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Abstract

Lytic polysaccharide monooxygenases (LPMOs) catalyze the oxidative cleavage of glycosidic
bonds and represent a promising resource for development of industrial enzyme cocktails for
biomass processing. LPMOs show high sequence and modular diversity and are known, so far, to
cleave insoluble substrates such as cellulose, chitin and starch, as well as hemicelluloses such as
beta-glucan, xyloglucan and xylan. All LPMOs share a catalytic histidine brace motif to bind
copper, but differ strongly when it comes to the nature and arrangement of residues in the substrate-
binding surface. In recent years, the number of available LPMO structures has increased rapidly,
including the first structure of an enzyme-substrate complex. The insights gained from these

structures is reviewed below.

Introduction

Lytic polysaccharide monooxygenases (LPMOs; also called PMOs by some) represent a unique
group of copper-dependent enzymes that perform catalysis on crystalline surfaces, oxidizing
ordered polysaccharide chains in e.g. cellulose and chitin [1,2°,3",4°]. Based on sequence similarity,
LPMOs are classified in four families in the auxiliary activities of the CAZy database (AA9,
AA10, AA1l and AA13; [5]). Most LPMOs characterized to date display relatively flat substrate
binding-surfaces [6°,7,8"] that are thought to interact with the flat surfaces of crystalline
substrates. However, as discussed below, some LPMOs are also capable of cleaving soluble

polysaccharides.

The reaction mechanism of LPMOs is still unclear, but several plausible scenarios have been
suggested [4,9,10,11], as recently reviewed [12,13]. A shared view is that the resting redox state
of the LPMO copper center is Cu(ll) that undergoes an initial reductive activation step to Cu(l),
which allows the enzyme to subsequently activate dioxygen. Then, the redox state alternates
between Cu(ll) and Cu(l) along the reaction pathway, depending on which mechanism is
considered. The mechanisms entail hydrogen abstraction from one of the carbons in the scissile
glycoside bond (C1 or C4 in the case of cellulose), followed by hydroxylation of the resulting
substrate radical, which then leads to destabilization of the glycosidic linkage and bond cleavage

via an elimination reaction [4°,10]. The reaction requires two electrons delivered by an external
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electron donor (Figure 1), which may be of an enzymatic or non-enzymatic nature; the impact of
these various electron donors on LPMO activity is currently receiving considerable attention
[14°,15,16]. Cellulose-active LPMOs show different regioselectivity, producing either C1 oxidized
products (i.e. lactones, that spontaneously convert to aldonic acids), or C4 oxidized products (i.e.
ketones that spontaneously convert to gemdiols), or a mixture of the two (Figure 1).

The solvent-exposed active site consists of two fully conserved histidines, one of which is the N-
terminal residue. The two histidine side chains and the N-terminal amino group coordinate a
copper ion in an arrangement called the histidine brace ([3]; Figure 2). In fungal LPMO, the N-
terminal histidine is post translationally methylated at the N&2 (Fig. 2b), but the significance of
this modification for enzyme function is not known. The coordination sphere of the copper varies
between LPMOs and is related to the copper oxidation state. Due to X-ray photoreduction, most
LPMO crystal structures display the reduced state, where the copper is coordinated by three
nitrogen ligands (from the two histidine side chains and the N-terminal amino group) in a T-shaped
geometry [17,18] (Figure 2). Use of low radiation dosages during data collection of LPMO10s
have showed that in the Cu(ll) state, the copper has five ligands organized in a trigonal bipyramidal
geometry [18,19]. In LPMOQOs, -11s and -13s, the copper is associated with a somewhat distant
buried tyrosine and the oxidized state could thus be considered to have six ligands that coordinate
the copper in an octahedral geometry (Figure 2b). In many, but not all LPMO10s, this tyrosine is
a phenylalanine, at about 3.5 A from the copper (Figure 2a), which cannot be considered a true

copper ligand.

Structural diversity

Before the discovery of LPMO activity in 2010, only three structures of these enzymes had been
determined (CBP21 [20], HjGH61 [21] and TtGH61 [22]). Today there are more than 20 unique
LPMO structures deposited in the protein data bank, spanning all four LPMO families. The
structural diversity of LPMOs becomes visible when clustering the enzyme structures based on

structural similarity (Figure 3).

Common to all LPMOs is a slightly distorted Fibronectin-like/ Immunoglobulin-like B-sandwich

core structure consisting of two [-sheets comprising seven or eight -strands in total (Figure 3)
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and the catalytic histidine brace involved in copper coordination (Figure 2). Structural diversity is
generated by the helices and loops that connect the core (-strands, giving rise to the variable
dimensions and topologies of the substrate-binding surface (Figures 3 and 4). In LPMO10s, most
structural variability is found in the region located between B-strand 1 and 3 of the core -
sandwich, also called “loop 2” (abbreviated “L2”") or motif 1 [23,24]. A similar highly variable L2
region occurs in LPMQO9s between B-strands 1 and 2 [23]. The L2 region consists of varying
numbers of loops and short helices, and accommodates one, or in few cases two (for some
LPMOQO?9s), surface-located aromatic amino acids. The L2 region is believed to influence substrate
recognition and specificity as it constitutes large parts of the substrate-binding surface and shows
great variation [23,24,25,26™,27°,28°]. Some LPMOS9s (cluster 7) show a characteristic insertion
between B-strands 3 and 4, referred to as L3 [28], that interacts with the L2 loop.

Variation of the substrate-binding surface on the opposite side of L2 includes regions referred to
as LS (loop short) and LC (long C-terminal loop) [13",23]. The LS and LC regions are exclusive
to LPMO9s and LPMO13s (i.e. clusters 5-8 in Figure 3 and 4) and often contain one or more
solvent-exposed aromatic residues that have their side chains positioned flat on the binding surface
and which could be involved in substrate binding (Figure 4) [23,25]. Notably, while the substrate-
binding surface of LPMOs are generally thought to be “flat”, they do show topological variability
that could be related to substrate specificity (e.g. [26™]). Different from most other LPMOs, the
starch-degrading LPMO13s (cluster 5) possesses a shallow groove that includes the active site and

which could accommodate an amylose chain [297].

Figure 4 shows that there is high sequence variation in the substrate-binding surfaces of LPMOs,
even within the clusters shown in Figure 3d and also close to the catalytic center. This variation
suggests that LPMOs may display a wide variety of substrate specificities, not only in terms of
what glycosidic bond they break, but also in terms of varying substrate topologies, as they may
occur in different types of plant cell walls. Notably, plant cell walls comprise complex composite
structures and even a “homogenous” compound such as cellulose may occur in various crystal
forms. There are several studies showing that LPMOs act on, and even may be optimized for

composite polysaccharide structures [31°,32].
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A closer look at the catalytic centers of LPMOs in Figure 4 reveals a structurally highly conserved
glutamate at approximately 5 A from the active site copper, in all chitin-active LPMOs (LPMO10
and 11) and all cellulose-active C1-specific LPMO10s. This glutamate, located in the red region
for clusters 1 and 3 and in the black region for clusters 2, 4 and 9 (Figure 4, marked by arrow),
points towards the copper active site and its presence does not seem correlated with substrate-
specificity. Thus, this residue may be involved in the LPMO general mechanism. Interestingly, a
highly conserved glutamine, always located in the black region, is found at an approximately
equivalent position in all other LPMOs. Experiments show that this glutamate [33] and glutamine
[22] are essential for catalysis.

Structural basis of substrate specificity

Since the original discovery of LPMO activity towards chitin, LPMOs with activities towards
various plant polysaccharides have been described, including cellulose [3",4°,34], soluble cello-
oligosaccharides [357], xyloglucan and other B-glucans containing B-1,4-linkages [36], starch
[297,37°] and xylan [31"]. LPMOSs that act on 3-glucan hemicelluloses vary in terms of specificity
and also differ in the extent to which they can handle substitutions of the xyloglucan backbone
[32,38,39]. Early work on CBP21, the chitin-active LPMO10 from S. marcescens, has shown that
substrate binding primarily involves polar interactions and includes a contribution from the single

aromatic amino acid in the substrate-binding surface (located in the L2 loop) ([6°,20]; Figure 5).

In contrast to bacterial LPMO10s, the fungal LPMQO39s display more than one aromatic amino acid
on the substrate-binding surface (Figure 3, clusters 6-8), at least one or two in the LC loop (Figure
4, left-hand yellow-shaded areas) and optionally one or two in the L2 loop. Such arrangements are
often found in proteins that bind to carbohydrates, where the interaction between the substrate and
the protein is mediated by CH-r stacking interactions. The spacing between the aromatic residues
on the substrate binding surface is equal to one, two to three times the distance separating the
monosaccharides in a polysaccharide chain, suggesting that these aromatic amino acids interact
with the substrate [13°,23,25].
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The majority of LPMOs hitherto characterized are only active towards insoluble substrates,
making in-depth investigation of enzyme-substrate interactions challenging. However, the
discovery of LPMOs active on soluble substrates [357] paved the way for use of X-ray
crystallography and NMR to study the structural basis of substrate specificity. A milestone in
LPMO research was reached by the X-ray crystallographic structures of an LPMQO9 in complex
with cello-oligosaccharide substrates [8]. The structure revealed that the enzyme-ligand
interactions are dominated by polar interactions between the enzyme and the substrate and that the
N-terminal histidine stacks with the +1 sugar (Figure 5a,b). An NMR study on substrate binding
by a very similar enzyme showed that the interacting area comprised the histidine brace (Figure
5¢) as well as neighboring residues Ala80 and His155 [7*]. Docking studies constrained by the
NMR data for cellohexaose and interaction studies with other substrates (xyloglucan and
xyloglucan oligosaccharides), revealed additional interacting residues (His64 and Tyr204; Figure
5c). Notably, His155 is a highly conserved residue among LPMOS9s (Figure 4, black region).
Interestingly, the combined results of the recent X-ray crystallographic and NMR studies on
enzyme-substrate interactions show that chloride and cyanide, both potential mimics of a
negatively charged reactive oxygen species, enhance substrate binding. Cyanide is a known
copper-binding analogue of superoxide [40] and its effect on substrate affinity suggests that the
formation of a copper-oxygen species couple contributes to the LPMO-substrate interaction, rather
than the copper itself. While EPR studies have shown that substrate-binding has influence on
copper coordination [87,28°], Courtade et al. have shown that the presence of copper(ll) alone

hardly affects substrate affinity.

Despite recent progress, the structural determinants of LPMO substrate specificity remain largely
unknown. There are data indicating that the L3 loop may play a role in activity on xyloglucan [7*],
but recently xyloglucan activity was detected in an LPMO lacking this loop [41]. Surface
topological features could discriminate between chitin and cellulose in LPMO10s [267], and may
be important for activity of starch [29™]. Carbohydrate-binding modules (CBMs) could obviously
also play a role ([42]; see “Modular diversity”). However, the fact is that we really do not know;

there are no examples of engineered LPMOs with changed substrate specificity.
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LPMO stability

It is known that copper-binding stabilizes the LPMO structure [17], but apart from this, little is
known about the structural determinants of LPMO stability. Importantly, inspection of available
kinetic data, and our own unpublished results, show that LPMO stability deserves attention,
because the enzymes tend to be unstable under process conditions [15,43]. A recent study by Loose
et al. clearly showed that the LPMO rapidly loses activity under certain conditions [15]. These
authors showed that the nature of the reductant affects the rate of activity loss, suggesting that the
interplay between the redox systems in the reaction influences LPMO stability. Considering the
very powerful redox species generated in the LPMO active site [9,12°,137], it is conceivable that
protection against destructive oxidative side reactions has been a driving force in LPMO evolution
and could explain some of the active site features of today’s LPMOs. Destructive oxidative side
reactions may be reduced by binding to the substrate, as suggested by the observation that LPMOs
generate H202 in the absence of substrate [35°,44]. Thus, CBMs could indirectly play a role in
determining LPMO stability. Some of the apparent activity changes that have been observed upon
removing or adding CBMs [26™,42] are perhaps related to stability effects of changes in substrate-
affinity.

Structural basis of oxidative regioselectivity

LPMOs acting on chitin (LPMO10 and 11; clusters 1-3 and 9) and starch (LPMO13, cluster 5)
have only been shown to oxidized the C1-position. On the other hand, LPMO9s include strict C1-
, strict C4- and mixed C1/C4-oxidizers sometimes referred to as Type 1, Type 2 and Type 3 [27°].
For LPMO10s active on cellulose, only strict C1- and mixed C1/C4-oxidizers have been described
[267]. The surface analysis of Figure 4 shows a plethora of structural variations that could affect
the precise positioning of either the substrate or the reactive oxygen species, with a possible effect
on which of the glycosidic carbons is attacked. So far, there is hardly any experimental data
addressing the structural basis of oxidative regioselectivity. However, Vu et al. have shown that
an LPMO9 mutant lacking a small helix in the L2 region (containing a conserved Tyr; see cluster
8 in Figure 4), generated no C4-oxidized products compared to the C1/C4-oxidizing wild type
[277], indicating the importance of this region for C4-specificity for cluster 8 LPMOs.
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Importantly, structural comparisons of the structures of seven well characterized cellulose-active
LPMOB9s [28°] and two characterized cellulose-active LPMO10s [26] have revealed a potentially
important structural correlation: In Cl-oxidizing LPMOs, access to the surface-exposed axial
copper coordination site seems somewhat restricted, whereas there do not seem to be any
restrictions in strictly C4-oxidizing LPMOs. An intermediate form, in terms of accessibility, is
observed in LPMOs with a mixed C1/C4 oxidation pattern. The validity of this intriguing

correlation still needs experimental validation.

Modular diversity

Auxiliary modules of carbohydrate-active enzymes may modulate substrate specificity and/or
substrate affinity. LPMOs commonly contain additional CBMs [44,45]. Interestingly, it seems that
single domain LPMOs that target insoluble substrates have evolved strong substrate binding
abilities [20,46,47,48], whereas LPMO modules containing appended CBMs have lost this ability
[45,49]. It is well documented that CBMs contribute to substrate binding by LPMOs and that
truncation of these domains leads to reduced enzyme performance [26,28",42].

As previously noted, the structural diversity of the catalytic LPMO modules is large (Figure 3 and
4). This variation is further expanded by the large variation in auxiliary modules appended to
LPMOs [50]. Inspection of the Pfam database families harboring LPMQ9s (Pfam ID PF03443)
and LPMO10s (Pfam ID PF03067) reveals that both families contain a large variety of auxiliary
modules and combinations of these. Closer inspection of the sequences shows that the majority of
the appended modules likely promote binding to polysaccharides such as cellulose (CBM1 and
CBM2), chitin (CBM1, CBM2, CBM5/12, CBM14 and CBM73) or starch (CBMZ20).
Interestingly, several appended modules with no obvious link to carbohydrates are also observed
(e.g. dopamine-monooxygenase-like domains, phosphotyrosine-binding domain, amino
transferase domains, epoxide hydrolase domains, heme-binding domains etc.), suggesting that
some LPMOs may have roles LPMOs other than polysaccharide oxidation.

The only multidomain LPMO that has been structurally characterized is the Vibrio cholerae
colonization factor VcLPMO10B (also known as GbpA), which, next to the N-terminal LPMO
domain contains three additional modules: one CBM5/12 chitin-binding module and two modules

putatively involved in binding to bacterial outer cell wall structures [51]. VcLPMO10B is an

8
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example of one of several LPMOs for which there are indications that they play a role in virulence

and infection.

Concluding remarks

The LPMO field has seen a remarkable growth in structures since the discovery of this enzyme
activity in 2010. This has exposed large structural diversity and enabled comparative structural
analysis [527]. Interestingly, it seems that only the catalytic copper center is 100% conserved,
whereas the second coordination sphere of the copper and the rest of the substrate-binding region
are quite diverse. It may be that this variation relates to yet-to-be-discovered variation in substrate
preference, perhaps not at the level of the type of glycosidic bond that is cleaved, but rather in
terms of the context of this bond (crystalline, amorphous, co-polymeric structures, different faces
of a crystal). Anno 2016, we are beginning to get a first glimpse of how LPMOs interact with their
substrates. Considering the complexity of the substrates, extensive site-directed mutagenesis
studies are likely the best way to get insight into the determinants of substrate specificity. Other
important enzyme properties could also be addressed by such studies, including oxidative

regioselectivity and stability.

Intriguingly, LPMO10s occur in a wide range of organisms, including bacteria, viruses, fungi,
slime molds, insects, algae and various sea animals. The question is whether all these LPMOs are
involved in catabolism or whether they may have other functions, such as in regulation of hyphal
extension (in fungi), in cell wall remodeling (in fungi and algae) or in moulting (in insects).
Moreover, the large variety of domains appended to LPMOs suggest that new LPMO substrates
will be identified in future research. Such substrates may be related to host-pathogen barriers since
several multimodular LPMOs have been identified as virulence factors, e.g. VCLPMO10B from
Vibrio cholerae [53] and LmLPMO10A from Listeria monocytogenes [54]. The putative roles of

LPMO activity in infection are unknown, but certainly of great interest.

In conclusion, it is safe to say that, despite major progress in recent years, research on LPMOs still
is in its infancy and much exciting LPMO research is to be expected in the future.
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Figure captions
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C4-oxidation

LPMO

Figure 1. Reaction mechanism of LPMOs. Oxidation of either the C1 or the C4 carbon in

cellulose.
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Figure 2. The copper active site of LPMOs. (a) The solvent exposed copper-containing active

site of an LPMO10 (BaLPMO10A) from Bacillus amyloliquefaciens (PDB code 2YOX [17]) with

copper in its reduced (Cu(l)) state. The accessible surface of the protein is shown by transparent

white surface representation. Amino acid side chains are shown in stick representation with
magenta colored carbon atoms. The copper ion is shown as a golden sphere. Note the buried
phenylalanine close to the copper; in other LPMOs this residue is a tyrosine (see panel b). (b) The
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active site of an LPMO9 (LsLPMO9A, PDB code 5ACG [8]) in its oxidized state, showing
octahedral geometry. Amino acid side chains are shown as yellow sticks and the golden sphere
represents the Cu(ll) ion. Note that the N-terminal histidine (His1) is methylated at the Ne2

nitrogen.
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Figure 3. Structural diversity of LPMOs. Panels (a) and (b) show the typical fold of an LPMO10
illustrated by the structure of CBP21 from Serratia marcescens (PDB code 2BEM [20]) and an
LPMOQOS9 illustrated by NcLPMO9M from Neurospora crassa (PDB code 4EIS [25]), respectively.
Loops important for forming the substrate-binding surface (L2, LS and LC) are indicated. The
NcLPMO9M structure does not contain an L3 loop insert, but the loop hosting this insert in other

LPMOs is indicated. (c) Dendrogram showing structural clustering of 24 unique LPMO structures.
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Structures are identified by their PDB identifier and the chain ID, followed by the experimentally
determined known substrates (note that the absence of a substrate can simply mean that it has never
been tested; almost all LPMOs have been tested on crystalline cellulose and chitin). The scale
indicates the DALI Z-score. Representatives of each cluster are shown structurally aligned (i.e. in
the same orientation) on the right hand side of the dendrogram. Structural clustering was performed
using the DAL structural comparison server [30], using the “all against all” option. The location
of the two histidine residues of the histidine brace is outlined by a red oval. The dashed line
separates the core B-sandwich (left) from the L2 region (right). The experimentally determined
substrate is indicate for each enzyme; Cell, cellulose; Celloolig, cello-oligosaccharides; Chit,
chitin; XG, xyloglucan. Several of these LPMOs have appeared in the literature under other names,
which are given in parenthesis; SMLPMO10A (CBP21), VcLPMO10B (GbpA, VCAAL0B),
EfLPMO10A (EfCBM33A, EfaCBM33), BaLPMO10A (ChbB, BaCBM33), TILPMO10A (E7),
ScLPMO10C (CelS2, SCAA10C), AoLPMO13 (Ao(AA13)), TILPMOYE (TtGH61E), PcLPMO9D
(PcGH61D), NcLPMO9D (PMO-2, NCU01050), NcLPMO9C (NCU02916), LsSLPMO9A
(Ls(AA9)A), HjLPMO9B (EG7, Cel61B), TaLPMO9A (TaGH61A), NcLPMO9M (PMO-3,
NCU07898), AoLPMO11 (Ao(AA1L)).
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Figure 4. LPMO substrate binding surfaces and their conserved residues. The figure shows a
top view of structurally aligned and superimposed LPMOs, grouped according to the clusters
defined in Figure 3c. The structures were aligned based on the histidine-brace/copper center, which
is represented by a red star. Side chains protruding from the surface are shown as sticks and
labeled. Three regions (depicted by black, red and yellow arrows) define the immediate
environment of the catalytic center. These regions are globally conserved within each cluster and
equivalents can be found in all the clusters. The red region is part of the L2 loop. The yellow region
connects B-strands 3 and 4 in the core B-sandwich and contains the second catalytic histidine; some
LPMOs have an insertion here, referred to in the text as L3 (only cluster 7). The black region
connects the two last B-strands of the B-sandwich in all the nine clusters. Additional conspicuous
surface residues more remote from the catalytic centers appear in the yellow-shaded areas that are

formed by additional residues in the L2 loop region (only in cluster 8) and/or the LS/LC loops
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(clusters 6-8, i.e. all LPMOO9s). For each labeled side chain, the residue found in the shown
structure (the first of the pdb codes) was arbitrarily defined as the reference; alternative residues
at this position found in other cluster members (if any) are also indicated using the same color code
as for the PDB accession numbers. A dot means that there is no clear structural equivalent. Arrows

indicate specific conserved residues discussed in the text.
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Figure 5. Residues involved in substrate interaction identified by X-ray crystallography (a,b),
NMR (c,d), and site-directed mutagenesis (d). (a) LsLPMOO9A interacting with cellotriose (PDB
code 5ACF [87]). (b) Top view of LSLPMO9A, residues that interact with cellohexaose are labeled
and colored magenta (PDB code 5ACI). (c) Top view of NcLPMO9C (PDB code 4D7U [287;
residues that show a chemical shift upon addition of substrate are colored magenta and yellow,
where the yellow color indicates residues that were more affected by addition of xyloglucan
compared to cellohexaose. Note that the NMR analysis is based on exchange of the amide proton
(i.e. a backbone proton) only, which reduces the sensitivity of the method (certain side chain
substrate interactions, as visible in panel (a) may simply not be detectable by NMR). (d) Top view
of CBP21 (PDB code 2BEM [20]); residues that have been shown important for binding to
insoluble B-chitin by NMR (yellow), site-directed mutagenesis (green) or both (magenta) are
colored. Note that this early study on substrate binding by Aachmann et al. (2012) was done with
B-chitin, an insoluble and truly crystalline substrate.
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