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ABSTRACT: Copper-dependent lytic polysaccharide monooxygenases (LPMOs) are key enzymes involved in the breakdown of 

recalcitrant polysaccharides such as cellulose and chitin. LPMOs require external electrons for the activations of either O2 or H2O2, 

which can be supplied by enzymatic electron donors or small molecule reductants.  As quite abundant reductants in nature, phenolic 

compounds can serve as efficient reducing agents for reactions of LPMOs. Despite extensive studies, how phenolic compounds fuel 

the reactions of LPMOs is enigmatic. In this study, we report a novel mechanism for the reduction of LPMO-Cu(II) by the phenol 

reductants. Among various mechanisms investigated, we found the most favorable one involves the coordination replacement of 

water by the phenol reductant. The coordination of pyrogallol (Pyr) to LPMO-Cu(II) can remarkably facilitate both the electron 

transfer from Pyr to Cu(II) and the proton transfer from the ligated OH group to the adjacent Glu148, thereby enhancing proton-

coupled electron transfer process for the reduction of LPMO-Cu(II). Detailed comparisons and analysis have shown that the different 

ligand effects between LPMOs and the copper-dependent pMMO can result in the divergent mechanisms for Cu(II) reduction in two 

enzymes. These insights have greatly expanded our understanding on the interaction machinery of copper-dependent enzymes with 

phenol compounds in nature.

INTRODUCTION: Lytic polysaccharide monooxygenases 

(LPMOs) are the representative copper-dependent enzyme fam-

ily that play a critical role in the degradation of polysaccharides, 

particularly in the breakdown of recalcitrant polysaccharides 

such as cellulose and chitin.1-11 Structurally, LPMO retains the 

conserved histidine brace motif at the active site, where the 

mononuclear copper is ligated to three N sites of two histidine 

residues (Figure 1A and 1B).6, 12-16 LPMOs were initially iden-

tified to be O2-dependent oxidases, which can mediate the C−H 

(BDE=95 kcal/mol) hydroxylation of polysaccharides via the 

external reductant-assisted oxygen activation process (Figure 

1A).17-21 In addition, it was found that LPMOs can use the H2O2 

co-substrate to perform preoxygenations on polysaccharides, 

for which the pre-activation of LPMOs by an external reducing 

agent is required.13, 22-25 Interestingly, O2-dependent activity of 

LPMOs can generate the H2O2 intermediate in the presence of 

reducing agent (e.g. ascorbate),26-31 suggesting the O2-depend-

ent pathway and the H2O2-dependent pathway are connected by 

the H2O2 intermediate. Due to the oxidizing power of LPMOs, 
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extensive interests have been devoted to their catalytic func-

tions, including the biomass conversion and degradation, biore-

finery and waste processing. 4, 7, 32-33  

For either O2 or H2O2-dependent pathways, the electron input 

is required to fuel the reactions of LPMOs.34 The mostly widely 

used electron donors include either small molecule reductants, 

or the typical enzymatic electron donors such as cellobiose de-

hydrogenase (CDH).35-39 In terms of small molecule reductants, 

ascorbic acid (Asc) has been extensively used for LPMO assay. 

As a strong reductant, Asc can efficiently reduce LPMO-Cu(II) 

to LPMO-Cu(I), 40-41 thereby facilitating the following O2 or 

H2O2 activations. In addition to Asc, various diphenol and tri-

phenol compounds are found to be serves as reducing agents for 

reactions of LPMOs (Figure 1C).35-36 In particular, the catalytic 

efficiency of LPMOs with phenol reductants can be even higher 

than that with Asc.36 As phenolic compounds are quite abundant 

in nature and can be sourced from various plants, microorgan-

isms and lignin,35 they may function as ubiquitous reductants 

for the actions of LPMOs and other copper-dependent en-

zymes.42 

 

Figure 1. (A) Possible reaction mechanism of LPMOs in the presence of O2 and external reductants. (B) Crystal structure of AA9 

LPMO from Neurospora Crassa (PDB code 5TKG43), the resting state of LPMO's Cu(II) is coordinated by His1, His84 and water 

molecule, while O2 is bound near His157. (C) Various phenol reductants for reactions of LPMOs, while ascorbic acid is the one of 

widely used small-molecule reductants in LPMO assays. 

 

Despite their important roles for the activations of LPMOs, 

how phenolic compounds fuel the reactions of LPMOs are still 

enigmatic up to now. Unlike Asc, phenolic compounds are gen-

erally poor one-electron donor for the reduction of Cu(II), so it 

is unknown how LPMO-Cu(II) can be reduced by phenolic re-

ductants. Finally, it is intriguing to compare the activation 

mechanism of LPMOs vs. the CuD site of pMMO. As both mon-

onuclear copper-dependent enzymes can employ diphenol com-

pounds as their reducing agents.36, 44-48 Understanding the lig-

and effects and the actions of phenol reductants are definitely 

beneficial for the development of LPMO-inspired synthetic cat-

alysts.  

To address the above emerging issues in LPMOs, the com-

bined molecular dynamics (MD) simulation, quantum mechan-

ics/molecular mechanics (QM/MM) calculations, spectroscopy 

and mutagenesis studies have been conducted. Unlike Asc, our 

study show the triphenol reductant pyrogallol (Pyr) is not able 

to reduce LPMO-Cu(II) via direct electron transfer. Instead, our 

study reveals that the LPMO-Cu(II) reduction requires the di-

rect coordination of phenol reductant to Cu center, through 

which the reduction of the LPMO-Cu(II) can be achieved via a 

PCET mechanism. The reduction of LPMO-Cu(II) has been 

supported by electron paramagnetic resonance (EPR) results. 

Detailed comparisons and analysis have shown that the differ-

ent ligand effects between LPMOs and the copper-dependent 

pMMO can result in the divergent mechanisms for Cu(II) re-

duction in two enzymes. These findings have far-reaching im-

plications on both the copper catalysis and functional machin-

ery of phenol compounds in nature. 

 

METHODS: 

System setup. The initial 3D structures were prepared as fol-

lows: the structure of LsAA9A LPMO (CAZy classification 

AA9) was based on the X-ray structure from Aspergillus oryzae 

fungus (PDB code: 5ACI),6 and the structure of pMMO was 

prepared by the cryo-EM structure, which come from Methylo-

coccus capsulatus str. Bath bacterium (Protein Data Bank code: 

8OYI).47 Firstly, three titratable residues in LPMO and pMMO 

were assigned to rational protonation states based on pKa deter-

mined using PROPKA software49 and a comprehensive visual 
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assessment of local H-bond networks. In LPMO, the histidine 

residues (No. 66, 78, 79, 125 and 131) were protonated at the δ 

position, while His147 was protonated at the ε position. For 

His122, it was doubly protonated. The N-terminal His1 is an ε-

methylated histidine that coordinates the metal ion through its 

imidazole Nδ and amino-terminal NH2. All glutamate and as-

partate residues were deprotonated. For the protonation states 

in pMMO, histidine residues No. 139 and 307 in PmoB, No. 11, 

40, 168 and 232 in PmoA, No. 134, 160, 173, 231 (812) and 

245 (826) in PmoC were protonated at the δ position, while for 

No. 33, 48, 72, 137, 192 in PmoB and 38 in PmoA, they were 

protonated at the ε position. For glutamate and aspartate resi-

dues, except glutamate residues No. 96, 100 and 176 in PmoC, 

which were protonated, the remaining residues were deproto-

nated. Subsequently, the missing hydrogen atoms of the protein 

residues were completed using the LEAP module in Amber18.50 

The semi-flexible docking module of AutoDock was utilized 

to dock the reducing cofactors Pyr and DQH2 to the Cu(II) cat-

alytic centers of LPMO and pMMO, respectively. The 

MCPB.py module51 was used to parameterize the force field for 

the initial resting-state active centers (Cu(II) coordination 

sphere in LPMO and CuD(II) coordination sphere in pMMO). 

The AMBER GAFF52 force field was applied to Pyr and DQH2, 

with partial atomic charges derived from RESP models53 calcu-

lated at the HF/def2-SVP theoretical level. The classic amber 

force field ff14SB was used for the all of the amino acids. To 

neutralize the system, 9 Na+ ions were added to the LPMO pro-

tein surface and 8 Na+ ions to the pMMO protein surface. Each 

system was then immersed in a rectangular box of TIP3P water 

molecules, extending at least 15 Å from the surfaces of LPMO 

and pMMO. Comprehensive 100 ns MD simulations were per-

formed for each system. Further details on MD and QM/MM 

MD simulations are provided in the SI Appendix. 

 

QM/MM simulations. The final snapshot from the QM/MM 

MD trajectories was selected as the starting point for the 

QM/MM calculations. These calculations were performed with 

ChemShell,54-55 integrating Turbomole56 for the QM region and 

DL_POLY57 for the MM region. In order to take into account 

for the polarizing effect of the protein environment on the QM 

regions, the electrostatic embedding scheme was applied.58 Hy-

drogen link atoms and the charge-shift model were employed to 

manage the QM/MM boundary. For the geometry optimization 

of the QM regions, they were carried out by using the hybrid 

UB3LYP density functional59-61 with a double-ζ basis set def2-

SVP, while energy refinements utilized the larger def2-TZVP 

basis set. Dispersion corrections were included using Grimme’s 

D3 method.62-64 Transition states (TSs) were identified along the 

reaction coordinates by pinpointing the highest points on the 

potential energy surface, with a scanning increment of 0.02 Å. 

TSs were located from finely scanned energy surfaces, and all 

minima were optimized without symmetry constraints using the 

DL-FIND optimizer.65 The amino acids in the MM region were 

treated using the Amber ff14SB force field,66 while water mol-

ecules were modeled with the TIP3P force field. For the stage 

of LPMO-Cu(II) reduction, the QM region included the reduc-

ing agent Pyr, the copper atom, the coordinated residues His1 

and His78, and a water molecule. Additionally, Glu148, and 

Tyr164 were included. For the Cu(II) reduction process in 

pMMO, the QM region encompassed the reducing agent DQH2, 

the copper atom, coordinated residues Asn227, His231, His245, 

and a water molecule, with Glu228 included as the proton ac-

ceptor. The relative energies computed were electronic energies 

from the QM/MM calculations. Previous studies on metalloen-

zymes have shown that the electronic energy barrier serves as a 

reliable approximation of the free energy barrier.67-78  

 

DFT calculations. DFT calculations of Cu(II)−H2O---Pyr−, 

Cu(II)−Pyr− and CuD(II)−H2O---DQH− were performed in 

ORCA (version 5.0.3)79 with the functionals B3LYP and the ba-

sis set def2-SVP. Molecular orbitals were calculated in ORCA 

with the same B3LYP/def2-SVP and visualized in VMD80 and 

Multiwfn.81  

 

Cloning and expression of LsAA9A. The gene encoding 

LsAA9A (GenBank ALN96977.1, amino acid sequence was 

described in SI) was synthetized after codon optimization for P. 

pastoris (GenScript, Nanjing, China) and inserted into the vec-

tor pPICZαA with the C-terminal (His)6-tag. The pPICZαA-

LsAA9A plasmid was linearized with Pme I (NEB, USA), and 

then was transformed into P. pastoris X33 by using electro-

poration as described.82 The recombination X33 strain contain-

ing Zeocin resistant were screened for protein production.82 The 

cells were grown in 100 ml BMGY medium (1% (w/v) yeast 

extract, 2% (w/v) peptone, 1.34% (w/v) YNB, 4×10−5% (w/v) 

biotin, 1% (v/v) glycerol, and 100 mM potassium phosphate, 

pH 6.0) at 28 ℃ for 16 h until the absorbance of 600 nm was at 

~ 2 to 6. The cells were pelleted by centrifugation and resus-

pended in 400 ml BMMY medium (1% v/v methanol replaced 

1% v/v glycerol in BMGY) at 25 ℃. The methanol was added 

to inducible expression for 5 days with 1% (v/v) per day. The 

culture supernatants were collected using centrifugation and fil-

tered through 0.22 μm filters (Sangon Biotech, Shanghai, 

China). 

 

Purification and copper loading of LsAA9A. The AKTAx-

press system (GE healthcare) was used for Purification of pro-

tein. The supernatants were was added to 5 mL His-Trap col-

umn (GE Healthcare) which pre-equilibrated with 20 mM 

Na3PO4, 500 mM NaCl, and 20 mM imidazole, pH 7.4 (binding 

buffer), and the column was equilibrated by binding buffer. The 

proteins were eluted by eluting buffer (20 mM Na3PO4, 500 mM 

NaCl, and 500 mM imidazole, pH 7.4). Target proteins were 

desalted by loading onto a PD-10 column (PD SpinTrap G-25, 

Cytiva) and buffer exchanged in 50 mM ammonium acetate 

buffer, pH 6.0. The protein concentrations were determined us-

ing a modified Bradford Protein Assay Kit (Sangon Biotech, 

Shanghai, China) and analyzed by SDS-PAGE. LsAA9A was 

incubated with 5-fold CuSO4 at 4 ℃ for 16 h. Excess of copper 

was removed by using PD-10 column in 50 mM ammonium ac-

etate buffer, pH 6.0 and proteins were concentrated with a 10 
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kD Ultrafiltration centrifugal filters (Merck Millipore). 

 

Phenol reductants oxidation assay. Samples containing 1 μM 

LsAA9A, water or CuSO4 were incubated with 100 μM phenol 

reductants in 50 mM sodium phosphate buffer, pH 6.0, at 30 ℃ 

for an hour, according to a previous report.83 The oxidation of 

phenol reductants was measured at 325 nm band. The different 

buffer including 50 mM ammonium acetate (pH 6.0), 50 mM 

Tris-HCl (pH 7.4), 100 mM KPi (pH 8.0) or water was incu-

bated with 1 mM Pyr at 30 ℃ for an hour, respectively. 

 

Electron paramagnetic resonance (EPR) measurements. All 

samples for EPR spectroscopy were prepared in an anaerobic 

glove box (96% N2/4% H2, Coy Laboratory Products, USA). 

All materials were subjected to thorough degassing and incu-

bated in the anaerobic glove box for at least 12 hours prior to 

use. For all samples, glycerol (10% v/v) was added as a cryo-

protectant. For the preparation of Pyr-reduced protein samples, 

LPMO was incubated with a freshly prepared Pyr solution and 

excess Pyr was removed using a desalting column (PD Spin-

Trap G-25, Cytiva). The resulting mixture was transferred to 

quartz EPR tubes (707-SQ-250 M, 4 mm O.D., Wilmad), sealed, 

and removed from the anaerobic environment. Samples were 

immediately flash-frozen and stored in liquid nitrogen until ex-

periment. The Pyr-reduced samples were further re-oxidized by 

either being exposed to air or treated with iodosobenzene 

(PhIO). 

Low-temperature EPR experiments were performed using a 

Bruker A300 spectrometer (Bruker Biospin GmbH, Rheinstet-

ten, Germany) equipped with a high-sensitivity cavity 

(ER4119HS, Bruker Biospin GmbH, Rheinstetten, Germany). 

Sample temperature was maintained at 120 K using a liquid ni-

trogen finger dewar insert and a Bruker variable temperature 

control unit. EPR parameters were as follows: microwave fre-

quency, 9.447 GHz; microwave power, 10 mW; modulation 

frequency, 100 kHz; modulation amplitude, 10.00 G; time con-

stant, 163.84 ms; conversion time, 16.00 ms. Typically, 10 

scans were performed for each sample to ensure a reliable sig-

nal-to-noise ratio. EPR spectral simulations were performed us-

ing the EasySpin (Version 5.2) toolbox operating in the Math-

works MATLAB environment.84 Parameters for the simulations 

were summarized in Figure S1. 

 

RESULTS & DISCUSSION:  

O2 reduction mechanism in LPMO: role of direct coordina-

tion of Pyr to Cu(II).  In LPMOs, it was found both experi-

mentally and computationally that the reductant Asc can effi-

ciently reduce Cu(II) to Cu(I).7, 37, 85 Then, the Cu(I) can bind 

oxygen molecule and mediate the following the oxygen activa-

tion.34, 85-87 In terms of phenol reductant Pyr, the MD and 

QM/MM MD show that the reductant Pyr can be anchored by 

hydrogen bond interactions with Glu148, the Cu(II)-

coordinated H2O and His147 (Figure S2). Starting from such 

reactant (RC), we first gauged various mechanisms for the re-

duction of LPMO-Cu(II). The first one (Figure 2B) involves the 

direct electron transfer (ET) from Pyr to the Cu(II) center. Since 

a spontaneous ET from Pyr to Cu(II) was not observed in the 

QM/MM-optimized RC, we have assessed the energetics of 

such ET with QM model calculations. As shown in Figure 2B, 

the ET process is endothermic by 15.0 kcal/mol, indicating the 

one-electron reduction of Cu(II) via the direct ET is highly un-

favorable in LPMO. The second mechanism involves a PCET 

process (Figure 2C), which was also considered in pMMO.48 In 

such a PCET mechanism, the proton transfer (PT) from hy-

droxyl group in Pyr to Glu48 may drive the ET from Pyr to 

Cu(II). However, our QM data show that such process is endo-

thermic by 18.7 kcal/mol, indicating the directly PCET is still 

highly unfavorable. This is mainly because that the Cu(II) cen-

ter maintains a highly saturated coordination architecture, 

thereby leading to the significant reduction of the redox-poten-

tial of Cu(II) for the electron acceptation. Obviously, the phenol 

mediated LPMO-Cu(II) reduction should differ from the one 

mediated by Asc.  
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Figure 2. Possible mechanisms for reduction of the Cu(II) site by the reductant Pyr. (A) The QM/MM MD equilibrated geometry of 

the binding conformation of Pyr in LsAA9 LPMO. (B) QM(UB3LYP-D3/def2-TZVP) relative energies (kcal/mol) for one-electron 

reduction of Cu(II) to Cu(I). (C) QM(UB3LYP-D3/def2-TZVP) relative energies (kcal/mol) for the PCET-mediated reduction of 

Cu(II) to Cu(I). (D) QM(UB3LYP-D3/def2-TZVP)/MM relative energies (kcal/mol) for the coordination of Pyr to Cu(II) enables 

PCET to afford the Cu(I) intermediate (2IC2). Key distances are given in Å unit. 

 

As the direct ET and PCET mechanism can be excluded for 

the Cu(II) reduction, we assume that the phenol OH group may 

displace the equatorial H2O and coordinate to Cu(II) directly. 

Figure 2D presents the QM/MM energy profile for the Cu(II) 

reduction via the Pyr-coordination mechanism. It is seen that 

the coordination of Pyr-O1 to Cu(II) drives the dissociation of 

equatorial H2O, leading to the Pyr-ligated IC1 that is 3.1 

kcal/mol higher than RC. The process should overcome a bar-

rier of 15.7 kcal/mol. Starting from IC1, we investigated the 

Cu(II) reduction via a possible PCET mechanism, during which 

the proton transfer from Pyr-O2 to Glu148 is coupled to the 

electron transfer from Pyr to Cu(II). However, the process re-

quires a relatively high energy barrier of 17.3 kcal/mol relative 

to IC1 (see Figure S3), possibly due to the unfavorable Cu(II)’s 

coordination environment in IC1, where a water is anchored by 

the H-bond interaction with Pyr-OH group and weakly coordi-

nated to Cu(II) (Cu-OWAT distance: 2.25 Å). Such coordination 

pattern may impede the reduction of Cu(II) by Pyr. To probe 

the possible coordination reorganization of Cu(II), MD simula-

tion was performed on IC1. As shown in Figure 2D, the Tyr-

OH group can reorient during the MD and lead to the disruption 

of H-bond interaction with water and then the dissociation of 

water from Cu(II) in IC1’. Due to the dissociation of the axial 

water, the Cu(II) reduction by Pyr can be facilitated. Such ma-

chinery is analogous to the case of P450s.88-91 Starting from 

IC1’, the following Cu(II) reduction via the PCET mechanism 

was found to be facile with a small energy barrier of 8.9 

kcal/mol (IC1’→TS2, Figure 2D and S4). The process affords 

the reduced Cu(I) along with the Pyr radical in IC2, as con-

firmed by the spin-density population of 0.01 at Cu center and 

0.97 at Pyr, respectively. In IC2, we can see that the Pyr radical 

is dissociated from Cu(I), with a Cu−O1 distance of 2.7Å, 

which basically aligns with a low-coordination nature of Cu(I) 

as observed in pMMO.45, 48 Thus, our simulations enable us to 

identify a phenol-coordination mechanism for LPMO-Cu(II) re-

duction, which was unexpected before.  

 

Spectroscopic determination of Cu(II) reduction. To gain in-

sights into the reduction of LPMO-Cu(II) by Pyr, we conducted 

X-band continuous-wave EPR spectroscopy experiments. 

These experiments were designed to explore the signal charac-

teristics of Cu(II) before and after the interaction of LsAA9A 

LPMO with Pyr. As illustrated in Figure 3, in the absence of 
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Pyr, the X-band EPR spectrum exhibited a prominent signal 

originating from the Cu(II) site (depicted in black, Figure 3A). 

The predominant rhombic signal arises from a type-2 Cu(II) 

center characterized by a rhombic g-tensor of [2.061, 2.060, 

2.280] with hyperfine splitting parameters associated with the 

extensively studied Cu(II) site92-94 (AZZ = 530 MHz) according 

to spectral simulations (Figure S1). 

Under anaerobic conditions, upon introduction of 5-fold Pyr, 

a notable reduction in the Cu(II) signal is accompanied by con-

spicuous superhyperfine splittings originating from neighbor-

ing nitrogen atoms (orange, Figure 3A). Concurrently, the mix-

ture undergoes a color transformation from colorless to yellow-

brown, attributed to the oxidation of Pyr.95-96 Upon further ad-

dition of 20-fold Pyr, the Cu(II) signal nearly disappears (red, 

Figure 3A), resembling the case where the Asc reductant is em-

ployed in the reaction (Figure S5), in which the complete elim-

ination of the Cu(II) signal is observed. This indicates Pyr's ef-

ficacy in reducing Cu(II) to Cu(I). Once the system was exposed 

to air for 10 minutes, we can observe a rapid increase in the 

Cu(II) signal (blue, Figure 3B), akin to the signal intensity ob-

served upon air exposure in the LsAA9A LPMO-Asc reaction 

system (Figure S5). This suggests that the further oxidation of 

Cu(I) by O2 can lead to Cu(II) again. Subsequent addition of 

excess iodosobenzene (PhIO) results in a more pronounced in-

tensification of the Cu(II) signal in the LsAA9A LPMO-Pyr 

mixture system (green, Figure 3B), confirming that Pyr can in-

deed reduce the LsAA9A LPMO.  

 

Figure 3. EPR spectroscopic characterization of LsAA9A LPMO under different redox conditions. (A) EPR spectra of LsAA9A 

LPMO as in oxidized state and in reduced state by treated with different equivalents of Pyr. (B) EPR spectra of LsAA9A LPMO as 

in Pyr-reduced state and in re-oxidized state following either exposure to air or treatment with PhIO. 

Why the phenol coordination is required for LPMO-Cu(II) 

reduction? As shown in former sections, the reduction of 

LPMO-Cu(II) requires a priming coordination of Pyr to Cu(II). 

So, the left question is why the LPMO-Cu(II) reduction can 

only be achieved by the Pyr coordination, rather than the outer 

sphere ET from the phenol reductant. To answer this question, 

we first evaluated the proton-donating ability (acidity) of phe-

nol OH group in Cu(II)−H2O---Pyr vs. Cu(II)−Pyr. QM calcu-

lations indicated that the energy required for removing the pro-

ton from the phenol OH group can decrease by 22.4 kcal/mol 

upon the Pyr coordination to Cu(II) (Figure S6), indicating that 

Pyr coordination can greatly enhance the proton donating abil-

ity/acidity of the phenol OH group. Second, we have analyzed 

the frontier orbitals in the Cu(II)−H2O---Pyr vs. Cu(II)−Pyr sys-

tems. As the PCET process involves the electron transfer from 

the highest occupied molecular orbital (HOMO) of phenol frag-

ment to the lowest unoccupied molecular orbital (LUMO) of Cu, 

we have plotted the energy level of these two key orbitals in 

Figure 4. In the H2O-coordinated system (Figure 4A), the 

HOMO mainly consists of the bonding π orbital of Pyr− (52% 

from Pyr− and 34% from copper), while the LUMO is primarily 

composed of the anti-bonding orbital of Cu dx2-y2 (59% from 

copper and 12% from Pyr−). It is seen that the energy gap of 

these two orbitals is 1.4 eV. As for the Pyr-ligated system, the 

MO diagram of Cu(II)−Pyr− (Figure 4B) shows that the HOMO 

mainly consists of the π orbital of Pyr− (65% from Pyr− and 26% 

from copper), whereas the LUMO is composed of the anti-

bonding orbitals from both Cu dx2-y2 and Pyr- (45% from copper 

and 38% from Pyr−). In addition, we can see that the energy gap 

between HOMO and LUMO orbital of σ* has been reduced to 

0.32 eV, suggesting that the ET process can be significantly en-

hanced in the Pyr-ligated system. Thus, our analysis show that 

the Pyr-ligation can remarkably facilitate both the ET and PT 
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processes, thereby enhancing the PCET process for the LPMO-

Cu(II) reduction. 

 

Figure 4. The frontier orbital energies of the LPMO active site in the presence of the reductant Pyr. (A) Cu(II)−H2O---Pyr− complex; 

(B) Cu(II)−Pyr− coordination states. 

 

Cu(II) reduction occurs via the divergent mechanisms be-

tween LPMO and pMMO. Since both LPMO and pMMO are 

mononuclear copper enzymes, it is interesting to compare if 

both enzymes employ the same or different mechanisms for the 

Cu(II) reduction. In pMMO, recent experimental and computa-

tional evidences show that the CuD(II) center is the active site 

for oxygen activation and methane oxidation (recently identi-

fied as the methane oxidation center) in pMMO.44, 97 For the 

CuD(II) reduction by the phenolic reductant duroquinol (DQH2) 

in pMMO, our QM/MM calculations show that the PT to 

Glu809 drives ET to CuD(II), which involves a small energy 

barrier of 11.0 kcal/mol and an exothermicity of 0.6 kcal/mol 

(RCCuD→IC1CuD, Figure 5B and S7). Obviously, the phenol re-

ductant can reduce the CuD(II) via a direct PCET mechanism in 

pMMO, which differs from the situation of LPMO, where the 

phenol coordination is required for LPMO-Cu(II) reduction.  

 

Figure 5. The QM/MM calculated mechanism for the reduction of pMMO CuD(II) by DQH2. (A) The QM/MM MD equilibrated 

geometry of the binding conformation of DQH2 in pMMO. (B) QM(UB3LYP-D3/def2-TZVP)/MM relative energies (kcal/mol) for 

the Glu809 mediated direct PCET to afford the CuD(I) intermediate in pMMO. (C) The LUMO orbital energy of resting state 

Cu(II)−H2O in pMMO and LPMO. Key distances are given in Å unit. 

 

To get some clues about the divergent mechanisms of Cu(II) 

reduction in LPMO vs. pMMO, we have computed the bond 

dissociation energies (BDE) of the phenols’ O−H bonds and the 

electron affinity of Cu(II) center for both enzymes. For the BDE 

of the two phenols’ O−H bonds, the calculated values are 66.2 

kcal/mol for DQH2 (for pMMO), and 64.2 kcal/mol for the mid-

dle OH group of Pyr (for LPMO). This indicates that Pyr is even 

more redox-active than DQH2, suggesting that the BDE of the 
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different phenols’ O−H bonds is not the key determinant for the 

divergent mechanisms in LPMO vs. pMMO. Thus, we further 

gauged the electron-accepting ability of the Cu(II) active site 

for both enzymes. As shown in Figure 5C, the LUMO orbital 

energy of the pMMO-CuD(II) active site (66% from copper) is 

-8.05 eV, whereas the LUMO orbital energy of the LPMO-

Cu(II) active site (69% from copper) is -7.35 eV. This indicates 

that the pMMO-CuD(II) site has much higher capability to ac-

cept the electron from the phenol reductant than that of LPMO-

Cu(II). Inspection of the active site structure (Figure 1B) shows 

that the LPMO-Cu(II) is strongly coordinated by a deprotonated 

-NH2 group, whereas pMMO-CuD(II) is loosely coordinated by 

the carbonyl group of Asn227. Compared to pMMO-CuD(II), 

the stronger ligand effect in LPMO-Cu(II) elevates the energy 

level of frontier orbitals, thereby reducing the electron accept-

ing ability of LPMO-Cu(II) for the PCET reaction (Figure S8). 

 

CONCLUSIONS: 

In this study, we have uncovered a novel mechanism for the 

reduction of LPMO-Cu(II) by the phenol cosubstrate Pyr. 

Among various mechanisms investigated in this study, we no-

ticed the most favorable pathway is the coordination replace-

ment of water by the Pyr reductant. The coordination of Pyr to 

LPMO-Cu(II) can remarkably facilitate both the electron trans-

fer from Pyr to Cu(II) and the proton transfer from the ligated 

OH group to the adjacent Glu148, thereby enhancing the PCET 

process for the LPMO-Cu(II) reduction. The reduction of 

LPMO-Cu(II) by Pyr was confirmed by EPR experiments, 

wherein the addition of Pyr results in a notable decrease in the 

Cu(II) EPR signal. Thus, our study shows that the catalytic site 

architecture of LPMO is key to the productive binding of phenol 

reductants, suggesting that phenol compound may function as 

key reductants for the activation of LPMO. Unlike LPMO, we 

found that the weak ligand effects in CuD site of pMMO can 

significantly elevate the redox-potential of pMMO-CuD(II) site, 

thereby rendering a different mechanism for pMMO-CuD(II) re-

duction, as compared to the LPMO-Cu(II) counterpart. All 

these insights have greatly expanded our understanding on the 

phenol-reductant-mediated LPMO catalysis, as well as the lig-

and effects in modulating the reactivity of copper active site. 
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