kcal/mol), but here the amine dissociates from the Cu atom, as the Cu-N(NH2) 

distance increases up to 3.511 Å (2O2H-R•-iso). We did not calculate the energy of the transition 

states TS for such hydrogen abstraction reactions, because our results imply that an activation 

energy of more than 30 kcal/mol is required to form the 1O2H-R• or the 2O2H-R• species: this finding 

per se would suggest that PO2-RH and 2O2-RH intermediates are likely not to be the ROS species 

that are responsible for HAA. In fact, despite the remarkable scarcity of kinetic measurements 
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involving LPMOs, 30 kcal/mol is a value remarkably larger than barriers for the rate determining 

steps of different LPMOs either published5 or estimated by us from reported reaction rates (kobs) 

obtained at different temperatures5,18,51,52 ranging from about 6 to ca. 15 kcal/mol. 

We also explicitly tested the recently proposed5 pathway in which the HAA by the superoxide was 

suggested to be followed by a rapid superoxyl rebound to give a peroxylated substrate R-OOH 

(continuation of path 1 in Fig. 3). In this respect, our calculations show that the latter species 

LPMO-Cu(I)···H-O-O-R (1-ROOH) is a stable intermediate and its energy is lower by about 8 

kcal/mol than that of the superoxo PO2-RH species. Nevertheless, this mechanism must also 

proceed through the highly unfavourable HAA by PO2-RH. We can therefore rule out the superoxo 

mechanisms 1 and 2 as possible descriptions of the LPMO9 reactivity. 

The second class of mechanisms involves the protonation of the O2 coordinated in PO2-RH to give a 

Cu(II)-hydroperoxo intermediate, which should perform HAA from the substrate (paths 3, 4 and 5 

in Fig. 3, red box) yielding the LPMO-Cu(II)-O-OH2···•R species. Such intermediate should then 

dissociate a water molecule, forming a Cu(II)-oxyl species with the oxygen atom that can be then 

transferred to the radical substrate. The HAA can be promoted by the LPMO-Cu(II)-O-OH• (3O2H-

RH) species (path 3) as well as, after its mono and di-electron reduction, by the LPMO-Cu(II)-O-

OH─ (4O2H-RH; path 4) and LPMO-Cu(II)-O-OH•2─ (5O2H-RH; path 5) species, respectively. 

The singlet spin state in 3O2H-RH is more stable than the triplet one by about 3.5 kcal/mol. 

Interestingly, the hydroperoxide ligand is coordinated in the equatorial plane, in good agreement 

with the crystallographic structure recently reported by O’Dell et al.,53 featuring a diatomic 

oxygenic species coordinated to the Cu atom. In particular, the Cu-O and O-O distances in 3O2H-

RH, equal to 1.97 and 1.41 Å, closely match the experimental values (1.90±0.05 and 1.44±0.06 Å, 

respectively). The only significant difference between the calculated and the experimental structure 
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lies in the distance between the hydroxyl group of Tyr173 and the Cu atom that in the former (4.2 

Å) is about 1.5 Å larger than in the latter (2.7 Å). In this respect, it is important to note that the 

experimental value indicates that Tyr is no longer coordinated to Cu, and significant fluctuations 

can therefore characterize the side chain of this residue. That might also arise from the fact that the 

Tyr is located at the edge of the active site model, and therefore might experience larger 

fluctuations than one would observe if the protein residues were taken into account. Nevertheless, 

since the Tyr is no longer bound to copper, such large fluctuations should not affect the electronic 

structure nor the energetics along the reaction pathways.  

HAA by 3O2H-RH, in which the hydrogen atom is transferred to the protonated oxygen of the O-OH 

group, does not lead to the dissociation of a water molecule but rather to a proton transfer from the 

O-OH2 group to the Nδ atom of His160 (3O2H-R•-HHIS). This species is less stable than the reactant 

(3O2H-RH) by as much as 28 kcal/mol, suggesting that also this pathway is unfavourable for 

LPMO9s. In addition, the peripheral oxygen atom that should bind the C4 hydrogen is at a distance 

of more than 3 Å from such hydrogen in the reactant. The oxygen atom coordinated to Cu, which is 

much closer (2.31Å) to the C4 hydrogen, may assist its transfer to the peripheral oxygen. However, 

the intermediate featuring the Cu-OH-OH coordination is about 36 kcal/mol less stable than the 

reactant.  

Protonation of the superoxide in PO2-RH coupled to a mono electron reduction gives the LPMO-

Cu(II)-O-OH─ (4O2H-RH) doublet species (path 4). In this case, we can also evaluate the energetics 

of the coupled proton and electron transfer steps by using the ascorbic acid (AA) as reductant and 

proton donor agent (by its conversion to semidehydroascorbic acid, SAA). In fact, the process PO2-

RH + AA → 4O2H-RH + SAA is slightly favourable by about 1 kcal/mol. In 4O2H-RH, the Cu atom 

is still in a pseudo square planar geometry. The unpaired electron is mainly localized on the Cu 
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atom, indicating that the O-OH group can be considered a hydroperoxide coordinated to a Cu(II) 

atom. Notably, the subsequent HAA by this species leads to the dissociation of a water molecule 

and the formation of a Cu(II)-oxyl species. The oxyl ligand of this intermediate moves 

spontaneously, during geometry optimization, to the radical carbon atom of the sugar through a 

rebound mechanism producing the alkoxide. The entire process is exoenergetic by as much as 59 

kcal/mol.  Interestingly, in the final product (4H2O-RO-) the formed water molecule coordinates the 

Cu atom, which therefore preserves a pseudo square planar coordination mode. In this case, we 

were not able to characterize the TS to calculate the activation energy of the HHA step. However, 

our best TS guess structure (obtained by scanning the PES of the system along the reaction 

coordinate) is 30 kcal/mol higher in energy compared to the reactant. Although this is not a genuine 

energy barrier, such high value suggest that we can confidently rule out this pathway, at least for 

fungal LPMOs.  

Two electron reduction and protonation of PO2-RH leads to the LPMO-Cu(II)-O-OH2─ (5O2H-RH) 

species, which can evolve similarly to 4O2H-RH (path 5 in Fig. 3). The singlet state of 5O2H-RH is 

more stable than the triplet one by 20.4 kcal/mol. 5O2H-RH can abstract the hydrogen atom of the 

sugar leading to the formation of a water molecule that dissociates from the metal. Interestingly, 

during geometry optimization one H atom of the water molecule moves to the oxyl group to give an 

OH group coordinated to the Cu atom and leaving a hydroxide ion which forms a H-bond with such 

hydroxyl group. This species (5OH-OH-R•) can be isolated as a stable intermediate and it is about 2 

kcal/mol more stable than the reactant (5O2H-RH). The hydroxyl group of 5OH-OH-R• can then 

move to the radical carbon atom of the sugar through a rebound mechanism to give the alcohol and 

a tricoordinated Cu(I) complex. It is worth noting that after the formation of the product, the proton 

of the alcoholic function moves to the hydroxide ion with the final formation of a water molecule 

and the alkoxide. This product (5-H2O-RO-) is about 83 kcal/mol more stable than the 5OH-OH-R• 
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intermediate. Similarly to what we had just described for path 4, we could not localize the TS to 

calculate the activation energy of the HHA step, although the very high energy (32 kcal/mol) of our 

best TS guess allows us to rule out this mechanism as well. 

The third group of mechanisms is based on the assumption that a Cu(II)-oxyl species is instead the 

ROS that abstracts a hydrogen atom from the sugar substrate. Also in this case, two different paths 

are possible, depending on whether a mono- or dielectronic reduction precedes the HAA step (paths 

6 and 7, respectively, in Fig. 3, yellow box). We first tested mechanism 6, where two protons and 

one electron are transferred to the active site leading to the formation of a Cu(III)-O•─ oxyl radical 

species or its resonance form Tyr171(•+)--Cu(II)-O•─ oxyl, with the concomitant release of a water 

molecule. In fact, when a second proton is added to the doublet Cu(II)-hydroperoxo intermediate 

4O2H-RH, geometry optimization leads to the species 6O-H2O-RH, in which a water molecule 

dissociates, remaining in close proximity of the active site upon formation of a H-bond interaction 

with the oxyl group. The spin state of 6O-H2O-RH was investigated by calculating the quartet state 

(S=3/2) and the two BS doublet states (S=1/2) with the ‘net unpaired’ electron either initially 

localized on the Cu-oxyl moiety or the Tyr residue. It turned out that the last spin configuration is 

more stable than the other two by about 2 kcal/mol (these two spin configurations are basically 

isoenergetic). Analysis of charge and spin populations show that in the most stable spin state the 

aromatic ring of Tyr171 possess a significant radical and cationic character, whereas the net spin 

density on the Cu-O moiety is negligible, indicating that the electronic structure of 6O-H2O-RH can 

be better represented as Tyr171(•+)--Cu(II)-O•─ rather than Tyr171--Cu(III)-O•─. The Cu-O 

distance in 6O-H2O-RH is equal to 1.80Å and the oxygen atom is slightly out of the CuN3O square 

plane by approaching the hydrogen atom of C4 at a distance of only 2Å. Indeed, the oxyl ROS can 

easily abstract the H atom from the sugar leading to the hydroxyl intermediate LPMO-Cu(II)-OH─, 

which, at variance with the previously proposed mechanism,26 cannot be isolated as a stable 
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intermediate (see Supplementary Fig. 10). In our calculations, the LPMO-Cu(II)-OH─ species 

spontaneously evolves with migration of the •OH hydroxyl from the Cu atom to the radical carbon 

atom of the sugar, to give the hydroxylated substrate R-OH (6-H2O-ROH). The product is about 57 

kcal/mol lower in energy than 6O-H2O-RH and regenerates the LPMO-Cu(II) form of the enzyme. 

Notably, the calculated energy barrier of the HAA step, equal to 14.8 kcal/mol (8.1 kcal/mol for the 

small model; see Fig. 4a and Supplementary Fig. 11), is sufficiently small to support the reliability 

of this mechanism. It should also be noted that the H-abstraction from the oxyl radical species and 

the subsequent hydroxyl rearrangement is similar to the mechanism proposed for the oxidation of 

CH4 to CH3OH catalysed by methane monooxygenase.54 An essential feature of the proposed 

mechanism is the pivotal role of the water molecule, dissociated from the copper coordination 

sphere, in assisting both the Cu-OH bond cleavage first and then the formation of the new R-OH 

bond. This essential role played by such water molecule can be visualized in the attached 

Supplementary Video 1 (please see also Supplementary Fig. 10). 

We also investigated the mechanism assuming that HAA occurs after a dielectronic reduction of the 

the Cu(II)-superoxo intermediate with the concomitant addition of two protons (path 7). The 

energetics of the coupled addition of the second proton and electron to 4O2H-RH can also be 

evaluated by considering the semidehydroascorbic (SAA) acid as reductant to give the 

dehydroascorbic acid (DHAA). In this case, the reaction 4O2H-RH + SAA → 7O-H2O-RH + 

DHAA is exoenergetic by about 34 kcal/mol. For this intermediate (7O-H2O-RH) the BS S=0 and 

the S=1 spin states are almost (within 0.2 kcal/mol) isoenergetic. We found that the reaction can 

occur with a mechanism very similar to that discussed above. Also in this case, the oxyl radical 

species can easily abstract the hydrogen atom from the substrate and the formed hydroxyl species 

coordinated to Cu spontaneously migrates to the radical carbon atom through a rebound 

mechanism. It should be noted that the geometry optimization of the barrierless hydroxyl rebound 
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has been carried out starting from a singlet BS spin state, in which the two opposite spins were 

localized on C1 and Cu, respectively. The BS solution then converged to a pure S=0 spin state, after 

several geometry optimization cycles. The product (7-H2O-ROH) is 53.9 kcal/mol lower in energy 

than 7O-H2O-RH and regenerates the LPMO-Cu(I) form of the enzyme. Although in the product 

the metal atom is in the Cu(I) redox state, it features a geometry very similar to that of the 

corresponding Cu(II) species (see Fig. 4c). More importantly, the energy barrier to the TS of this 

reaction mechanism is equal to 6.2 kcal/mol (3.6 kcal/mol for the small model; see Fig. 4a and 

Supplementary Fig. 11), a value further lower than the barrier calculated for mechanism 6 (14.8 

kcal/mol) indicating that, among all the investigated LPMO9s pathways, this is the more reliable.  
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Figure 4. (a) Potential energy diagram for the most plausible pathways for the LPMO catalytic 
mechanism; red and blue lines indicate reaction steps involved in Paths 6 and 7, respectively. It is 
worth noting that the energy of 6OH-H2O-R• and 7OH-H2O-R•, marked with an asterisk in the 
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figure, has been estimated from the geometry optimization of their structures before the hydroxyl 
group migrates from the Cu atom to the substrate to yield the hydroxylated product R-OH (see Fig. 
10 in SI). The energy values for the initial reactants, the transition states and the final products are 
expressed in kcal/mol. DFT optimized structures of the stable intermediates identified along Paths 6 
and 7 are shown in panels (b) and (c), respectively. For the sake of clarity, aliphatic hydrogen atoms 
(with exception of hydrogen atoms of C1 and C4) are not shown. Selected distances are given in Å. 

 

The formation of the Cu(II)-O-· oxyl intermediate can be followed by a proton transfer from the 

terminal amino group coordinated to the Cu atom to the oxyl oxygen atom to give the Cu(III)-OH 

tautomer, as recently observed in mononuclear copper model complexes.55,56 In fact, the transfer of 

a proton from the NH2 group of His1 to the Cu(II)-O-• oxyl to give the 7OH-NH-H2O-RH species is 

energetically favoured by 11.7 kcal/mol. However, 7OH-NH-H2O-RH is 42.4 kcal/mol less stable 

than the isomer obtained by HAA on the substrate 7-H2O-ROH, suggesting that the latter process 

(also considering the small activation barrier) is to be preferred with respect to the former.  

Nevertheless, the Cu(III)-OH tautomer can be formed to stabilize the reactive Cu(II)-O-• oxyl 

intermediate if HAA reaction does not occur very quickly. Cu(III)-OH can then be the species 

responsible for the HAA on the substrate according to the mechanism proposed for a mononuclear 

copper model complex.55,56 

Very recently H2O2, rather than O2, has been proposed as the ‘catalytically relevant co-substrate’ 

oxidant in the cellulose hydroxylation.23 H2O2 has the advantage, with respect to O2, that no 

additional protons and electrons are required for the reaction to occur, even if its occurrence in the 

reaction environment is debatable. In the proposed mechanism, the binding of H2O2 to the active 

site should be followed by an intramolecular proton transfer from the coordinated to the distal 

oxygen atom of H2O2 and the dissociation of a water molecule. This yields the Cu(II)-oxyl 

intermediate, corresponding to the 7O-H2O-RH species. The reaction can then proceed following 
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the path 7 discussed above. Prompted by the study of Bissaro et al.,23 we have performed a 

preliminary investigation of the binding of H2O2 to the LPMO-Cu(I) active site of PRED. We found 

that H2O2 can indeed coordinate to the Cu atom in the equatorial plane yielding a slightly distorted 

square planar geometry. The binding energy for the formation of the PRED-H2O2 adduct (PH2O2) 

from PRED is equal to about -4 kcal/mol. The coordination of H2O2 in PH2O2 is almost linear, with 

the Cu-O-O angle equal to 169°, and the Cu-O and O-O distances equal to 2.50 and 1.56 Å, 

respectively. This result suggests that oxidation of the substrate by H2O2 is a reliable process, as the 

binding of H2O2 in the presence of the substrate may led to the Cu(II)-oxyl intermediate. 

DISCUSSION 

The recent crystal structure of an LPMO-polysaccharide complex shows the formation of a cavity at 

the LPMO active site upon substrate binding.20 This event raises the possibility that the interaction 

between the enzyme and the polysaccharide controls the affinity of O2 for LPMO.5 Our calculations 

support this hypothesis: in fact, we observe a 4.0 kcal/mol stabilization of the O2 binding to Cu 

induced by the presence of bound substrate. This energy difference is not large enough to let us 

infer that O2 can bind to LPMO only in the presence of a substrate. Nevertheless, it provides further 

evidence for a mutually dependent binding of dioxygen and polysaccharide. This might serve as a 

substrate-controlled protective mechanism of fungal LPMOs against uncontrolled generation of 

ROS5,13,57 such as hydroxyl radicals. These radicals might on one side enhance direct non-

enzymatic degradation of lignocellulose, but on the other lead to undesired inactivation of many 

other enzymes and of the LPMO itself.  

Moreover, by inspection of the various optimized structures presented here, it is possible to 

tentatively assign some amino acids beyond the first copper coordination sphere a role in assisting 
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the catalytic mechanism. In particular, Trp78 is found in all structures to warrant proper orientation 

of the Tyr171 hydroxyl group toward the copper atom. This is achieved thanks to a stacking 

interaction involving the indole and phenyl ring planes, which are perpendicular to each other, 

preventing Tyr171 fluctuations. We also assign a major role to Gln169 and His160 in the reaction 

mechanism: in our optimized structure, both residues keep the water molecule that leaves the first 

coordination sphere upon Cu reduction close to the active site. The presence of that water molecule 

is crucial to the catalytic mechanism, since it allows for the hydroxyl rebound that generates the 

final product. Moreover, Gln169 and His160 belong to a highly conserved H-bonds motif in 

LPMOs and the assigned role in assisting the LPMO reactivity is in line with recent experimental 

findings.48 EPR spectroscopy experiments by Span et al. suggests that they are involved in 

stabilizing the coordinated superoxide ion,48 but the spacer region that separates the conserved His 

and Gln is exceptionally shorter in the LPMO they investigated (5 residues) than in most of other 

LPMOs, as the one that we are modelling here (8 residue-long loop). 

Besides showing the synergistic nature of substrate-dioxygen binding to LPMO9s, the present 

results address the question of the identity of the species responsible for HAA on the substrate, that 

turns out to be a Cu(II)-oxyl intermediate. We therefore confirm previous computational26 and 

experimental48 studies that suggest Cu(II)-oxyl-based mechanism for LPMO catalytic activity. 

Nevertheless, when compared to the results by Kim et al.,26 we calculate significantly lower 

activation barriers and our mechanism further differs, since here the hydroxyl intermediate LPMO-

Cu(II)-OH─ could not be isolated, with the -OH group spontaneously migrating to bind to the 

radical carbon of the polysaccharide, with a water assisted rebound step (see Supplementary Video 

1).  

The very high energy difference calculated for the superoxo species apparently rules out the 
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mechanisms based on abstraction of a hydrogen atom from the substrate by the Cu(II)-O-O•─ and 

Cu(II)-O-O2─ moiety itself. This is in agreement with recent experimental investigations, where the 

results of EPR and activity essays on a fungal LPMO indicated that the Cu(II)-superoxo is not the 

active species in the catalytic mechanism.48 We have also investigated hydroperoxo-based 

mechanisms, which, despite being overall exoenergetic, are disfavored by the high (30 kcal/mol or 

more) estimated barriers.   

The role of the Cu(II)-oxyl is similar to that of the oxy-ferryl intermediate in P450 

monooxygenases, the most widely studied example of C-H oxygenation, although occurring at an 

heme iron center.12 Admittedly, the Cu(II)-oxyl species has not been experimentally observed yet 

and doubts were raised5 on the involvement of such a high valent intermediate with potentially 

significant oxidizing ability in the LPMO mechanism. Yet, we find the Cu(II)-oxyl species to be 

stable and we calculate an activation barrier as low as 6.2 kcal/mol that allows Cu(II)-oxyl to 

perform quasi-barrierless HAA, in line with previous predictions.26 

It might be possible that the present mechanism is applicable to fungal LPMOs only. In fact, while 

cellobiose dehydrogenase (CDH) is most likely the 2-electron donor required in the reaction path 

described here for AA9,58 AA11 and AA13, a redox partner fulfilling the same role has yet to be 

identified for AA10 LPMOs. Recently,58 fungal LPMOs were found to be very versatile in being 

reduced by extracellular electron donors others than CDH, such as plant-derived phenolic 

compounds, which can also serve as mediators for glucose-methanol-choline (GMC) 

oxidoreductases. The calculated values for the TS of the two possible Cu(II)-oxyl-based catalytic 

pathways suggest that the two electrons that are required for the monooxygenation reaction enter 

the active site simultaneously (pathway 7 in Fig. 3) rather than in two separate steps (pathway 6 in 

Fig. 3). Simple charge-based arguments would suggest concerted transfer of H+ and electrons, since 
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this avoids energetically demanding transfer of one net positive charge. Therefore, in our proposed 

mechanism, the starting and final state of the catalytic cycle is LPMO-Cu(I), without passing 

through a LPMO-Cu(II) intermediate. Although the E0 for the particular LPMO investigated here is 

not known, reduction potentials of other LPMOs from fungi and bacteria have been reported.9,18,59 

The E0 values fall in the 224-275 mV (vs SHE) range. Such a positive reduction potential indicates 

that, in these species, the reduced Cu(I) state is rather stable. It is likely that, in the absence of 

substrate, the Cu(II) state might be stabilized over Cu(I) as a consequence of the higher exposure of 

the active site to the solvent. This would prevent O2 binding to the LPMO active site in the absence 

of polysaccharide, since oxidized Cu is known to have very low affinity for dioxygen.60  

For the above, we propose the following LPMO9 mechanism, as depicted in Fig. 5: the inactive 

form of the enzyme is LPMO-Cu(II), with no affinity for molecular oxygen (state 0); a one-electron 

reduction process activates the protein to LPMO-Cu(I) (state 1), which synergistically binds oxygen 

and the substrate to yield the superoxide intermediate (state 2). The LPMO then performs its 

catalytic cycle via two proton coupled electron transfer steps, leading to elimination of a water 

molecule and formation of a stable LPMO-Cu(II)-oxyl intermediate (consequential formation of 

state 3 and state 4). The latter abstracts a H atom from the C4 atom of the saccharide with a rapid, 

water assisted hydroxyl rebound to the substrate, leading to the formation of the product R-OH and 

regenerating the enzyme active form state LPMO-Cu(I). It might then be possible, as proposed 

elsewhere,5 that the enzyme performs its catalytic activity while remaining attached to the 

polysaccharide surface, most likely processing along it to start a new catalytic cycle. Our 

calculations do not allow for any hypotheses to be put forward in this respect.  Our results also 

show that H2O2 may replace O2 as oxidant, because it binds to the active site and may yield the 

Cu(II)-oxyl intermediate after an intramolecular proton transfer and dissociation of a water 

molecule, without the requirement of additional electrons and protons. It is important to note that 
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our result do not demonstrate that H2O2 is the ‘catalytically relevant co-substrate’ in the cellulose 

hydroxylation, since other conditions, such as the accessibility of H2O2 to the active site, and its 

availability in the reaction environment should be considered.  

  

Figure 5. Schematic summary of the proposed mechanism of action of the investigated LPMOs, 
based on HAA performed by a Cu(II)-oxyl intermediate after a two proton coupled electron transfer 
(black arrows). The higher barrier mechanism involving two separate electron transfer steps is also 
shown (grey arrows). 

In conclusion, we have applied DFT calculations to gain new insights into the catalytic mechanism 

of action of a fungal LPMO. The use of a very large active site model with a minimal number of 

constraints and the good agreement with published structural and computational data on this 

enzyme superfamily contribute to the high reliability of our predictions. Nevertheless, further 

experimental evidences, e.g. the determination of the redox potential via direct electrochemistry 

both for freely diffusing and substrate-bound enzyme, will help understanding whether the reaction 

pathway proposed here is exclusive to fungal species or can be extended to all LPMOs families. 
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Our results will help both the design of novel routes to copper-based oxygenase chemistry and the 

rational optimization of the use of these enzymes in the degradation of recalcitrant lignocellulosic 

substrates, a significant step towards the use of non-edible biomass as sustainable carbon source. 
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The catalytic mechanism of fungal AA9 LPMOs was elucidated using DFT calculations: hydrogen 

atom abstraction is performed by a copper oxyl intermediate, and the substrate is hydroxylated via 

water assisted hydroxyl rebound. 


