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The discovery of oxidative cleavage of glycosidic bonds by

enzymes currently known as lytic polysaccharide

monooxygenases (LPMOs) has had a major impact on our

current understanding of the enzymatic conversion of

recalcitrant polysaccharides such as chitin and cellulose. The

number of LPMO sequence families keeps expanding and

novel substrate specificities and biological functionalities are

being discovered. The catalytic mechanism of these LPMOs

remains somewhat enigmatic. Recently, novel insights have

been obtained from studies of enzyme–substrate complexes

by X-ray crystallography, EPR, NMR, and modeling.

Furthermore, it has been shown that LPMOs may carry out

peroxygenase reactions, at much higher rates than

monooxygenase reactions, which affects our understanding

and exploitation of these powerful enzymes.
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Introduction
The role of redox enzymes in biomass conversion is

gaining interest, as such enzymes may promote the con-

version of recalcitrant polysaccharides [1,2,3,4�,5]. In

comparison to canonical glycoside hydrolases, the role

of redox enzymes (potentially) acting on plant cell wall

polysaccharides has remained unclear. For example, fun-

gal cellobiose dehydrogenase (CDH) has been studied for

decades [6], without finding a clear role for this enzyme,
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although multiple biological roles have been proposed

[7]. A major breakthrough came in 2010 when Vaaje-

Kolstad et al. described oxidative cleavage of glycosidic

bonds by enzymes known today as Lytic Polysaccharide

MonoOxygenases (LPMOs). LPMOs are mono-copper

enzymes that, in the presence of an external electron

donor, catalyze hydroxylation of one of the carbons (C1 or

C4) in the scissile glycosidic bond, which eventually leads

to bond breakage by an elimination reaction [3,8,9]. In

contrast to hydrolytic enzymes, which interact with single

polysaccharide chains, LPMOs can act on polysaccharide

chains that reside in a crystalline environment. This leads

to disruption of the structure, making the cellulose more

accessible for hydrolytic enzymes [10–12].

Since their discovery in 2010, LPMOs have been

intensely studied, due to their great scientific and indus-

trial interest. LPMOs are abundant in nature, in particular

in fungi [13], and they catalyze a powerful oxidation

reaction that involves multiple factors that may be hard

to control. Major developments of recent years include

the discovery of novel LPMO families [14�,15�] and

increased insight into enzyme–substrate interactions

from X-ray and neutron crystallographic, EPR, NMR

and modeling studies [16��,17�,18��,19�,20–22,23�]. Fur-

thermore, it has been discovered that next to, or perhaps

even rather than, carrying out a monooxygenase reaction

(R-H + O2 + 2e�+ 2H+! R-OH + H2O), LPMOs carry

out peroxygenation of their substrate (R-H + H2O2!
R-OH + H2O) [24��]. Both reaction mechanisms have

been intensely studied using computational methods

[25,26,27�,28�] and kinetics [29�,30��]. In a comprehen-

sive review on oxidoreductases (potentially) involved in

lignocellulose conversion, Bissaro et al. have discussed

these recent discoveries in both a biological and applied

perspective [4�].

All LPMOs described so far have a similar overall three-

dimensional structure and a conserved, highly character-

istic surface-located catalytic mono-copper site [31�]. As

to date, the sequence-based classification system of the

CAZy database [32] places LPMOs into six families of so-

called ‘auxiliary activities’ (AA9-11 and AA13-15). The

large sequence diversity and observed differences in

substrate specificity (Figure 1), as well as the fact that

LPMOs occur in several clades of the tree of life, indicate

that LPMOs may be involved in biological processes
www.sciencedirect.com
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Figure 1
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Phylogenetic tree of LPMOs.

The tree was built from 68 sequences, which represent the large majority of functionally characterized LPMOs. The underlying sequence alignment

was based on catalytic domains only and on structural information from three selected LPMOs (TaAA9A, PDB: 2YET; SmAA10A, PDB: 2BEM;

AoAA13, PDB 4OPB; underlined in the figure). The 68 sequences were aligned using the T-Coffee Expresso online tool. The resulting MSA was

employed as input to build the final phylogenetic tree using PhyML available via the online platform Phylogeny.fr. The names of LPMOs with a

known three-dimensional structure are printed in bold face. The occurrence of additional domains, for example, CBMs, GHs, and unknown

domains (UKD) is indicated by symbols. The dominating substrate specificity and oxidative regioselectivity (C1, C4, or mixed C1/C4) for each

www.sciencedirect.com Current Opinion in Structural Biology 2019, 59:54–64
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other than biomass degradation, such as viral virulence

[33] and bacterial pathogenicity [34,35]. It has been

suggested that the recently discovered AA15s, found in

arthropods, algae, oomycetes and complex animals, play a

role in development and food digestion [14�]. It seems

likely that LPMOs have multiple biological roles that

remain to be discovered.

The interaction of LPMOs with substrates
One of the major challenges in understanding LPMO

catalysis lies in the insoluble nature of their substrates

and the analytical problems this entails. Some AA9 LPMOs

(i.e. Group 3 in Figure 1) act on shorter soluble cello-

oligosaccharides [36] and, while the biological relevance

of this activity may be questioned, these LPMOs make

good candidates for co-crystallization and soaking trials to

generate enzyme–substrate complexes. In 2016, Frandsen

et al. were the first to show a crystal structure of an AA9

LPMO in complex with cello-oligosaccharide ligands

[18��]. Next to showing that ligand-binding is dominated

by polar interactions (see also Courtade et al. [17�]), the data

provided insight into how substrate-binding affects active

site geometry, including the copper coordination sphere.

In the enzyme–substrate complex (Figure 2a), His1

stacks with the +1 sugar, and the space where the

non-reduced LPMO (i.e. LPMO-Cu(II)) would bind

an axial water (black star in Figure 2a) is filled by the

C6-hydroxymethyl group of the +1 glycosyl unit. Frand-

sen et al. noted that a chloride ion, a potential mimic of

superoxide or another activated oxygen species, occu-

pied the fourth equatorial coordination position of the

copper ion. Substrate-binding is associated with changes

in the EPR spectrum [16��,18��,37], which could imply

that the reactivity of the copper to some extent is

controlled by the presence of substrate. Of note, various

binding studies have shown that both the presence of

potential superoxide mimics such as Cl� [18��] or CN�

[17�] and reduction of the copper [38,39] promote sub-

strate-binding. Together these studies suggest that the

events leading to ternary complex formation are coupled,

which is in line with conclusions derived from recent

kinetic studies [30��,39].

Simmons et al. reported crystal structures with xylo-

oligosaccharide ligands using the same enzyme as Frand-

sen et al. The catalytic activity against xylohexaose was

estimated to be 100-fold lower compared to cellohexaose,

and the structural data showed that the interaction of the

LPMO with xylopentaose was less distinct, compared to

cellopentaose (Figure 2a,b). Stacking interactions with
(Figure 1 Legend Continued) cluster are indicated by numbers 1–9. Known

in smaller face. Note that most LPMOs have only been tested with a limited

regioselectivities are marked by **, as indicated in the figure. No activity has

sequence was included as this is one of the few examples of a viral AA10. 

amino acids (AA) were calculated for each AA family using the primary AA s
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active site residues were not observed and the conforma-

tion of the copper site in the enzyme–substrate complex

was clearly different (Figure 2a,b), as also confirmed by

differences in the EPR signatures of the xylohexaose and

cellohexaose complexes [19�].

In a combined biochemical, spectroscopic, and molecular

modeling study, Bissaro et al. created an experiment-

supported full-scale model of an LPMO, SmAA10A,
bound to a crystalline polysaccharide (chitin) surface

[16��] (Figure 2c,d). Importantly, the model revealed a

highly constrained active site geometry, with limited

space near the copper site. The model also revealed a

tunnel connecting the bulk solvent to the active site that

seemed gated by a conserved second-shell glutamate,

Glu60 (glutamine in some LPMOs, Figure 2). This

tunnel is too narrow for bigger molecules, such as ascorbic

acid and other reductants to pass, whereas smaller mole-

cules such as O2, O2

��, H2O2 or H2O, could enter or exit.

It is worth noting that these observations add to ‘the

second electron conundrum’, which entails that it is

difficult to envisage how the second electron needed in

a monooxygenase reaction (Figure 3) would be able to

reach the catalytic complex [17�]. While the first electron

can be recruited and stored by the non-substrate bound

enzyme through reduction of Cu(II) to Cu(I), it is unclear

how a second electron, which either has to be stored by

the enzyme or timely supplied when required, can access

the active site in the LPMO–substrate complex. It has

been proposed that an electron transport chain or channel

would allow delivery of a second electron [40], but this

proposal is not supported by experimental evidence nor

by conserved structural features across LPMO families.

Of note, a glutamate/glutamine is pointing toward the

active site in all LPMOs, and mutational studies have

shown that this residue is important for catalysis in both

AA9 and AA10 LPMOs [41,42�] possibly because it helps

in correctly positioning an oxygen species close to the

active site [42�]. In the recent neutron structure of

NcAA9D, O’Dell et al. [22] showed evidence for an

equatorially bound oxygen species interacting with

His157 and Gln166 (where Gln166 would be analogous

to Glu60 in SmAA10A). Similar equatorial binding was

proposed based on a neutron structure of JdAA10A [21].

In a recent QM/MM study, Caldararu et al. [43] proposed

that the second shell glutamate involved in this latter case

(JdAA10A-Glu65) plays an important role in H2O2 for-

mation by the LPMO. Altogether, the above-mentioned

studies support the idea that this conserved Glu/Gln,

which, notably, occurs at quite different positions in
 additional substrate specificities are shown below the major activity

 number of substrates, sometimes only one. Deviating oxidative

 yet been shown for AcAA10 (labelled with a blue asterisk), but the

The average molecular weight (in kilo Dalton; kDa) and number of

equences used to build the phylogenetic tree.
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Figure 2
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LPMO–substrate interactions.

The pictures show LsAA9A-cellopentaose (PDB 5NLS; [19�]) (a), LsAA9A-xylopentaose (PDB 5NLO; [19�]) (b), a model of SmAA10A-

chitohexaose (c), and a model of SmAA10A bound to b-chitin [16��] (d). The structures shown in panels (a) and (b) were obtained from crystals

soaked with oligosaccharides before X-ray diffraction [19�] and the models of panels (c) and (d) were obtained from experiment-guided MD

simulations [16��]. The arrows indicate the oxidation sites; at the C4 carbon of the sugar bound in the +1 subsite for cellopentaose and

xylopentaose bound to LsAA9A and at the C1 carbon of the sugar bound to the �1 subsite for chitohexaose bound to SmAA10A. Note the

increased distance between the copper and the C4-carbon in panel (b) compared to panel (a). Axial ligands are labeled ‘ax’ and are occupied

by the C6-hydroxymethyl group (black star) in panel (a) and by a water in panel (b). The equatorial chloride ion shown in panel (a) is labeled

‘eq’ and was obtained from the structure of LsAA9A in complex with cellotriose [18��]. The white circle and insert in panel (d) show the

entrance to the tunnel that connects the active site to the bulk solvent, including the gatekeeper residue Glu60 (corresponding to Gln162 in

LsAA9A) and Asn185.
LPMO sequences, plays an important role in LPMO

catalysis by positioning [16��,42�,44] and/or activating

[27�,43] the oxygen co-substrate.

The nature of the co-substrate and LPMO
stability
In 2010, Vaaje-Kolstad et al. performed experiments with

isotope-labeled dioxygen and water (18O2 and H2
18O)

leading to the conclusion that O2 is essential for the

enzyme reaction [3]. Apart from O2, the monooxygenase

mechanism (top reaction Figure 3a) requires two electrons

from an external electron donor. It is well known that

H2O2 is formed in LPMO reactions because of a two-

electron reduction of O2 by the electron donor (reductant)

and because of the oxidase activity of a reduced LPMO

[36,45]. Realizing this, noting that LPMOs tend to be co-

expressed with H2O2 producing enzymes in fungal
www.sciencedirect.com 
secretomes [2], and puzzled by light-activation of LPMOs

[46] and the second-electron conundrum, Bissaro et al.
assessed the possibility that H2O2 acts as a co-substrate of

LPMOs [24��]. Such a peroxygenase reaction would only

require a priming reduction of the LPMO, after which the

enzyme could perform multiple catalytic cycles when

supplied with H2O2 (Figure 3b).

Indeed, Bissaro et al. [24��] showed that H2O2 can drive

LPMO reactions irrespective of the presence of O2, and

with consumption of only substoichiometric amounts of

reductant. Importantly, experiments under aerobic con-

ditions (i.e. 200–250 mM O2 in the reaction mixture) with

different concentrations of added isotope-labeled H2O2

(H2
18O2) showed that the incorporated oxygen came from

H2O2 even when the O2 concentration was 10-fold higher

than the H2O2 concentration. Other evidence came from
Current Opinion in Structural Biology 2019, 59:54–64
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Figure 3
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Reactions involved in LPMO catalysis with focus on reactions involving H2O2.

Panel (a) shows an overview of the O2-driven (monooxygenase) and the H2O2-driven (peroxygenase) reaction. Panel (b) shows an overview of key

reactions in a typical LPMO reaction. Oxidized LPMO, where Cu(II) interacts with an axial and an equatorial water as shown here for LsAA9A (PDB

5ACG), is reduced by a one electron reduction (i) to the LPMO-Cu(I) form, where the copper is coordinated by the three nitrogen ligands from the

histidine brace (PDB 5ACF). H2O2 will be generated through the reaction of non-substrate-bound LPMO-Cu(I) with O2 (oxidase activity, ii) or from

autoxidation of the electron donor, possibly catalyzed by trace metals (Me) in the solution (iii). The reduced enzyme binds to the (poly)saccharide

substrate [38] and cleaves the glycosidic bonds using H2O2 (or O2) as a co-substrate in the reaction (iv). Once primed (i.e. reduced), and when

using H2O2, the LPMO can perform several catalytic events without the need of being reduced in between each catalytic cycles (v) [29�,49��]. The

latter is less clear for the O2-driven reaction (see [63] for possible reaction schemes). If a reduced LPMO reacts with H2O2 in the absence of

substrate, or if the binding to the substrate is weak or unprecise (e.g. as a result of mutations on the binding surface or truncation of a CBM

[23�,41,53]), the reaction may lead to oxidation of the active site and inactivation of the enzyme [24��,41] (vi). LPMOs produced in fungi tend to be

methylated at the N-terminal histidine (vii), a post-translational modification that likely reduces inactivation at higher H2O2 concentrations [56]. In

the lower panels (step v), for illustration purposes, the green dot indicates the approximate position of the reactive oxygen species as derived

from the structures determined by Frandsen et al. [18��].
the demonstration that (H2O2-consuming) horseradish

peroxidase inhibits LPMO activity under standard con-

ditions (1 mM ascorbic acid and atmospheric O2, meaning

that H2O2 is generated by the system itself) [24��].
Importantly, the catalytic rates obtained in H2O2 reac-

tions were orders of magnitude higher that those typically

observed in standard O2 reactions, leading Bissaro et al. to

propose that formation of H2O2 is rate limiting in standard

O2-driven reactions [4�,24��]. Of note, there is at least one
Current Opinion in Structural Biology 2019, 59:54–64 
example in the literature showing that an enzyme origi-

nally thought to be an oxidase in fact is a peroxidase [47].

Although the nature of the co-substrate of LPMOs, O2 or

H2O2, remains debated (e.g. [48�]; see below), the claim

that LPMOs can carry out peroxygenase reactions at

(unprecedented) high speed has been confirmed in sev-

eral studies, by numerous research groups using multiple

LPMOs from different AA families and with different
www.sciencedirect.com
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substrate specificities [29�,30��,48�,49��,50–52]. There are

also recent studies showing correlations between the rate

of the LPMO reaction and the rate of H2O2 production in

the same reactions without LPMO substrate [53–55]. In

this respect, Forsberg et al. have described a mutant of a

cellulose-active AA10 LPMO that shows reduced cellu-

lose-degrading activity in ‘standard’ reactions (i.e. with O2

and ascorbic acid), and a reduced ability to activate O2

(i.e. H2O2 production in the absence of substrate), but is

as active as the wild-type enzyme in reactions driven by

exogenously added H2O2 [53].

Bissaro et al. also showed that too high concentrations of

H2O2 lead to oxidative damage of the active-site histi-

dines, providing an explanation for the common observa-

tion that LPMOs are unstable under most reaction

conditions (e.g. Refs. [49��,54]). Such inactivation is pre-

vented by substrate binding [24��]. Indeed, high sub-

strate-concentrations [23�] promote stability, whereas

mutations that reduce substrate affinity of the LPMO

domain itself [41,53] or that remove binding modules (i.e.

CBMs) increase the sensitivity for autocatalytic inactiva-

tion [23�,53]. Of note, Courtade et al. [23�] described the

first (NMR) structure of a complete CBM-containing

LPMO and carried out an in-depth experimental assess-

ment of how the CBM promotes LPMO activity and

stability in a substrate-dependent manner. Experiments

have shown that the methylation of the N-terminal histi-

dine found in fungal LPMOs has little effect on enzyme

functionality, but may provide higher resistance to oxida-

tive damage [56].

Recent insights from kinetic studies using O2

or H2O2 as co-substrate
Reported catalytic rates for LPMOs under typical reaction

conditions (atmospheric O2, 1 mM reductant) tend to be in

the order of 0.1 s�1 or (much) lower, as recently reviewed by

Bissaro et al. [4�]. Kinetic characterization of an AA9 LPMO

acting on cellotetraose with O2 as the co-substrate yielded a

kcat of 0.11 s�1, a Km of 43 mM with respect to the carbohy-

drate substrate and a kcat/Km of 2.6 � 103 M�1 s�1 [18��].
The first comprehensive kinetic characterization of a (chi-

tin-active) LPMO with H2O2 as the co-substrate yielded

quite different values: a kcat of 6.7 s�1 and Km values of

0.58 g L�1 and 2.8 mM for chitin and H2O2, respectively

[30��]. The resulting kcat/Km is 2 � 106M�1 s�1 for H2O2,

which is in the same order of magnitude as reported kcat/Km

values for peroxygenases [57,58].

Hangasky et al. studied oxidation of cellohexaose by a

fungal AA9 LPMO with O2 or H2O2 as co-substrate and in

the presence of 2 mM ascorbic acid [48�]. Reactions with

O2, at a concentration of 208 mM, and varying concentra-

tions of cellohexaose, yielded an apparent kcat of 0.17 s�1

and a Km of 32 mM with respect to cellohexaose. This

yields a kcat/Km of 5 � 103M�1 s�1, which is similar to the

value obtained by Frandsen et al. ([18��]; discussed
www.sciencedirect.com 
above). Reactions with a constant cellohexaose concen-

tration (1 mM) and varying O2 concentrations (0–800 mM)

yielded an apparent kcat of 0.28 s�1 and a Km of 230 mM
with respect to O2, which corresponds to a kcat/Km of

1 � 103M�1 s�1. Of note, this value is about three orders

of magnitude lower than the kcat/Km determined by

Kuusk et al. [30��] for H2O2-driven chitin conversion.

Accordingly, reactions with H2O2 in the range from

12.5 to 100 mM by Hangasky et al. [48�] yielded rate

constants between 4 to 15 s�1. Although, the authors

did not calculate a Km with respect to H2O2, this value

can be estimated through a Michaelis–Menten analysis of

data in Table S9 [48�], yielding a Km of 53 mM, which

leads to an estimated kcat/Km of 3 � 105M�1 s�1.

A crucial difference between the O2 and H2O2 mecha-

nism concerns the need for a reductant. While in the O2

mechanism, the reductant is consumed stoichiometrically

with product formation, the H2O2 mechanism only

requires a ‘priming’ reduction, and more reductant is

only needed upon occasional re-oxidation of the LPMO

(Figure 3). Still, the H2O2 mechanism does require

reducing power, which indeed may become rate-limiting

under certain conditions [24��]. It is well known that

LPMO activity is reductant-dependent [2,59] but it is

less clear why and how. Unravelling the role of the

reductant is not straightforward because, next to LPMO

reduction, the reductant will also affect the enzyme-

dependent and enzyme-independent generation of

H2O2. These complications have recently been unraveled

in kinetic studies of a chitin-active LPMO by Kuusk et al.
[29�] who showed that, once reduced, the LPMO carried

out 18 oxidative cleavages using H2O2 as co-substrate.

Further illustrating the importance of H2O2, Bissaro et al.
and Müller et al. showed that the LPMO activity in a

commercial cellulase cocktail acting on Avicel could be

increased by up to two orders of magnitude in anaerobic

reactions with H2O2 feeding, compared to standard aero-

bic reactions utilizing O2 and stoichiometric amounts of

reductant [24��,49��]. Calculations showed that, under

optimal conditions, each LPMO in the reaction mixture

catalyzed at least 1500 peroxygenation reactions while the

ratio between reactions catalyzed and reductant con-

sumed was in the order of 15:1. This applied study also

underpinned the risk of enzyme inactivation by

‘overfeeding’ H2O2 (Figure 3b).

All in all, accumulating kinetic data indicates that H2O2 is

the preferred co-substrate of LPMOs and that the per-

oxygenase reaction can reach much higher rates than the

very low rates observed for O2-driven reactions. Of

course, as pointed out by Hangasky et al. [48�], and

assuming that the monooxygenase reaction does occur

at all (see below for discussion), what will happen in

nature depends on the concentrations of O2, H2O2, and

reductant.
Current Opinion in Structural Biology 2019, 59:54–64
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Recent insights from modeling using O2 or
H2O2 as co-substrate
The discovery that LPMOs contain a single copper site

without any apparent additional redox cofactor triggered

the curiosity of the metalloenzyme community. Though

several LPMOs have been subjected to spectroscopic

methods, no reaction intermediates have yet been dis-

covered. Thus, mechanistic insight at atomistic/molecular

level has mainly been gained from computational efforts

that have explored possible reaction pathways. In a com-

bined spectroscopic and computational study, Kjaergaard

et al. [60] demonstrated formation of a copper superoxide

complex, [CuOO]+, when a reduced LPMO interacts
Figure 4

(ll-a)

(l) (ll)

homolytic
cleavage

ll-a

Putative reaction mechanisms for polysaccharide oxidation by LPMOs using

Reduced copper, and reducing equivalents are colored blue, oxidized copp

reacts with the Cu(I) center leading to the production of a hydroxyl radical v

mechanism (pathway II). The proton that is held by the putative base can r

with the leaving hydroxide group (pathway II-b, magenta), which leads to e

intermediate. Pathways (I) and (II-a) both lead to the formation of a Cu(II)-hy

catalyzes hydrogen atom abstraction (haa) either from the Cu(II)-hydroxide (

(II)-oxyl intermediate that can catalyze HAA on the substrate (haa2). In both

substrate radical (R
�
) and a common Cu(II)–OH intermediate are generated. 

through a rebound mechanism, leading to hydroxylation of the substrate an

cycle. The mechanism analyzed in detail by Wang et al. is highlighted by gr

pathways have been examined in the following computational studies; (III-a

supplementary information of Bissaro et al. [24��].
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with O2 in the absence of substrate. It seems, however,

questionable whether superoxide is strong enough to

abstract a hydrogen from a carbon in the scissile glycosidic

bond, most studies conclude that a stronger oxidative

species is needed [25,26,27�,28�,61,62�].

The first computational study to address the catalytic

mechanism of LPMOs favored a copper oxyl, [CuO]+,

intermediate as the reactive species [61]. This hydrogen

atom abstraction [CuO]+ species appears in most compu-

tational studies and could also be a copper-oxo or proton-

ated [CuOH]2+ species. Importantly, while Kim et al. [61]

considered axial binding of O2, there is now abundant
(lll-c)

(lll-b)

(lll)

(lll -a)

Current Opinion in Structural Biology

 H2O2 (left side) or O2 (right side) as co-substrate.

er and oxygen species are colored orange and red, respectively. H2O2

ia homolytic bond cleavage (pathway I) or via a base-assisted

eact either with the copper-bound oxygen atom (pathway II-a, grey) or

limination of a water molecule and formation of a copper-oxyl

droxide intermediate and a hydroxyl radical. This hydroxyl radical

haa1) or from the substrate (haa1’). The former scenario leads to a Cu

 cases (haa1+haa2 or haa1’), a water molecule is eliminated and a

The Cu(II)-associated hydroxide merges with the substrate radical

d regeneration of the Cu(I) center, which can enter a new catalytic

ey dots [27�]. In the O2-based mechanisms (right side of the figure), the

) [25,26,60], III-b [28�,61]. This figure is adapted from the
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computational and structural evidence that the oxygen

co-substrate binds the equatorial position (Figure 2a)

[18��,21,22,44]. Bertini et al. [26] obtained a [CuO]+

complex displaying a distorted tetrahedral symmetry,

resulting in an in-between axial and equatorial oxygen

atom position. The first computational report on a reac-

tion mechanism involving H2O2 as a LPMO co-substrate

supported one of the potential mechanisms put forward

by Bissaro et al. [24��] that implies formation of a hydroxyl

radical and a copper-associated hydroxide upon the H2O2

reaction with LPMO-Cu(I) (see Figure 4) [27�]. The

calculations by Wang et al. showed that the highly reactive

hydroxyl radical subsequently abstracts a hydrogen atom

from the copper-associated hydroxide, resulting in a

[CuO]+ species. Finally, the [CuO]+ species abstracts a

hydrogen atom from the oligosaccharide substrate before

it recombines with the substrate radical, in a rebound

mechanism [61], yielding a hydroxylated product. Essen-

tially similar conclusions were obtained by Hedegård and

Ryde [28�]; however, the two reports do not agree on

intermediate spin states, which is an interesting detail

that deserves further attention.

Although the [CuO]+ state regularly appears in the

LPMO literature, it must be emphasized that several

alternatives have been proposed for the oxygen species

that abstracts the hydrogen from the substrate. The

nature of the true intermediate reactive-oxygen species

has not been experimentally determined and, despite

recent modeling studies, multiple plausible mechanisms

remain. Figure 4 shows prevalent possible mechanisms

for both O2 and H2O2-driven reactions. We refer to

Walton and Davies [63] and Meier et al. [62�] for compre-

hensive reviews of mechanistic aspects of LPMOs.

Proper complex formation between enzyme and substrate

is crucial for LPMO functionality and is of great impor-

tance in both experimental and computational assess-

ment of LPMO reactivity. Simmons et al. [19�] have

shown that variation in substrate positioning may occur

(Figure 2a,b) and this observation, combined with (rather

limited) studies of catalytic activity led these authors to

suggest that the catalytic mechanism employed by

LPMOs may vary, depending on the substrate. We

believe that it is too early to conclude that one LPMO

may have multiple legitimate catalytic mechanisms (see

also below), but this cannot be excluded. More in general,

there could be mechanistic variations among LPMOs.

Conclusions
Despite years of intensive research, several LPMO

secrets remain to be resolved. Research on these enzymes

is complicated by the insolubility of what likely are their

natural and industrially most relevant substrates. Experi-

mental verification of the reactive oxygen intermediate is

complicated by the fact that binding of the substrate

helps in shaping the geometry and reactivity of the copper
www.sciencedirect.com 
site, meaning that studies on enzymes in the absence of

(appropriate) substrate can only tell part of the story.

Another complication lies in the multitude of reactions

that may occur in LPMO reactions, including autocata-

lytic inactivation of the LPMO, potential depletion of

reductant, and both production and consumption of H2O2

through a variety of processes (Figure 3b; see also Bissaro

et al. [4�] for further discussions). Indeed, kinetic data for

LPMOs is scarce, and producing such data is experimen-

tally challenging.

Lack of kinetic data may be the underlying reason to

some of the current uncertainties in the field. We would

argue that seemingly contradictory results may in part be

due to the fact that some reports make quantitative

statements about LPMO activity that are based on single

time-point measurements. Because of the inactivation of

LPMOs over time, to an extent this is dependent on the

reaction conditions, including the (varying) substrate

concentration, quantitative statements based on single

time point measurements are risky at best and in most

cases not valid. The reader is referred to Forsberg et al.
[53] for an example illustrating this point. While the

suggestion by Simmons et al. [19�] that LPMOs may

use multiple reaction mechanisms may very well be true,

this suggestion is based on single time point measure-

ments of LPMO activity. Likewise, the suggestion by

Hangasky et al. [48�] that LPMOs do use O2 directly (next

to H2O2) may very well be true, but, in our opinion, more

detailed kinetic analysis is needed to substantiate this

conclusion (see below).

The impact of substrate concentration on LPMO stability

is of crucial importance [23�], not in the least in applied

settings where LPMOs may become inactivated as the

substrate becomes depleted [49��], that is at a time point

during the process where they may be particularly needed

for degrading the remaining, potentially most recalcitrant,

material. Of note, the detailed kinetic studies by Kuusk

et al. [30��] showed that the rate of auto-catalytic LPMO

inactivation in the absence of substrate is three orders of

magnitude lower that the rate of substrate cleavage

(under substrate saturating conditions). So, as long as

substrate concentrations are high, autocatalytic LPMO

inactivation is largely prevented.

While the roles of O2 and H2O2 as co-substrates remain

somewhat controversial, it is now widely accepted that

H2O2 is a bona fide co-substrate that yields high LPMO

catalytic rates. It has been claimed that LPMOs become

less specific and less stable when fueled by H2O2 [48
�],

but this claim is not substantiated by other studies,

including our own published and unpublished data. Sta-

bility and specificity issues may occur, but these are

affected by the reaction conditions (e.g. the LPMO–

substrate-reductant-O2/H2O2 ratio) and not by the nature

of the co-substrate, O2 or H2O2, as such.
Current Opinion in Structural Biology 2019, 59:54–64
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Although it cannot be excluded that O2 can be used

directly as co-substrate, possibly via formation of a

H2O2 molecule that never leaves the enzyme substrate

complex [43,55], we would argue that current kinetic

evidence is thin. For example, researchers have observed

that under some conditions, neither catalase nor horse-

radish peroxidase inhibit LPMOs [48�,64], which may be

taken to imply that free H2O2 does not play a role in

catalysis. However, an equally plausible explanation

would be that, under the conditions used, the LPMO

effectively competes with these other H2O2-consuming

enzymes, as discussed for catalase by Kuusk et al. [29�].

There is a great need for development of reliable, easy-to

use assays of LPMO activity, which take into account all

or most complexities discussed above and which, prefer-

ably, should address the formation of both soluble and

insoluble oxidized products. Despite progress in recent

years [51,52,65], more work is certainly needed.

The past years have shown massive progress and it seems

likely that several open questions will be answered in the

near future, while new LPMO functionalities may be

discovered. One of the most important developments is

the insight into the role of second shell residues, such as

the Glu/Gln (discussed above), in positioning and/or

activating the oxygen co-substrate [16��,21,22,28�,42�,43].
Perhaps existing LPMO mutants, or novel mutants

designed based on the current insights, may eventually

allow detection and characterization of relevant reaction

intermediates. Generally, more extensive mutagenesis

studies, including, most importantly, proper kinetic char-

acterization of each enzyme variant, are essential for the

field. More advanced and detailed studies of the interac-

tion between LPMOs and their polymeric substrates (e.g.

Ref. [10]), which, notably, include soluble polymers such

as xyloglucan, are also greatly required.
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Bissaro B, Várnai A, Røhr ÅK, Eijsink VGH: Oxidoreductases and
reactive oxygen species in conversion of lignocellulosic
biomass. Microbiol Mol Biol Rev 2018, 82 http://dx.doi.org/
10.1128/MMBR.00029-00018.

Comprehensive review of oxidoreductases that are putatively involved in
fungal biomass conversion, including a critical assessment of existing
LPMO data in light of the newly discovered peroxygenase activity, and
with an overview of available kinetic data.
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Várnai A, Røhr ÅK, Payne CM, Sørlie M, Sandgren M et al.:
Structural and functional characterization of a lytic
polysaccharide monooxygenase with broad substrate
specificity. J Biol Chem 2015, 290:22955-22969.

38. Kracher D, Andlar M, Furtmuller PG, Ludwig R: Active-site copper
reduction promotes substrate binding of fungal lytic
polysaccharide monooxygenase and reduces stability. J Biol
Chem 2018, 293:1676-1687.

39. Hangasky JA, Marletta MA: A random-sequential kinetic
mechanism for polysaccharide monooxygenases.
Biochemistry 2018, 57:3191-3199.

40. Li X, Beeson WTt, Phillips CM, Marletta MA, Cate JH: Structural
basis for substrate targeting and catalysis by fungal
polysaccharide monooxygenases. Structure 2012, 20:
1051-1061.

41. Loose JSM, Arntzen MO, Bissaro B, Ludwig R, Eijsink VGH, Vaaje-
Kolstad G: Multi-point precision binding of substrate protects
LPMOs from self-destructive off-pathway processes.
Biochemistry 2018, 57:4114-4124.

42.
�

Span EA, Suess DLM, Deller MC, Britt RD, Marletta MA: The role
of the secondary coordination sphere in a fungal
polysaccharide monooxygenase. ACS Chem Biol 2017,
12:1095-1103.
Current Opinion in Structural Biology 2019, 59:54–64

http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0085
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0085
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0085
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0085
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0085
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0090
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0090
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0090
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0090
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0090
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0095
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0095
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0095
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0095
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0095
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0100
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0100
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0100
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0105
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0110
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0110
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0110
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0115
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0120
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0120
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0120
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0120
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0125
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0125
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0125
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0130
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0135
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0135
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0135
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0135
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0135
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0140
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0140
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0140
http://dx.doi.org/10.1074/jbc.RA118.006196
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0150
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0150
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0150
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0150
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0155
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0155
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0160
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0160
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0160
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0160
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0165
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0170
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0170
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0170
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0170
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0175
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0175
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0175
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0175
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0180
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0180
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0180
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0180
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0180
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0185
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0190
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0190
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0190
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0190
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0195
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0195
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0195
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0200
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0200
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0200
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0200
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0205
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0205
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0205
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0205
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0210
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0210
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0210
http://refhub.elsevier.com/S0959-440X(18)30144-1/sbref0210


64 Catalysis and regulation
Mutational study shedding light on a hydrogen bonding network involving
conserved residues in the secondary copper-coordination sphere and the
potential role of this network in positioning an oxygen species close to the
active site in AA9 LPMOs.

43. Caldararu O, Oksanen E, Ryde U, Hedegård ED: Mechanism of
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