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Abstract

Our understanding of fungal cellulose degradation has shifted dramatically in the past few years with the character-
ization of a new class of secreted enzymes, the lytic polysaccharide monooxygenases (LPMO). After a period of in-
tense research covering structural, biochemical, theoretical and evolutionary aspects, we have a picture of them
as wedge-like copper-dependent metalloenzymes that on reduction generate a radical copper-oxyl species, which
cleaves mainly crystalline cellulose. The main biological function lies in the synergism of fungal LPMOs with canonical
hydrolytic cellulases in achieving efficient cellulose degradation. Their important role in cellulose degradation is high-
lighted by the wide distribution and often numerous occurrences in the genomes of almost all plant cell-wall degrad-
ing fungi. In this review, we provide an overview of the latest achievements in LPMO research and consider the
open questions and challenges that undoubtedly will continue to stimulate interest in this new and exciting group
of enzymes.
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INTRODUCTION

It is not often seen in the biochemical literature that

The second family, formerly known as carbohy-
drate-binding module 33 (CBM33), is dominated

enzymes are described as enigmatic, elusive, puzzling
or mysterious. Yet, until recently all these terms have
been used by researchers to describe an enzyme
family that we now know plays an important role,
together with classical cellulases, in the degradation
of crystalline polysaccharides. The enzymes are the
Iytic polysaccharide monooxygenases (LPMOs), a
term coined by Hom ef al. [1]. LPMOs comprise
three families, although examples from only two
families have been characterized in detail. One
family contains only fungal enzymes belonging to

the former glycoside hydrolase family 61 (GH61).

by enzymes of bacterial and viral origin but is also
reported to encompass a few enzymes from eukary-
otes, namely, the fungus Sporisorium reilianum and the
(Carbohydrate  Active
Enzymes database; http://www.cazy.org) [2]. The
third LPMO family has only been described recently
and shares important structural features with the two
previously characterized families [3]. The only char-

fern  Tectaria  macrodonta

acterized member so far originates from Aspergillus
oryzae and was shown to possess chitinolytic activity.
A search in genome databases reveals that related

sequences are widespread in genomes from
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ascomycetes but less common in basidiomycetes [3].
In the CAZy database, LPMOs are now classified as
auxiliary activity family 9 (AA9, formerly GH61),
family 10 (AA10, formerly CBM33) and family 11
(AA11) [2, 4, 5]. We will use in this review the AA
terms, as they have been widely adopted in the con-
temporary literature, but we are not renaming char-
acterized enzymes that have been coined using the
old system. Table 1 lists the LPMO members that
have their structure solved and/or have been bio-
chemically characterized.

In the past 4 years, LPMOs have received steadily
increasing attention as is evident from the burgeon-
ing number of publications about them [27, 28]. An
indication of their industrial importance lies in the
fact that many key findings were first described in the
patents literature before they were reported in peer-
reviewed journals. Although the origin of interest in
these enzymes stemmed from their ability to stimu-
late biomass hydrolysis by cellulase cocktails, given
their diversity and widespread distribution there is
much to be learned about the roles they play in
carbon cycling. While several review articles cover-
ing LPMOs have been published in the past few
years [29-31], fast-paced progress by several research
groups warrants frequent re-evaluation of the status
of this interesting group of enzymes.

With an
1.5 x 10" tons, cellulose is the most abundant nat-

estimated annual production of
ural polymer on earth, and the vast majority is of
plant origin [32]. It consists of a chain of anhydrous
glucose units, linked by B-1,4-glycosidic bonds. In
plant cell walls, inter- and intramolecular hydrogen
bonds contribute to the enormous tensile strength of
cellulose fibrils. Both, degree of polymerization (DP)
and degree of substitution (DS) contribute to the
physicochemical characteristics of cellulose. Bundles
of elementary cellulose fibrils form insoluble crystal-
line microfibrils that are surrounded and protected by
hemicellulose and an amorphous lignin matrix, ren-
dering them recalcitrant to microbial digestion.
Cellulose chains contain highly ordered crystalline
regions and less-ordered amorphous regions.

The high recalcitrance of plant cell walls stems
from the properties and interlinkages of its primary
components, cellulose, hemicellulose and lignin,
hindering the use of lignocellulose-rich feedstocks
in the fermentation process [33]. Cost-efficient con-
version of polymeric compounds into fermentable
sugars is a main obstacle to operating second-gener-
ation biorefineries economically [34]. The quest to

improve the enzyme cocktails used in the industry is
ongoing and has already led to a considerable reduc-
tion in operating costs of modern biorefineries. A
key part of the strategy has been the use of
LPMOs, which has allowed for reduced enzyme
loading without reduced conversion rate [35].

This review highlights the recent developments
that have changed considerably our understanding
of cellulose degradation by filamentous fungi
through the discovery of oxidative enzymes that
attack  polysaccharides, including cellulose. We
focus specifically on the recently discovered fungal
LPMOs, which were formerly termed GH61.

CELLULOSE DEGRADATION BY
FUNGAL ENZYMES
Textbook knowledge about cellulose degradation
identifies three types of enzyme activities, which
are endo-acting cellulase (EC 3.2.1.4, endogluca-
nase), exo-acting cellulases (EC 3.2.1.91 and EC
3.2.1.176, cellobiohydrolase) and cellobiase (EC
3.2.1.21, B-glucosidases) [36]. These enzymes have
in common that they all hydrolyze the B-1,4-glyco-
sidic bond connecting D-glucose units. Theoretically,
this enzyme assemblage is sufficient to degrade cel-
lulose completely into glucose, and commercial cel-
lulase mixtures typically include these enzymes in
varying proportions. However, the crystalline por-
tion of cellulose is only partially attacked by hydro-
lytic enzymes, and in practice, its degradation
proceeds slowly and is incomplete. It was postulated
early in cellulose degradation research that additional
components must be present to achieve complete
hydrolysis. Reese introduced in the 1950s the C;-
C, two-enzyme concept, recognizing that the ter-
minal hydrolyzing step (‘Cx’ activity) creating small
soluble molecules, such as glucose, depends on the
action of a component (‘C1’) that renders native cel-
lulose more accessible to the hydrolytic enzyme by
shortening cellulose without generating soluble cel-
lulo-oligomers [37, 38]. At the time both enzyme
components were unknown; however, multiple
hydrolyzing components had been identified and
they were collectively labeled as ‘C,.’ [39]. Later,
the concept was expanded by pointing out the role
of an unknown oxidative enzyme disrupting the
crystalline cellulose structure [40].

The enzymes ultimately identified as responsible
for oxidation were incorrectly classified as endoglu-
canases and assigned to a new glycoside hydrolase
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family, GH61, based on a weak endoglucanase activ-
ity that was observed for one family member, EGIV
from Trichoderma reesei, encoded by the gene egl4 [41,
42]. Weak endoglucanase activity was furthermore
observed in related enzymes [43—45] but was found
to be absent in another family member [46].
However, from the beginning there was some un-
easiness about the assigned endoglucanase function, as
the activity was several orders of magnitude lower
than what had Dbeen other
endoglucanases. It seemed unlikely that a fungus
encoding a diverse collection of powerful cellulases
would depend on such a weak catalytic partner.
Suggestions were even made that the reported activ-
ity was perhaps an artifact because of contamination
with a conventional cellulase. Thus, although experi-
ments measuring gene transcription in response to
cellulose pointed to a role for AA9 family enzymes
in its degradation, just what part they played in vivo
remained something of a mystery for many years [42].

observed in

STRUCTURE

The publication of the first crystal structure of a
fungal LPMO was an important step in resolving
the functional nature of this protein family [16].
This structure, from the second identified AA9
from T reesei, then called GH61B, lacks the C-ter-
minal CBM present on GH61 enzymes investigated
up to that point, including T reesei GH61A. Its struc-
ture closely resembles that of the bacterial CBP21
protein from Serratia marcescens, obtained a few years
earlier and then thought to be a non-catalytic chitin-
binding protein [21]. Both structures share a fibro-
nectin type Il B-sandwich fold consisting of two
antiparallel twisted B-sheets creating an immuno-
globulin-like topology [16].

In the next years, five more AA9 structures were
resolved [10, 13, 14, 47], and five more AA10 struc-
tures have been published [17, 19, 24, 26]. The
structure of Neurospora crassa Q7SAT1 is representative
of AA9 enzymes (Figure 1). The LPMOs with solved
structures are all single domain proteins, with the
exception of an unusual Vibrio cholerae protein that
contains three uncharacterized domains with simila-
rities to cell wall and chitin-binding domains in add-
ition to the AA10 domain [26]. Approximately 20%
of the fungal AA9 proteins have a C-terminal cellu-
lose-binding motit CBM1 [14]. Furthermore,
the fungal chitin-binding domain CBMI18 and

uncharacterized  domains  with  similarity  to

carbohydrate-binding domains are present in some
LPMO proteins [27].

Residues previously presumed to play a role in
catalysis are buried inside the structures, and no
tunnel, cleft or binding pocket typical of glycoside
hydrolases 1s present. Instead, a planar surface with
several aromatic and polar residues that form a
CBMT1-like cellulose-binding patch are a characteris-
tic feature of LPMOs [14]. Furthermore, LPMOs
share a conserved copper ion-binding site that is solv-
ent exposed on the planar surface [13]. Copper is
ligated by a ‘histidine brace’ formed by two conserved
histidine residues; a conserved tyrosine residue and
water molecules further participate in the type II
copper hexacoordination in the fungal AA9 LPMOs
resulting in an overall octahedral coordination geom-
etry with Jahn—Teller distortion [13, 14] (Figure 2).

An  unusual modification,
methylation of the N-terminal histidine at the imid-
azole Neg, seems to be present in all AA9 enzymes
but is absent from family AA10 LPMOs. Although it
has been hypothesized that this modification might
influence LPMO reactivity, confirmation of any
functional significance is still lacking. The histidine

posttranslational

methylation is carried out only in filamentous fungi.
The AA9 produced heterologously in yeast lacks the
histidine methylation, and yet, it is apparently fully
functional [10]. The slight reduction in activation
energy reported by Kim efal. [49] for proteins carry-
ing the modification, based on discrete Fourier trans-
form calculations and the assumption of an oxyl
radical rather than a superoxyl radical, may or may
not be biologically relevant.

Structural differences observed among the differ-
ent AA9 LPMOs relate to three variable loop regions
involved in forming the extended flat substrate-bind-
ing surface (Figure 1). The highest variability is seen
in the region between strands S1 and S3 known as
the L2 loop region, which is much longer in some
forms (N. crassa, Q7SA19, NcrPMO-3; Thermoascus
aurantiacus,  G3XAP7, TaGH61A; T reesei,
Q7Z9M7, HjeGH61B) than in others (N. crassa,
Q1K8B6, NcrPMO-2; Thielavia terrestris, G2RGES5,
TteGHO1E;  Phanerochaete  chrysosporium, HI1AE14,
PchGH61D) [10]. A semi-conserved tyrosine residue
implicated in substrate binding is part of this loop in
those proteins with an extended L2 loop. Two
shorter loops closer to the C-terminal end are less
variable. Molecular dynamics simulations suggest that
than just the CBM type
A-mimicking tyrosine residues are involved in

far more residues
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Figure I: Representative AA9 LPMO from N. crassa
selected for lowest average RMSD value among
Protein Data Bank models. The structure shown is
Q7SAI9 [47], and the highlighted loops and residues
also incorporate information from [l0]. Highlighted in
yellow, blue and red are the loops L2, the C-terminal
and the short loop, respectively. The copper atom is
shown as a sphere with the coordinating residues (two
histidines) and the axial tyrosine in stick representation.
The three tyrosines of loops L2 and the C-terminal
loop, presumed to interact with cellulose substrate,
are also indicated in stick representation. The image
was created using PDB entry 4EIS with the UCSF
Chimera package developed by the Resource for
Biocomputing, Visualization and Informatics at the
University of California, San Francisco [48]. (A colour
version of this figure is available online at: http://bfg.
oxfordjournals.org)

interactions with cellulose, some of which are part of
the two fairly flexible shorter loops [13]. Although
one might intuitively assume that AA9 enzymes
interact with the substrate along the cellulose fibrils
and not perpendicular to them, the orientation is still
unknown and has been modeled either way [10, 47].

FUNCTION

The 3D structure of an AA9 LPMO confirmed the
unlikeliness that these proteins function as conven-
tional endoglucanases. Furthermore, hydrolytic activ-
ity was found to be negligible in a careful and
thorough study of two AA9 proteins from
T terrestris, ThiteGH61B and ThiteGHO61E, using 16
different substrates: no significant amounts of reducing
sugars were produced above background levels [14].
However, these and other GH61 proteins were clearly
shown to be capable of enhancing cellulose degrad-
ation when acting in synergy with the canonical
T reesei cellulases on dilute-acid pretreated com
stover, steam-exploded wheat and rice straw and

Tyrl71 GInl169
HIS 160
His82
Hisl
Ser81

Figure 2: The histidine brace in N. crassa Q7SAI9
(PDB ID: 4EIS). Six amino-acids surrounding the
metal-binding site are shown in stick representation.
Copper is shown as a sphere. Octahedral copper
coordination is indicated by dashed lines. The solvent
exposed axial ligand is modeled as a hydrogen peroxide
(stick) and the fourth equatorial ligand is water
(sphere).

organosolv-pulped lodgepole pine, but not on rela-
tively pure cellulosic substrates such as Avicel, carbox-
ymethylcellulose or phosphoric acid swollen cellulose
without addition of external reductants [14]. It has
recently been demonstrated that the synergism be-
tween LPMOs and canonical cellulases depends to a
large extent on the substrate, specifically on the acces-
sibility of crystalline cellulose and the type of cellulose
[50].

The next important step toward the elucidation
of AA9 LPMO function actually came from work
done on the bacterial counterpart, the AA10
(CBM33) enzyme. Vaaje-Kolstad et al. [22] demon-
strated that the CBM33 from S. marcescens possesses
catalytic activity that is dependent on molecular
oxygen, bivalent cations,
and the presence of crystalline
chito-oligomers with a DP>6. The enzyme alone
degrades chitin in an endo-type fashion under
these conditions, albeit not completely. However,
if a added to the
mixture, the AA10 enzyme performs a boosting
function, leading to an overall increase in chitinolytic

addition of reductants
substrate, 1i.e.

conventional chitinase 1is

activity.

Similar observations were subsequently reported
for the fungal AA9 enzymes. Under appropriate con-
ditions, these proteins were shown to perform oxi-
dative cleavage of the crystalline parts of cellulose,
releasing mostly oxidized, and to a much lesser
extent, native cello-oligosaccharides obtained by ac-
tivity of C1 oxidizing enzymes close to the reducing
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chain ends [11]. However, in contrast to the AA10
enzymes characterized so far, which are active on
chitin and/or cellulose and mostly oxidize the C1
carbon of glycosidic bonds and release mainly
even-numbered products, AA9 enzymes are only
active on cellulose, and seem to be more versatile
in terms of which carbon atom is oxidized. Release
of both even- and odd-numbered cello-oligomers by
the same AA9 enzyme has been reported; C1 and C4
oxidized products have been detected in activity
assays for different enzymes. More recently, C4 oxi-
dation has been demonstrated by two bacterial cel-
lulolytic AA10 enzymes [24]. In the first papers
published, product analysis revealed reducing-end
oxidation at CI1
which undergoes spontaneous ring opening to
form aldonic acid, and this seems to be the main
activity for AA9 LPMOs [7, 13]. C4 oxidation pro-
ducing a 4-ketoaldose, that is stable as its ketal, has
been subsequently demonstrated for some AA9 en-
zymes and a few enzymes are capable of oxidizing
either at the C1 or C4 position [6, 8]. Whether other
AA9s also oxidize at C6 is currently still under
debate. C6 oxidation has been claimed for T auran-
tiacus TaGHO61A (G3XAP7) and Podospora anserina
PaGH61B (B2AVF1) based on mass spectrometry
results [12, 13]. However, mass spectrometry results
alone are not sufficient to establish the identity of the
products, and attempts to verify the nature of the

leading to an aldonolactone,

non-reducing end oxidation of N. crassa NcrPMO-
3 (Q7SA19) by NMR spectroscopy have only
confirmed C4 oxidation activity [9]. N. cussa
NcrPMO-3 is distinguishable from other AA9 pro-
teins by its ability to efficiently oxidize soluble
cello-oligomers from DP5 [9] and its hemicelluloly-
tic activity [51]. It thus remains to be shown whether
non-reducing end oxidation is in general limited to
4-ketal formation on the C4 atom participating in
the glycosidic bond.

Earlier it was shown that AA9 enzymes depend
on a reducing cofactor for activity that is absent in
pure cellulose [13]. Several reductants, such as ascor-
bic acid, reduced glutathione and gallic acid have
been used in in vitro studies, and no clear preference
of AA9 enzymes for any of these electron donors
could be detected [11, 13, 22, 25]. Whether any of
these reducing agents are also active in vivo is pres-
ently unknown. Gallic acid is a wood component
[52], and glutathione and ascorbate can be produced
by fungi [53, 54]. They are thus viable candidates as
electron donors. Furthermore, noncarbohydrate

components of complex substrates, such as lignin,
have been suggested to serve as electron donor
[55, 56].

In addition to these reductants, cellobiose
dehydrogenase (CDH) has also been shown to be
competent in this role. CDH is secreted by many
white-rot fungi, but only by a few brown-rot species
[57]. In gene expression studies, CDHs and AA9s are
often co-expressed, suggesting that they may work in
unison [58-61]. A clear indication for actual syner-
gism between the enzymes was obtained when it was
shown that a combination of 1. aurantiacus AA9 and
Humicola insolens CDH greatly enhances cellulose
degradation by canonical cellulases. Even B-glucosi-
dase alone contributes to cellulose degradation in the
presence of AA9 and CDH [15]. Furthermore, a cdh
deletion mutant in N. crassa drastically reduces cellu-
lolytic activity compared with wild-type, which
could be restored by adding purified Myceliophthora
thermophila CDH [7]. In addition, only the combin-
ation of heterologously produced AA9 and CDH led
to the formation of oxidized products from phos-
phoric acid swollen cellulose, whereas their produc-
tion was negligible when only one enzyme was
added to the reaction mixture [12].

How does CDH support catalytic activity by AA9
LPMOs? It has been proposed that the heme domain
of CDH serves as electron donor to reduce the AA9
bound Cu(Il) to Cu(l), which then binds O, similar
to copper monooxygenases, and undergoes intramo-
lecular rearrangements to form a copper(Il)-super-
oxo intermediate that attacks the cellulose substrate
at the C1 or C4 position [7]. A copper(Il)-oxyl rad-
ical instead of a copper(Il)-superoxo complex has
also been suggested for substrate oxygenation [49];
both suggested copper complexes are shown in
Figure 3. Kim and colleagues investigated the ener-
getic landscapes for two alternative enzyme-copper
radical complexes using density functional theory
(DFT) computations. They concluded that the
copper(Il)-superoxo radical proposed to interact
with the substrate has a much higher energy barrier
and is thus less likely realized than the alternative, a
copper(I)-oxyl radical [49]. Contrary to this conclu-
sion, the recent investigation by Kjaergaard etal. [62],
which combines spectroscopic data with DFT calcu-
lations, favors a mechanism involving the copper(Il)-
superoxo radical. As both of these studies model
intermediates in the absence of bound polysacchar-
ide, the full mechanism of LPMO is still a matter of
speculation.
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Figure 3: Proposed reactive oxygen species gener-
ated by LPMO enzymes. The arrows indicate the sites
of attack on cellulose observed for different LPMOs.

EVOLUTIONARY ASPECTS

Although much progress has been made in under-
standing structural and functional properties of
LPMOs, there are still many unresolved questions
about them. Some of these questions revolve
around evolutionary aspects, such as the dramatic
gene number expansions in some species [14]. In
their seminal paper, Harris and colleagues included
a phylogenetic analysis of ~300 AA9 sequences
available at the time, and observed that AA9
LPMOs are widely distributed among the filament-
ous fungi and largely absent in yeasts [14]. Moreover,
they concluded that the AA9 LPMOs must have
diversified >600 Myr ago, before the split of
Dikarya in ascomycetes and basidiomycetes, as is ap-
parent from the scattered distribution of sequences
from these two phyla throughout the phylogenetic
tree. This observation is supported by further ana-
lyses that include more basidiomycetes representing
both white- and brown-rot species [57].

A striking feature of AA9s is the extreme expan-
sion in genes encoding these proteins observed in
some genomes, which can reach >30 homologous
gene models per species [14, 57, 63]. The reason for
this redundancy is still unknown. Harris and col-
leagues [14] deduced from their phylogenetic analysis
that some duplications may be a relatively recent
event as exemplified by Coprinopsis cinereus, a fungus
with a high species-specific duplication rate. On the
other hand, species such as Chaetomium globosum and
Parastagonospora nodorum, that are not closely related,
have high numbers of AA9-encoding genes which
are present throughout the tree, indicating a prepon-
derance of ancient duplications dating back to their
common ancestor [14]. The lower numbers of AA9

gene models observed in some fungal groups, such as
the Aspergilli, are explained by lineage-specific loss
events. An analysis by Floudas et al. [57] focusing
more specifically on gene duplication and loss pat-
terns came to different conclusions depending on the
methods used. In this study, the authors used the
programs CAFE [64] and Notung [65, 66] to eluci-
date duplication/loss patterns for various plant bio-
mass-degrading fungal enzyme families, including
AA9 genes. They estimated the AA9 family gene
number for the Dikarya node either at 1 or 13
genes, depending on the method used and con-
cluded that ‘the diversification of the [AA9] family
predates the separation of Dikarya’ [57]. The results
may indicate that an important duplication phase of
AA9-encoding genes occurred just at the time of the
appearance and early evolution of the Dikarya, ~650
Myr ago, and is thus intrinsically linked with the
appearance of the regularly septated dikaryotic
hyphae.

Despite persisting uncertainties regarding the dy-
namics of the early evolution in the AA9 gene
family, Among the
wood-rot fungi, white-rot fungi have a higher

some trends are obvious.
number of AA9-encoding genes than brown-rot
fungi because of expansions of AA9 homologs in
the former and losses in the latter group [57, 67].
Plant pathogenicity may also be associated with a
higher number of AA9 family genes, as suggested
in the case of the Dothideomycetes species pair P
nodorum and Mycosphaerella graminicola; the former is
the more aggressive pathogen and has 30 genes,
whereas the latter houses only two genes for AA9
[68]. However, this may not be a universal trend, as
it has been pointed out that among white-rot fungi
the basidiomycete phytopathogen Heterobasidion irre-
gulare maintains a lower AA9 gene number than
saprothrophic non-pathogenic basidiomycetes [61].
A putative role for AA9 LPMOs in host invasion
has been suggested for an AA9 enzyme of the phy-
topathogen Pyrenochaeta lycopersici, a member of the
plant pathogen rich Dothideomycetes, tollowing
tomato root infections [69]. Strong induction of
P lycopersici AA9 Plegll transcription at 96 h after in-
fection of tomato roots coincides with the switch
from biotrophic to necrotrophic fungal growth and
hints at a possible role in disease development, which
includes tomato root collapse [69, 70].

Most basal fungal groups seem to lack
AA9 LPMOs, including Microsporidians  [71],
Neocallimastigomycota [72], Chytridiomycota [73] and
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Mucoromycotina [74]. AA9-encoding genes are, with a
single exception, also absent in the ascomycetous
(Schizosaccharomycetes  and  Saccharomycetes),
animal pathogens (Onygenales and basidiomycetous
yeasts, with the exception of two Cryptococcus species)
and, somewhat surprisingly, from the Ustilaginales, a
basidiomycete order that includes many plant patho-
gens [14, 75].

The apparent low functional diversity of AA9s in
terms of reactions catalyzed makes it difficult to an-
notate strongly supported clades in gene trees in
terms of functional differences observed among
AAYs
Attempts to achieve this have been conducted re-
cently, demonstrating that three major clades distin-
guish AA9s according to the preferred site of
oxidation, with one clade (PMO1) oxidizing the
C1, another one (PMO2) the C4 and the third
(PMO3) at either the C1 or C4 carbon atom [8].
A different bioinformatic approach was undertaken
by Busk and Lange [76] who developed a peptide
pattern recognition algorithm to detect and cluster
short conserved sequence motifs in protein families
and analyzed >750 AA9 proteins. Based on their
criteria, AA9 proteins can be divided into 16 subfa-
milies, of which only six contain characterized mem-
However, than one-third of the
sequences were too diverged to fall into one of the
16 subfamilies, attesting to a high level of evolution-
ary rate changes. Interestingly, the few characterized
enzymes with demonstrated regioselectivity differ-
ences belong to separate subfamilies in this classifica-
tion also. A recent study gives credence to previous
speculations that AA9 proteins might have activity
on substrates other than cellulose by demonstrating
activity by a specific enzyme from N. cuassa
(NcLPMOO9C) against xyloglucan and 1,3-1,4-8-p-
glucan [51]. This discovery, together with the possi-
bility that some LPMOs will be found to be active
against other substrates such as xylan, pectin and
starch [51, 59| will likely reduce the apparent redun-
dancy and may explain at least partially the AA9 gene
expansions in some plant cell wall degrading fungal
species.

yeasts

based on biochemical characterization.

bers. more

CONCLUSIONS AND FUTURE
PERSPECTIVES

Recent discoveries in enzymology and biomass deg-
radation research continue to reinforce the view that
the hallmark of efficient breakdown of the highly

recalcitrant plant cell wall complex is the synergistic
activity of many enzymes. Oxidative LPMOs are the
most recently recognized players, acting in concert
with cellobiose dehydrogenase to introduce strand
breaks thereby
enhancing the hydrolytic activity of cellulases and
hemicellulases.

That fungi are the only organisms in which all
three LPMO families AA9-AA11 can be found is
an indication of the importance of LPMOs to these
organisms and their lifestyles. The newly described
AA11 family has so far been only reported from
fungi. Previously, a single fungal AA10 member, a
sequence from the Ustilaginomycete S. reilianum, has
been recognized by the CAZy database as belonging
to this LPMO family [2]. Recent releases of add-
itional genomes from this important phytopatho-
genic fungal group reveal that this seemingly
solated occurrence of an AA10 gene in the fungi
is not because of contamination but is shared by
the related genera Ustilago and Pseudozyma in the
Ustilaginomycotina [77-83]. However, AA10-encod-
ing genes are absent from the animal pathogens
(Malasezziales) in the Ustilaginomycotina [84, 85]. In a
previous review, we argued that the sequence simi-
larities between AA9 and AA10 are so low that evo-
lutionary relationship should not be assumed despite
striking functional and structural similarities [31].
However, in the light of the recent discoveries of a
new LPMO family and a less obvious taxonomic
divide between fungal AA9 and bacterial/viral
AA10 enzyme families, the evolutionary history
including the question of whether there is any hom-
ology among the LPMO families should be revisited.

The novel and exciting LPMO discoveries dis-
cussed above underline the importance and useful-
ness of conducting whole genome sequencing efforts
even in taxonomic groups that are already repre-
sented by a finished genome sequencing project.
For comparative purposes, solid coverage of gene
families is needed to unravel evolutionary trends
that might help direct us toward biological innov-
ations that can contribute to biotechnological break-
throughs, for example, development of cheaper
enzymes for biofuels, advancement in the production
of commodity and high-value chemicals and further
improvement in established biomass degrading appli-
cations, such as the food, feed and pulp and paper
industries.

Advanced bioinformatics-based evolutionary stu-
dies of single LPMO families, and possibly the

in cellulose and hemicellulose,
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combined AA9, AA10, and AA11 families, are
needed to address remaining open questions about
the diversity of these interesting oxidative enzymes.
With the ongoing discovery of new classes of
LPMOs, it becomes increasingly evident that oxida-
tive biomass degrading enzymes are as important
and common as
counterparts.

their long-known hydrolytic

Key Points

e Structures of known AA9 proteins are strongly conserved but
contain three semi-conserved loop regions, which appear to be
relevant for substrate binding.

e The characterized AA9 proteins have been shown to be oxida-
tive enzymes that generate Cl reducing end, and C4 non-redu-
cing end oxidized products.

e Numbers of AA9 encoding genes in fungal genomes varies
widely, and they are present in all plant cell wall degrading fungi
with the exception of phytopathogenic Ustilaginales, which have
acquired instead genes encoding AAIQ proteins.
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