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The plant cell wall is rich in carbohydrates and many fungi and bacteria have evolved to take
advantage of this carbon source. These carbohydrates are largely locked away in polysac-
charides and so these organisms deploy a range of enzymes that can liberate individual
sugars from these challenging substrates. Glycoside hydrolases (GHs) are the enzymes that
are largely responsible for bringing about this sugar release; however, 12 years ago, a fam-
ily of enzymes known as lytic polysaccharide monooxygenases (LPMOs) were also shown
to be of key importance in this process. LPMOs are copper-dependent oxidative enzymes
that can introduce chain breaks within polysaccharide chains. Initial work demonstrated that
they could activate O2 to attack the substrate through a reaction that most likely required
multiple electrons to be delivered to the enzyme. More recently, it has emerged that LPMO
kinetics are significantly improved if H2O2 is supplied to the enzyme as a cosubstrate instead
of O2. Only a single electron is required to activate an LPMO and H2O2 cosubstrate and the
enzyme has been shown to catalyse multiple turnovers following the initial one-electron re-
duction of the copper, which is not possible if O2 is used. This has led to further studies of the
roles of the electron donor in LPMO biochemistry, and this review aims to highlight recent
findings in this area and consider how ongoing research could impact our understanding of
the interplay between redox processes in nature.

Introduction
How fungi and bacteria are able to degrade cellulose and access the sugars contained within has intrigued
biochemists for over 70 years [1]. Cellulose is a polymer of glucose in which individual sugar monomers
are linked together byβ-1,4-glycosidic linkages generating long polymeric chains that pack together into a
highly crystalline and difficult to degrade structure. Research into the mechanisms by which this substrate
can be degraded has not only been important to help understand carbon cycling but has also been indus-
trially significant as we try to move away from our dependence on fossil fuels by enhancing the production
of alternatives such as lignocellulosic biofuels (reviewed in [2,3]). We now have a very good understanding
of the range of enzymes that some fungi and bacteria secrete in this process, which has aided the devel-
opment of enzyme cocktails that can be deployed in the biorefinery (see [3–5] for reviews). The enzymes
used have complementary activities that synergise with one another to bring about the depolymerisation
of cellulose into individual glucose monomers. This enzymatic depolymerisation of cellulose was largely
considered to be catalysed by glycoside hydrolases (GHs), collectively termed cellulases, which catalyse
glycoside bond cleavage through the activation of water as a nucleophile [5]. About 12 years ago, however,
a previously less well-understood enzyme class was discovered to play a key role in this process – lytic
polysaccharide monooxygenases (LPMOs) [6–8].

LPMOs have been demonstrated to significantly improve the efficiency of cellulose (and other polysac-
charide) degradation by GHs [6–11]. They catalyse the addition of a single atom of oxygen at ei-
ther the C1 or C4 position of the sugar ring within polysaccharide chains, thereby destabilising the
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Figure 1. Comparison of the O2 and H2O2 dependent LPMO reactions.

Schematic drawings illustrating the differences when (A) O2 is used as the LPMO cosubstrate as opposed to (B) H2O2. In both

panels, reaction intermediates are shown along the outside with the redox state of the LPMO shown on the inside. For the LPMO

to activate oxygen, it must undergo multiple reductions by continually receiving electrons from an electron donor. If H2O2 is used,

an initial priming reduction is sufficient to catalyse the reaction and the enzyme can undergo multiple turnovers as it is returned to

the Cu(I) state at the end of the reaction.

glycosidic linkage and leading to bond breakage [6,7,12–18]. By specifically acting within the more crystalline regions
which can be difficult for GHs to access, LPMOs are thought to enhance GH activity by making the cellulose a more
accessible substrate for these enzymes [6,7,12,14,15,19,20]. Given the dramatic enhancements in the efficiency of
cellulose degradation as a result of LPMO action, there has been a considerable drive to understand the molecular
mechanisms by which they function (see [21–24] for recent reviews).

The LPMO active site contains a single copper ion that is bound by a motif known as the histidine brace [6,25–28].
This is formed by two histidine residues, one of which is the N-terminal residue, with the amino group providing
one of the copper co-ordinating ligands and nitrogen atoms from the histidine sidechains providing the other two.
Initial studies demonstrated that LPMOs used O2 as their cosubstrate and required a reducing agent to act as an
electron donor to drive the reaction [6,7,29] (Figure 1A). Computational studies subsequently confirmed that mul-
tiple electrons were likely to be required to generate a sufficiently oxidising species to bring about hydrogen atom
abstraction from either the C1 or C4 position of the sugar ring and allow hydroxylation of the substrate [30,31].
Copper-dependent enzymes typically require more than one copper cofactor to catalyse such multielectron reduc-
tions since copper can only accept a single electron into its outer shell. This left a conundrum for how LPMOs were
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catalysing this challenging chemistry given their active site architecture. More recent research has demonstrated that
LPMO kinetics can be considerably improved by supplying the enzyme with H2O2 [13,32–34]. Not only are the kinet-
ics more rapid but LPMOs can also catalyse multiple turnovers, following an initial reduction in the copper ion under
such reaction conditions (Figure 1B). This, coupled with computational studies which demonstrate that peroxide is a
more energetically favourable cosubstrate in the LPMO reaction [35–38], has led to suggestions that H2O2, and not
O2, is the correct cosubstrate utilised by these enzymes. The fact that LPMOs can themselves generate H2O2 together
with the complex nature of the reaction and the environments in which these enzymes are found makes demonstrat-
ing this a real challenge [13,34,35,38–42]. Whether peroxide is the ‘true’ LPMO cosubstrate or provides a ‘reaction
shunt’ in which H2O2 is a key reactive intermediate in a normally O2-dependent reaction continues to be debated in
the field.

Whichever cosubstrate is utilised by LPMOs, an electron source is required to reduce the active site copper and ini-
tiate the oxidative reaction catalysed by these enzymes [7,13]. A diversity of electron donors have been demonstrated
as capable of driving the LPMO reaction, be it small-molecule reducing agents [7,10,16,17,43–49], other redox en-
zymes [29,41,50–53], or light-absorbing compounds from biotic or abiotic sources [54–57]. Some of these electron
donors generate H2O2 themselves, which has now been implicated in several studies as responsible for what was
previously considered the O2-dependent activity of LPMOs [33,43,58]. The aim of this review is to highlight recent
findings in this area and to consider how these results impact the potential roles of other redox enzymes that have
been implicated as electron donors in LPMO biochemistry. Understanding the interplay between enzymes, and how
LPMOs are reduced in their native environment, could not only feed into the debate over the true nature of these
enzymes but may also hold key insights into how LPMOs can be best harnessed industrially.

Recent insights into the role of small-molecule electron
donors
Early work on LPMOs demonstrated that a reducing agent was essential for catalysis [6,7]. Ascorbate is by far the
most common reducing agent that is used in the laboratory for LPMO activity assays, but other small-molecule re-
ducing agents like gallic acid, cysteine, lignin components, and a diverse array of other compounds have also been
demonstrated as capable drivers of the LPMO reaction [7,10,16,17,44–49,59]. Indeed, before the realisation of the
potential importance of peroxide in LPMO biochemistry, considerable variation in the levels of LPMO activity could
be observed dependent upon the reducing agent used in the reaction [6,7,10,49]. It was reasonable to assume that
these differences in activity related to the efficiency of the electron transfer to the LPMO active site, which could be
influenced by the presence and identity of the substrate, amongst other factors. In addition, LPMOs were known to
produce H2O2 in the absence of substrate, a property that could be used to help assay the enzymes and investigate
their substrate specificities [42,60].

Recent research has revisited some of our assumptions relating to the role of the reductant in these enzyme assays
with particular emphasis on the potential importance of H2O2 in the LPMO reaction. Many reducing agents will
oxidise over time and can concomitantly produce H2O2 via the reduction of O2 [43,58]. Kuusk et al. performed a
detailed kinetic analysis of LPMO activity on chitin nanowhiskers in which they examined ascorbate, gallic acid, and
methylhydroquinone as electron donors in the presence of H2O2 [33]. Using a kinetic framework, they were able
to demonstrate that the effectiveness of the reducing agent in driving the LPMO reaction was dependent upon its
ability to reduce the copper active site and hence prime the enzyme for activity. This needed to be balanced against
the inherent ability of the reducing agent itself to oxidise and potentially produce H2O2, with differing background
levels of LPMO activity apparently being dependent upon the proclivity of the reducing agent to oxidise and produce
H2O2 itself [33]. This was followed up by Stepnov et al. [43], who demonstrated that ascorbate-generated significant
amounts of H2O2 in LPMO reactions independent of the enzyme’s activity. This was particularly prominent if free
copper ions were also present in solution. Gallic acid, on the other hand, did not produce large amounts of H2O2
in the presence of copper ions [43]. It did produce some H2O2 in the absence of enzyme, and when incubated with
the LPMO in the absence of substrate a linear increase in H2O2 production was observed. The authors reasoned
that, at the enzyme concentrations used in LPMO assays, the amount of peroxide produced by the enzyme was likely
insignificant compared with that generated by the oxidation of the gallic acid, thus the inherent oxidation of the
reductant was producing H2O2 that would be used by the enzyme in its reaction. This rate of H2O2 production was
therefore implicated as rate limiting in most LPMO reactions [43].

Another aspect of recent research in this area has further highlighted the large diversity of molecules that LPMOs
can use as reductants and/or H2O2 sources in reactions with ‘real biomass.’ For instance, it has long been known
that lignin components could be used to drive LPMO reactions [41,59]. Kuusk et al. also demonstrated that there
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may be molecules present within other biomasses (i.e. chitin) that could also impact LPMO kinetics [32]. The roles
of such biomass compounds have recently been further considered in the context of light-driven reactions. Chloro-
phyllin was first shown as capable of driving LPMO reactions in the presence of a small amount of reducing agent in
a light-dependent reaction [54]. Since then, other compounds including vanadium dioxide surfaces have also been
demonstrated as capable of driving LPMOs in a light-dependent fashion [56]. It was initially considered that the
inherent ability of these systems to generate electrons following light absorption was driving the LPMO reaction.
Indeed, Mollers et al. demonstrated that reactive oxygen species (ROS)-scavenging enzymes had little effect on the
light-driven LPMO reaction, implying that it was electron transfer from the photoactivatable pigment and not the
generation of ROS that was driving the reaction [61]. Recent work, however, opposes this view as Bissaro et al. were
able to show that H2O2 was generated in the absence of reducing agent as a result of light absorption by these com-
pounds and that LPMO action could be powered under such conditions [55]. The subsequent activity of the LPMO
was greatly enhanced by the presence of ascorbate feeding into a complex reaction in which the likely primary role
of the light-absorbing pigment was in generating H2O2 and the initial reduction in the LPMO was triggered by the
ascorbate [55]. Recent work has furthered this view by showing that phenolic compounds present within chitina-
ceous biomass also produce H2O2 in a light-dependent manner, which may also drive LPMO reactions under such
conditions [57].

The emergent picture is therefore a complex one in which there is a balance between multiple processes in driving
both the reduction of the LPMO active site and the generation of H2O2 to be harnessed by the LPMO. The remainder
of the review will revisit research into other enzymes that have been implicated as capable of driving LPMO reactions
and how the above findings may impact how we think about the interplay between such enzymes.

Enzymes as electron donors to LPMOs in fungi
Cellobiose dehydrogenase (CDH) is a member of the GMC oxidoreductase family of enzymes, these use FAD as a
cofactor to oxidise an array of carbohydrate and other small-molecule substrates (see [62,63] for a reviews). CDH is
unusual compared with other GMC oxidoreductases as it has a b-type cytochrome domain at its N-terminus, which
has been implicated in shuttling electrons away to electron acceptors, allowing the FAD to be reoxidised to allow
subsequent catalytic cycles [64,65]. Before the discovery of LPMOs, CDH was known to play an important role in
cellulose utilisation but was largely considered to be required to generate H2O2 to be used in a nonenzymatic Fenton
reaction used by some fungi to drive cellulose deconstruction [66,67]. Following the discovery of LPMOs, CDH was
also demonstrated to be capable of driving the LPMO reaction in place of small-molecule reducing agents [29,50].
Indeed, direct electron transfer between CDH and an LPMO was shown to occur experimentally and was mediated by
the CDH b-type cytochrome domain [51]. Having an enzyme partner to drive the LPMO monooxygenase reaction,
which requires two-electrons, was an attractive prospect given the conundrum over how multiple electrons could be
delivered to the LPMO active site when it was likely blocked by its substrate (Figure 2A,B). This led to suggestions
of potential electron transfer pathways that may be present within the core of LPMOs, which would allow distal
interactions with an electron-donating protein partner [10,68]. Structures of CDH in different conformations with
the cytochrome either docked against the dehydrogenase domain or extending away to interact with an electron
acceptor suggested that the dynamics of CDH may play into such an interaction [64,69]. However, attempts to detect
protein–protein interactions between these proteins, either experimentally or via computational docking, favour a
model in which the cytochrome domain directly contacts the LPMO copper active site, thereby necessitating the
enzyme being devoid of its polysaccharide substrate in order to receive electrons from CDH (Figure 2C) [64,70,71].

The mode of interaction between these enzymes could feed into the peroxygenase/monooxygenase debate for LP-
MOs. Given its ability to both generate H2O2 and transfer electrons via its cytochrome domain [29,50,66,67], CDH
would appear to be the perfect enzyme to power LPMOs in fungi. Indeed, it was proposed following the discovery
of the interaction between LPMOs and CDH that the true role of CDH may be to work in harness with LPMOs in
biomass breakdown [29,51]. Recently, stopped flow kinetics have been used by Hedison and co-workers to gain kinetic
insight into the electron transfer from a reduced CDH cytochrome domain to the LPMO under H2O2-containing con-
ditions [72]. As was the case with small-molecule reducing agents, the authors found that a single-electron-donation
event from the cytochrome was sufficient to catalyse multiple turnovers of the LPMO in the presence of peroxide. If
H2O2 is thus the cosubstrate, this may alleviate the need for a through-protein electron-transfer pathway in the LPMO
to allow its activity whilst bound to substrate. An alternative function for the internal electron transfer routes within
LPMOs has recently been suggested [73]. During studies on a redox species generated on an LPMO characterised by
its purple colour, it was suggested that these pathways may be important to allow potentially damaging ‘holes’ to be
shuttled away from the active site if there is not a productive interaction with the substrate, thereby protecting the
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Figure 2. The relationship between the accessibility of the LPMO active site and how it can receive electrons from an

enzyme partner.

(A) The LPMO (red) when bound to crystalline cellulose (black lines) has its active site (blue circle) blocked. (B) By using an enzyme

partner in the form of CDH (orange and green) as an electron source, it was considered that this would allow electron transfer at a

position away from the active site, thereby allowing the reaction to proceed without the need for the LPMO to release the substrate.

(C) Most data suggest that the LPMO is likely to contact the CDH cytochrome directly at the active site, which would necessitate

several substrate binding and unbinding events for the O2-dependent reaction to proceed, so that sufficient electrons could be

delivered to the enzyme.
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active site [73]. This ‘hole-hopping’ hypothesis was furthered by Jones et al., who also demonstrated the existence
of radicals on two amino acids in another LPMO [74]. Such noncatalytic pathways may, thus, represent a general
feature of these enzymes that provides a mechanism towards ensuring their longevity and maximising their catalytic
potential.

Not all LPMO-producing fungi produce a CDH, which has generated interest in identifying alternative electron
sources in such fungi. This has led to demonstrations of other GMC oxidoreductases that lack cytochrome domains,
e.g. glucose dehydrogenase, being capable of driving LPMO reactions through small-molecule mediators [41,52].
A new class of PQQ-dependent dehydrogenase has also been defined [75]. These often have an appended b-type
cytochrome domain with sequence similarity to the domain present in CDH [75]. A protein in this class has been
demonstrated as a pyranose dehydrogenase, which was capable of powering an LPMO to catalyse its reaction before
the realisation that LPMOs might be peroxide dependent [53]. It is not clear whether these enzymes also generate
H2O2, which could be harnessed by the LPMO but it is known that the reduced form of PQQ (PQQH2) can be oxidised
back to its native state in air thus producing H2O2 [76]. It is, therefore, likely that such enzymes may act in place of
CDH in some fungi. In a further recent advance, several fungal FAD-dependent oligosaccharide oxidases have also
been shown to support LPMO activity [77]. These enzymes were shown to be active on a range of oligosaccharides,
and not just those derived from cellulose or chitin, diversifying the pool of substrates that could be used to drive
LPMO reactions. These enzymes can also generate H2O2 and appear to directly transfer electrons to LPMOs in a
nonspecific manner as demonstrated by EPR [77]. Interestingly, these enzymes lack a cytochrome domain that has
been implicated in electron transfer in the other redox enzymes discussed earlier.

The emerging picture is one in which there is a diversity of fungal redox enzymes that can act in harness with
LPMOs outside of the cell. How these enzymes interact, and work together in their native environment is currently
unclear, however. Fungal growth is complex, thus, unravelling the interplay between enzymes during this process is a
major challenge. Nonetheless, if such insight could be gained, then this could significantly help in delineating the true
nature of LPMOs and it could inform on how LPMOs could be best used in industry to ensure that enzyme lifetimes
are maximised.

Protein-based electron donors from bacteria
Fungi, and the enzymes that they produce, are most heavily studied in the context of polysaccharide utilisation and
LPMO biochemistry. However, bacteria also make use of LPMOs, but they do not encode an enzyme equivalent to
CDH within their genomes and so there have been some attempts to identify potential protein-based electron-transfer
proteins from such microbes. Cbp2D and Cbp2E from Cellvibrio japonicus are the main proteins that have been
considered in this context thus far [78]. Deletion of the genes coding for these proteins led to an impairment of the
bacterium’s ability to grow on cellulose filter paper, though the same phenotype was not observed when the individual
LPMO genes were deleted. The proteins encoded for by these genes have also been detected in the secretome during
growth on chitin [79], demonstrating a likely role in polysaccharide utilisation beyond cellulose. Sequence analysis of
the predicted amino acid sequences for these proteins show that they both contain domains that are related to the YceI
class of lipocalin like proteins [78,79], or X158 domains as they can be referred to in the CAZyme-specific literature
[80]. A single X158 has been characterised to date but it, as well as many other distantly-related domains, have been
purified with the well-known redox molecule ubiquinone-8 bound, as revealed by their crystal structures [80]. In
addition, Cbp2D is also predicted to contain cytochrome-like domains at the C-terminus of the protein, which would
suggest a likely electron-transfer function, hence, an interest in them as potential LPMO electron donors [78,81]. In
our own recent work, we were able to isolate one of the cytochrome-like domains (CjX183D) from Cbp2D and showed
that it was likely an electron transferring, as opposed to catalytic, c-type cytochrome [81]. Its reduced state was able
to drive LPMO catalysis in the presence of O2 but activity in the presence of H2O2 was not considered at the time.
Rather H2O2 production by the LPMO was used as a proxy to evaluate the ability of the domain to donate electrons
to the enzyme, which revealed interesting differences between the apparent rates of electron transfer between the
X183 and the C. japonicus LPMO when compared with an LPMO from another bacterial species [81]. This was
considered as a possible indication of a specific interaction having evolved between the proteins though this requires
further investigation. Whether such interactions exist or not, the apparent rates appeared to be too slow to prove an
underlying biological function in electron donation to LPMOs. However, the results did highlight the potential utility
for protein partners to be used either in industry or in biology as LPMO activators that cause lowered protein damage
relative to synthetic chemical electron donors.

Whether so-called ‘X-domain’ and related proteins are involved in LPMO biochemistry, or if they have some
other biological function in bacteria is still an open question. Genes that code for such proteins are not found in
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all LPMO-producing bacteria, and if H2O2 is the true cosubstrate for LPMOs, then it would appear unlikely that
these complex proteins would be present purely to donate electrons to the LPMO. There is therefore much to still
be discovered as to the underlying redox biochemistry that takes place outside of the bacterial cell during growth on
complex polysaccharides.

Conclusions
The question as to whether LPMOs are truly monooxygenases or peroxidases has revealed new insights into our
assumptions over the role of the electron donor in driving LPMO catalysis. Recent findings using small-molecule
reducing agents and light-driven reactions suggest that the proclivity for the reducing agent to generate H2O2 in
laboratory conditions may be equally as important as its ability to reduce the active site copper on the enzyme to
drive LPMO catalysis. Away from laboratory conditions, it is harder to know what the consequences of these findings
are for how these enzymes are harnessed in nature. In fungi, CDH may be the perfect protein partner for powering
LPMOs given its ability to both produce H2O2 and transfer electrons for reducing the copper active site. But thus
far, there is not a clear electron-donor protein to bacterial LPMOs, nor is it known whether one is really required
given the diversity of sources of H2O2 and electrons that can be encountered in nature. Both the LPMO reaction and
the environment in which these enzymes function is a complex one. What is clear is that LPMOs are able to accept
electrons from a diversity of compounds and proteins to allow their active site copper to be reduced and to drive
the reaction. Whether H2O2 is the true cosubstrate or a reactive intermediate, the provision of which offers a shunt
to the natural O2-dependent reaction, is challenging to dissect. Gaining a deeper understanding of how LPMOs are
used during fungal and/or bacterial growth could considerably deepen our understanding of the redox processes that
drive polysaccharide deconstruction in these organisms and feed into this debate more deeply. Furthermore, LPMOs
are now a key component of industrial enzyme cocktails that are used in the biorefinery. By gaining a deeper under-
standing of the reductive processes that drive LPMO action, this can also inform on the best practice for harnessing
these enzymes in industry.

Summary
• LPMOs are important redox enzymes in biomass breakdown and there is ongoing debate as to their

mechanism of action.

• The role of the electron donor is being reconsidered considering recent findings that H2O2 can sig-
nificantly enhance the rate and number of turnovers LPMOs can undergo.

• The emerging picture is one in which the electron donor used by the LPMO may both generate H2O2

as the enzyme’s cosubstrate and reduce the LPMO active site, allowing it to perform its reaction.

• A plethora of electron donors have been demonstrated to drive the LPMO reaction, more work needs
to be done to clarify the mode of interaction between such molecules, which may help clarify whether
LPMOs are peroxygenases or monooxygenases.

• It is clear that LPMOs function in a complex redox environment in nature. To truly draw a line under the
peroxygenase/monooxygenase debate, it will be necessary to gain deeper insight into how LPMOs
function in their native environments.
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