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Summary 

 

Lignocellulosic biomass holds great potential for production of biofuels and other 

chemicals traditionally produced from fossil fuels. However, its significant recalcitrance 

presents a substantial challenge in industrial biorefining, where chemical and/or physical 

pretreatment methods and enzymatic saccharification are used to convert the 

polysaccharides within the lignocellulosic structure to fermentable sugars. One way of 

overcoming this innate recalcitrance is by developing strategies for improved enzymatic 

conversion, via process optimization or by exploring new enzyme activities.  

 

The discovery of lytic polysaccharide monooxygenases (LPMOs) and their role in plant 

biomass degradation, and, more recently, the ability of these enzymes to catalyze a fast and 

specific peroxygenase reaction, has altered our understanding of the mechanisms of 

lignocellulose depolymerization, and revealed new avenues for potential improvement of 

this process. However, achieving such improvement requires in-depth understanding of 

how LPMOs function, including their substrate specificities, their catalytic mechanism, and 

the conditions under which they perform best, both alone and during synergistic action 

with hydrolytic enzymes. In addition, for process improvement and general understanding 

of LPMO activity, we must be able to analytically interpret and quantify the complex 

product mixtures generated by LPMOs. The work presented in this thesis has addressed 

several of these topics both from a fundamental and an applied perspective.  

 

Paper I of this thesis describes the implementation of a recently developed 

chromatographic platform for high-performance anion exchange chromatography with 

pulsed amperometric detection (HPAEC-PAD) using dual electrolytic eluent generation in 

analytical methods for separation and quantification of LPMO-generated carbohydrate 

products. In this platform, the eluents are based on potassium methanesulfonate and 

potassium hydroxide. We established methods for simultaneous detection of native, C1-, 

and C4-oxidized cello-oligosaccharides, as well as separate methods for analysis of gluconic 

and glucuronic acid. The developed methods showed increased sensitivity and precision in 
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detection and quantification of LPMO products compared to traditional HPAEC-PAD using 

manually prepared eluents based on sodium hydroxide and sodium acetate. 

 

In the study described in Paper II, we evaluated the use of a relatively simple, LPMO-rich 

fungal enzyme cocktail produced by Thermoascus aurantiacus in saccharification of 

pretreated lignocellulosic biomass, and showed that this cocktail performs nearly as well 

in saccharification of lignin-poor sulfite-pulped spruce at 60°C as the commercial cellulase 

preparation Cellic CTec2 at 50°C. These results underpin the potential of the T. aurantiacus 

fungus as a producer of enzymes for use in industrial biorefining processes, where 

maintaining higher temperatures during saccharification can be advantageous. 

Furthermore, addition of H2O2-producing glucose oxidase to saccharification reactions with 

Cellic CTec2 showed that in situ H2O2 production can drive LPMO activity in saccharification 

of lignin-poor substrates. The results obtained in this study were substrate-dependent: 

when using a lignin-rich substrate, the T. aurantiacus cocktail was less advantageous, and 

addition of glucose oxidase was detrimental to the saccharification efficiency of Cellic 

CTec2. These results highlight the importance of adapting process conditions to individual 

lignocellulosic feedstocks and enzyme preparations. 

 

Paper III and Paper IV of this thesis describe the functional characterization of AA9 

LPMOs. In Paper III, we demonstrate the C4-oxidizing activity of ScLPMO9A from 

Schizophyllum commune on a range of hemicellulosic substrates and soluble cello-

oligomeric substrates, including cellotetraose and cellohexaose (with apparent preferential 

-3 - +3 binding), and its strong peroxygenase activity when acting on soluble and insoluble 

amorphous substrates. In contrast to the traditionally-perceived role of LPMOs in 

depolymerization of crystalline substrates, ScLPMO9A appeared to have little-to-no activity 

on crystalline cellulose. Although further investigation of these observations is needed, 

including determination of potential active site residues that may contribute to the 

observed substrate preferences, these results are intriguing and may aid in providing 

insight into hitherto unknown biological roles of LPMOs. The research presented in Paper 

IV uncovered the glucuronoxylanolytic activity of two LPMOs from Neurospora crassa. By 

quantification of cellulose- and xylan-derived oxidized products, this study demonstrated 
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that preferential cleavage of xylan or cellulose in a mixture of these two polysaccharides 

can vary substantially between xylan-active LPMOs, suggesting that these LPMOs may have 

evolved to target different co-polymeric structures within plant biomass. Phylogenetic 

analysis and structural modeling also enabled the identification of additional putatively 

xylan-active LPMOs. 

 

The results reported in this thesis add to our understanding of LPMO action and how best 

to leverage this action for current and future academic and industrial applications. 
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Sammendrag 

 

Lignocellulose innehar et stort potensial for produksjon av biobrensel og andre kjemikalier 

som tradisjonelt produseres fra fossile kilder. Men dens komplekse sammensetning gir 

betydelige utfordringer i industriell bioraffinering, hvor kjemiske og/eller fysiske 

forbehandlingsmetoder og enzymatisk nedbrytning brukes for å omdanne polysakkaridene 

i lignocellulosen til fermenterbare sukkere. En måte å løse denne kompleksiteten på er å 

utvikle strategier for forbedret enzymatisk omdanning, via prosessoptimalisering eller ved 

å utforske nye enzymaktiviteter.  

 

Oppdagelsen av lytisk polysakkarid monooksygenaser (LPMOer) og deres rolle i 

nedbrytning av plantebiomasse, og, nylig, evnen disse enzymene har til å katalysere en 

hurtig og spesifikk peroksygenasereaksjon, har endret vår forståelse av mekanismene for 

nedbrytning av lignocellulose, og åpnet opp for nye mulige forbedringer av denne 

prosessen. Dog, det å få til slike forbedringer krever mer kunnskap om hvordan LPMOer 

fungerer, inkludert deres substratspesifisiteter, den katalytiske mekanismen og om hvilke 

forhold de presterer best under, både alene og i synergi sammen med hydrolytiske 

enzymer. I tillegg, for å kunne forbedre prosessen og generelt forstå LPMO-aktiviteten, må 

vi kunne analysere og kvantifisere de komplekse produktblandingene som LPMOer gir. 

Arbeidet presentert i denne avhandlingen adresserer flere av disse temaene, både fra et 

fundamentalt og et anvendt perspektiv. 

 

Artikkel I beskriver implementeringen av en nylig utviklet kromatografisk plattform for 

høypresisjons-ionebytterkromatografi med pulserende amperometrisk deteksjon (HPAEC-

PAD) ved bruk av dobbel elektrolytisk eluentgenerering i analytiske metoder for 

separasjon og kvantifisering av karbohydratprodukter produsert av LPMOer. I denne 

plattformen er eluentene basert på kaliummetansulfonat og kaliumhydroksid. Vi etablerte 

metoder for samtidig deteksjon av native, C1- og C4-oksiderte cello-oligosakkarider, samt 

separate metoder for analyse av glukonsyre og glukuronsyre. Metodene som ble utviklet 

her viste økt sensitivitet og presisjon ved deteksjon og kvantifisering av LPMO-produkter 
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sammenlignet med tradisjonell HPAEC-PAD, hvor eluentene lages manuelt og er basert på 

natriumhydroksid og natriumacetat. 

 

I studien beskrevet i Artikkel II, evaluerte vi bruken av en relativt enkel, LPMO-rik 

enzymblanding produsert av soppen Thermoascus aurantiacus i sakkarifiseringen av 

forbehandlet lignocellulose, og viste at denne blandingen presterer nesten like godt i 

sakkarifisering av ligninfattig sulfitt-prosessert gran ved 60°C som det kommersielle 

cellulasepreparatet Cellic CTec2 ved 50°C. Disse resultatene understreker potensialet til T. 

aurantiacus som produsent av enzymer for bruk i industrielle bioraffineringsprosesser 

hvor det å opprettholde høye temperaturer kan være fordelaktig. Tilsetting av H2O2-

produserende glukoseoksidase til sakkarifiseringsreaksjonene med Cellic CTec2 viste i 

tillegg at in situ H2O2 produksjon kan drive LPMO-aktiviteten ved sakkarifisering av 

ligninfattige substrater. Resultatene oppnådd i denne studien var substratavhengige: ved 

bruk av et ligninrikt substrat var enzymblandingen fra T. aurantiacus mindre fordelaktig, 

og tilsetting av glukoseoksidase var uheldig for sakkarifiseringseffektiviteten til Cellic 

CTec2. Disse resultatene fremhever viktigheten av å tilpasse prosessbetingelsene til 

individuelle lignocellulosesubstrater og enzympreparater. 

 

Artikkel III og IV beskriver den funksjonelle karakteriseringen av AA9 LPMOer. I Artikkel 

III demonstrerte vi C4-oksideringsaktiviteten til ScLPMO9A fra Schizophyllum commune på 

en rekke hemicelluloser og løselige cello-oligomer-substrater, inkludert cellotetraose og 

celloheksaose (med tilsynelatende -3 – +3 binding), og enzymets sterke 

peroksygenaseaktivitet på løselige og uløselige amorfe substrater. I motsetning til den 

tradisjonelt antatte rollen til LPMOer i depolymeriseringen av krystallinske substrater, ser 

ScLPMO9A ut til å ha liten til ingen aktivitet på krystallisk cellulose. Selv om videre 

undersøkelser av disse observasjonene er nødvendig, inkludert bestemmelse av mulige 

aminosyrer i det aktive setet som kan bidra til de observerte substratpreferansene, er disse 

resultatene interessante og kan gi innsikt i LPMOers hittil ukjente biologiske roller. 

Forskningen presentert i Artikkel IV avdekket aktivitet på glukuronoxylan for to LPMOer 

fra Neurospora crassa. Ved kvantifisering av oksiderte produkter fra cellulose og xylan, 

demonstrerte denne studien at foretrukket kløyving av xylan eller cellulose i en blanding 
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av disse to polysakkaridene kan variere betydelig mellom xylan-aktive LPMOer, noe som 

antyder at disse LPMOene kan ha utviklet seg til å virke på ulike co-polymeriske strukturer 

i plantebiomasse. Fylogenetisk analyse og modellering av strukturer gjorde det også mulig 

å identifisere andre mulige xylan-aktive LPMOer.  

 

Resultatene rapportert i denne avhandlingen gir utvidet kunnskap om vår forståelse av 

LPMO-aktivitet og hvordan best bruke dette i nåværende og fremtidige akademiske og 

industrielle anvendelser. 
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1 Introduction 

 

1.1 Moving towards a bio-based economy 
 

1.1.1 The limitations of a fossil-fuel based economy 

 

Global warming and climate change are increasing at an alarming rate, primarily due to 

human activities. According to the latest predictions, the average global temperature will 

have risen by up to 2°C above pre-industrial levels by the end of the 21st century unless 

drastic mitigative actions are taken, and the devastating consequences of climate change on 

our planet are already prevalent in the form of heatwaves, droughts, increases in intensity 

and frequency of climate and weather extremes, and loss of ecosystems. A central cause of 

climate change is the release of CO2 resulting from combustion of fossil fuels such as coal, 

crude oil, and natural gas, energy-rich hydrocarbons of biological origin stored for millions 

of years in the Earth’s crust (Gomez et al., 2008; Stern et al., 2016; Arias et al., 2021; Liu et 

al., 2021; Meinshausen et al., 2022). 

 

As a consequence of the industrial revolution and the invention of the coal-powered steam 

engine in the late 18th century, coal rapidly became humankind’s most essential energy 

source. From the middle of the 19th century and through the 20th century, deposits of crude 

oil and natural gas were discovered in many places around the world, and the burning of 

these carbon-rich fossil fuels to produce heat and energy, and to power vehicles and 

machines, became an integral part of our global society and economy (Gomez et al., 2008; 

Chu and Majumdar, 2012). It was not until the 1970s, after years of growing concern over 

the possible harmful effects of fossil fuel combustion, that a general scientific consensus 

regarding these concerns began to emerge. The first Intergovernmental Panel on Climate 

Change (IPCC) report, published in 1990, declared that global warming was a reality, and 

that it would continue to increase over the coming decades (Houghton, 1990). 
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Today, we know that the central problem associated with consuming fossil fuels is the 

resulting direct and indirect emissions of CO2, CH4, and N2O, so-called anthropogenic 

greenhouse gases, which trap heat within the atmosphere causing a rise in global 

temperature. While numerous human activities contribute to the release of greenhouse 

gases, the production of heat and electricity, industrial processes, and transportation are 

three of the major contributors to greenhouse gas emissions on a global scale (Stern et al., 

2016; Arias et al., 2021; Liu et al., 2021). 

 

1.1.2 Focus on renewables 

 

The detrimental effects of fossil fuel combustion, coupled with their lack of renewability, 

has incited a shift in policy-making and scientific research over the past few decades, as the 

world has begun focusing on more sustainable alternatives. Private industries and public 

institutions alike now devote billions of dollars each year worldwide towards research on 

renewable energy sources (Trancik, 2014). Strategies for replacing fossil fuels include 

harvesting solar and wind power to produce heat and electricity, and producing 

traditionally fossil fuel-based products (such as petroleum or specialized chemicals) from 

biomass. 

 

Plant biomass represents an interesting candidate for production of sustainable fuels and 

chemicals. This type of biomass consists of plant matter and can be sourced directly from 

food crops (e.g. corn or sugarcane), from forestry, or from side streams in the agriculture 

and forestry sectors. Through the process of biorefining, the various, largely polymeric 

components of plant cell walls are separated and converted to building blocks for the 

generation of fuels and chemicals. For example, carbohydrate structures within plant 

biomass are hydrolyzed using chemical and/or biochemical methods to obtain fermentable 

sugars. Subsequent fermentation by suitable microbes enables the production of ethanol or 

specialized chemicals (Gomez et al., 2008; Galbe and Wallberg, 2019). 
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1.1.2.1 Plant biomass feedstocks 

 

In biorefining of plant biomass, a distinction should be made between first- and second-

generation feedstocks. This label distinguishes between biomass that can alternatively be 

used directly as a food source for human consumption (first-generation, e.g. corn, 

sugarcane) and inedible feedstocks, such as lignocellulosic biomass (second-generation, 

e.g. agricultural and forestry residues, woody biomass) (Gomez et al., 2008; Lee and Lavoie, 

2013). The ethical ramifications associated with producing fuels and specialty chemicals 

from first-generation feedstocks due to global food insecurity and hunger have resulted in 

an increased scientific focus on development of technologies for efficient conversion of 

second-generation lignocellulosic feedstocks (Odling-Smee, 2007; Gomez et al., 2008; 

Williams, 2008; FAO, 2021). 

 

Lignocellulosic biomasses can be categorized into hardwoods (angiosperms, e.g. birch, 

beech), softwoods (gymnosperms, e.g. spruce, pine), grasses (e.g. switchgrass), and 

agricultural waste (lignocellulosic portions of food crops, e.g. corn stover, rice straw) (Ho 

et al., 2014; Isikgor and Becer, 2015). Woody biomass (softwood and hardwood) is 

significantly more recalcitrant to degradation than agricultural waste and grass-based 

feedstocks, in part due to larger amounts of lignin in the former (Álvarez et al., 2016). 

 

In nature, the polysaccharides in lignocellulose (cellulose and various hemicelluloses) are 

degraded to metabolizable sugars by fungi and bacteria. Through a variety of mechanisms, 

including the use of highly specialized enzymes working synergistically, these 

microorganisms have evolved to overcome the natural recalcitrance of the complex 

lignocellulosic material (Payne et al., 2015; Bomble et al., 2017). The enzymatic 

saccharification steps employed in industrial valorization of lignocellulose aim to exploit 

the innate properties of these microorganisms, while adjusting process parameters to suit 

the nature of the feedstock and the spectrum of end products to be produced. The 

understanding and optimization of polysaccharide-degrading enzyme systems are of major 

importance for the exploitation of non-edible biomass. 
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1.2 Lignocellulose 
 

As the most abundant raw material on Earth, lignocellulose represents a promising 

candidate for production of fuels and chemicals from a renewable source. Lignocellulose, 

found within the cell walls of plants, primarily consists of three main elements: cellulose 

and various hemicelluloses, both polysaccharides, and lignin, an aromatic polymer (Figure 

1). In addition to contributing to physical plant characteristics, such as rigidity and 

strength, it is clear that the lignocellulosic structure within the plant cell wall has evolved 

to confer resistance to pathogenic attack (Somerville et al., 2004; Underwood, 2012). The 

precise composition of lignocellulose, i.e. the ratio of cellulose, hemicellulose, and lignin, 

varies not only within the different layers of the plant cell wall, but also from species to 

species. As a general estimate, woody biomass contains 20-50% cellulose, 15-35% 

hemicellulose, and 10-30% lignin (Pauly and Keegstra, 2008; Payne et al., 2015). In addition 

to these three major components, lignocellulosic biomass also contains minor amounts of 

alternative compounds, including structural proteins, enzymes, pectin, phenolic 

compounds, minerals, and ash (Isikgor and Becer, 2015; Zhong et al., 2019). 
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Figure 1. Structural components of lignocellulose. The figure shows individual building 
blocks of cellulose, hemicelluloses, and lignin, and how the polymers comprised of these 
building blocks may assemble within a plant cell wall. Densely packed cellulose chains 
interlinked via hydrogen bonding form microfibrils, which are embedded within a 
hemicellulose and lignin matrix, as shown in the center of the figure. For the hemicelluloses, 
potential acetylation and esterification with ferulic acid of glucuronoarabinoxylan are 
represented by “Ac” and “Fer,” respectively. The figure was reproduced from (Isikgor and 
Becer, 2015). 
 

 

The plant cell wall contains the majority of the plant’s dry weight and is organized into 

several layers, including the middle lamella, the primary and secondary cell walls, and the 

warty layer (Figure 2). The presence or absence of these layers, as well as the prevalence 
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of cellulose, hemicellulose, and lignin within each layer, can vary broadly according to the 

stage of cell growth, type of cell, and plant species (Zeng et al., 2017). During plant cell 

growth, the primary cell wall is formed first, and consists of cellulose microfibrils 

embedded in a hemicellulose and pectin matrix. The role of this layer is primarily to provide 

strength and flexibility during growth. The middle lamella binds to the primary cell walls 

of adjacent cells, and collectively, these layers are referred to as a compound middle lamella. 

The compound middle lamella is generally rich in pectin, which assists in cell adhesion 

(Cosgrove, 2005; Zeng et al., 2017; Melelli et al., 2020). The secondary cell wall, if present, 

will form at the final stage of cell growth, and is found between the primary cell wall and 

the plasma membrane. This is a thick, rigid layer which strengthens and supports the cell 

(Somerville et al., 2004). If present, this layer generally accounts for most of the plant cell 

mass, and contains the majority of the lignin present in the cell. The secondary cell wall is 

organized into three sublayers (S1, S2, and S3), deposited sequentially on the inside of the 

primary wall during the lifetime of the cell. The warty layer, located inside the S3 layer, is 

found only in certain tree species, and primarily consists of cross-linked lignin precursors 

formed during the final stage of cell life (Zeng et al., 2017; Melelli et al., 2020). 

 

 

Figure 2. Structure of the plant cell wall. The figure shows the primary layers of the plant 
cell wall (middle lamella, primary cell wall, and cell secondary wall), as well as the three 
sublayers of the secondary cell wall (S1, S2, and S3). The figure was adapted from (Rytioja et 
al., 2014). 
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1.2.1 Cellulose 

 

Cellulose is primarily found within plant cell walls, but can also be produced by algae, fungi, 

and some bacterial species (Brown, 2004; Habibi et al., 2010). In bacteria, cellulose is 

thought to aid in bacterial flocculation and plant attachment. In contrast to plant-derived 

cellulose, bacterial cellulose tends to have a higher degree of crystallinity, and is not 

complexed with hemicellulose or lignin (Lupașcu et al., 2022). 

 

Cellulose is a linear, unbranched homopolymer made up of D-glucose monosaccharides, 

linked via β-1,4-glycosidic bonds. Each D-glucose molecule is rotated 180° relative to the 

previous unit, and thus, the disaccharide cellobiose (consisting of two glucose monomers 

connected via a β-1,4-glycosidic bond) is the continuously repeating unit of cellulose 

(Figure 1) (Klemm et al., 2005; Taylor, 2008; Habibi et al., 2010). The covalent glycosidic 

bonds that link the monosaccharides together are named according to the carbon atoms 

involved in bond formation (e.g. 1,4 – C1 on one and C4 on the other). The bonds are given 

the designation α or β according to the configuration of the anomeric carbon, C1 (Klemm et 

al., 2005). The β-configuration results in a highly linear polymer chain, which allows for 

tight packing of these chains in fibrils and even crystalline materials, as in cellulose (Winger 

et al., 2009). 

 

Cellulose chains have a non-reducing end (the C4-OH carbon of the final D-glucose 

molecule, normally shown to the left, as in Figure 1) and a reducing end (the C1-OH carbon 

of the hemiacetal group on the other final D-glucose unit, which is in equilibrium with the 

aldehyde form, normally shown to the right) (Klemm et al., 2005). The degree of 

polymerization (DP) of cellulose chains varies according to their source, and changes as a 

result of pretreatment during industrial processing (Baruah et al., 2018). While generally 

considered insoluble, short cello-oligosaccharides with a DP <8 are soluble (Brown, 2004). 

The linear nature of cellulose chains enables their packing into dense structures known as 

microfibrils, estimated to consist of between 18 and 36 cellulose chains that interact 

through hydrogen-bonding and van der Waals forces (the precise number of chains within 

a microfibril has been debated) (Somerville, 2006; Fernandes et al., 2011; Newman et al., 
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2013; Kubicki et al., 2018). Due to fiber formation, only a limited number of cellulose chains 

are exposed to the environment and thus accessible to enzymes secreted by cellulose-

degrading organisms (Payne et al., 2015). Of note, even the enzymatic degradation of 

exposed chains is challenging because enzyme action requires that a single chain loosens 

from its fiber context, which is energetically demanding (Beckham et al., 2011). When 

complexed with hemicellulose and lignin, the cellulose microfibrils become increasingly 

shielded, and thus even less susceptible to enzymatic attack. Taken together, the above 

properties make the cellulose polysaccharide in lignocellulosic biomass highly recalcitrant 

to enzymatic degradation (Taylor, 2008; Sarkar et al., 2009).  

 

Cellulose in lignocellulosic biomass can be made more accessible through a variety of 

thermal and chemical treatments that are discussed in section 1.3.1. In research on 

cellulose-active enzymes, crystalline cellulose is often treated to make it more amorphous, 

and thus more susceptible to enzymatic hydrolysis. A common example is treating the 

commercially available model crystalline cellulose Avicel with phosphoric acid to produce 

phosphoric-acid swollen cellulose (PASC), as described in (Wood, 1988). 

 

Crystalline cellulose naturally occurs primarily as two allomorphs, Iα and Iβ (Figure 3). Iβ is 

the form found in higher plants, and is the more stable of the two, whereas Iα cellulose is 

most commonly found in bacteria and algae. While cellulose chains lie parallel to one 

another in both forms, differences between the two allomorphs are found in the 

organization of the hydrogen bonding between chains in microfibrils (Brown, 2004; Habibi 

et al., 2010). In addition, five alternative polymorphs of cellulose have been described (II, 

IIII, IIIII, IVI and IVII), which can be generated from natural cellulose via different forms of 

pretreatment, including treatment with alkali and liquid ammonia (Somerville, 2006; 

Habibi et al., 2010). Cellulose II has an antiparallel arrangement of cellulose chains (Figure 

3) and is considered to be the most thermodynamically stable cellulose polymer. However, 

naturally occurring cellulose Iβ has been shown to be more recalcitrant to enzymatic 

hydrolysis than cellulose II, presumably due to differences in the hydrophobic interactions 

between cellulose chains within the microfibril structure (Brown, 2004; Habibi et al., 2010; 

Wada et al., 2010; Kubicki et al., 2018). 
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Figure 3. Molecular structures of cellulose. The figure shows molecular structures of the 
allomorphs of naturally-occurring cellulose I, Iα and Iβ, as well as cellulose II, a cellulose 
polymorph that can be generated from cellulose I. The figure was adapted from (Meier et 
al., 2018). 
 

 

1.2.2 Hemicellulose 

 

The term hemicellulose denotes a group of amorphous, heterogeneous polysaccharides 

encompassing a range of diverse pentoses, hexoses, and uronic acids connected via a β-1,4-

linked backbone (mixed-linkage glucan is an exception; see section 1.2.2.4). In contrast to 

cellulose, hemicellulose backbone sugars can be substituted with additional sugar moieties, 

or with acetylations, methylations, or esterifications at several positions. This branching 

contributes to the large structural and physiochemical variability found in this group of 

polysaccharides (Figure 4). Consequently, the sugar composition of hemicellulose-rich 

lignocellulosic biomass varies significantly depending on the feedstock (Scheller and 

Ulvskov, 2010). Hemicellulose contents vary widely between different types of plants, as 

discussed further below. 
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Figure 4. Structural variability of hemicelluloses. The figure shows the range of building 
blocks found in hemicelluloses and how these can be assembled into different 
hemicellulose forms. The figure was adapted from (Meier et al., 2018). 
 

 

The main role of hemicelluloses in the lignocellulosic macrostructure is thought to be 

strengthening of the plant cell wall through interactions with both cellulose and lignin 

(Scheller and Ulvskov, 2010). Beyond hydrogen bonding and hydrophobic interactions 

common between these polymeric compounds, covalent bonds formed between 

hemicellulose and lignin, forming so-called lignin-carbohydrate complexes, contribute to 

the overall recalcitrance of lignocellulosic biomass (Raji et al., 2021). Thus, while 

hemicelluloses as such usually are easier to enzymatically degrade than cellulose, they do 

contribute to the overall recalcitrance of lignocellulose. In addition, the structural diversity 

and complexity of hemicellulose itself contributes to recalcitrance due to the large number 

of enzyme types required to achieve complete depolymerization (Álvarez et al., 2016).  
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While cellulose saccharification only yields easily fermentable glucose, saccharification of 

hemicelluloses yields mixtures of various pentoses and hexoses, depending on the plant 

material. Although many hemicellulosic sugars can be fermented in biorefining to produce 

fuels and chemicals, not all strains commonly used for fermentation can ferment all 

hemicellulosic sugars. During lignocellulose processing, many hemicelluloses can be 

readily extracted using, for example, acid or alkaline pretreatments (Carvalheiro et al., 

2008; Galbe and Wallberg, 2019). 

 

Softwoods and hardwoods differ considerably in their hemicellulose content, contributing 

to a difference in resistance to chemical and enzymatic degradation. As a general rule, 

hardwoods are less resistant to degradation than softwoods (Álvarez et al., 2016). This is 

because hemicellulose in hardwood generally consists of xylans (specifically 

glucuronoxylan, see section 1.2.2.1), which are more readily removed by certain types of 

chemical pretreatment (e.g. acid hydrolysis) than the glucomannans (specifically 

galactoglucomannan, see section 1.2.2.3) found in softwoods (Isikgor and Becer, 2015; 

Nitsos et al., 2018). 

 

1.2.2.1 Xylan 

 

Xylans are the most abundant hemicellulose found in hardwoods and grasses, and consist 

of a β-1,4-linked backbone of D-xylose units, with various substituents. Xylans are 

frequently acetylated at the O-2 and/or O-3 positions, thought to contribute to interactions 

with cellulose and lignin. Xylans can be organized into three general groups, 

glucuronoxylan, arabinoxylan, and glucuronoarabinoxylan, corresponding to their primary 

substituents. Glucuronoxylan, the predominant form of xylan in hardwood, normally has α-

1,2-linked D-glucuronic acid and 4-O-methyl-D-glucuronic acid substitutions in addition to 

acetylations (Scheller and Ulvskov, 2010; Grantham et al., 2017; Zhang et al., 2021a). 

Arabinoxylan is predominantly found in grass and cereal species, while 

glucuronoarabinoxylan is found both in cereal and grass species and within the secondary 

cell wall of softwood species. These xylan forms contain α-1,2-linked D-glucuronic acid 

and/or 4-O-methyl-D-glucuronic acid, and α-1,2- and/or α-1,3-linked L-arabinose 
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substitutions, as well as acetylations. The arabinoses may also be esterified with ferulic acid 

at their O-5 positions (Karppi et al., 2020; Raji et al., 2021; Zhang et al., 2021a).  

 

The presence or absence of substitutions along the xylan backbone impacts various 

physiochemical properties of the polysaccharide, such as solubility and interactions with 

other polymers in the plant cell wall. In particular, recent studies have shown that xylan 

substitutions primarily occur on even-numbered xylose units of the backbone. Although 

xylan adopts a 3-fold screw conformation in solution, when complexed with cellulose, these 

substitution patterns enable the formation of a flattened 2-fold screw conformation in 

which its substitutions are located on one side of the backbone (Figure 5). This results in 

an unsubstituted xylan surface which can engage in hydrogen bonding with the cellulose 

surface (Busse-Wicher et al., 2014; Busse-Wicher et al., 2016b; Simmons et al., 2016; 

Grantham et al., 2017). 

 

 

Figure 5. Molecular dynamics simulation of xylan complexed with cellulose. The 
figure shows two xylan chains in the 2-fold screw conformation, enabling adsorption onto 
cellulose chains. In this conformation, backbone substitutions are oriented away from the 
cellulose microfibril. The figure was adapted from (Busse-Wicher et al., 2016b). 
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Of note, the substitutions of xylan also affect its susceptibility to certain degradative 

enzymes. For example, it is well known that certain xylanases (e.g. family 10 glycoside 

hydrolases) are less sensitive to backbone substitutions than others (e.g. family 11 

glycoside hydrolases) (Biely et al., 1997). 

 

1.2.2.2 Xyloglucan 

 

Xyloglucans have a β-1,4-linked backbone of D-glucose units, many of which are substituted 

with D-xyloses at their O-6 sites through α-1,6-linkages. The xylose substituents and the 

glucose backbone can both be further substituted with D-galactose, L-galactose, L-fucose, 

and/or L-arabinose at various positions. In total, 24 unique structural motifs of xyloglucan 

have been identified. The types and locations of xyloglucan substitutions vary greatly with 

the plant species, cell type, and stage of cell growth. In addition, xyloglucan can be 

acetylated either directly on the glucosyl backbone or on galactose or arabinose moieties 

(Pauly and Keegstra, 2016). Xyloglucans have been isolated from all land plants, and are 

thought to strongly associate with cellulose, forming an extensive network essential to cell 

wall structural stability during growth (Pauly and Keegstra, 2016; Zhang et al., 2021a). 

However, recent studies have demonstrated that the model plant Arabidopsis thaliana can 

grow normally in the absence of xyloglucan (Kim et al., 2020), indicating that the true role 

of this polysaccharide is yet to be fully elucidated (Zhang et al., 2021a). 

 

1.2.2.3 Mannan 

 

Mannans comprise a group of hemicelluloses consisting either of a β-1,4-linked D-mannose 

backbone (e.g. linear mannan and galactomannan), or a β-1,4-linked backbone of D-

mannose and D-glucose (e.g. glucomannan and galactoglucomannan). The unbranched 

linear chains of linear mannan and glucomannan give these polysaccharides properties 

similar to cellulose, including their insolubility in water (Voiniciuc, 2022). Galactomannan 

has a D-mannose backbone, but is substituted with α-1,6-linked D-galactose, making this 

polysaccharide more viscous and giving it the ability to form gels (Malgas et al., 2015; 

Hlalukana et al., 2021). Galactoglucomannan has a backbone consisting of β-1,4-linked D-
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mannose and D-glucose, but is substituted with α-1,6-linked D-galactose at the O-6 

positions of the mannose residues. All mannan forms can carry O-linked acetylations at the 

C2- and C3-positions of the backbone mannose units (Voiniciuc, 2022). 

Galactoglucomannan is the most complex form of mannan, and is the primary form of 

hemicellulose found in softwoods (Zhang et al., 2021a).  

 

1.2.2.4 Mixed-linkage glucan 

 

β-1,3;1,4-glucan, also called mixed-linkage glucan, differs from the hemicellulose types 

discussed above in that it contains only glucose, is unbranched, and has both β-1,3 and β-

1,4 glycosidic linkages in its backbone. In contrast to cellulose, mixed-linkage glucan is 

flexible and soluble even at very high degrees of polymerization, due to the presence of the 

β-1,3 linkages that create kinks in the otherwise β-1,4-linked backbone (Fincher, 2009). It 

is primarily found in grass species where it is thought to serve as a storage carbohydrate 

(Fry et al., 2008; Scheller and Ulvskov, 2010; Burton and Fincher, 2014). 

 

1.2.3 Lignin 

 

In contrast to cellulose and hemicellulose, the final major component of lignocellulose, 

lignin, is not a polysaccharide but a polyphenolic polymer made up of monolignols, 

derivatives of aromatic alcohols (Parthasarathi et al., 2011). The heterogeneous lignin 

structure is made up of p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol 

derivatives, three monolignol units referred to as p-hydroxyphenyl (H), guaiacyl (G), and 

syringyl (S), respectively. These lignin precursors differ in the number of methoxy-groups 

on their aromatic ring (0, 1, and 2, respectively; Figure 1). In addition to the three 

monolignols, caffeyl alcohol and 5-hydroxyconiferyl alcohol can also be incorporated into 

the polymeric lignin structure. Monolignols can be acetylated, which further contributes to 

the large chemical and structural variability in lignin structures. Similarly to in 

hemicellulose, lignin composition varies considerably between plant species and between 

different cell types (Zhong et al., 2019). Softwood biomass has a higher lignin content than 
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hardwood, and contains mostly G-type lignin, whereas hardwood contains both G- and S- 

lignin (lignin type GS). Less methoxy-groups in G-type lignin (one per monolignol compared 

to two in S-type lignin) results in increased condensation reactions, explaining why 

softwood lignin is difficult to remove in pretreatment processes (Nitsos et al., 2018). Grass 

species contain H-, G-, and S-type lignin, but generally contain more H-lignin than 

hardwoods and softwoods (Parthasarathi et al., 2011; Zhong and Ye, 2015). Lignin plays a 

critical role in plant structural stability via stiffening of the stem and roots (Zhong et al., 

2019). 

 

Interestingly, lignin is redox-active and can engage in a variety of reactions, especially in 

the presence of oxygen (Felby et al., 1997; Arantes et al., 2012; Bissaro et al., 2018b). For 

example, lignin can reduce oxygen to form H2O2, and reduce H2O2 to H2O. Lignin also has 

the ability to act as an electron source for oxidative enzymes requiring a reducing agent 

such as LPMOs, which are at the core of the research described in this thesis (Cannella et 

al., 2012; Westereng et al., 2015; Kracher et al., 2016; Brenelli et al., 2018) (section 1.3.4.5). 

 

Lignification of plant cell walls occurs in the final stages of cell growth. Oxidative free 

radical coupling of the three monolignols results in the formation of lignin polymers, which 

subsequently may participate in the formation of lignin-carbohydrate complexes (Zeng et 

al., 2017; Zhong et al., 2019). These close associations with the cell wall polysaccharides 

significantly contribute to the overall enzymatic recalcitrance of the lignocellulose 

structure (Gomez et al., 2008; Kellock et al., 2019). The difficulties associated with cost-

effective and efficient removal of lignin during pretreatment of lignocellulosic biomass for 

subsequent enzymatic saccharification play a major role in determining the economic 

viability of biorefining processes (Zeng et al., 2014; Nitsos et al., 2018). Due to the chemical 

association of lignin with cellulose and hemicellulose within the plant cell wall, care must 

be taken to preserve the structural integrity of these polysaccharides during lignin removal 

(Galbe and Wallberg, 2019; Sethupathy et al., 2022). 

 

Lignin has traditionally been considered a waste stream of biomass processing, and is often 

burned to produce heat and electricity. Biorefining efforts to valorize lignin have proven 
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difficult, due in part to its irregular chemical structure and general recalcitrance to 

depolymerization (Sethupathy et al., 2022). Nevertheless, numerous value-added 

chemicals and fuels have been identified as potential value-creating lignin-derived 

products (Parthasarathi et al., 2011; Kellock et al., 2019; Ponnusamy et al., 2019).  

 

1.3 Enzymatic depolymerization of cellulose in 

lignocellulosic biomass 
 

Conversion of lignocellulosic biomass to a fermentation product such as ethanol (“biofuel”) 

involves five main steps, namely collection and delivery of feedstock to the plant, 

pretreatment of the feedstock (at the point of collection or on-site), enzymatic 

saccharification, fermentation, and product formulation (Figure 6). In order to make the 

process viable, all these steps must be considered from an economic point of view, with 

primary focus on feedstock handling, pretreatment and enzyme efficiency, and enzyme 

costs (Wingren et al., 2003; Adav et al., 2011). The principles of enzymatic hydrolysis of 

cellulose are the primary focus of this thesis, with a special emphasis on the role of lytic 

polysaccharide monooxygenases (LPMOs). Common biomass pretreatment technologies 

are also briefly discussed. 

 

 

Figure 6. The main steps of the conversion of lignocellulosic biomass to ethanol. 
Depending on the choice of microorganism in the fermentation step, a range of different 
fuels and chemicals may be produced. The figure was reproduced from (Østby et al., 2020). 
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1.3.1 Biomass pretreatment 

 

Multiple pretreatment technologies are available to enhance accessibility of lignocellulosic 

biomass to enzymes and hence promote cellulose saccharification, as reviewed by (Yang 

and Wyman, 2008), (Sun et al., 2016) and (Cantero et al., 2019). These methods include wet 

oxidation (Schmidt and Thomsen, 1998), hydrothermal pretreatment (Petersen et al., 

2009), steam explosion (Brownell and Saddler, 1987; Pielhop et al., 2016), dilute acid 

treatment (Nguyen et al., 2000), ammonia fiber expansion (Balan et al., 2009), sulfite 

pulping (Wang et al., 2009; Rødsrud et al., 2012), and methods based on the use of ionic 

liquids and organic solvents (Zhou et al., 2018). Several of these have been used at 

demonstration or industrial scale in recent years. The choice of pretreatment method 

depends on the type of feedstock as well as on the spectrum of desired end products 

(Rødsrud et al., 2012; Duwe et al., 2019).  

 

Hydrothermal pretreatment, ammonia fiber expansion, and ammonium recycle percolation 

technologies cause cellulose decrystallization, some hydrolysis of hemicellulose, as well as 

lignin removal (Bals et al., 2010), and are primarily used for grass-type biomass (e.g. corn 

stover, switch grass). Pretreatment methods such as steam explosion and alkaline and 

sulfite pulping can also be used for woody biomass (e.g. poplar and spruce). Recent 

improvements in pretreatment technologies include combined removal of lignin and 

hemicellulose prior to mechanical refining (Chen et al., 2014; Wu et al., 2019; Kuhn et al., 

2020), restructuring native cellulose to the more accessible polymorph cellulose III in a 

low-moisture extractive ammonia process (da Costa Sousa et al., 2016), and the use of 

biomass-derived solvents for biomass pretreatment (Luterbacher et al., 2014; Socha et al., 

2014; Kim et al., 2019). A key target in the development of pretreatment technologies is to 

maximize cellulose hydrolyzability, while conserving the value of other biomass 

components and avoiding formation of compounds that may inhibit downstream 

fermentation processes (e.g. acetic acid, uronic acid, and formic acid released from the 

degradation of hemicelluloses) (Jönsson and Martín, 2016). 
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While some pretreatment technologies aim to increase plant cell wall accessibility via 

reorganization of plant cell wall polymers without removal of matrix polymers (e.g. 

ammonia fiber expansion and ammonium recycle percolation), other technologies increase 

enzymatic accessibility of cellulose via fractionation of the biomass by separating lignin 

(e.g. alkali and sulfite pulping), hemicellulose (e.g. steam explosion), or both (e.g. ionic 

liquid or organosolv pretreatment, or sulfite pulping) from cellulose. The impact of each of 

these technologies on cellulose crystallinity varies. 

 

Although true fractionation of biomass into its main, undamaged constituents would seem 

beneficial for downstream processing, detailed analysis of several types of pretreated 

biomass using glycome profiling and immunolabeling of plant cell wall polymers has 

indicated that no one pretreatment technology can completely separate cellulose from the 

other cell wall polymers (DeMartini et al., 2011; Pattathil et al., 2015; Zhang et al., 2018; 

Avci et al., 2019). Indeed, studies on the optimization of enzyme cocktails for biomass 

saccharification have revealed the need for a wide-spectrum enzyme cocktail, including 

cellulases and hemicellulases, and have shown that the composition of the optimal enzyme 

cocktail depends on pretreatment and biomass type (Banerjee et al., 2010; Kallioinen et al., 

2014; Chylenski et al., 2017a). 

 

1.3.2 Classification of enzymes involved in microbial biomass 

degradation 

 

Carbohydrate-active enzymes within the scope of lignocellulose degradation encompass a 

vast range of cellulolytic and hemicellulolytic enzymes.  Collectively, these enzymes (and 

those active on non-lignocellulosic polysaccharides, such as chitin or starch) are referred 

to as CAZymes (carbohydrate-active enzymes) and are compiled in the CAZy database 

(http://www.cazy.org). The CAZy database currently contains five separate enzyme classes 

and one class of associated modules. The module and enzyme classes are further organized 

into families based on sequence similarity (Drula et al., 2022). Two of the CAZy enzyme 

classes (glycoside hydrolases and auxiliary activities) are discussed in detail in sections 

http://www.cazy.org/
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1.3.3 and 1.3.4, respectively. The remaining enzyme classes in the CAZy database include 

glycosyltransferases, which catalyze the formation of glycosidic bonds (Lairson et al., 

2008), polysaccharide lyases, which perform non-hydrolytic, “eliminase-type” cleavage of 

specific glycosidic bonds in uronic-acid-containing polysaccharides (Linhardt et al., 1986), 

and carbohydrate esterases, which remove ester-linked methyl and acetyl substitutions 

from polysaccharides (Sista Kameshwar and Qin, 2018). The class of associated modules 

contains carbohydrate-binding modules (CBMs), non-catalytic domains frequently found 

attached to CAZymes that help bring the catalytic domain of the enzyme into close 

proximity with the substrate (Boraston et al., 2004). From an applied perspective, recent 

studies have shown that the advantage conferred to an enzyme carrying a CBM in terms of 

improved substrate binding decreases proportionally with increasing substrate 

concentration to the extent that the presence of a CBM may become unfavorable at high 

substrate concentrations (Várnai et al., 2013; Pakarinen et al., 2014; Jensen et al., 2018). 

 

While lignocellulolytic activity has been observed in many realms of life, including in 

bacteria, archaea, algae, oomycetes, fungi, mollusks, insects, and crustaceans (Cragg et al., 

2015), the majority of lignocellulose deconstruction is performed by aerobic and anaerobic 

bacteria, and filamentous fungi (Bomble et al., 2017). These microorganisms have evolved 

three central mechanisms to degrade lignocellulosic biomass, differing primarily in the way 

in which the hydrolytic enzymes come into contact with their natural substrate(s).  

 

1.3.2.1 Free enzymes 

 

In a common paradigm for fungal and bacterial lignocellulolytic degradation, so-called free 

enzymes are secreted into the environment where they can act upon relevant substrates 

(Bomble et al., 2017). This model of lignocellulose degradation is utilized by aerobic 

bacteria and fungi, and is well-studied in e.g. the filamentous fungus Trichoderma reesei 

(Bischof et al., 2016) and in the thermophilic soil bacterium Thermobifida fusca (Wilson, 

2004).  
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Free enzymes secreted by a single microorganism (which are part of its secretome) are 

tailored to work together synergistically to degrade different components of lignocellulosic 

biomass. Figure 7 shows a comprehensive overview of various types of reactions occurring 

during the degradation of lignocellulose, and the enzyme types that may be involved. In 

general terms, when depolymerizing polysaccharides such as cellulose, hydrolytic endo-

acting enzymes (endoglucanases) cleave glycosidic bonds within amorphous regions of 

cellulose chains, creating new chain ends. Exo-acting cellulases (cellobiohydrolases) act on 

reducing or non-reducing cellulose chain ends, including those generated by endo-acting 

hydrolases, and depolymerize the cellulose chains processively, releasing short oligomers. 

Resulting cello-oligosaccharides (primarily cellobiose) are subsequently cleaved by β-

glucosidases, generating monomeric sugars that can readily be taken up by microorganisms 

and used in metabolic processes (Kostylev and Wilson, 2012; Payne et al., 2015).  

 

Importantly, a recently discovered group of oxidative enzymes known as lytic 

polysaccharide monooxygenases (LPMOs) also plays a role in depolymerization of the 

cellulose polysaccharide by catalyzing the cleavage of glycosidic bonds at crystalline 

surfaces of the cellulosic substrate. In doing so, LPMOs contribute synergistically to 

substrate depolymerization by creating new binding targets for hydrolytic enzymes (Vaaje-

Kolstad et al., 2005a; Harris et al., 2010; Vaaje-Kolstad et al., 2010; Horn et al., 2012). Of 

note, when cellulose is complexed with hemicellulose and lignin, as in lignocellulosic 

biomass, alternate enzyme types are also required for comprehensive substrate 

degradation, including hemicellulolytic enzymes active on xylan and mannan 

(Bhattacharya et al., 2015), and oxidoreductases able to act on lignin, such as laccases and 

peroxidases (Silva et al., 2021) (Figure 7). Hemicellulases and non-LPMO oxidoreductases 

are discussed in sections 1.3.3.2 and 1.3.4.6, respectively. 

 



INTRODUCTION 

21 

 

Figure 7. An overview of reactions that may occur during depolymerization of 
lignocellulose. Steps 1, 2, and 3 illustrate the modification and depolymerization of the 
lignin fraction. Step 1 shows the generation of hydroxyl radicals by non-enzymatic Fenton 
chemistry involving transition metals (M), traditionally performed by brown-rot fungi, 
while steps 2 and 3 show the lignin activity of peroxidases and laccases, respectively. The 
oxidization of mediators (Med), which can contribute to lignin modification, is also shown 
for laccases (step 3’). The activities of hydrolytic cellulose-degrading enzymes are shown 
in steps 4, 5, 5’, and 6. Endoglucanase (EG) activity is shown in step 4, where the enzyme 
cleaves glycosidic bonds within a cellulose chain (endo-acting). Steps 5 and 5’ illustrate 
cellobiohydrolase I (CBHI) and II (CBHII) activity. These are hydrolytic enzymes which 
respectively degrade cellulose chains from the reducing (R) and non-reducing (NR) ends, 
releasing oligomers with a low degree of polymerization, primarily cellobiose. These 
products are cleaved to D-glucose by β-glucosidase (BG), shown in step 6. Note that 
oxidative LPMO activity within cellulose chains will also result in hydrolytic enzymes 
releasing short-chain oxidized products, indicated with a red star. Hemicellulolytic 
hydrolases depolymerize the hemicellulose fraction, shown in step 7. Steps 8, 8’, and 8” 
show the oxidation of cello-oligosaccharides by the dehydrogenase (DH) domain of 
cellobiose dehydrogenase (CDH), the use of the acquired electrons to generate H2O2 from 
O2, or the transfer of these electrons to the CDH cytochrome domain (Cyt), respectively. 
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Step 8” illustrates that reducing power required to catalytically activate LPMOs can be 
acquired from numerous sources, as also shown in steps 9, 11, 12, and 13. In step 9, the 
reducing power comes from the cytochrome domain attached to the dehydrogenase, 
whereas steps 11 and 12 show the acquisition of reducing power from a single-domain 
dehydrogenase, which can reduce the LPMO through its co-factor. In step 13, reducing 
power for the LPMO comes from reduced phenolics. Once reduced, and in the presence of a 
co-substrate (H2O2 or O2), LPMOs can oxidize cellulose within a cellulose chain (step 10). 
Steps 14-17 illustrate various ways in which H2O2 can be generated within the reaction 
system, including via reactions involving O2 and single-domain dehydrogenases (step 14) 
or phenolics (step 15), or via oxidation of carbohydrate-derived compounds by oxidases 
(step 16), such as glucose oxidase. H2O2 can also be generated by the oxidation of lignin-
derived products via the action of aryl-alcohol oxidases (AAO) (step 17). Excess H2O2 within 
the system is consumed by catalases (step 18). Finally, expansins/swollenins (SWO) may 
also contribute to lignocellulose depolymerization by disrupting cellulose (step 19) and 
hemicellulose structures. Steps 4-7 and step 10 illustrate primary activities relevant to the 
scope of this thesis, and are discussed in more detail in the main text. The figure was 
reproduced from (Bissaro et al., 2018b). 
 

 

1.3.2.2 Cellulosomes 

 

Another depolymerization strategy commonly observed among anaerobic fungi and 

bacteria acting on lignocellulosic biomass are cellulosomes, complexes consisting of a 

“molecular scaffold” with carbohydrate-active enzymes displayed on its surface. The 

scaffold, known as a scaffoldin subunit, may be tethered to the surface of the 

microorganism, and carries multiple catalytic modules (enzymes) as well as a 

carbohydrate-binding module. In contrast to the free enzyme strategy, polysaccharide 

degradation via cellulosomes is normally reliant on the organism being in direct physical 

contact with its substrate (Alves et al., 2021).  

 

1.3.2.3 Polysaccharide utilization loci 

 

The term polysaccharide utilization loci (PULs) refers to gene clusters within the genomes 

of anaerobic members of the Bacteriodetes phylum that encode enzymes required for 

depolymerization of complex carbohydrates. Genes within PULs are co-regulated, and the 

proteins they encode are transported to and organized within the outer membrane and the 
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plasma (inner) membrane. In this arrangement, enzymes located within the outer 

membrane can perform initial hydrolysis of the substrate to produce oligomers. These 

short-chain polysaccharides are then transported into the periplasmic space between 

membranes where further degradation occurs (Hemsworth et al., 2016; Grondin et al., 

2017). 

 

1.3.3 Glycoside hydrolases 

 

It was first postulated in 1950 by Reese et al. that cellulose degradation occurs via a two-

step process. The first step was suggested to be the conversion of crystalline cellulose to 

shorter, more accessible chains by a component described as C1. The second step was 

described as the conversion of this more accessible cellulose to oligomers and monomers 

by another component known as Cx (Reese et al., 1950). Over the years, the quest towards 

the isolation and identification of the C1 and Cx components in fungal secretomes led to the 

identification of a core set of fungal cellulose-active glycoside hydrolases (GHs). The 

primary function of GHs is to perform selective hydrolysis of glycosidic bonds (Davies and 

Henrissat, 1995). At the time of writing, the CAZy database GH class of enzymes contained 

173 families. GH activity has been demonstrated on a wide range of carbohydrates, 

including amorphous and crystalline cellulose, hemicelluloses, pectin, starch, and chitin. In 

the sub-sections below, GHs with cellulolytic or hemicellulolytic activity are discussed. 

 

1.3.3.1 Cellulases and cellulase cocktails 

 

Cellulose-active glycoside hydrolases can be classified into endoglucanases (EGs), 

cellobiohydrolases (CBHs), and β-glucosidases (BGs). As previously mentioned, the 

respective roles of EGs and CBHs are to cleave cellulose chains within non-crystalline 

regions, and to cleave off cellobiose or cello-oligomers from reducing or non-reducing 

cellulose chain ends. BGs depolymerize soluble cello-oligosaccharides liberated by CBHs 

and EGs (Wood, 1985). BG action is important in cellulose degradation, as cellobiose is an 

end-product inhibitor of CBHs (Sternberg et al., 1977). 
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Cellulose-active microorganisms often produce different kinds of GHs from various 

families. As an example, the model organism T. reesei secretes two CBHs (TrCel7A, a 

reducing end-specific CBH, and TrCel6A, a non-reducing end-specific CBH), four EGs 

(TrCel7B, TrCel5A, TrCel12A, and TrCel45A), and four BGs (TrCel3A, TrCel3B, TrCel3F, 

and TrCel3G) (Martinez et al., 2008; Adav et al., 2012). Two additional enzymes in the T. 

reesei secretome were initially annotated as EGs (TrCel61A and TrCel61B), but it is now 

clear that these enzymes are, in fact, LPMOs, discussed in section 1.3.4. 

 

Since the postulation of the C1–Cx theory for cellulose depolymerization, the nature of the 

C1 factor has been interpreted in many ways. For example, CBHs were originally presumed 

to act as the C1 factor (Halliwell and Griffin, 1973). CBHs are exo-acting GHs that have a 

characteristic tunnel-shaped active site, enabling them to thread the cellulose chain while 

processively cleaving glycosidic bonds. Processivity is a key attribute of CBHs that makes 

them especially powerful in depolymerizing the highly compact structure of crystalline 

cellulose (Teeri et al., 1998; Beckham et al., 2014; Vermaas et al., 2019). On the other hand, 

processivity leads to stalling of CBHs when their path is blocked by other enzymes or 

substrate-derived obstacles (Igarashi et al., 2011; Kurasin and Väljamäe, 2011; Cruys-

Bagger et al., 2012; Fox et al., 2012; Jalak et al., 2012). It is believed that through their 

hydrolytic action, EGs may be able to assist “blocked” CBHs, enabling them to continue the 

processive depolymerization of cellulose chains (Jalak et al., 2012; Hemsworth et al., 2016). 

Of note, early work on processive chitinases illustrated that the processivity of enzymes 

such as CBHs is accompanied by these enzymes being “sticky” (i.e. having low off-rates), 

and that as a consequence, these enzymes are rather slow (Horn et al., 2006). It has been 

suggested that CBHs can break non-covalent linkages between adjacent chains in 

crystalline cellulose since they thread single cellulose chains into their active site cleft and, 

thus, are potentially capable of extracting a longer piece of cellulose chain out of its 

crystalline context (Ghattyvenkatakrishna et al., 2013; Knott et al., 2014b). Such a function 

would indeed resemble the “decrystallization” function implied by Reese et al. when 

proposing the C1-Cx theory. The CBH TrCel7A is the most abundant enzyme in the T. reesei 

secretome (Gritzali and Brown, 1979), and harbors a long substrate-binding tunnel, 

enabling strong interactions with a single cellulose chain and contributing to the processive 
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action of this enzyme (Beckham et al., 2014; Knott et al., 2014a; Knott et al., 2014b). Despite 

the undoubtedly crucial role of CBHs in cellulose depolymerization, today, LPMOs are 

generally considered to be the C1 component proposed by Reese et al. 

 

To gain a deeper understanding of the mechanisms behind enzymatic biomass 

decomposition, individual enzymes have been studied alone and in combination with other 

enzymes, cellulase cocktails, or fungal secretomes. Synergism (i.e. the concomitant action 

of two enzymes resulting in a higher yield than the yield obtained from adding individual 

enzyme contributions) between EGs and CBHs acting on cellulose was demonstrated by 

Henrissat and colleagues in 1985 (Henrissat et al., 1985), and has been extensively studied 

(Nidetzky et al., 1994; Väljamäe et al., 1999; Jalak et al., 2012; Olsen et al., 2017). Other types 

of synergy are also well-documented, such as synergy between cellulases and 

hemicellulases, and between cellulases and LPMOs. 

 

Most commercial cellulase cocktails used in industrial saccharification of lignocellulosic 

biomass are fungal-derived because several fungi are efficient degraders of plant biomass 

and may show high production levels of catalytically efficient cellulases (Payne et al., 2015). 

In addition, fungi secrete lignocellulose-degrading enzymes into the medium, enabling easy 

separation from the producing organism (Merino and Cherry, 2007). Many cellulase 

cocktails are based on the secretome of T. reesei. Importantly, secretomes differ between 

fungal species and even between fungal strains, and vary considerably depending on the 

carbon source used when growing the fungus (Adav et al., 2011; Poidevin et al., 2014; 

Bengtsson et al., 2016). This variation must be considered when searching for natural 

enzymes or secretomes for the conversion of biomass. Importantly, lignocellulosic 

feedstocks may be pretreated in different manners, and the pretreatment will affect the 

nature of the optimal enzyme cocktail for subsequent saccharification (as illustrated in 

Paper II of this thesis). Throughout the years, individual components of enzyme cocktails 

have been the subject of enzyme improvement (Percival Zhang et al., 2006), either through 

screening for novel enzymes from alternative organisms (e.g. (Rosgaard et al., 2006; Suda 

et al., 2014)), or by applying enzyme engineering technologies (e.g. (Day et al., 2004; Scott 

et al., 2010)). Work done on commercial enzymes is not generally known to the public, and 
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it is not clear what types of improvements have been made to the cellulases present in 

modern commercial cellulolytic enzyme cocktails. Typical targets for improvement of 

individual cellulases may include increased hydrolytic efficiency and/or stability at process 

conditions, reduced end-product inhibition, and reduced lignin binding.  

 

Notable examples of commercial cellulase cocktails include the T. reesei-derived Celluclast 

1.5 L (which lacks adequate BG activity, as demonstrated by (Rosgaard et al., 2006)) and 

Cellic CTec2, both produced by Novozymes, and Accellerase 1500, produced by DuPont. As 

reviewed in (Bischof et al., 2016), Trichoderma reesei was discovered by researchers at the 

Natick Army Research Laboratories during World War II. Screening of 14,000 molds 

isolated from rotting cellulose-based army equipment in the Solomon Islands for the ability 

to degrade crystalline cellulose resulted in the identification of the renowned ancestor of 

all current commercial T. reesei strains, QM6a. Random mutagenesis of the T. reesei strain 

QM6a led to the T. reesei strain RUT-C30, which is the prototype hyperproducer of 

cellulases and is commercially available (Peterson and Nevalainen, 2012; Bischof et al., 

2016). Decades of genetic engineering of T. reesei has resulted in detailed knowledge of 

regulators and transcription factors involved in enzyme expression, which has contributed 

to the generation of novel cellulase hyperproducing mutants. While T. reesei has played a 

vital role in the history of understanding and exploiting natural lignocellulose-degrading 

enzyme systems, other filamentous fungal species, including Aspergillus sp., Neurospora 

crassa, and Myceliophtora thermophila, have also been studied in detail (de Vries, 2003; 

Dunlap et al., 2007; Visser et al., 2011), and may provide useful sources of enzymes, or be 

developed as expression hosts for production of individual enzymes or cellulase cocktails.  

 

While still based on the original T. reesei secretome, modern commercial cellulase cocktails 

will contain engineered variants of the original cellulases, as well as novel enzymes for 

which genes have been inserted into the genome, such as LPMOs. Expression of 

recombinant proteins in filamentous fungi is traditionally based on the use of native 

expression systems, using innate transcriptional regulators and promoters. Transcriptional 

regulatory systems have been studied in a variety of filamentous fungi, and it has become 

clear that these systems are not widely conserved. Hence, knowledge of these systems is 
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often not transferrable from one host organism to another, which is one of the reasons why 

the development of new filamentous fungal expression hosts is relatively slow (Fitz et al., 

2018; Mojzita et al., 2019). For species such as T. reesei, Aspergillus niger, and Aspergillus 

oryzae, important regulatory systems are well-explored (Mojzita et al., 2019). In addition, 

relevant transcriptional regulators have been studied to varying extents for N. crassa, M. 

thermophila, and Thermoascus aurantiacus (Visser et al., 2011; Craig et al., 2015; Schuerg 

et al., 2017).  

 

Of note, recent work by Singer and colleagues has demonstrated that T. aurantiacus has 

promising potential to become a thermophilic fungal expression host. T. 

aurantiacus secretes a limited number of plant cell wall-degrading enzymes, and the 

natural secretome, despite being relatively simple, has high efficiency in biomass 

hydrolysis. It is worth noting that T. aurantiacus secretes a high proportion of the well-

studied LPMO TaLPMO9A (previously TaGH61A) (Langston et al., 2011; Quinlan et al., 

2011; McClendon et al., 2012; Müller et al., 2015; Schuerg et al., 2017; Petrović et al., 2018), 

which may very well be one of the central LPMOs in commercial cellulase cocktails, 

although this is not known. Paper II of this thesis describes a study comparing the efficiency 

of a T. aurantiacus cellulase cocktail with the commercial cellulase preparation Cellic CTec2 

in saccharification of sulfite-pulped spruce and steam-exploded birch at high temperature 

and high substrate loading. Although thermostable enzymes have clear advantages in 

industrial settings, no thermostable cellulase cocktails are currently available commercially 

(Patel et al., 2019). 

 

1.3.3.2 Hemicellulases 

 

Depending on the type of biomass and pretreatment technology, in addition to cellulose, 

pretreated biomass contains varying amounts of linear and branched polysaccharides, 

including the hemicelluloses xylan, glucomannan, and xyloglucan, as well as pectin, all of 

which adhere to cellulose fibers (Somerville et al., 2004). The most well-studied 

hemicellulases are xylan- and glucomannan-specific enzymes, including GHs that cleave the 

polysaccharide main chain (xylanases and mannanases), as well as debranching GHs that 
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remove substitutions from the polysaccharide backbone (Malgas et al., 2015; Malgas et al., 

2019).  

 

Considering the complexity of hemicelluloses, many different types of hemicellulases can 

potentially contribute to biomass saccharification. Contributions can be in the form of 

generating more fermentable sugar through saccharification of the hemicelluloses, and/or 

by removing hemicelluloses that hamper cellulose depolymerization. As to the role of 

hemicellulases in promoting cellulose hydrolysis, the latter being the main topic of this 

thesis, several examples showing a beneficial effect of hemicellulase activity on cellulose 

saccharification can be found in literature, as reviewed in (Bhattacharya et al., 2015). 

Synergism of enzymes acting on different plant cell wall components was described already 

in the late 1990s for cellulases and xylanases acting on birch kraft pulp, and for cellulases, 

xylanases, and mannanases acting on spruce kraft pulp (Tenkanen et al., 1999). More 

recently, in a study using commercial enzyme preparations, Hu et al. showed that 

replacement of small amounts of the commercial cellulase preparation Celluclast 1.5 L with 

the commercial xylanase preparation Multifect Xylanase significantly increased both 

cellulose and xylan hydrolysis yields for steam-exploded corn stover, due to the synergistic 

action of cellulases and xylanases (Hu et al., 2011). By replacing approximately 14% of the 

total enzyme loading with the xylanase blend, cellulose and xylan yields were improved by 

approximately 14% and 18%, respectively, without requiring an increase in total enzyme 

loading. Furthermore, using a fiber quality analyzer, which enables detection of changes in 

fiber properties of residual substrate following hydrolysis, Hu and co-workers 

demonstrated that the concomitant action of xylanases and cellulases resulted in increased 

fiber fragmentation as compared to reactions with Celluclast 1.5 L alone. Thus, hydrolysis 

of xylan improved the accessibility of the cellulose for the cellulases in the commercial 

preparation.  

 

In another early example, Qing and Wyman demonstrated that addition of Multifect 

Xylanase and a commercial β-xylosidase preparation to a mix of the commercial cellulase 

cocktail Spezyme Cellulase and Novozyme 188 β-glucosidase improved glucan and xylan 

hydrolysis of ammonia fiber expansion-pretreated corn stover by nearly 30% and 25%, 
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respectively (as compared to yields obtained when using only the cellulase mix) (Qing and 

Wyman, 2011). The boosting effect of adding xylanases to the cellulase blend was not 

observed in hydrolysis of Avicel, and was small when using dilute acid-pretreated corn 

stover. These differences can be explained by the properties of the cellulosic substrate. 

Avicel consists of pure microcrystalline cellulose and does not contain any hemicellulose 

fractions. Dilute acid pretreatment, in contrast to ammonia fiber expansion pretreatment, 

results in low amounts of residual hemicellulosic sugars in the substrate (Yang and Wyman, 

2009). It is clear that, as previously discussed, the composition of the lignocellulosic 

biomass and the choice of pretreatment significantly impact the enzyme cocktail required 

for its optimized depolymerization. For a particular feedstock, it is therefore essential to 

identify key plant cell wall components that may hinder access to cellulose and other plant 

cell wall polysaccharides and to identify the corresponding CAZymes that cleave these, as 

synergistic action of multiple enzyme types is essential to achieve maximum 

saccharification. 

 

To cope with the variation of hemicellulose types and contents in a range of industrially-

relevant biomasses, several enzyme companies have developed hemicellulolytic 

preparations, such as the Cellic HTec series produced by Novozymes, or Accellerase XC 

produced by DuPont. These may be used to supplement base cellulolytic preparations such 

as those described in section 1.3.3.1.  

 

Of note, some EGs (and certain LPMOs) may also contribute to hemicellulose conversion 

because they are capable of cleaving the polysaccharide backbones of hemicellulosic 

polysaccharides, including xyloglucan, xylan, and/or glucomannan. For so-called 

promiscuous EGs, this has been demonstrated by, for example, Vlasenko and co-authors, 

who showed xylan activity for multiple family 7 EGs, and by Mikkelson and colleagues, who 

observed significant mannanase activity for TrCel5A (Vlasenko et al., 2010; Mikkelson et 

al., 2013). Examples of LPMOs potentially contributing to hemicellulose depolymerization 

are discussed in section 1.3.4.2. 
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1.3.4 Auxiliary activities and lytic polysaccharide monooxygenases 

 

The Auxiliary Activities (AA) class of the CAZy database contains 17 families, and comprises 

LPMOs and redox-enzymes that act in concert with CAZymes, such as lignin-active enzymes 

(Levasseur et al., 2013). LPMOs are found in families AA9-11 and AA13-17. Fungal LPMOs 

are found in families AA9-11, AA13-14, and AA16. Of note, fungal LPMOs of the AA10 type 

are very rare and, while bacterial AA10s have been intensely studied, none of the putative 

fungal AA10s have been characterized. As LPMOs (and, in particular, AA9s) are central to 

the research described in this thesis, the following sections will primarily focus on these 

LPMOs, discussing the history of their discovery, substrate specificities, structural features, 

catalytic mechanism, applications in industrial conversion of biomass, oxidative 

regioselectivity, and methods for detection and analysis of their products. Section 1.3.4.6 

will briefly touch upon other oxidoreductases, some of which may be relevant for 

understanding and optimizing LPMO reactions, such as glucose oxidase.  

 

1.3.4.1 Historical perspective  

 

Following the C1-Cx hypothesis for cellulose degradation postulated in 1950 (Reese et al., 

1950), for decades, cellulose depolymerization was presumed to primarily occur via the 

action of hydrolytic enzymes. It was not until 1974 that preliminary evidence for the 

participation of redox enzymes in cellulose degradation came to light. By comparing the 

hydrolysis of powdered cellulose by a fungal secretome and isolated GHs from the same 

secretome, Eriksson and co-workers noted a significant increase in cellulose hydrolysis 

when the complete fungal secretome was used. This led the authors to assume that an 

alternate enzyme necessary for cellulose hydrolysis was present in the secretome. 

Furthermore, in the same study, Eriksson and colleagues observed a significant decrease in 

substrate degradation when cellulose hydrolysis was performed by the same secretome 

under anaerobic conditions, indicating that the additional enzyme used an oxidative 

mechanism to depolymerize the substrate. In retrospect, this study provided an early 

indication of the role of LPMOs in cellulose degradation (Eriksson et al., 1974). 
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In spite of these early observations, it took many years for the true nature of LPMOs to be 

uncovered. In the 1990s and early 2000s, several proteins now known to be LPMOs were 

being discovered and characterized, but were classified either as family 33 carbohydrate-

binding modules (CBM33) (at the time referred to as chitin-binding proteins (CBPs), as 

many were found to bind to chitin) (Schnellmann et al., 1994; Kolbe et al., 1998; Suzuki et 

al., 1998; Saito et al., 2001) or as hydrolytic endoglucanases with notably low activity 

(GH61s) (Raguz et al., 1992; Armesilla et al., 1994; Karlsson et al., 2001). In 2005, Vaaje-

Kolstad and colleagues obtained the first crystal structure of a CBM33 protein. This protein, 

CBP21 (also known as SmLPMO10A or SmAA10A), is secreted in large amounts along with 

hydrolytic chitinases by the gram-negative bacterium Serratia marcescens when grown on 

chitin (Suzuki et al., 1998). Surprisingly, the crystal structure of CBP21 showed that 

conserved aromatic amino acids, previously assumed to be essential for binding of CBM33 

proteins to chitin, were located within the protein core. Additionally, the authors noted that 

CBP21 had a flat surface with multiple highly conserved, primarily hydrophilic residues 

(Vaaje-Kolstad et al., 2005b). In the same year, Vaaje-Kolstad and colleagues showed that 

CBP21 was essential for efficient chitin degradation. In a seminal study, the authors 

demonstrated that the inclusion of CBP21 in reactions of chitinases acting on insoluble 

crystalline chitin strongly promoted substrate degradation. It was also shown that 

mutations of the polar residues of the protein surface did not affect the ability to bind to 

chitin, but negatively influenced the ability of CBP21 to boost chitinase activity. While 

CBP21 was still presumed to be non-catalytic, it was clear that this protein significantly 

contributed to chitin depolymerization in conjunction with hydrolytic chitinases (Vaaje-

Kolstad et al., 2005a).  

 

Similar observations made for several GH61 proteins were described by Merino and Cherry 

in 2007. The authors found that supplementation of Celluclast 1.5 L with various GH61s 

from the secretome of the cellulolytic fungus Thermothielavioides terrestris (syn. Thielavia 

terrestris) in saccharification of acid-pretreated corn stover led to significantly increased 

cellulose conversion, indicating synergistic effects between the GH61s and the hydrolases 

in Celluclast 1.5 L. Notably, inclusion of T. terrestris GH61s in reactions of Celluclast 1.5 L 

with pure cellulosic substrates such as Avicel and PASC did not result in enhanced cellulose 
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degradation, leading the authors to speculate that the ability of GH61s to boost cellulolytic 

activity is dependent on the presence of non-cellulosic components within the substrate, 

such as lignin or hemicellulose (Merino and Cherry, 2007). These substrate-dependent 

differences in the ability of GH61 proteins to increase cellulose depolymerization would 

later be attributed to the presence of lignin in the acid-pretreated corn stover, much as the 

authors predicted. The first crystal structure of a GH61 (at the time known as Cel61B from 

Hypocrea jecorina, syn. T. reesei) was solved in 2008 by Karkehabadi and colleagues, who 

observed that Cel61B had highly conserved polar residues on its surface, which lacked the 

classical substrate-binding cleft and active site residues of EGs and was instead mostly flat. 

Importantly, the authors noted the resemblance of the GH61 structure with that of CBP21 

(Karkehabadi et al., 2008). Today, Cel61B is known as TrLPMO9A.  

 

Another important piece of the puzzle was elucidated by Harris et al. in 2010, who showed 

that the ability of GH61 proteins to enhance cellulose hydrolysis was dependent on the 

presence of divalent metal ions. By adding GH61 from T. aurantiacus or from T. terrestris to 

a T. reesei cellulase mixture and assessing cellulose hydrolysis of acid-pretreated corn 

stover in the presence of various divalent metal ions, Harris and co-workers showed that 

saccharification was considerably boosted in the presence of several of the tested metal 

ions. The ions tested were Ca2+, Co2+, Mg2+, Mn2+, and Ni2+, and all were reported to have 

similar effects. The authors reasoned that two conserved histidine residues were likely 

involved in metal binding, as point mutations of these resulted in inactive GH61s. Solving 

the structure of GH61E from T. terrestris showed that in addition to having a relatively flat 

surface, it did not contain the conserved catalytic acid residues necessary for traditional 

hydrolytic polysaccharide cleavage, further supporting the notion that GH61 proteins were 

not hydrolytic GHs (Harris et al., 2010). 

 

A breakthrough occurred in 2010, when, in a landmark publication, Vaaje-Kolstad et al. 

showed that CBM33 proteins were in fact enzymes capable of oxidative polysaccharide 

degradation. Using newly developed chromatographic and mass spectrometry methods 

enabling oxidized product identification and quantification, Vaaje-Kolstad and colleagues 

showed that incubation of CBP21 with chitin generated products carrying an oxidized sugar 
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unit on one end, and, notably, that many of these products were longer oligosaccharides, 

indicative of an “endo-type” activity. The authors also found that supplementing the 

reaction with a reductant significantly boosted the reaction efficiency, and, by performing 

experiments under anaerobic conditions, showed that O2 was required for CBP21 activity. 

The authors pointed out that based on the above-mentioned structural and functional 

similarities, GH61s were also likely to be oxidative enzymes (Vaaje-Kolstad et al., 2010). 

 

These findings were followed by the discoveries of oxidative cleavage of cellulose by 

another CBM33 enzyme (Forsberg et al., 2011), and by several GH61s (Langston et al., 

2011; Phillips et al., 2011; Quinlan et al., 2011; Westereng et al., 2011; Beeson et al., 2012). 

Notably, the studies by Quinlan et al. and Phillips et al. uncovered that LPMOs are mono-

copper enzymes, and that the copper ion is coordinated by two conserved histidine 

residues, referred to as the histidine brace (Phillips et al., 2011; Quinlan et al., 2011). 

 

Today, CBM33 and GH61 enzymes are called LPMOs, and have been reclassified as AA 

families 10 and 9, respectively, in the CAZy database (Levasseur et al., 2013). LPMOs are 

now generally considered to be the long sought-after C1 factor postulated by Reese and 

colleagues (Reese et al., 1950; Vaaje-Kolstad et al., 2010; Horn et al., 2012; Morgenstern et 

al., 2014). This notion is supported by multiple studies showing that LPMOs from various 

AA families induce fibrillation of cellulose fibers (Villares et al., 2017; Hu et al., 2018; Valls 

et al., 2019). 

 

1.3.4.2 Substrate specificity  

 

Within the CAZy database, the AA9 family has the highest number of characterized enzymes 

(34 at the time of writing). AA9s have been found to display a wide range of substrate 

specificities, including on cellulose (as discussed in a historical context for GH61s above) 

and various hemicelluloses such as glucomannan, mixed-linkage glucan, and xyloglucan 

(Agger et al., 2014; Isaksen et al., 2014; Bennati-Granier et al., 2015; Cannella et al., 2016; 

Frommhagen et al., 2016; Kojima et al., 2016; Nekiunaite et al., 2016; Fanuel et al., 2017; 

Ladevèze et al., 2017; Simmons et al., 2017; Jagadeeswaran et al., 2018; Kadowaki et al., 
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2018; Petrović et al., 2019; Monclaro et al., 2020; Frandsen et al., 2021) (Paper III of this 

thesis). Oxidative degradation of cellulose-associated xylan has also been demonstrated, 

and recent work shows that xylan activity may be quite significant for certain AA9 LPMOs 

(Frommhagen et al., 2015; Hüttner et al., 2019; Tõlgo et al., 2022) (Paper IV of this thesis). 

The xylan activity of these LPMOs has been observed only when xylan is complexed with 

cellulose. As discussed in section 1.2.2.1, a likely reason for the impact of association with 

cellulose is that insoluble forms of hemicelluloses associated with cellulose adopt different 

conformations than their soluble forms (Busse-Wicher et al., 2016a). 

 

The AA10 family comprises LPMOs active on cellulose and chitin, and its members are 

primarily of bacterial origin as mentioned above, although some recent noteworthy 

exceptions exist, including the first LPMO isolated from a plant species (Yadav et al., 2019). 

At the time of writing, very few members of the remaining LPMO families had been 

functionally characterized. Some examples include AA11s active on chitin, including  the 

recently studied AfAA11A and AfAA11B from Aspergillus fumigatus (Rieder et al., 2021a; 

Støpamo et al., 2021), AA13s active on starch, including NcAA13 from N. crassa and AnAA13 

from Aspergillus nidulans (Vu et al., 2014b; Lo Leggio et al., 2015), two Pycnoporus coccineus 

(syn. Trametes coccinea) AA14s active on xylan (Couturier et al., 2018), and one cellulose-

active AA16 from Aspergillus aculeatus (Filiatrault-Chastel et al., 2019). The AA15 family 

contains three characterized LPMOs, one of which is active on cellulose and chitin, and the 

other two of which are chitin-active. Two of these LPMOs were isolated from Thermobia 

domestica, a detritivorous insect, and the third was isolated from Aphanomyces astaci, an 

oomycete pathogen of crustaceans. Of note, the T. domestica LPMOs were the first to be 

isolated from a higher animal (Sabbadin et al., 2018; Sabbadin et al., 2021a). Finally, the 

AA17 family contains pectin-active LPMOs isolated from the oomycete plant pathogen 

Phytophthora infestans (Sabbadin et al., 2021b). A recent detailed overview of LPMO 

families and their substrate specificities appears in (Vandhana et al., 2022). 

 

While the primary role of LPMOs has long been considered to be related to degradation of 

biomass polysaccharides, recent studies have indicated that these enzymes also have other 

biological functions, including as purported virulence factors of opportunistic pathogens 
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(Loose et al., 2014; Paspaliari et al., 2015; Agostoni et al., 2017; Li et al., 2020; Askarian et 

al., 2021; Sabbadin et al., 2021a; Sabbadin et al., 2021b). Further exploration of alternative 

LPMO functions is needed, and represents an exciting area of future research. 

 

Further functional characterization of LPMOs will also aid in elucidation of the biological 

rationale for the multiplicity of LPMOs found in the genomes of fungi (Várnai et al., 2021). 

In-depth functional characterization of LPMOs in the context of depolymerization of 

complex biomass has become a reality due to significant efforts and developments in LPMO 

research over the past decade. Paper III of this thesis describes the functional 

characterization of ScLPMO9A, an AA9 LPMO from the fungus Schizophyllum commune.  

 

1.3.4.2.1 LPMOs active on soluble oligomeric substrates 

 

In addition to the above-mentioned polysaccharide substrates, a number of LPMOs have 

also been shown to oxidize soluble cello-oligosaccharides (Isaksen et al., 2014; Bennati-

Granier et al., 2015; Frandsen et al., 2016; Simmons et al., 2017; Jagadeeswaran et al., 2018; 

Kadowaki et al., 2018; Frandsen et al., 2021). Oxidative cleavage of soluble cello-

oligosaccharides is demonstrated for ScLPMO9A from S. commune in Paper III of this thesis.  

 

Of note, activity on soluble chito-oligomers has also been demonstrated for CBP21 and for 

AfAA11B (Bissaro et al., 2018a; Rieder et al., 2021a). While CBP21 showed only very weak 

activity on chitohexaose, at high substrate concentrations, AfAA11B showed strong activity 

on chito-oligosaccharides with a DP between three and six, and interestingly, low activity 

on crystalline chitin.  

 

As discussed above, organisms capable of degrading polysaccharide substrates such as 

complexes of cellulose and hemicellulose found in plant biomass often encode a range of 

CAZymes, including, for example, β-glucosidases and β-xylosidases. The role of these GHs 

is to cleave short oligomers generated by the actions of hydrolytic enzymes in collaboration 

with LPMOs. It is therefore unlikely that lignocellulolytic organisms have evolved 

specialized LPMOs for cleaving short oligomeric substrates. While the biological purpose of 
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cleavage of soluble oligosaccharides by LPMOs remains unclear, this ability has been very 

important in LPMO research because it has enabled structural characterization of LPMO-

substrate complexes (Frandsen et al., 2016). 

 

1.3.4.3 Structural features 

 

X-ray crystallography studies have been paramount in establishing a general overview of 

LPMO structures and topology. While modeling and structural data continue to update our 

understanding of differences between LPMO families, and in particular, the ways in which 

structure may relate to function in terms of substrate specificity and oxidative 

regioselectivity, certain LPMO features are shared amongst all families. LPMOs may occur 

as single domain proteins or be multi-modular, containing CBMs, GH modules, and/or other 

modules, connected via linker regions (Mekasha et al., 2016; Mutahir et al., 2018; 

Tamburrini et al., 2021; Zhang et al., 2021b).  

 

All LPMOs are characterized by the presence of two conserved catalytic histidines involved 

in coordination of a single copper ion, known as the histidine brace (Quinlan et al., 2011), 

which forms the solvent-exposed active site on the LPMO surface (Figure 8). The redox 

state of the copper ion, which changes from Cu(II) to Cu(I) during LPMO catalysis (section 

1.3.4.4), changes the sphere in which it is coordinated (Vaaje-Kolstad et al., 2017). Of note, 

studies of divalent metal binding by CBP21 have shown that the histidine brace binds Cu(I) 

more tightly than Cu(II) (Aachmann et al., 2012). When the copper ion is in its reduced form 

(Cu(I)), the coordination sphere has a T-shaped geometry. In this three-coordinate copper 

coordination state, two nitrogen ligands are provided by the imidazole side chain and 

amino group of the conserved N-terminal histidine. In fungi, this histidine is post-

translationally methylated, and this modification may be involved in protecting LPMOs 

from autocatalytic damage (Petrović et al., 2018). The imidazole group of a second 

conserved histidine contributes a third nitrogen ligand. Other central amino acids that are 

conserved in several LPMO families include a glutamine proximal to the active site, which, 

like its glutamate counterpart in AA10 LPMOs (Vaaje-Kolstad et al., 2005b; Bissaro et al., 

2020), is essential for AA9 activity (Harris et al., 2010), and a conserved proximal axial 
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tyrosine (or phenylalanine) residue. This tyrosine, present in LPMOs from families 9, 11, 

and 13, is located within the protein core and helps shape the copper site, but is not usually 

considered to interact directly with the copper. The precise role of this tyrosine residue is 

debated, but a recent study has indicated that it may assist in protecting the active site from 

oxidation when the LPMO is not bound to substrate (Paradisi et al., 2019; McEvoy et al., 

2021). Of note, most AA10 LPMOs have a phenylalanine in this position. 

 

 

Figure 8. Surface topologies and active sites of representatives of LPMO families AA9-
11 and AA13-15. The top row shows the characteristic histidine brace residues and the 
associated tyrosine (stick representation), replaced by a phenylalanine in most AA10 
LPMOs. The copper atom is shown as an orange sphere for all LPMOs except PcAA14, for 
which the structure was solved without copper (although copper-binding was 
demonstrated via electron paramagnetic resonance spectroscopy (Couturier et al., 2018)). 
The shared IgG-like fold and variation in surface topologies can be seen in the bottom row 
of the figure. Note that although not included in the figure, the structure of one AA17 LPMO 
from P. infestans has been solved (PDB code 6Z5Y) (Sabbadin et al., 2021b). PDB codes of 
the structures represented in the figure are 5ACH (AA9), 5OPF (AA10), 4MAI (AA11), 4OPB 
(AA13), 5NO7 (AA14), and 5MSZ (AA15). The figure was reproduced from (Tandrup et al., 
2018). 
 

 

An additional shared feature is the highly conserved LPMO core (Figure 8), comprised of 

an immunoglobulin G (IgG)-like β-sandwich, which consists of two β-sheets containing 

seven or eight β-strands. The β-strands are connected by loops of varying length and with 

varying content of short helices, which contribute to defining both the surroundings and 

plane of the substrate-binding surface of the LPMO. The variable loop regions are the major 

contributor to structural variety amongst LPMO surfaces and are likely important 
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determinants of LPMO substrate specificity (Li et al., 2012; Vu et al., 2014a; Beeson et al., 

2015; Borisova et al., 2015; Vaaje-Kolstad et al., 2017). Fungal LPMOs generally contain 

several aromatic amino acids within these loop regions, the side chains of which are part of 

the substrate-binding surface. On the LPMO surface, these residues are separated by 

distances corresponding to the distance between monomers in the polysaccharide chains, 

indicating that they are involved in interactions with the substrate (Li et al., 2012; Wu et al., 

2013). 

 

Early crystal structures indicated that LPMOs primarily have an open and flat surface 

(Vaaje-Kolstad et al., 2005b; Karkehabadi et al., 2008), now known to enable binding to 

crystalline substrate surfaces (Vaaje-Kolstad et al., 2010; Aachmann et al., 2012; Eibinger 

et al., 2014). Generally, this rule remains true, as the majority of solved LPMO structures 

show flat binding surfaces where the active site and the polysaccharide substrate come into 

contact (Vaaje-Kolstad et al., 2017; Vandhana et al., 2022). However, newer solved 

structures have uncovered a certain degree of variability in substrate-binding surface 

topologies amongst different LPMO families, and it is believed that these differences likely 

correlate with variations in substrate specificity. For example, PcAA14B, the only AA14 

LPMO for which the structure is known, contains two distinct loops that create a rippled 

surface area, which likely contributes to its activity on xylan (Couturier et al., 2018; 

Tandrup et al., 2018). In addition, the active sites of starch-active AA13 LPMOs share a 

shallow groove-like shape, likely optimized for binding of the α-1,4-linked helical starch 

polysaccharide (Lo Leggio et al., 2015). 

 

The first crystal structure of an LPMO complexed with a bound oligosaccharide was solved 

in 2016 for LsLPMO9A from Lentinus similis (Frandsen et al., 2016), and enabled a detailed 

study of the primarily polar interactions between residues in and near the LPMO active site 

and the carbohydrate substrate. In the same year, Courtade and colleagues studying 

NcLPMO9C interacting with soluble substrates by nuclear magnetic resonance (NMR) 

spectroscopy found that the substrate binding surface of this LPMO involves amino acids 

located in variable loop regions (Courtade et al., 2016). Accordingly, in a recent study of 

LsLPMO9A and other AA9 LPMOs, Frandsen et al. concluded that two loop regions 
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containing polar amino acids play an essential role in the ability to oxidatively cleave 

soluble cellodextrins (Frandsen et al., 2021). 

 

Elucidation of hemicellulose activities of several cellulose-active LPMOs has indicated that 

certain structural features are shared amongst LPMOs active on similar substrates, 

including features associated with the ability to cleave substituted hemicelluloses. Recent 

examples of publications that discuss these issues include (Lenfant et al., 2017; Simmons et 

al., 2017; Laurent et al., 2019; Monclaro et al., 2020; Sun et al., 2020; Frandsen et al., 2021). 

The ways in which structural elements can influence LPMO substrate specificity are also 

addressed in Paper IV of this thesis, which demonstrates xylanolytic activity of two AA9 

LPMOs from N. crassa. 

 

1.3.4.4 Catalytic mechanism 

 

As soon as it became clear that LPMOs are oxidative enzymes capable of cleaving crystalline 

polysaccharides (Vaaje-Kolstad et al., 2010), the search for their catalytic mechanism was 

underway. As discussed above, subsequent studies by Quinlan et al. and Phillips et al. 

showed that LPMOs are copper-dependent redox enzymes and that the copper ion is 

coordinated within the histidine brace of the LPMO active site (Phillips et al., 2011; Quinlan 

et al., 2011). Based on the original findings by Vaaje-Kolstad and colleagues, LPMOs were 

classified as monooxygenases, oxidoreductases that utilize molecular oxygen to catalyze 

the hydroxylation of a substrate. In 2017 however, the monooxygenase paradigm for LPMO 

catalysis was called into question by Bissaro and colleagues, who instead proposed that 

LPMOs are peroxygenases that utilize H2O2 as their co-substrate during catalysis (Bissaro 

et al., 2017). Proposed monooxygenase and peroxygenase modes of catalysis are discussed 

in more detail below. 

 

The reduction of the LPMO copper co-factor from Cu(II) to Cu(I) via an electron donor, 

referred to as the “priming reduction” in the peroxygenase paradigm (Bissaro et al., 2017; 

Bissaro et al., 2018b), is crucial for the LPMO reaction. It has been shown that the reducing 

power needed by LPMOs can be delivered in many ways, including via other redox enzymes, 
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small molecule reductants, and compounds derived from lignin and plant biomass. The 

ability of lignin and plant-derived phenolic compounds to provide these reducing 

equivalents was demonstrated already in early studies of the boosting effect of GH61 

proteins (now known as LPMOs) on enzymatic conversion of lignocellulosic substrates 

(Merino and Cherry, 2007; Harris et al., 2010), and has, after the discovery of LPMO activity, 

been further demonstrated and detailed in several studies (Hu et al., 2014; Westereng et 

al., 2015; Kracher et al., 2016; Frommhagen et al., 2018). Typical small molecule reductants 

used by LPMOs include ascorbic acid (AscA) and gallic acid (GA), which are frequently used 

in laboratory settings when working with model (lignin-poor) substrates (Vaaje-Kolstad et 

al., 2010; Eijsink et al., 2019). Redox enzymes known to fuel LPMO reactions include 

cellobiose dehydrogenase (CDH), various flavoenzymes, and pyrroloquinoline-quinone-

dependent pyranose dehydrogenase (Phillips et al., 2011; Garajova et al., 2016; Kracher et 

al., 2016; Várnai et al., 2018). Recent studies have shown that the nature of the reductant 

can have a significant impact on the rate of the LPMO reaction. Importantly, these studies 

claim that this variation is due to differences in the ability of different LPMO-reductant 

combinations to generate H2O2, rather than differences in their ability to reduce the LPMO 

(Hegnar et al., 2019; Rieder et al., 2021b; Stepnov et al., 2021; Stepnov et al., 2022a). One 

important distinction between the monooxygenase and peroxygenase reaction schemes 

concerns the consumption of reducing equivalents, as discussed in more detail below and 

illustrated in Figure 9.  
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Figure 9. An overview of reactions related to LPMO catalysis. The priming reduction of 
the LPMO copper co-factor from Cu(II) to Cu(I) by the reducing agent (Red) is shown in step 
0. LPMO catalysis then occurs via the monooxygenase (A) or peroxygenase (B) mechanism. 
In (A), the LPMO uses O2, an additional electron, and two protons to perform oxidative 
cleavage of the glycosidic bond. Of note, different mechanisms proposed for the 
monooxygenase reaction have suggested that the LPMO may be oxidized to the Cu(II) state 
or remain in the reduced Cu(I) state following catalysis, reflected by the mixed blue and red 
color of the copper co-factor in reaction (A). In the peroxygenase reaction (B), the reduced 
LPMO uses H2O2 to catalyze the oxidation of the substrate, without requiring 
supplementation of additional electrons for each catalytic cycle. In the peroxygenase model, 
each reduced LPMO can thus catalyze multiple turnovers in the presence of H2O2 (step 1). 
Potential non-productive reactions involving the LPMO are illustrated in steps 2-4. Reduced 
LPMOs not bound to the substrate can reduce O2, generating H2O2 via the formation of a 
superoxide radical (O2•-), as shown in steps 2 and 3. Furthermore, unbound reduced LPMOs 
can react directly with H2O2, which may lead to the formation of reactive oxygen species 
(ROS) that can damage or inactivate LPMOs. This is referred to as autocatalytic inactivation 
and is illustrated in steps 2 and 4. Within the reaction system, H2O2 may also be formed via 
reactions of molecular oxygen with the reductant (step 5). In addition, H2O2 can oxidize the 
reducing agent, which may generate ROS (step 5’). The presence of transition metals in 
solution may further complicate the illustrated processes, as discussed in more detail in the 
main text. Reaction schemes for the monooxygenase and peroxygenase reactions are 
shown below the illustration. The figure was reproduced from (Hegnar et al., 2019). 
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While various reaction mechanisms proposed for both the monooxygenase and 

peroxygenase reactions differ in several aspects, following the reduction of the copper co-

factor, the principal catalytic step in both paradigms entails the formation of an 

intermediate LPMO-oxygen species that abstracts a hydrogen atom from the 

polysaccharide substrate at the scissile glycosidic bond, resulting in a substrate radical 

species. The details concerning how the hydrogen atom is abstracted are still not fully 

understood. To complete the catalytic cycle, the substrate radical is hydroxylated by the 

copper-bound, now protonated oxygen species. The hydroxylated glycosidic bond is 

unstable, and spontaneous cleavage of this destabilized bond results in the formation of 

two carbohydrate products, one of which is oxidized (Phillips et al., 2011; Beeson et al., 

2015; Walton and Davies, 2016; Bissaro et al., 2017). Proposed schemes for the 

monooxygenase and peroxygenase reactions are shown in Figure 9.  

 

In the monooxygenase reaction, two electrons and two protons are required for each 

catalytic cycle. Importantly, this implies stoichiometric consumption of the reducing agent 

for each oxidized product generated. Since only one of the two required electrons can be 

stored by the copper co-factor, and since the copper co-factor is shielded from the solvent 

in the enzyme-substrate complex, it is not clear how the second electron arrives at the 

catalytic center during catalysis. This phenomenon has been termed the second electron 

conundrum (Bissaro et al., 2018a; Forsberg et al., 2019). A model of CBP21 interacting with 

crystalline chitin generated by Bissaro and colleagues showed that binding of the LPMO to 

the substrate results in very limited access to the active site, meaning that enzymatic 

electron donors or even small-molecule reductants are unable to interact with the LPMO 

active site in the enzyme-substrate complex (Bissaro et al., 2018a). The inability of 

enzymatic electron donors to provide reducing equivalents while the LPMO is bound to the 

substrate has also been demonstrated experimentally (Courtade et al., 2016). Explanations 

for delivery of the second electron through an electron transfer channel within the protein 

have been proposed, including by Li and colleagues (Li et al., 2012), but experimental 

evidence for such mechanisms is yet to be uncovered. 
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The peroxygenase reaction mechanism was first proposed by Bissaro et al. in 2016 (Bissaro 

et al., 2016; Bissaro et al., 2017). Based on a series of compelling experiments, some of 

which are detailed below, Bissaro et al. proposed that following the initial priming 

reduction of the LPMO, the electron and protons required for oxidative polysaccharide 

cleavage are supplied by H2O2, which can readily diffuse into the LPMO-substrate complex, 

as has later been demonstrated (Bissaro et al., 2018a). This proposed mechanism solves the 

second electron conundrum and leaves the LPMO in a reduced Cu(I) state post-catalysis, 

enabling multiple catalytic turnovers following a single reduction event. 

 

In their seminal study, Bissaro and co-workers showed that addition of H2O2 to an LPMO 

reaction with Avicel and small amounts of AscA drastically increased the rate of oxidized 

product formation as compared to the corresponding reaction without exogenously 

supplied H2O2. This experiment also illustrated that when LPMOs are supplemented with 

H2O2, reductant consumption is sub-stoichiometric relative to the amount of oxidized 

product formed. Additional experiments in this study demonstrated that H2O2 can drive 

LPMO catalysis under anaerobic conditions and that LPMOs preferentially utilize H2O2, 

even when incubated with a large surplus of O2. From a more applied perspective, 

experiments in this study also showed that supplementation of the commercial cellulase- 

and LPMO-containing cocktail Cellic CTec2 with H2O2 during reactions with Avicel and AscA 

resulted in a significant increase in the amount of oxidized product generated and a 

concomitant increase in saccharification yield as compared to standard reactions without 

added H2O2. Results from this latter experiment also demonstrated near stoichiometric 

conversion of supplied H2O2 to oxidized products, indicating that one molecule of H2O2 is 

consumed per catalytic cycle (Bissaro et al., 2017). Bissaro and colleagues also showed that 

the amount of H2O2 must be strictly controlled to avoid enzyme damage (discussed in 

section 1.3.4.4.1). 

 

As discussed by Bissaro et al., these findings were expected to have implications for the 

industrial biorefining sector, where enzymatic saccharification is frequently performed 

using commercial LPMO-containing cellulase preparations. In fact, recent studies have 

shown that using H2O2 to boost the activity of LPMOs in saccharifications of industrial 
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substrates is feasible, also at demonstration scale, using relatively low concentrations of 

exogenously supplied H2O2 (Müller et al., 2018; Costa et al., 2020). Of note, another 

interesting experiment from (Bissaro et al., 2017) showed that glucose oxidase (GOx) can 

be used for in situ generation of H2O2 to drive LPMO reactions and that the effect is GOx 

dose-dependent. Paper II of this thesis describes the ability of GOx to boost the activity of 

LPMOs in Cellic CTec2 during saccharification of pretreated lignocellulosic substrates. 

Industrial applications of LPMOs are discussed in more detail in section 1.3.4.5. 

 

Both the catalytic mechanism of LPMOs and the relative importance of the O2- and H2O2-

driven reactions remain the subject of debate and current research, as recently reviewed in 

(Bissaro et al., 2018b; Chylenski et al., 2019; Manavalan et al., 2021). Importantly, multiple 

kinetic investigations have shown that the peroxygenase reaction is orders of magnitude 

faster than the monooxygenase reaction, and that when supplied with H2O2 and priming 

amounts of reducing agent, LPMOs catalyze multiple peroxygenase events per priming 

reduction (Bissaro et al., 2018b; Hangasky et al., 2018; Kuusk et al., 2018; Kont et al., 2020; 

Hedison et al., 2021; Rieder et al., 2021b). It has been suggested that observed 

“monooxygenase” reactions, i.e. LPMO reactions with reductant and O2, are in fact 

peroxygenase reactions limited by the in situ generation of H2O2, where the latter is a result 

of LPMO oxidase activity or direct, abiotic oxidation of the reducing agent (Bissaro et al., 

2018b; Stepnov et al., 2021; Stepnov et al., 2022a). 

 

1.3.4.4.1 Off-pathway and non-LPMO driven reactions 

 

A central challenge associated with investigations of LPMO reactions is the abundance of 

possible “side” reactions that can occur within the reaction system. These reactions, some 

of which are illustrated in Figure 9, can be LPMO-driven, in the form of oxidase or 

peroxidase reactions, or can be of a more abiotic nature, involving reductants, transition 

metals, O2 and/or H2O2.  

 

It is well-established that reduced LPMOs can operate as oxidases in the absence of 

substrate, generating H2O2 from molecular oxygen (Kittl et al., 2012). H2O2 can also be 
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generated via abiotic oxidation of the reductant by molecular oxygen, a process that is 

drastically increased in the presence of free transition metals for several reductants 

(Stepnov et al., 2021). Recent findings in LPMO research underpin that the extent of abiotic 

reductant oxidation varies considerably depending on the nature of the reductant (Hegnar 

et al., 2019; Kuusk et al., 2019; Stepnov et al., 2021). Importantly, in the presence of a 

relevant carbohydrate substrate, catalytically active LPMOs will productively consume 

H2O2 generated within the system (Bissaro et al., 2018b), explaining why in situ formation 

of H2O2 may not be detectable in some reactions (Loose et al., 2016; Hangasky et al., 2018; 

Filandr et al., 2020).  

 

While the above-mentioned H2O2 generation pathways boost LPMO activity, excess 

concentrations of H2O2 may lead to enzyme damage and inactivation (Bissaro et al., 2017; 

Kuusk et al., 2018; Loose et al., 2018; Müller et al., 2018; Petrović et al., 2018; Kracher et al., 

2020). Non-substrate bound reduced LPMOs can react with H2O2 in a peroxidase-like 

reaction, which may lead to autocatalytic inactivation (i.e. oxidative damage of residues in 

the catalytic center (Bissaro et al., 2017)). Low substrate concentrations or gradual changes 

in substrate concentrations (which may occur under more applied experimental settings, 

e.g. industrial saccharification reactions) may exacerbate such off-pathway peroxidase 

reactions and increase chances of enzyme inactivation (Bissaro et al., 2017; Eijsink et al., 

2019).  

 

Autocatalytic inactivation of LPMOs leads to release of copper into solution, which, for 

several reductants, may promote H2O2 generation by catalyzing the reaction of the 

reductant with O2. As recently demonstrated experimentally with AscA by Stepnov and 

colleagues, this can instigate a self-propagating cycle of increased in situ H2O2 production 

and LPMO autocatalytic inactivation with concomitant reductant depletion, leading to 

termination of the LPMO reaction (Stepnov et al., 2022b). Furthermore, reactions between 

the reductant and H2O2 may generate reactive oxygen species (ROS) (Hegnar et al., 2019). 

Additionally, H2O2 generated by any process within the reaction system can engage in 

Fenton chemistry, reacting with reduced free transition metals leading to the generation of 

hydroxyl radicals. Fenton chemistry (i.e. abiotic degradation of lignocellulosic biomass) is 
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employed by certain fungi, as illustrated in Figure 7. Importantly, within natural 

lignocellulose-degrading systems, H2O2 will also be generated or consumed by various 

oxidases and peroxidases. These enzymes are abundant within the array of enzymes 

produced by natural lignocellulose-degrading microorganisms (Bissaro et al., 2018b), and 

are discussed in more detail in section 1.3.4.6. 

 

Taken together, these reactions, mediated both by LPMOs and by alternate reaction 

partners, contribute to the overall intricacy of LPMO catalysis, and illustrate that the study 

and optimization of LPMO performance requires careful consideration of multiple 

parameters. The situation becomes even more complex when working with non-model (i.e. 

“real”) lignocellulosic substrates containing redox-active compounds (in particular lignin 

and lignin-derived compounds, and/or transition metals). 

 

1.3.4.5 LPMOs in biomass processing 

 

The interplay of LPMOs with hydrolases is of considerable interest because optimization of 

this interplay will be key to harnessing the potential of LPMOs in biomass processing 

(Eibinger et al., 2014; Eibinger et al., 2017; Karnaouri et al., 2017; Müller et al., 2018; Tokin 

et al., 2020). In two important studies, Eibinger and colleagues used confocal and atomic 

force microscopy to show that a cellulolytic LPMO from N. crassa (NcLPMO9F) primarily 

acts on surface-exposed crystalline areas of cellulose. Importantly, this work also showed 

that LPMO treatment promotes adsorption of the T. reesei CBH TrCel7A to such crystalline 

regions, resulting in more efficient hydrolysis of cellulose (Eibinger et al., 2014). 

Subsequent studies using atomic force microscopy resulted in similar conclusions (Eibinger 

et al., 2017). Based on the observed synergistic effects in saccharification, these studies 

provide evidence for the hypothesis that at least some LPMOs cleave cellulose in crystalline 

areas (i.e. areas least accessible to hydrolytic enzymes) and thus produce new chain ends 

for CBHs. This highlights an important difference between LPMOs and EGs in relation to 

their mode of synergism with CBHs, since these enzymes respectively cleave crystalline and 

amorphous parts of the cellulose.  
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Notably, the oxidation of terminal glucose units after LPMO action will have a multi-faceted 

impact on CBHs, depending partly on the directionality of the CBH and partly on the ability 

of individual CBHs to productively bind oxidized chain ends. One of the two new chain ends 

generated by LPMO activity will be oxidized, and CBHs may vary in terms of how well they 

interact with such oxidized chain ends (Vermaas et al., 2015).  

 

As previously discussed, it was clear even before the elucidation of their oxidative ability 

that LPMOs had the potential to improve hydrolysis yields obtained with T. reesei-produced 

cellulase cocktails (Merino and Cherry, 2007). Today, LPMOs are central components of 

commercial cellulase cocktails such as the Novozymes Cellic CTec series (Cannella et al., 

2012; Harris et al., 2014; Müller et al., 2015; Johansen, 2016; Chylenski et al., 2017b). Of 

note, while the contribution of LPMOs to the efficiency of such cellulase cocktails is clear 

and important (Cannella and Jørgensen, 2014; Hu et al., 2015; Müller et al., 2015; Müller et 

al., 2018; Kadić et al., 2019; Costa et al., 2020; Kadić et al., 2021), optimizing this impact is 

not easy, and requires careful consideration of multiple reaction conditions, as recently 

reviewed in (Chylenski et al., 2019). Paper II of this thesis provides an example of such 

optimization. 

 

Early studies indicating that LPMOs boosted the action of cellulases also illustrated that the 

presence of lignin within biomass promotes LPMO effects (Merino and Cherry, 2007; Harris 

et al., 2010), although the reason for this effect did not become clear until several years 

later, when it was discovered that LPMOs require electrons, which lignin can provide. 

Recent studies indicate that lignin has a dual function in LPMO activation: it is able to both 

reduce LPMOs and to produce H2O2 in situ from O2 (Hu et al., 2014; Westereng et al., 2015; 

Frommhagen et al., 2016; Muraleedharan et al., 2018; Kont et al., 2019; Perna et al., 2020).  

 

The saccharification of lignin-poor sulfite-pulped spruce requires an externally-added 

reductant, and it has been shown that lignin-containing spent sulfite liquor can fulfill this 

role (Chylenski et al., 2017b; Costa et al., 2020). When it comes to the LPMO-reducing and 

H2O2-generating functions of lignin, it is important to note that the type of biomass 

pretreatment affects lignin reactivity (Rodríguez-Zúñiga et al., 2015). Numerous studies 
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have implied that the known inhibitory effect of lignin on cellulase activity is due to 

unproductive binding of enzymes to lignin, and/or due to shielding of the cellulose 

polysaccharide (Berlin et al., 2006; Rahikainen et al., 2013; Djajadi et al., 2018a; Djajadi et 

al., 2018b; Yao et al., 2022). Today, it is known that lignin may also be essential for LPMO 

activity under certain experimental conditions. For example, a recent study by Hansen et 

al. showed that the beneficial effect of 2-naphtol impregnation during steam explosion of 

spruce on the efficiency of the subsequent saccharification step is due, at least in part, to a 

change in lignin reactivity that promotes LPMO activity (Hansen et al., 2022). It is thus 

essential to use real substrates (i.e. pretreated biomass) to test cocktail performance in the 

development of enzyme cocktails for industrial biomass processing. 

 

As mentioned above, direct supply of H2O2 via pumping works very well for saccharification 

of lignin-poor substrates (Müller et al., 2018; Costa et al., 2020). For lignin-rich substrates, 

however, the benefits of direct addition of external H2O2 are less clear, presumably due to 

side reactions occurring between supplemented H2O2 and lignin (Müller et al., 2018; Kont 

et al., 2019). Lignin and its derivative compounds are known to participate in a variety of 

redox reactions, which can both generate and consume H2O2 and ROS, especially in the 

presence of transition metals (Arantes et al., 2012; Bissaro et al., 2018b). In situ production 

of H2O2 could help circumvent the problem of lignin reactivity because H2O2 may occur 

close to the LPMO, which will increase its likelihood of being used in productive catalysis. 

However, when relying on in situ production of H2O2, it is more difficult to control the 

amount of H2O2 produced. As a consequence, there is a risk of the occurrence of 

intermittently high concentrations of H2O2, which can damage the LPMOs and potentially 

other enzymes. H2O2 accumulation may be controlled by the use of catalases, which convert 

H2O2 to water and O2. In fact, a study by Scott and colleagues showed that, under certain 

conditions, enzyme inactivation in reactions with LPMO-containing cellulase preparations 

could be suppressed by adding catalase (Scott et al., 2016).  
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1.3.4.6 Other oxidoreductases  

 

In addition to GHs and LPMOs, fungal secretomes are rich in oxidoreductases, redox 

enzymes populating multiple families in the Auxiliary Activities enzyme class in the CAZy 

database (Levasseur et al., 2013). A detailed overview of these enzymes and potential 

interactions between them is provided in a recent review by (Bissaro et al., 2018b). While 

specific activities of the majority of these enzymes fall outside the scope of this thesis, 

examples of oxidoreductases of interest include enzymes with oxidase activities, such as 

glucose-methanol-choline (GMC) oxidoreductases (found in family AA3), and lignin-active 

laccases and peroxidases (found in AA families 1 and 2, respectively).  

 

CDHs are found in the CAZy family AA3, and are well-known electron providers for LPMOs, 

capable of reducing the LPMO active site copper co-factor via cytochrome domains (found 

in family AA8) (Phillips et al., 2011; Tan et al., 2015; Kracher et al., 2016). CDHs can also 

contribute to LPMO catalysis via generation of H2O2, although the oxidase activity of wild-

type CDHs is rather low (Kracher et al., 2020). Glucose oxidases (GOxs) are AA3 enzymes 

with a primary oxidase activity. GOx catalyzes the oxidation of β-D-glucose to gluconic acid 

while generating H2O2 (Kelley and Reddy, 1986). Of note, within the GMC superfamily, 

dehydrogenases such as CDH can both reduce LPMOs and generate H2O2, whereas oxidases 

can only promote LPMO reactions via generation of H2O2 (Garajova et al., 2016; Kracher et 

al., 2016; Filandr et al., 2020). GOx has recently been shown to be able to drive LPMO 

activity via in situ production of H2O2, in the presence of a reducing agent (Bissaro et al., 

2017). Similar findings have been described by (Filandr et al., 2020). Paper II of this thesis 

describes experiments demonstrating that the activity of LPMOs in cellulase preparations 

acting on lignocellulosic substrates is significantly impacted by in situ production of H2O2 

by GOx. 

 

Laccases and peroxidases can indirectly affect LPMO reactions by acting on lignin, and, in 

the case of peroxidases, by competing for H2O2. Enzymes that modify lignin can affect its 

ability to donate electrons and generate H2O2, thus providing possible links to LPMO 

activity. Indeed, laccase treatment of lignin has been shown to increase LPMO activity 
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(Brenelli et al., 2018; Perna et al., 2020). The study by Perna and colleagues demonstrated 

that this effect is due to increased H2O2 production via reactions involving laccase-modified 

lignin. An additional possible link between these enzyme systems is that LPMO-catalyzed 

in situ production of H2O2 may drive peroxidase reactions leading to lignin degradation (Li 

et al., 2019). 

 

Given the variety of redox processes mediated and facilitated by these enzymes, and the 

fact that many of them are co-secreted with LPMOs and GHs by fungi and involve 

consumption and production of H2O2, it is likely that nature has evolved highly regulated 

mechanisms of cooperativity between various redox enzyme types involved in biomass 

conversion (Bissaro et al., 2018b). In order to efficiently and proactively exploit these 

systems in biomass conversion, however, more research is needed to better understand 

these complex systems. 

 

1.3.4.7 Oxidative regioselectivity 

 

Regardless of the catalytic mechanism they employ, it is clear that LPMOs catalyze substrate 

depolymerization by hydroxylation of one of the carbons in the scissile glycosidic bond, 

resulting in bond destabilization and cleavage (Phillips et al., 2011; Walton and Davies, 

2016; Forsberg et al., 2019). The resulting products of oxidative LPMO action are two 

oligomeric chain ends, a reducing end and a non-reducing end, one of which is oxidized 

(Figure 10). If the oxidation occurs at the C1 position (at the reducing end), the LPMO is 

considered a C1-oxidizing LPMO. Oxidation of the C1 carbon results in the formation of an 

unstable 1,5-δ-lactone which is spontaneously converted to a more stable aldonic acid in 

aqueous solutions. The aldonic acid form of C1-oxidized products dominates at 

physiological and at high pH (Vaaje-Kolstad et al., 2010; Forsberg et al., 2011; Westereng et 

al., 2013). If the oxidation occurs at the C4 position (non-reducing end), the LPMO is 

considered a C4-oxidizer. C4-oxidized products are 4-ketoaldoses, which undergo 

hydration to form the geminal diol form (Beeson et al., 2012; Isaksen et al., 2014; Westereng 

et al., 2017). Importantly, C4-oxidized cello-oligomers are unstable at high pH (Westereng 

et al., 2016). This can complicate their identification and quantification, as certain methods 
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for carbohydrate analysis, such as high-performance anion exchange chromatography, rely 

on the use of alkaline pH. Some LPMOs have mixed C1/C4 activity, meaning that they 

produce mixtures of C1- and C4-oxidized products (Quinlan et al., 2011; Forsberg et al., 

2014; Vu et al., 2014a). Of note, only C1-oxidation has been observed for chitin-active 

LPMOs. 

 

 

Figure 10. Oxidative regioselectivity of LPMOs. LPMO-catalyzed C1-oxidation of the 
scissile glycosidic bond results in two oligomeric products, one of which is oxidized at the 
reducing end. This lactone is in equilibrium with the corresponding aldonic acid. C4-
oxidation by the LPMO results in a native product and a 4-ketoaldose (oxidized at the non-
reducing end). This species is in equilibrium with its hydrated geminal diol form. The figure 
was reproduced from (Chylenski et al., 2019). 
 

 

1.3.4.8 Analysis of LPMO products by mass spectrometry and high-performance 

anion-exchange chromatography 

 

Unambiguous detection and quantification of LPMO-derived products are essential in 

furthering the understanding of these enzymes. The analytical distinction between native 

and oxidized oligosaccharides can, however, be challenging, due to their close structural 

resemblance (Figure 10). Frequently utilized methods for the separation and 

characterization of LPMO-derived cellulosic products include MALDI-TOF MS (matrix-

assisted laser desorption ionization time of flight mass spectrometry) and HPAEC-PAD 

(high-performance anion-exchange chromatography with pulsed amperometric detection).  

 

In basic terms, the general principle of MALDI-TOF MS involves mixing the analyte with an 

organic matrix, which crystallizes upon drying, causing co-crystallization of the analyte. 
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Desorption and ionization of the sample, achieved with a laser beam, produces ions that, 

when accelerated, will travel towards a detector at different speeds (“time of flight”) 

depending on their mass to charge ratio (m/z). This enables their separation and allows for 

distinction of various species in a mixture based on the m/z value (Kaufmann, 1995; Singhal 

et al., 2015). The charge of the ions can come from a proton, but the adducts usually carry 

a salt ion, most commonly sodium. Advantages of using MALDI-TOF MS for analysis of 

carbohydrate species include the rapid sample preparation and analysis time, and, for 

LPMO-derived oxidized sugars, the easily recognizable substrate cleavage patterns 

comprised of products with increasing DP and characteristic mass differences (m/z + 162 

for non-substituted glucans). Signals for oxidized species show m/z changes of -2 and +16 

relative to the non-oxidized oligomer, corresponding to the dehydrated C1-oxidized lactone 

and C4-oxidized keto forms, and the hydrated C1-oxidized aldonic acid and C4-oxidized 

geminal diol forms, respectively.  

 

While the identical masses of the dehydrated and hydrated forms of C1- and C4-oxidized 

products make it difficult to determine the oxidative regioselectivity of LPMOs based on 

MALDI-TOF MS alone, practical applications have shown that C1-oxidized products in their 

aldonic acid form tend to appear as salts of their adducts. The occurrence of signals for such 

salts is diagnostic for C1-oxidation; there is, however, no “safe” diagnostic signal for C4-

oxidation. Under conditions used in MALDI-TOF MS, the lactone-aldonic acid equilibrium 

strongly favors the aldonic acid form, resulting in relatively weak lactone signals for C1-

oxidized products. The equilibrium between the 4-keto and geminal diol forms of C4-

oxidized products is more balanced, and drying of the sample within the matrix promotes 

formation of the dehydrated 4-keto form. Thus, relatively strong m/z -2 signals are 

sometimes considered a sign of C4-oxidation, but verification via chromatography is 

required. Importantly, while signal intensities resulting from MALDI-TOF MS analysis 

provide indications as to the abundance of specific compounds in the analyte, MALDI-TOF 

MS is not a quantitative method, and other analytical tools are therefore required for 

quantitative studies of LPMO catalysis.  
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HPAEC-PAD is a routinely used chromatographic method for efficient separation and 

quantification of carbohydrate species. HPAEC-PAD entails the use of a mobile phase with 

strongly alkaline pH (e.g. 0.1 M sodium hydroxide, NaOH), which causes deprotonation of 

analyte sugars. When injected onto an anion exchange column, deprotonated sugars will 

bind with affinities increasing according to the size of the sugar molecule and number of 

hydroxyl groups (Lee, 1990). By subsequently applying a gradient of an eluent containing 

a competing ion (e.g. sodium acetate, NaOAc), carbohydrate species will progressively be 

displaced from the column according to the number of charges they possess. Their elution 

is detected in real time by measuring the current generated from the oxidation of the sugar 

hydroxyl groups at a gold working electrode to which a waveform of potentials is 

repeatedly applied. The integration of the generated current results in a signal (charge), 

measured in Coulombs (C), proportional to the carbohydrate concentration. The response 

of the detector during each waveform integration period is plotted against the run time to 

generate a chromatogram (detector response in nC on the y-axis vs. retention time in 

minutes on the x-axis) (Cataldi et al., 2000; Mechelke et al., 2017).  

 

Regarding analysis of LPMO-generated products, HPAEC-PAD has readily been used to 

separate native and C1-oxidized products, which are inherently stable at alkaline pH 

(Forsberg et al., 2011; Phillips et al., 2011; Westereng et al., 2013). Standards for 

quantification of C1-oxidized cellulose-derived products can be prepared by treating native 

cello-oligosaccharides with CDH, which converts cello-oligosaccharides to (C1-oxidized) 

aldonic acids (Forsberg et al., 2018). While C4-oxidized products undergo decomposition 

at high pH, as demonstrated by (Westereng et al., 2016), HPAEC-PAD can also be used for 

their detection and quantification because the alkaline conditions generate derivatives with 

characteristic peaks, as demonstrated by (Müller et al., 2015).  A standard can be generated 

by treating cellopentaose with the strict C4-oxidizing NcLPMO9C, which generates a 

mixture primarily consisting of equimolar amounts of C4-oxidized cellobiose (Glc4gemGlc) 

and native cellotriose, where the latter can be quantified using a cellotriose standard. 

Müller et al. demonstrated a linear relationship between the Glc4gemGlc concentration and 

HPAEC-PAD peak height up to Glc4gemGlc concentrations of 0.1 g/L, allowing for 

generation of standards that can be used to quantify Glc4gemGlc chromatographically 
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(Müller et al., 2015). Notably, this method for production of C4-oxidized standards has 

enabled quantification of LPMO action in saccharification reactions with commercial 

LPMO-containing cellulase cocktails (Bissaro et al., 2017; Müller et al., 2018; Costa et al., 

2020; Hansen et al., 2022) (Paper II of this thesis). Glc4gemGlc is the primary oxidized 

product emerging in these reactions because the cellulase cocktails primarily contain C4-

oxidizing LPMOs, and because Glc4gemGlc is not hydrolyzed by cellulases or β-glucosidases 

(Müller et al., 2015). Importantly, quantification of C4-oxidized products via this method 

requires careful attention to sample preparation, ensuring that both the standard and the 

samples to be analyzed are subjected to the same conditions prior to injection on the HPAEC 

column (Eijsink et al., 2019).  

 

Years of LPMO research and use of standards have provided a good basis for peak 

annotation in HPAEC-PAD chromatograms for mixtures of LPMO products. The high ionic 

strength required for complete elution of longer oxidized species and the use of high pH 

complicates HPAEC-PAD coupling with MS-based methods that could provide an 

alternative for peak identification. Today, HPAEC-PAD is considered an essential technique 

for separation and quantification of oxidized sugars due to its high resolution and 

sensitivity (Westereng et al., 2013; Mechelke et al., 2017).  

 

A novel HPAEC method for separation of oligosaccharides has recently been developed by 

Chen and colleagues. This method relies on the use of electrolytically generated eluents 

consisting of potassium methanesulfonate and potassium hydroxide (KMSA/KOH), 

replacing traditional NaOAc/NaOH-based HPAEC (Chen et al., 2018). By relying on 

electrolytic eluent generation via eluent generator cartridges, this method circumvents the 

need for time-consuming manual eluent preparation, and avoids issues associated with 

potential accumulation of CO2 in eluent preparations. In classical HPAEC, CO2 accumulation 

presents a challenge because it is converted to carbonate at high pH. Carbonate anions can 

compete with carbohydrate oxyanions for binding sites on the anion exchange column 

(Westereng et al., 2017). Paper I of this thesis describes the use of the dual electrolytic 

eluent generation platform with KMSA/KOH-based eluents established by Chen and 
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colleagues to develop HPAEC-PAD methods for baseline separation and quantification of 

LPMO-derived products, including native, C1- and C4-oxidized oligosaccharides. 

 

Continual development of analytical methods for carbohydrate analysis with increased 

resolution and sensitivity is of high importance, as these methods go hand in hand with the 

functional characterization of LPMOs and other carbohydrate-active enzymes, and can thus 

significantly assist in advancing our knowledge of these enzymes. Historical examples of 

this partnership include the paradigm-shifting discovery of the oxidative ability of LPMOs, 

where novel chromatographic methods enabled quantification of oxidized chito-oligomers 

produced by CBP21 (Vaaje-Kolstad et al., 2010), as well as the first demonstration of 

hemicellulolytic activity of an LPMO, where MALDI-TOF MS and HPAEC-PAD were used to 

confirm oxidative activity and product identities (Agger et al., 2014). 
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2 Outline and purpose of the research 

described in this thesis 
 

LPMOs are redox enzymes that utilize O2 or H2O2 to oxidize their substrates. Since their 

discovery in 2010, LPMOs have received much attention due to their unique catalytic 

capabilities and industrial importance. Novel LPMO activities are still being discovered, and 

it is believed that LPMOs may have alternate roles in bacterial and fungal physiology that 

have yet to be identified. Despite years of studying LPMOs, much remains to be elucidated, 

including details of how they interact in concert with other enzymes and co-substrates 

during polysaccharide depolymerization, and how to best harness their powerful oxidative 

abilities in industrial biomass conversion processes. 

 

Industrial processing of lignocellulosic biomass has the potential to contribute to the 

production of fuels and value-added chemicals from a sustainable and renewable source. 

Enzymatic depolymerization of lignocellulosic polysaccharides is an essential and 

demanding step in this process, particularly for the dominant crystalline homopolymer 

cellulose. Commercial cellulolytic enzyme preparations are continuously being developed 

and modified with the aim of reducing process costs and increasing efficiency. In recent 

years, LPMOs have been included in such preparations, and while their potential to boost 

process yields is notable, it is not clear how their activity and contribution to the 

saccharification process can be optimized.  

 

The aim of the research described in this thesis was therefore to study the role of LPMOs in 

depolymerization of lignocellulosic biomass through characterization of new LPMOs and 

elucidation of their substrate specificities (Paper III and IV), understanding and 

optimizing LPMO action during saccharification in synergy with cellulases (Paper II), and 

development of chromatographic methods for separation and quantification of LPMO-

derived products (Paper I). 
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Paper I describes the development of methods for quantification of LPMO-derived 

products using HPAEC-PAD with dual electrolytic eluent generation. Specialized methods 

were developed to facilitate separation and quantification of native, C1-, and C4-oxidized 

cello-oligomers, as well as gluconic and glucuronic acid. Emphasis was placed on 

improvements in precision and sensitivity achieved using automated electrolytic eluent 

generation of KMSA/KOH-based eluents as compared to traditional methods based on 

manually prepared NaOAc/NaOH-based eluents.  

 

Paper II describes studies of cellulose saccharification with a thermostable cellulase 

cocktail from Thermoascus aurantiacus and the commercial cellulase preparation Cellic 

CTec2 using differently pretreated softwood and hardwood substrates. Differences 

between the two cellulase cocktails were examined with a special focus on the activity of 

LPMOs and the impact of this activity on the saccharification efficiency. Saccharification 

reactions with Cellic CTec2 were also performed in the presence of varying amounts of 

glucose oxidase and two different reductants to study the role of the reductant and the 

effect of in situ H2O2 generation on LPMO activity and saccharification efficiency. 

 

Paper III describes the cloning, expression, and characterization of ScLPMO9A, one of 22 

predicted AA9 LPMOs encoded in the genome of the fungus Schizophyllum commune. 

Functional characterization and comparison to the well-studied NcLPMO9C from N. crassa 

showed that ScLPMO9A is a C4-oxidizing LPMO active on insoluble amorphous cellulose 

and soluble cello-oligosaccharides, as well as on several hemicellulosic substrates, and 

revealed differences between the two enzymes. Studies of the effect of H2O2 on the activity 

of ScLPMO9A on PASC and cellopentaose were performed to assess the peroxygenase 

activity of this LPMO. Further characterization of ScLPMO9A is underway, including NMR-

based studies of the affinity of this enzyme for various oligomeric substrates, and will aid 

in elucidating the natural role of this AA9 LPMO in degradation of lignocellulosic biomass.  

 

Paper IV describes studies of the oxidative depolymerization of beechwood 

glucuronoxylan by two AA9 LPMOs from N. crassa, NcLPMO9F and NcLPMO9L. This paper 

contains both MALDI-TOF MS and HPAEC-PAD analysis of product mixtures, revealing a 
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multitude of xylan-derived LPMO products, which were generated only from cellulose-

associated glucuronoxylan, and not from glucuronoxylan alone. Through quantification of 

cellulose- and xylan-derived oxidized products in reactions with blends of cellulose and 

glucuronoxylan, it is shown that xylan-active AA9 LPMOs have remarkable differences in 

their substrate preferences, with some acting preferentially on the cellulose and others on 

the xylan. 
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3 Main results and discussion 

3.1 Paper I: Chromatographic analysis of oxidized cello-

oligomers generated by lytic polysaccharide 

monooxygenases using dual electrolytic eluent 

generation 
 

The study of LPMOs is dependent on the ability to reliably analyze and quantify the complex 

product mixtures generated by their action on various substrates. A novel platform for 

oligosaccharide analysis using HPAEC-PAD with electrolytically-generated KMSA/KOH-

based eluents was recently developed (Chen et al., 2018). In contrast to the traditional 

manual eluent preparation required for NaOAc/NaOH-based HPAEC, this technology 

enables the electrolytic generation of KMSA and KOH in two separate eluent-generator 

cartridges (EGCs) connected in series, meaning that only deionized water must be supplied 

by the user. In the study described in Paper I, using this novel technology implemented 

with a Dionex ICS-6000 system, we developed a set of methods for separation of native and 

oxidized cellulose-derived LPMO products. We also compared limits of detection and 

quantification for LPMO-derived oligosaccharides obtained using KMSA/KOH-based 

methods to those obtained using conventional NaOAc/NaOH-based HPAEC with a Dionex 

ICS-5000 system. 

 

The ICS-6000 system was equipped with a 1 x 250 mm Dionex CarboPac PA-200 column, 

compared to a 3 x 250 mm column of the same type used on the ICS-5000 system. Sample 

loop volumes were 4 and 5 µL for the ICS-6000 and ICS-5000 systems. respectively. The 

maximum eluent concentration possible on the ICS-6000 system is 200 mM for KMSA and 

KOH together, and there is thus a limitation to the maximum amount of elution strength 

that can be applied. During method optimization, we found that a constant concentration 

of 100 mM KOH gave the best separation of all compounds examined for all methods 

developed for oligosaccharide separation. As a consequence, although the elution strength 

of KMSA is approximately 1.8 times higher than NaOAc (Chen et al., 2018), KMSA 

concentrations in all oligosaccharide gradients were limited to the range of 0-100 mM, 
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resulting in somewhat longer gradients compared to previously developed methods for the 

ICS-5000 system. We developed three primary oligosaccharide gradients for separation 

and quantification of native, C1-oxidized, and C4-oxidized LPMO products, including a 

method for analyzing all three product types simultaneously (Paper I, Table I). Finding the 

optimal balance between reducing method run time, increasing separation power, and 

maintaining reproducibility was the primary focus during method development. To assess 

the sensitivity of the ICS-6000 operated with electrolytic eluent generation, limits of 

detection (LOD) and quantification (LOQ) were calculated using the Calibration Approach 

(Wenzl et al., 2016). To compare precision and detection limits between the ICS-5000 and 

the ICS-6000 systems in analysis of oxidized products, we analyzed 12 consecutive pseudo-

blank samples containing a minimal amount of the relevant compound on both systems, 

and LOD and LOQ values were calculated based on a three-point standard curve for each 

compound. LOD and LOQ values calculated for all compounds analyzed in this study using 

the Calibration Approach and the pseudo-blank approach are shown in Paper I, Table 2. 

 

Native cello-oligosaccharides are produced both by hydrolytic cellulases often used in 

combination with LPMOs in LPMO research, and by LPMOs when cleaving soluble cello-

oligomers or cleaving near chain ends of insoluble polymeric substrates. To develop a 

method for separation of soluble native cello-oligomers, we used a native standard 

consisting of Glc1-6. The method found to give the best results for separation of native cello-

oligosaccharides had a steep initial linear gradient from 0 to 30 mM KMSA (0-6 min), 

followed by a concave gradient (Dionex curve 7) to 100 mM KMSA (6-10 min), and column 

washing and re-conditioning phases at 100 mM and 0 mM KMSA (10-15 min and 15.1-24 

min, respectively) (Paper I, Figure 1A). Using this method, baseline separation of Glc1-6 

was achieved within 15 minutes, and high sensitivity of detection was achieved at 

concentrations as low as 0.0005 g/L for all components. The signal-to-noise ratio for 0.0005 

g/L Glc6, the compound which gave the lowest peak intensity, was calculated to be 162 

(Paper I, Figure 1A inset), suggesting that even lower concentrations will likely be reliably 

detected using this setup. Standard curves showed a linear response for all components in 

the Glc1-6 mixture over the range of 0-0.025 g/L (Paper I, Figure 1B), and LOD and LOQ 
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values calculated using the Calibration Approach ranged from 0.0001–0.0002 g/L and 

0.0003–0.0006 g/L, respectively. 

 

Reactions with C1-oxidizing LPMOs generate a mixture of soluble native and oxidized cello-

oligomers with DPs ranging from 2-9 (Forsberg et al., 2014). Analysis of such samples using 

classical HPAEC conditions for oligosaccharide analysis has shown that C1-oxidized 

cellobiose (GlcGlc1A) frequently co-elutes with the native cellopentaose (Glc5) (Westereng 

et al., 2013). We therefore sought to develop a method for simultaneous separation of 

native and C1-oxidized cello-oligosaccharides that avoids such co-elution. This was 

achieved using a concave gradient (Dionex gradient 8) from 1 to 100 mM KMSA (0-14 min), 

followed by washing at 100 mM KMSA (14-17 min) and column re-conditioning to 1 mM 

KMSA (17.1-26 min) (Paper I, Figure 2A). This method achieved baseline separation of all 

components in the C1-oxidized standard mixture in 20 minutes, while achieving similar 

separation of native species as the method shown in Paper I, Figure 1A. Importantly, no 

co-elution of longer native compounds with shorter C1-oxidized compounds was observed, 

meaning that this method can readily be utilized to separate and identify all soluble species 

that may arise in reactions of C1-oxidizing LPMOs with cellulosic substrates. All 

components in the C1-oxidized standard showed a linear response over the range of 0-0.01 

mM (Paper I, Figure 2C), with LODs and LOQs calculated using the Calibration Approach 

ranging from 0.0003-0.003 mM and 0.001-0.01 mM, respectively. Using the pseudo-blank 

approach, calculated LOD and LOQ values ranged from 0.00004-0.0002 mM and 0.0001-

0.0006 mM, respectively (Paper I, Table 2). 

 

Despite their instability at high pH leading to partial on-column decomposition, C4-oxidized 

product quantification can be achieved by quantification of these decomposition products, 

which act as proxies for the C4-oxidized species (referred to as “C4-oxidized products” in 

this study). These species have higher retention times than native and C1-oxidized 

products, and thus often require longer gradients and higher salt concentrations to achieve 

elution. To separate native, C1-, and C4-oxidized oligosaccharides that may result from a 

single reaction containing LPMOs, we developed a 45-minute method that achieved 

baseline separation of native Glc2-6, Glc1-5Glc1A (C1-oxidized products), and compounds 
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reflecting the C4-oxidized dimer and trimer (Glc4gemGlc and Glc4gemGlc2) without co-

elution of species of interest (Paper I, Figure 3A). The gradient begins with a convex 

increase in KMSA concentration from 0 mM to 15 mM (Dionex curve 3) (0-8.5 min), 

followed by a linear increase to 27 mM KMSA (8.5-17 min) and a subsequent concave 

increase to 100 mM KMSA (Dionex curve 7) (17-27 min), before washing and re-

conditioning of the column at 100 and 0 mM KMSA (27.1-36 min and 36.1-45 min, 

respectively). Glc4gemGlc gave a linear response in the range of 0-0.08 mM, while 

Glc4gemGlc2 showed linearity in the range of 0-0.005 mM (Paper I, Figure 3A inset). LODs 

and LOQs calculated using the Calibration Approach were 0.001 and 0.0001 mM, and 0.004 

and 0.0002 mM, for Glc4gemGlc and Glc4gemGlc2, respectively. Using the pseudo-blank 

approach, LODs and LOQs were 0.0007 and 0.00004 mM, and 0.002 and 0.0001 mM, for 

Glc4gemGlc and Glc4gemGlc2, respectively (Paper I, Table 2). A mixture of products 

generated in reactions with a C1-oxidizing (ScLPMO10C) and a C4-oxidizing (NcLPMO9C) 

LPMO acting on PASC showed that by using this method, all components present in the 

complex reaction mixture could be separated and potentially quantified (Paper I, Figure 

3B). 

 

The development of electrolytic eluent generation using dual EGCs and small-diameter 

columns has enabled the use of lower flow rates, leading to improved signal-to-noise ratios 

and increased sensitivity, which enables detection of compounds at low concentrations. A 

detailed comparison of 12 pseudo-blank injections of a sample containing 0.0005 g/L Glc1-

5Glc1A run on both the ICS-5000 and the ICS-6000 is shown in Paper I, Figure 4A-E. While 

baseline separation of all components in the C1-oxidized standard using the ICS-6000 

developed method takes approximately 7 minutes longer than using a corresponding 

method on the ICS-5000 system, which is a potential disadvantage, the ICS-6000 method 

gave a very stable detector baseline and considerably increased signal-to-noise ratios for 

all components. This enables higher accuracy in quantification of products present in low 

concentrations and increases reproducibility. Similar observations were made for C4-

oxidized cello-oligomers. Determination of LODs and LOQs using the pseudo-blank 

approach resulted in markedly lower values for both C1- and C4-oxidized species when 

using the ICS-6000 system compared to the ICS-5000 system (Paper I, Table 2), confirming 
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that the ICS-6000 system is more sensitive and results in more accurate quantification of 

LPMO-generated oxidized products.  

 

LPMOs are present in commercial cellulase cocktails used for the industrial degradation of 

lignocellulosic substrates. Such modern cellulase blends contain β-glucosidases, which 

hydrolyze native and C1-oxidized short cello-oligomers into monomeric products. C4-

oxidized products will not be degraded by β-glucosidases, but will rarely be longer than 

two sugar units (Glc4gemGlc) because longer soluble products are readily degraded by the 

cellulases (Müller et al., 2015). The presence of C1-oxidizing LPMOs in addition to the 

cellulases and β-glucosidases will result in accumulation of native glucose and gluconic acid 

(Glc1A). Gluconic acid has poor retention to the anion exchange column, and elutes in the 

injection peak under standard oligosaccharide HPAEC conditions, as shown in Paper I, 

Figure 5A. To visualize and quantify gluconic acid resulting from the action of C1-oxidizing 

LPMOs in reactions containing β-glucosidase, we developed an isocratic method using an 

ICS-6000 setup with a 2 x 150 mm Dionex CarboPac PA-210-Fast-4 µm column. In this 

setup, a 0.4 µL sample loop volume was used. While the smaller sample loop reduces 

sensitivity, it also eliminates the need for extensive dilution of samples with high 

concentrations of analytes. The developed method entailed isocratic elution with 70 mM 

KOH (0-16 min) before washing at 100 mM KOH (16.1-21 min) and subsequent re-

conditioning of the column at 70 mM KOH (21.1-30 min). Using this method, baseline 

separation of monomeric glucose and gluconic acid, the only cellulose-derived LPMO 

products remaining after treatment with a β-glucosidase, was accomplished (Paper I, 

Figure 5B). Using the calibration approach, a linear response was observed for gluconic 

acid in the range of 0-0.05 g/L (Paper I, Figure 5C), with an LOD of 0.004 g/L and an LOQ 

of 0.013 g/L. Products generated by C1-oxidizing LPMOs are usually quantified following 

treatment of the LPMO product mixture with a cellulase, resulting in predominantly C1-

oxidized cellobiose and cellotriose. While this method has shown reproducible results, 

baseline separation and quantification of these products could potentially be complicated 

by the presence of hemicellulosic compounds present in the substrate. By degrading C1-

oxidized sugars with a β-glucosidase (Cannella et al., 2012) and analyzing the resulting 
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gluconic acid via the isocratic method described in Paper I, quantification of C1-oxidized 

sugars may be simplified. 

 

In conclusion, the methods described in Paper I offer increased sensitivity and precision 

for analysis and quantification of LPMO-generated native and oxidized cello-oligomers. In 

addition, as outlined by (Chen et al., 2018), the automatic generation of eluents minimizes 

baseline fluctuations, essentially eliminates error-prone and time-consuming manual 

eluent preparation, and minimizes the risk of carbonate accumulation on the column. The 

study of LPMOs is continuously evolving, and the development of new analytical techniques 

for identification and quantification of LPMO products is thus central to furthering our 

understanding of these enzymes. Furthermore, we anticipate that the new technology 

described in Paper I and the methods developed as part of this study will enable 

development of methods tailored for separation of other carbohydrate products, such as 

hemicellulose-derived oxidized oligosaccharides, as has been the case for ICS systems 

relying on NaOAc/NaOH-based eluents (Agger et al., 2014).  

 

  



MAIN RESULTS AND DISCUSSION 

65 

3.2 Paper II: Substrate-dependent cellulose 

saccharification efficiency and LPMO activity of Cellic 

CTec2 and a thermostable enzyme cocktail from 

Thermoascus aurantiacus, and the impact of H2O2-

producing glucose oxidase 
 

While the use of lignocellulosic biomass to produce sustainable alternatives to fossil fuels 

is a highly appealing prospect, the recalcitrance of this material still represents a major 

challenge in modern biorefining (Balan et al., 2013; Rosales-Calderon and Arantes, 2019). 

Although major progress in cellulose saccharification has been achieved in the past two 

decades, in part due to the discovery of LPMOs, optimization of LPMO performance during 

enzymatic hydrolysis of lignocellulosic biomass remains challenging, especially when using 

lignin-rich feedstocks (Hu et al., 2014; Rodríguez-Zúñiga et al., 2015; Bissaro et al., 2017; 

Müller et al., 2018; Calderaro et al., 2020; Costa et al., 2020). T. aurantiacus produces a few-

component, LPMO-rich blend of cellulolytic enzymes, and due to the thermostable nature 

of its secretome, has recently gained attention for its potential to be used as a cocktail 

producer for saccharification of cellulosic substrates at elevated temperatures (McClendon 

et al., 2012; Schuerg et al., 2017; Fritsche et al., 2020). In the work described in Paper II, 

we have compared this LPMO-rich and relatively simple cellulolytic enzyme cocktail with 

the commercial cellulase preparation Cellic CTec2 in saccharification of lignin-poor sulfite-

pulped spruce (SPS) and lignin-rich steam exploded birch (SEB). In this study, we have used 

relatively high dry matter concentrations and high temperatures, and have investigated the 

effects of two commonly used LPMO reducing agents, AscA and GA, when working with the 

SPS substrate (which, in contrast to SEB, does not contain sufficient reducing power to drive 

the LPMO reaction). In addition, we tested the effect of adding in situ H2O2-producing GOx 

to reactions with Cellic CTec2 acting on SPS or SEB. The goal of this study was to further 

investigate the role of LPMOs during cellulose depolymerization by cellulase cocktails, and 

to assess ways in which LPMO activity can be optimized under close-to industrial 

conditions and with different substrates. 
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Saccharifications of lignin-poor SPS at 50°C and 60°C with and without 1 mM AscA showed 

that at 50°C, saccharification yields with Cellic CTec2 were higher than those obtained with 

the T. aurantiacus cocktail (Paper II, Figure 1A and B). However, at 60°C, glucan 

conversion by Cellic CTec2 slowed down early in the saccharification reaction, likely due to 

thermal inactivation of essential enzymes. In contrast, the T. aurantiacus cocktail produced 

similar saccharification yields at 60°C as Cellic CTec2 did at 50°C, highlighting the 

thermostability of the T. aurantiacus enzymes and the potential of this cocktail for cellulose 

saccharification at high temperatures. While activation of the LPMOs by addition of AscA to 

the reaction mixture resulted in notably higher amounts of LPMO products in reactions 

with the T. aurantiacus cocktail at both temperatures (Paper II, Figure 1C and D), the 

boost in saccharification yield was similar for both cocktails. Comparing the amounts of 

LPMO products generated with the improvement in glucan conversion for both cocktails 

(Paper II, Figure 2B) indicated that although the T. aurantiacus cocktail produced more 

Glc4gemGlc overall, the impact of LPMO activity on glucan conversion was higher for Cellic 

CTec2 than for the T. aurantiacus cocktail. Thus, while LPMO activity clearly contributes to 

improving overall glucan conversion, very high levels of LPMO activity are not necessarily 

beneficial. A closer look at the effect of adding AscA on glucan conversion also showed that 

LPMO activity becomes more important towards the later phase of the saccharification 

reaction (Paper II, Figure 2A), perhaps due to a decrease in the amount of readily 

accessible substrate for hydrolytic cellulases as the saccharification proceeds. Preliminary 

studies of saccharification reactions using GA in place of AscA showed low amounts of 

LPMO products and little-to-no effect of adding GA on glucan conversion. These results 

highlight the important effect of the reductant on LPMO activity and thus also on glucan 

conversion. 

 

To investigate potential substrate-dependent differences between the two cocktails, 

saccharification reactions with lignin-rich SEB were performed (Paper II, Figure 3A and 

B). As discussed above, the ability of lignin-rich feedstocks to provide adequate reducing 

power for LPMOs is well-documented, and these reactions were therefore performed 

without addition of an exogenous reductant. Striking differences between the two cocktails 

were seen in terms of glucan conversion. Cellic CTec2 was far more efficient at 50°C than at 
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60°C, and also more efficient than the T. aurantiacus cocktail at both temperatures. As 

expected, the T. aurantiacus cocktail performed better at 60°C than at 50°C, but in contrast 

to what was seen with SPS, signs of enzyme inactivation were visible at 60°C, both in terms 

of reduced glucan conversion and production of the dominant LPMO product, Glc4gemGlc. 

The observation of initial high levels of Glc4gemGlc, followed by decreasing amounts of this 

LPMO product observed for both enzyme cocktails at 60°C, is indicative of LPMO 

inactivation due to excess amounts of H2O2. These results indicate that the lignin-derived 

compounds in SEB create a redox environment that is very different compared to in 

reactions with SPS, and that the LPMOs in the two cocktails respond differently to different 

redox conditions. It is conceivable that Cellic CTec2 is better-suited than the T. aurantiacus 

cocktail for hydrolysis of polysaccharides in a lignin-rich feedstock, which likely contains 

compounds that may inhibit cellulases (Berlin et al., 2006; Ximenes et al., 2011). However, 

it is clear that saccharification of SEB at 60°C leads to unfavorable reaction conditions for 

both enzyme preparations, likely due to active redox environments resulting in high levels 

of H2O2, which destabilize the reaction system. 

 

While H2O2-feeding during enzymatic saccharification of SPS has been shown to improve 

saccharification yields, excess levels of H2O2 lead to autocatalytic inactivation of LPMOs and 

may also damage cellulases. It appears that an optimal balance between reducing power 

and H2O2 concentration must be struck in order to optimize LPMO action and maximize 

saccharification yields. We therefore performed a series of experiments with SPS and SEB 

using Cellic CTec2 with added GOx for in situ H2O2 production. For the reactions with SPS, 

we investigated the use of both AscA and GA in order to probe the impact of the reductant 

on LPMO activity and saccharification yield in the presence of in situ-produced H2O2. 

Addition of GOx to reactions with SPS and AscA resulted in a clear increase in LPMO activity, 

and, at lower GOx concentrations, improved saccharification yields, and this effect was 

independent of the concentration of AscA (Paper II, Figure 4A-C, E-G). It thus seems that 

under these conditions, the low amount of lignin in the SPS (3.3% w/w) was adequate for 

reduction of the LPMOs, and the low GOx concentrations led to production of sufficient but 

not excess amounts of H2O2 for the LPMOs operating in a peroxygenase mode. At higher 

concentrations of GOx (and thus higher amounts of in situ-produced H2O2) (Paper II, 
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Figure 4D and H), the reactions showed signs of LPMO inactivation over time and 

decreased saccharification yields. Results from reactions with high concentrations of GOx 

and low amounts of reducing power indicated that under these conditions, the reductant 

became limiting, likely due to increased occurrence of non-productive reactions of reduced 

unbound LPMOs with H2O2, leading to rapid reductant depletion. It is likely that under these 

conditions, in addition to LPMO inactivation and potential cellulase inactivation, the 

reaction system becomes unstable due to the release of copper from inactivated LPMOs, 

which also contributes to reductant depletion (Stepnov et al., 2022b). These results 

illustrate that while careful consideration and control of reductant and H2O2 levels is a 

prerequisite, GOx can play a useful role in boosting LPMO activity and glucan conversion in 

saccharification of lignin-poor substrates. 

 

As mentioned above, saccharification reactions with SPS and GA as a reducing agent 

showed low levels of LPMO activity and decreased saccharification yields as compared to 

reactions with AscA. To investigate whether these differences were due to reduced levels 

of H2O2 production within the system, we assessed the impact of GA on the saccharification 

of SPS by Cellic CTec2 in the presence of GOx. Notably, GA appeared to decrease glucan 

conversion in reactions without GOx (Paper II, Figure 5A), which may be due to inhibitory 

effects of GA on cellulases (Ximenes et al., 2011). As expected based on the initial studies 

with GA, low levels of Glc4gemGlc were observed in reactions without GOx (Paper II, 

Figure 5E). Addition of GOx resulted in increased LPMO activity (Paper II, Figure 5F-H), 

indicating that the low levels of LPMO activity in reactions with GA without GOx are not due 

to the inability of GA to sufficiently reduce the LPMOs, but rather due to insufficient 

reductant-driven H2O2 generation. The corresponding glucan conversion data (Paper II, 

Figure 5B-D) indicate that similar to in reactions with AscA, there is a delicate balance that 

must be achieved between reductant and H2O2 concentrations in order to maximize 

saccharification yields. Importantly, the data in Paper II show that differences between 

reductant performance that become visible in purely reductant-driven reactions may 

become much smaller, and even insignificant, in reactions with reductant-independent 

supply of H2O2. 
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To assess the impacts of in situ H2O2 production by GOx on LPMO activity and 

saccharification efficiency in the presence of higher amounts of redox-active lignin, we also 

performed saccharifications of SEB with Cellic CTec2 and GOx (Paper II, Figure 6). 

Addition of GOx to the reaction system decreased glucan conversion, especially at higher 

GOx levels, and decreasing Glc4gemGlc levels over time indicated inactivation of LPMOs due 

to excess H2O2 concentrations. These results clearly indicate that increasing the H2O2 

concentration in reaction systems with innate redox capabilities may be detrimental to 

both cellulase and LPMO activity. 

 

Several interesting conclusions can be drawn from the results of the study described in 

Paper II. First, it is clear that the cellulolytic enzyme cocktail secreted by T. aurantiacus has 

great potential for hydrolysis of pretreated lignin-poor substrates at elevated 

temperatures. Additionally, in situ H2O2 production by GOx can improve the LPMO activity 

and saccharification efficiency of Cellic CTec2 in reactions with lignin-poor substrates. Of 

note, reactions with GOx were efficient even in the absence of reducing agent, which may 

provide new avenues for industrial saccharification of SPS using GOx. However, multiple 

parameters tested in these experiments illustrate that careful control of the reaction 

conditions is needed to maximize cellulase saccharification while simultaneously 

maintaining a stable reaction system. Creating optimal, well-controlled conditions is 

particularly complicated in reactions with redox-active substrates such as SEB. In such 

reactions, multiple redox reactions will lead to both generation and consumption of H2O2, 

making the outcomes of these reactions less predictable compared to reactions with lignin-

poor substrates. Thus, while control of reaction conditions is more straightforward when 

working with lignin-poor substrates, for lignin-rich feedstocks, process conditions should 

be optimized with individual substrates in mind. It is also clear that careful consideration 

of the choice of reducing agent is essential for optimizing glucan conversion and LPMO 

efficiency when working with substrates with limited reducing power. 
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3.3 Paper III: Functional characterization of a lytic 

polysaccharide monooxygenase from Schizophyllum 

commune that degrades non-crystalline substrates and 

displays strong peroxygenase activity 
 

While LPMOs are generally considered to be essential for depolymerization of insoluble, 

crystalline polysaccharides such as cellulose and chitin, some LPMOs are active on soluble 

cello-oligosaccharides and on various hemicelluloses. The functional characterization of 

LPMOs is essential to furthering our understanding of their catalytic mechanism and 

substrate specificities, and may provide insight into the biological reasons for their 

multiplicity in many fungi. Paper III describes the cloning, expression, and functional 

characterization of one of 22 putative AA9 LPMOs from the fungus Schizophyllum commune, 

ScLPMO9A. Previous studies of S. commune have shown that ScLPMO9A is secreted during 

growth of this fungus on a variety of substrates and under different conditions, suggesting 

that it may play an essential role in substrate depolymerization and nutrient acquisition. In 

addition, the S. commune secretome has shown significant glucan and xylan conversion 

abilities in saccharification reactions with a range of lignocellulosic substrates (Zhu et al., 

2016; Almási et al., 2019). 

 

Phylogenetic analysis of the ScLPMO9A sequence (Paper III, Figure 1) indicated that this 

LPMO clusters with C4-oxdizing LPMOs shown to be active on soluble cello-

oligosaccharides, as well as hemicellulosic substrates such as mixed-linkage glucan, 

glucomannan, and xyloglucan (Frandsen et al., 2016; Simmons et al., 2017). The well-

studied NcLPMO9C, active on cellopentaose and cellohexaose, and to a lesser extent 

cellotetraose, as well as hemicellulosic substrates (Agger et al., 2014; Isaksen et al., 2014), 

is part of the neighboring cluster. Multiple-sequence alignment (MSA) of the catalytic 

domains of ScLPMO9A and closely related C4-oxidizing AA9s (Paper III, Figure 2) revealed 

that ScLPMO9A has a tryptophan (Trp202) at a solvent-exposed position in contrast to the 

other AA9s in the MSA, where a tyrosine is found in this position. This tyrosine has 

previously been shown to interact with oligomeric substrates during their binding to the 

LPMO active site (Courtade et al., 2016; Frandsen et al., 2016). A structural model of 
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ScLPMO9A created using the crystal structure of its closest homolog LsLPMO9A bound to 

cellohexaose (Paper III, Figure 3) revealed a shallow groove type topology of the 

substrate-binding surface, similar to what has been observed for LsLPMO9A (Frandsen et 

al., 2016), and differing somewhat from the typical flat binding surfaces commonly 

observed for LPMOs active on insoluble crystalline substrates.  

 

Following cloning in Escherichia coli and subsequent expression and purification, we 

verified the ability of ScLPMO9A to consume and produce H2O2 in a manner expected of 

AA9 LPMOs using modified versions of previously established assay protocols (Kittl et al., 

2012; Breslmayr et al., 2018). The results indicated that ScLPMO9A was correctly folded 

and contained a redox-active copper-ion in its active site. The redox potential of ScLPMO9A 

was determined to be 186 +/- 10 mV, a value that is in the range of what has previously 

been observed for AA9s, and approximately 40 mV lower than the value obtained for 

NcLPMO9C (Borisova et al., 2015; Petrović et al., 2018). 

 

As expected based on previous studies of ScLPMO9A homologs, mapping of the activity of 

ScLPMO9A on several cellulosic substrates (Paper III, Figure 4) revealed C4-oxidizing 

activity on cellopentaose and PASC. The main C4-oxidized product from reactions with 

cellopentaose was Glc4gemGlc, suggesting that ScLPMO9A binds and cleaves cellopentaose 

similarly to NcLPMO9C (-3 - +2 binding). Interestingly, no activity on Avicel was detected, 

while such activity has been documented for NcLPMO9C (Isaksen et al., 2014). Likewise, 

very low activity was observed in reactions with sulfite-pulped spruce (SPS). These results 

suggest that ScLPMO9A has a preference for soluble and/or amorphous substrates rather 

than crystalline cellulose. 

 

Further investigation of the activity of ScLPMO9A on soluble cellodextrins (Paper III, 

Figure 5) revealed that ScLPMO9A is also active on both cellohexaose and cellotetraose. 

The high activity on cellotetraose contrasts with studies of NcLPMO9C, which showed low 

activity on this short oligomer. Reactions with cellohexaose showed that ScLPMO9A has 

two productive binding modes, -4 - +2 and -3 - +3, as a mixture of cellobiose, cellotriose, 

Glc4gemGlc and Glc4gemGlc2 was generated. While similar results were seen in reactions 
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with NcLPMO9C (although accumulation of cellotetraose was observed, as expected), 

NcLPMO9C appeared to have a preference for -4 - +2 binding, generating mostly 

cellotetraose and Glc4gemGlc, and only minor amounts of cellotriose and Glc4gemGlc2. 

Although concrete quantitative statements cannot be made based solely on peak intensities 

in the HPAEC-PAD chromatograms and single time point measurements, the 

chromatograms showed that ScLPMO9A generated more Glc4gemGlc2, perhaps indicating 

a preference for the -3 - +3 binding mode in cleavage of cellohexaose.  

 

Screening of ScLPMO9A activity on hemicellulosic substrates alone or in combination with 

PASC revealed activity on mixed-linkage glucan (β-glucan; BG), konjac glucomannan 

(KGM), and xyloglucan (tamarind xyloglucan, TXG, and xyloglucan oligomers, XGO) (Paper 

III, Figures 6-7). Comparison of HPAEC-PAD product profiles generated by ScLPMO9A 

with those generated by NcLPMO9C in reactions with KGM and BG showed differences that 

could be indicative of different preferential substrate-binding modes. In addition, in 

reactions with KGM and BG alone, product peak intensities were substantially higher for 

reactions with ScLPMO9A than for reactions with NcLPMO9C, hinting at potential greater 

affinity of ScLPMO9A for these substrates. In reactions with xyloglucan, product profiles 

between the two LPMOs looked similar, although ScLPMO9A product peaks were more 

intense than those of NcLPMO9C, particularly in reactions with the xyloglucan substrates 

alone. Small differences in the product profiles indicated that these LPMOs may display 

minor differences in their cleavage patterns when acting on xyloglucan. Further studies of 

the cleavage pattern obtained with xyloglucan via MALDI-TOF MS (Paper III, Figures 8-9) 

showed that, similarly to NcLPMO9C (Agger et al., 2014; Kojima et al., 2016; Sun et al., 

2020), ScLPMO9A is “substitution-sensitive,” meaning that the LPMO only, or almost 

exclusively, cleaves the xyloglucan backbone adjacent to non-substituted glucose moieties. 

Although (weak) xylan activity has previously been reported for LsLPMO9A (Simmons et 

al., 2017), with which ScLPMO9A shares 61.1% sequence identity, no activity was detected 

in reactions of ScLPMO9A with beechwood xylan, birchwood xylan, or arabinoxylan, alone 

or in combination with PASC.  
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The ability of LPMOs to boost saccharification of cellulosic substrates, including SPS, is well-

documented. However, addition of ScLPMO9A and AscA to an LPMO-poor cellulase cocktail 

did not boost hydrolysis of SPS (Paper III, Figure 10). Although some Glc4gemGlc 

accumulation was detected, the concentration of LPMO product was lower than what is to 

be expected for reactions in which an LPMO contributes significantly to cellulose 

saccharification (e.g. (Müller et al., 2018)). In addition, the amount of C4-oxidized product 

decreased over the course of the hydrolysis reaction, indicating that Glc4gemGlc 

production by ScLPMO9A ceased early in the reaction, likely due to a lack of suitable 

substrate. Given the previously observed limited activity of ScLPMO9A on SPS and its 

stronger activity on amorphous cellulose and on cello-oligosaccharides, these results may 

indicate that LPMO products generated in this reaction were a result of ScLPMO9A action 

on (smaller) amorphous portions of the SPS substrate, which likely does not significantly 

affect the overall saccharification efficiency for the more crystalline SPS. 

 

To further investigate functional properties of ScLPMO9A, we evaluated its ability to utilize 

H2O2 in reactions with PASC, and compared H2O2-driven LPMO activity with the activity 

under “monooxygenase conditions” (i.e. a reaction without exogenously supplied H2O2) 

(Paper III, Figure 11). The approximate rate of Glc4gemGlc production by ScLPMO9A 

under “monooxygenase conditions” based on the first three minutes of the progress curve 

without added H2O2 was 0.8 min-1. When supplied with H2O2, a drastic rate increase was 

observed. At the first measuring point, product concentrations corresponded to 

approximately 40% of the added H2O2. These product levels indicate close-to 

stoichiometric conversion of the supplied H2O2, as previous studies of CBM-free LPMOs 

acting on insoluble substrates have shown that approximately 50% of LPMO-generated 

oxidized species remain in the insoluble substrate under the conditions used (Courtade et 

al., 2018). Estimation of the reaction rate based on the first three minutes of the progress 

curve with 250 µM H2O2 showed that ScLPMO9A operated at a rate of about 80 min-1, about 

two orders of magnitude higher than the rate observed for the reaction without 

supplemented H2O2. To the best of our knowledge, this is the highest rate observed for an 

LPMO acting on an amorphous insoluble substrate (of note, this rate is underestimated, 

possibly by a lot, since the reaction was finished already by the first measuring point). 
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A previous in-depth kinetic study of NcLPMO9C showed that this LPMO can catalyze a very 

efficient peroxygenase reaction when supplied with exogenous H2O2 and a soluble 

substrate, reaching rates of >100 s-1 for cellopentaose (Rieder et al., 2021b). Given these 

data and the observed activity of ScLPMO9A on cellodextrins, we investigated the ability of 

ScLPMO9A to utilize H2O2 in oxidative cleavage of cellopentaose, using a reaction setup 

where H2O2 was only added at the start of the reaction (Paper III, Figure 12). Within 30 s, 

ScLPMO9A catalyzed near stoichiometric conversion of 200 µM H2O2, reaching an 

estimated maximum rate of 11 s-1 based on the first 10 s of the progress curves. While 

increasing the initial H2O2 concentration to 400 µM appeared to boost the initial rate of the 

reaction, progress curves at this higher concentration of H2O2 showed signs of LPMO 

inactivation and/or reductant depletion.  

 

During the course of this work, a study of several fungal AA9s expressed in the yeast Pichia 

pastoris, including ScLPMO9A, was published (Frandsen et al., 2021). Remarkably, the 

authors did not detect activity of ScLPMO9A on cellotetraose, or on glucomannan or 

xyloglucan, whereas activity on Avicel was reported. These results are in stark contrast to 

the results reported in Paper III and discussed above. The data shown in Paper III 

demonstrate that ScLPMO9A is a C4-oxidizing LPMO active on a range of hemicellulosic 

substrates, in addition to amorphous cellulose and soluble cello-oligosaccharides. The very 

limited activity on crystalline substrates suggests that ScLPMO9A may have evolved to 

catalyze reactions not typically associated with LPMO function, which as of yet remain 

enigmatic. The comparison of ScLPMO9A with the well-studied NcLPMO9C, also active on 

soluble cellodextrins, suggested a different mode of binding to cellodextrins, enabling 

ScLPMO9A to perform complete cleavage of 1 mM cellotetraose to native cellobiose and 

Glc4gemGlc, and leading to a preferential -3 - +3 binding mode for cleavage of cellohexaose. 

Further studies aimed at uncovering the structural basis for these subtle differences in 

substrate cleavage preferences are underway. Preliminary kinetic investigations of the 

peroxygenase activity of ScLPMO9A showed that despite being more sensitive to high levels 

of H2O2 than NcLPMO9C, ScLPMO9A catalyzes an efficient peroxygenase reaction in the 

presence of relatively low amounts of H2O2, not only in reactions with soluble cellopentaose 

but also in the depolymerization of an insoluble amorphous cellulosic substrate.  
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3.4 Paper IV: Quantifying oxidation of cellulose-associated 

glucuronoxylan by two lytic polysaccharide 

monooxygenases from Neurospora crassa 
 

Following the initial discovery of hemicellulolytic activity of NcLPMO9C (Agger et al., 2014), 

many AA9s have been found to show both cellulolytic and hemicellulolytic activity. 

However, until recently, oxidative cleavage of xylan had only been convincingly 

demonstrated for two AA9s, MtLPMO9A from M. thermophilia (Frommhagen et al., 2015) 

and McLPMO9H from Malbranchea cinnamomea (Hüttner et al., 2019). Paper IV describes 

the characterization of several xylan-active AA9 LPMOs, including NcLPMO9F, for which 

C1-oxidizing cellulose activity had already been demonstrated (Kittl et al., 2012), and the 

previously uncharacterized NcLPMO9L. Quantification of generated oxidized products 

allowed, for the first time, comparison of the xylan- and cellulose-oxidizing activities of 

multiple LPMOs acting on a cellulose-xylan mixture. In addition, phylogenetic and 

structural analysis enabled the identification of distinctive features shared by xylan-active 

LPMOs. 

 

Based on phylogenetic analysis indicating that NcLPMO9F and NcLPMO9L clustered closely 

together with MtLPMO9A and McLPMO9H (Paper IV, Figure 1), for which xylanolytic 

activity had previously been demonstrated, we screened these LPMOs for activity on 

beechwood glucuronoxylan (BeWX) alone and in combination with PASC. MALDI-TOF MS 

analysis revealed the formation of oxidized xylo-oligosaccharides in reactions with PASC 

and BeWX (Paper IV, Figure 2). In addition to oxidized cello-oligomers derived from PASC, 

oxidized non-substituted and 4-O-methylglucuronylated (GlcAOMe-substituted) xylo-

oligosaccharides were detected in reactions with both NcLPMO9F and NcLPMO9L. The 

presence of sodium adducts of the sodium salts of oxidized xylo-oligosaccharides indicated 

that both LPMOs perform C1-oxidative cleavage of xylan. The mass spectrum for 

NcLPMO9F showed a clear prevalence of oxidized xylan-derived products, indicating that 

in addition to its cellulolytic activity, this LPMO has significant xylanolytic activity. While 

conclusive statements based solely on MALDI-TOF MS analysis are not possible, the 

observed product profiles could indicate that NcLPMO9F acts preferentially on xylan in a 
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cellulose-xylan mixture. The MALDI-TOF MS analysis showed a different ratio between 

oxidized cellulose- and xylan-derived products for NcLPMO9L, with a seemingly larger 

fraction of the former.  

 

Intrigued by these results, we pursued HPAEC-PAD analysis of the product mixtures 

generated in reactions with NcLPMO9F, NcLPMO9L, or McLPMO9H acting on PASC, PASC 

and BeWX, or BeWX alone, to obtain a more comprehensive overview of the distributions 

of cellulose- and xylan-derived LPMO products and how these may differ between the 

LPMOs (Paper IV, Figure 3). The results showed that none of the LPMOs are active on 

BeWX alone, and that the previously uncharacterized NcLPMO9L performs C1-oxidative 

cleavage of PASC, generating products similar to those observed in corresponding reactions 

with NcLPMO9F. All three LPMOs generated mixtures of oxidized cello- and xylo-

oligosaccharides when incubated with PASC and BeWX, although, based on HPAEC-PAD 

peak intensities, the apparent ratios of these two types of oxidized products varied 

considerably between the enzymes. For instance, NcLPMO9F appeared to generate larger 

amounts of xylan-derived oxidized products than cellulose-derived oxidized products, 

corresponding to what was observed in MALDI-TOF MS analysis, while the inverse trend 

was observed for the product mixture generated by NcLPMO9L, which appeared to 

primarily contain oxidized cello-oligosaccharides. McLPMO9H generated a more 

intermediate mixture of cellulose- and xylan-derived products. Comparison of HPAEC-PAD 

chromatograms of LPMO-generated product mixtures with an in-house generated C1-

oxidized xylo-oligosaccharide standard enabled the identification of non-substituted Xyl1-

5Xyl1A (Xyl2-6ox) species (Paper IV, Figure 4). The MALDI-TOF MS spectra suggest that 

remaining unidentified peaks are likely oxidized non-substituted higher DP and GlcAOMe-

substituted xylo-oligosaccharides. 

 

To investigate whether PASC- and BeWX-derived oxidized species could be quantified via 

HPAEC-PAD, we explored the ability to achieve separation and identification of oxidized 

products after treating NcLPMO9F-generated product mixtures with TrCel7A (a GH7 

cellulase from T. reesei) and CjXyn10A (a GH10 endoxylanase from Cellvibrio japonicus). 

Subsequent HPAEC-PAD analysis (Paper IV, Figure 5B) revealed the presence of Glc1-
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2Glc1A and Xyl1-2Xyl1A in product mixtures from reactions with PASC and BeWX, in 

addition to presumed native and/or oxidized GlcAOMe-substituted species. The oxidized 

species of interest (Glc1-2Glc1A and Xyl1-2Xyl1A) did not co-elute and gave peak intensities 

well above the baseline, indicating that quantification of these products was possible. A 

control experiment using the non-xylan active GtLPMO9B from Gloeophyllum trabeum 

showed no formation of oxidized xylo-oligosaccharides, but comparison of product profiles 

with and without BeWX indicated that the presence of xylan hampered cellulose oxidation 

by GtLPMO9B (Paper IV, Figure 5C and D). 

 

Quantification of TrCel7A/CjXyn10A-treated product mixtures generated in reactions of 

NcLPMO9F with PASC or PASC and BeWX (Paper IV, Figure 6A) showed that in the 

presence of PASC alone, generation of oxidized GlcGlc1A and Glc2Glc1A reached a maximum 

of 165 µM, far below the theoretical maximum of 1 mM that would be obtained by 

stoichiometric conversion of supplied AscA. In addition, the progress curve was not linear, 

which is a sign of enzyme inactivation. When acting on a mixture of PASC and BeWX (Paper 

IV, Figure 6B), the concentration of cellulose-derived oxidized products was lower (80 

µM), while the concentration of xylan-derived oxidized products reached 266 µM, 

indicating that NcLPMO9F acts preferentially on xylan. Additionally, the shape of the 

progress curve showed less signs of LPMO inactivation, as the levels of oxidized xylan 

products were continuously increasing throughout the reaction. Taken together, these 

results suggest that xylan inhibits cellulose oxidation by NcLPMO9F in the PASC-BeWX 

mixture, likely due to coating of the cellulose fibers that makes these less accessible to the 

LPMO. Furthermore, the results show that BeWX (when complexed with PASC) is a more 

suitable substrate for NcLPMO9F than PASC, as evidenced by the levels of Xyl1-2Xyl1A 

generated in reactions with PASC and BeWX being higher than the levels of Glc1-2Glc1A 

generated in reactions with PASC.  

 

Identical quantifications of oxidized cello- and xylo-oligosaccharides produced by 

NcLPMO9L and McLPMO9H in reactions with PASC or PASC and BeWX showed remarkable 

differences in substrate preferences between the LPMOs (Paper IV, Figure 6C and D). In 

reactions with PASC alone, the two N. crassa LPMOs generated similar amounts of oxidized 
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cellobiose and cellotriose, while McLPMO9H produced nearly twice as much oxidized cello-

oligomers. In reactions with PASC and BeWX, NcLPMO9F generated nearly three times 

more xylan-derived than cellulose-derived oxidized products (3:1 ratio), whereas this ratio 

was about 1:1 for McLPMO9H and 0.5:1 for NcLPMO9L. Of note, only quantification of non-

substituted oxidized xylo-oligosaccharides was performed, which means that the total 

amount of xylan oxidation is underestimated. 

 

Further phylogenetic and sequence analysis of these LPMOs revealed that the xylan-active 

NcLPMO9F and MtLPMO9A are found in a distinct clade, separate from the xylan-active 

NcLPMO9L and McLPMO9H, which are located in closely related sister clades (Paper IV, 

Figure 1). While the structural features that determine LPMO substrate specificity remain 

somewhat enigmatic, it is clear that LPMO substrate-binding surfaces can vary significantly 

due to sequence variations in variable regions that have been classified as four loops (L2, 

L3, LS, LC; (Wu et al., 2013)) or five segments (Seg1-5; (Laurent et al., 2019; Sun et al., 

2020)). To identify structural features of potential importance for xylanolytic LPMO 

activity, a multiple-sequence alignment (MSA) was performed including xylan-active 

NcLPMO9F, NcLPMO9L, McLPMO9H, and MtLPMO9A, a few AA9 LPMOs considered 

potentially xylan-active based on phylogenetic analysis, and other AA9 LPMOs for which 

we could not demonstrate xylan activity (Paper IV, Figure 7). In addition, the substrate-

binding surfaces of the four xylan-active LPMOs were compared (Paper IV, Figure 8). The 

MSA indicated that the LPMOs active on cellulose-associated xylan have shorter L2 and L3 

loops (corresponding to shorter Seg1 and Seg2 segments), as well as a conserved tyrosine 

residue (Tyr2) adjacent to the first histidine of the histidine brace. This tyrosine appears to 

face inwards towards the protein core, making it unlikely to contribute to substrate binding. 

However, the presence of this Tyr2 residue is correlated with the presence of another 

conserved Tyr in a subgroup of the LPMOs that has xylan-active members (Tyr71 in 

NcLPMO9F). This Tyr residue, which has previously been associated with oxidative 

regioselectivity (Borisova et al., 2015), is solvent-exposed and has the potential to interact 

with a bound substrate. The absence of this tyrosine in NcLPMO9L coupled with the 

seemingly weaker xylanolytic activity of NcLPMO9L as compared to the other xylan-active 



MAIN RESULTS AND DISCUSSION 

79 

LPMOs makes it tempting to speculate that this residue plays an important role in optimal 

binding to a xylan substrate. 

 

In the context of lignocellulose depolymerization, the role of xylanolytic enzymes is thought 

to be not only to degrade xylan, but also to facilitate access to cellulose for cellulolytic 

enzymes. In the study described in Paper IV, we have shown that NcLPMO9F and 

NcLPMO9L are active on cellulose-associated glucuronoxylan. Through quantification of 

oxidized xylan- and cellulose-derived products, we demonstrated that xylan is the 

preferred substrate of NcLPMO9F when acting on a mixture of cellulose and xylan. 

Quantification of product formation revealed functional variation between the various 

xylan-active LPMOs. It would be very interesting to study whether this functional variation 

relates to the variation of naturally occurring xylans with different substitution patterns. 

Likewise, it would be interesting to study the interplay between xylan-active LPMOs and 

other xylan-active enzymes, such as enzymes that remove substitutions. Phylogenetic 

analysis enabled the identification of two previously studied cellulose-active LPMOs 

presumed to have activity on glucuronoxylan, TtLPMO9E from T. terrestris and PcLPMO9D 

from Phanerochaete chrysosporium. Following the publication of Paper IV, activity on 

glucuronoxylan has indeed been demonstrated for TtLPMO9E (Tõlgo et al., 2022). Taken 

together, these results warrant further studies of LPMOs active on both cellulose and xylan. 

For example, it would be intriguing to delve deeper into whether NcLPMO9F has primarily 

evolved to degrade xylan, or whether it naturally serves a dual function, first 

depolymerizing xylan coating the cellulose fibers before acting on the cellulose within. 

These types of studies may also help elucidate whether hemicellulolytic LPMO activities 

could contribute to industrial saccharification of lignocellulosic biomass by removing 

recalcitrant xylan. Finally, it would be of great interest to carry out protein engineering 

studies to verify whether the structural features identified as potentially important for the 

xylan activity of AA9 LPMOs indeed confer this activity to the enzymes. 
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4 Concluding remarks and future 

perspectives 
 

Decades of research have significantly advanced and expanded our knowledge of the 

enzymatic degradation of cellulose and related polysaccharides. The discovery of the 

oxidative action of LPMOs, and, more recently, the elucidation of their peroxygenase ability, 

have changed the ways in which we study the enzyme systems involved and revealed novel 

avenues for harnessing the power of enzymes in the depolymerization of lignocellulose. 

Nevertheless, several outstanding questions concerning the biological function and 

catalytic properties of LPMOs remain unanswered, including questions related to the 

reasons for their multiplicity in many fungi, their catalytic mechanism, their interaction 

with hydrolytic enzymes and co-substrates during biomass degradation, and potential 

alternative biological roles they may fulfill in nature. 

 

The research presented in this thesis has addressed a range of fundamental and applied 

aspects of LPMOs. Paper I describes the implementation of an ICS-6000 system with a 

novel KMSA/KOH dual electrolytic eluent generation platform, which enabled the 

development of chromatographic methods for sensitive detection and quantification of 

mono- and oligomeric native, C1-, and C4-oxidized cellulose-derived LPMO products. The 

research described in Paper II demonstrates the industrial potential of an LPMO-rich T. 

aurantiacus cellulase cocktail for saccharification of lignin-poor SPS at high temperatures, 

and illustrates that, for lignin-poor substrates, addition of GOx can be an advantageous 

method for in situ generation of H2O2 to drive LPMO activity and boost glucan 

saccharification yields. Paper III describes the functional characterization of ScLPMO9A, as 

an example of an LPMO whose primary function does not appear to be the degradation of 

crystalline cellulose. Instead, this LPMO is active on amorphous cellulose, various 

hemicelluloses, and cello-oligomers. Kinetic studies of ScLPMO9A revealed strong 

peroxygenase activity both on cellopentaose and PASC, underpinning the peroxygenase 

nature of LPMOs. The research described in Paper IV led to the demonstration of major 

xylanolytic activities among some members of the AA9 LPMO family, such as NcLPMO9F 
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and NcLPMO9L, which degrade beechwood glucuronoxylan when the xylan is mixed with 

cellulose (PASC). Simultaneous quantification of oxidized xylan- and cellulose-derived 

LPMO products, which had not been previously described, showed different preferences 

for these two substrates amongst xylan-active LPMOs. 

 

While the results presented in this thesis contribute to furthering our knowledge of several 

aspects of LPMOs, these findings also generate questions and hypotheses suitable as topics 

for future studies. For instance, we expect that the established chromatographic methods 

based on dual electrolytic generation of KMSA/KOH-based eluents for separation and 

quantification of cellulose-derived LPMO products described in Paper I will provide a 

foundation for method development for detection and separation of more structurally 

complex hemicellulose-derived products. The analysis of C4-oxidized cello-oligomers 

remains problematic due to product instability, and it would be interesting and worthwhile 

to investigate the development of alternate methods for analysis of these compounds, for 

example methods based on porous graphitized carbon chromatography (Westereng et al., 

2016). 

 

The promising results obtained using the T. aurantiacus cocktail (Paper II) warrant further 

research, for example on optimizing enzyme production to reach economic viability. 

Clearly, for certain substrates, this cocktail provides an opportunity for carrying out 

saccharification reactions at elevated temperatures. The results from Paper II emphasize 

the importance of controlling H2O2 levels, and further studies on how to do this in an 

optimal manner, for different substrates, are of great interest. Paper II shows that although 

in situ H2O2 generation by GOx is an efficient way to boost LPMO activity, and thus cellulase 

efficiency in saccharification of lignin-poor substrates, the situation is more complex when 

using lignin-rich, redox-active substrates. In some cases, the use of catalase as an H2O2-

scavenger may contribute to achieving an optimal balance between H2O2 generation and 

consumption, as has indeed been documented by Scott and colleagues (who, notably, were 

not aware of the peroxygenase activity of LPMOs) (Scott et al., 2016). It would be of 

particular interest to assess whether the use of a thermostable catalase could improve the 
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saccharification of lignin-rich substrates such as SEB by the T. aurantiacus cocktail at high 

temperatures.  

 

As discussed above, recent studies have demonstrated that copper released by LPMOs upon 

autocatalytic inactivation can significantly destabilize reaction systems because copper 

triggers self-propagating H2O2 generation (Stepnov et al., 2022b). It could be advantageous, 

although likely challenging, to consider these findings from an applied perspective in order 

to learn more about and potentially prevent process conditions that destabilize LPMOs and 

other enzymes in the reaction system. While it is not clear if copper release from the LPMO 

is relevant when using industrial substrates (which may contain metal ions), it would 

certainly be worthwhile to assess the possible impact of adding metal ion scavengers to 

saccharification reactions. In any case, it is clear that substrate-specific process 

optimization is crucial for maximization of the LPMO potential and the overall efficiency of 

lignocellulose saccharification by cellulase cocktails.  

 

The characterization of AA9 LPMOs described in Paper III and Paper IV add to the growing 

body of information on the varying substrate specificities of LPMOs, and provide a basis for 

further research regarding the structural determinants of these substrate specificities and 

the true biological roles of LPMOs. It is conceivable that LPMOs active on soluble substrates, 

such as ScLPMO9A, serve a natural purpose not related to lignocellulose conversion which 

remains to be uncovered. In the case of this LPMO, the apparent lack of activity on 

crystalline substrates combined with seemingly strong activity on several other substrates 

warrants further investigation. In fact, NMR-based studies (Courtade et al., 2016) of the 

interaction between this LPMO and several of its substrates are ongoing, and may lead to 

the identification of structural features that affect substrate-binding and specificity. 

  

The demonstration by precise quantitative analysis that xylan-active NcLPMO9F and 

NcLPMO9L, produced by the same organism, generate different cellulose-xylan product 

ratios when incubated with both polysaccharides suggests that these enzymes have 

evolved to target distinct sites within the lignocellulose structure. It would therefore be 

interesting to evaluate if and in what ways xylan activity as such, as well as the varying 
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xylan preferences, may contribute to improved saccharification of xylan-containing 

lignocellulosic biomass. Remarkably, the potential of hemicellulolytic LPMO activity for 

improved biomass processing remains largely unexplored. 

 

In conclusion, the work described in this thesis increases our understanding of LPMO 

diversity, the application of LPMOs in lignocellulose processing, and the analysis of LPMO-

generated mono- and oligosaccharides. LPMOs are fascinating enzymes with a proven, but 

possibly not fully exploited, potential in biomass processing. The research presented in this 

thesis will hopefully contribute to a better understanding of LPMOs that will eventually lead 

to more insight into their biological roles and provide ways to optimize their use in 

industrial applications. 
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a b s t r a c t 

Research on oligosaccharides, including the complicated product mixtures generated by lytic polysaccha- 

ride monooxygenases (LPMOs), is growing at a rapid pace. LPMOs are gaining major interest, and the abil- 

ity to efficiently and accurately separate and quantify their native and oxidized products chromatographi- 

cally is essential in furthering our understanding of these oxidative enzymes. Here we present a novel set 

of methods based on dual electrolytic eluent generation, where the conventional sodium acetate/sodium 

hydroxide (NaOAc/NaOH) eluents in high-performance anion-exchange chromatography (HPAEC) are re- 

placed by electrolytically-generated potassium methane sulfonate/potassium hydroxide (KMSA/KOH). The 

new methods separate all compounds of interest within 24–45 min and with high sensitivity; limits of 

detection and quantification were in the range of 0.0 0 01–0.0 032 mM and 0.0 0 02–0.0 096 mM, respec- 

tively. In addition, an average of 3.5 times improvement in analytical CV was obtained. This chromato- 

graphic platform overcomes drawbacks associated with manual preparation of eluents and offers sim pli- 

fied operation and rapid method optimization, with increased precision for less abundant LPMO-derived 
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Introduction 

As the most abundant organic polymer on Earth, cellulose con- 

utes a highly interesting and desirable potential feedstock for 

 production of renewable, sustainable fuels and chemicals. Cel- 

olytic enzymes that catalyze the hydrolysis of this polysac- 

ride have thus been an important research target for several 

ades. Reese et al. postulated as early as in 1950 that cellulose 

radation encompasses the action of two main enzyme types –

e “decrystallizing” enzyme that converts native, crystalline cel- 

ose to more accessible shorter chains, and another that hy- 

lyzes the shorter cellulose chains to oligo- and monosaccha- 

es [1] . Cellulose breakdown was long believed to be performed 

ely through the action of hydrolytic enzymes, until a break- 

ough discovery in 2010, which showed oxidative cleavage of 

ysaccharides by a new class of enzymes, namely lytic polysac- 

ride monooxygenases (LPMOs) [2–10] . LPMOs are critical cellu- 

tic enzymes because they create chain breaks in highly crys- 
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ases to further degrade the substrate. Indeed, 

have become essential in commercial cellulase 

 modern biorefinery operations to produce sus- 

d products from second-generation lignocellu- 

 12 ]. 

pendent LPMOs are unique in that they use an 

 to cleave glycosidic bonds. Cleavage of cellu- 

duct with an oxidized carbon at the C1 or the 

some LPMOs, a mixture of these products. The 

t is a lactone, which is spontaneously hydrated 

xidation at the C4 position generates a ketoal- 

uilibrium with its geminal diol form. The hy- 

se oxidized sugars, i.e. , the aldonic acid or the 

most prevalent in aqueous solutions at physi- 

pH [13] . LPMOs acting alone on cellulose will 

le substrate to contain C1- and/or C4-oxidized 

e soluble oxidized cello-oligomers in the range 

2 – DP10 (DP; degree of polymerization). If the 

llulolytic enzyme cocktail containing cellulases 

e, soluble oxidized products will be degraded 

nic acid (for C1 oxidation) or the gemdiol of 4- 

C4 oxidation) [ 14 , 15 ]. Proper identification and 

MO products is of high importance, since this 
( http://creativecommons.org/licenses/by/4.0/ ) 
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l help understand how these powerful oxidative enzymes work, 

w monitoring of LPMO action during cellulose bioprocessing, 

 enable better harnessing of the power of these remarkable en- 

es. 

LPMO products pose major challenges regarding separation and 

ntification via chromatography or mass spectrometry due to 

ir minor structural differences as compared to native oligosac- 

rides [ 13 , 16 ]. Hydrophilic interaction liquid chromatography 

LIC) and porous graphitized carbon liquid chromatography 

C-LC) are often used for the separation and identification of 

osaccharide species. HILIC, with its polar stationary phase cou- 

d with a non-polar eluent, enables retention of hydrophilic 

ponents [17] , and has been used to separate carbohydrates 

ce 1975 [18] . HILIC has previously been used to efficiently sep- 

te both neutral and C1-oxidized oligosaccharides [19] , but base- 

e separation of C4-oxidized products has proven challenging 

h this method [16] . Additionally, high ionic strength of the 

ent has been required to yield satisfactory separation of C1- 

dized oligosaccharides, limiting the use of this method with 

 detection [16] . PGC columns allow retention of oligosaccharides 

e to polar interactions between the sugar and the PGC column 

terial [20] , and separation is based on size, type of linkage, and 

-structure [19] . PGC-LC has previously been used to achieve ef- 

ent separation of C1- and C4-oxidized species in LPMO prod- 

 mixtures but causes near co-elution of C4-oxidized and native 

osaccharides. MS-based detection is therefore crucial in product 

ntification, which is possible, as PGC-LC is fully compatible with 

line MS detection [ 16 , 19 , 21 ]. The limitation is that medium- to 

g-chain oligosaccharides tend to show very strong retention to 

C columns; in fact, oligosaccharides with a DP above five are 

ely eluted [19] . 

Although both HILIC and PGC-LC give acceptable separation of 

osaccharides, when it comes to analyzing the complex product 

xtures generated by LPMOs, neither method can compete with 

 sensitivity and separation achieved with high performance 

on-exchange chromatography with pulsed amperometric detec- 

n (HPAEC-PAD) [19] . In HPAEC, sugar hydroxyl groups are de- 

tonated by applying an eluent with a high pH, causing the sug- 

 to behave as weak anions and bind to a polymer-based anion- 

hange resin [22] . Then, by applying a gradient of increasing salt 

centration, the weakly acidic sugar species will be displaced 

m the column according to the number of charged groups they 

ry, which corresponds to the chain length of the oligosaccha- 

es. In conventional HPAEC-analysis of oligosaccharides, the elu- 

 is typically a solution of sodium hydroxide (0.1 M NaOH) and 

 salt is sodium acetate (1 M NaOAc). The NaOAc salt used dur- 

 the gradient elution acts as a competing ion with the sug- 

, binding strongly to the column ion-exchange sites, thus dis- 

cing the oligosaccharides as the salt concentration increases, re- 

ting in staggered elution [22] . The PAD detection is based on 

 electrocatalytic oxidation of sugars at high pH catalyzed by 

old working electrode [22] . HPAEC-PAD is generally considered 

 most advantageous method for the separation of neutral and 

rged oligosaccharides in terms of both resolution and sensitiv- 

. HPAEC-PAD analysis of LPMO products comes with the disad- 

tage of not being compatible with MS, due to the fact that elu- 

n of charged groups ( i.e. , the aldonic acids) requires gradients 

h high salt concentrations [19] . Still, HPAEC-PAD is an excel- 

t method for LPMO research because the method can separate 

ive, C1-, C4-, and C1/C4-oxidized cello-oligomers, despite the 

nor structural differences between these compounds [ 16 , 19 ]. At 

h pH, C1-oxidized products are inherently stable aldonic acids. 

se are relatively simple to analyze using HPAEC-PAD, and can 

separated from native products using short run times [19] . C4- 

dized products, however, are unstable at high pH, and will un- 

go partial on-column decomposition [16] . These decomposition 

processes gen

tifying C4 oxi

lost the (C4-o

One major

charides is th

tually leads to

carbonate ion

causing reduc

fect, eluents a

a continuous 

lous care on t

retention time

eluent genera

deionized wat

water through

gassers, eluen

are produced 

no risk of CO 2

Recently, a

electrolytically

the use of po

(KMSA/KOH) [

different EGC

potassium me

trated potassi

eration techn

formance in o

NaOAc/NaOH-

and less error

ity of this new

and to genera

and further d

ysis of the pr

electrolytic el

and quantifica

methods for t

2. Materials a

2.1. Chromatog

Method de

raphy system,

up with PAD 

Gold-Carbo-Q

for 400 ms, 

+ 0.6 V, and 6

used a 1 × 2

(Thermo Scien

the same type

ple loop had 

used a 2 × 1

(Thermo Scien

the same typ

and the samp

30 °C. Eluents

H 2 O (type I, 1

the instrumen

monosacchari

section and sh

to separate ol

was used. The

individual gra

For compa

were also ana

tific), set up w
2 
Journal of Chromatography A 1662 (2022) 462691 

products that can be used as a proxy for quan- 

 [ 15 , 16 ] as well as native products that have 

d) sugar at the non-reducing end [ 13 , 16 ]. 

 associated with HPAEC separation of oligosac- 

etration of CO 2 into the eluents, which even- 

mulation of carbonate on the column. Here the 

occupy the anion-exchange sites of the column, 

ention of the analytes [22] . To minimize this ef- 

assed and protected from exposure to air using 

f N 2 gas. Since this procedure requires meticu- 

r side, it is prone to error, resulting in unstable 

 recently developed technology for electrolytic 

23] circumvents this issue by only requiring 

e used in the system. By passing the deionized 

t generator cartridges (EGCs) and multiple de- 

h the correct hydroxide and salt concentrations 

mand without significant user input, and with 

amination. 

e platform for oligosaccharide separation using 

rated eluents has been established based on 

m methanesulfonate and potassium hydroxide 

he electrolytic eluent generation occurs in two 

nected in series, one containing concentrated 

sulfonate (KMSA) and one containing concen- 

ydroxide (KOH). Dual electrolytic eluent gen- 

has already been shown to offer equal per- 

ccharide separation as compared to traditional 

 HPAEC-PAD, and entails cleaner, less laborious, 

 eluent generation [23] . To assess the suitabil- 

nology for analyzing oxidized oligosaccharides 

 methods for LPMO research, we have assessed 

ed the EGC technology for use in HPAEC anal- 

 of LPMO reactions. We demonstrate that dual 

eneration is highly suitable for the separation 

f oxidized oligosaccharides and present a set of 

proved analysis. 

ethods 

 

ment was carried out using an ion chromatog- 

0 0 0 system from Dionex (Thermo Scientific) set 

 disposable gold electrode utilizing the Dionex 

aveform (detection potential + 0.1 V maintained 

ed by 10 ms at -2.0 V, a rapid increase to 

at -0.1 V [24] ). For oligosaccharide analysis, we 

m Dionex CarboPac PA-200 analytical column 

connected to a 1 × 50 mm guard column of 

 operational flow was 63 μL/min and the sam- 

me of 4 μL. For monosaccharide analysis, we 

m Dionex CarboPac PA-210-Fast-4 μm column 

connected to a 2 × 30 mm guard column of 

his case, the operational flow was 200 μL/min 

 volume was 0.4 μL. The columns were kept at 

 generated electrolytically using only distilled 

 �•cm) and eluent generator cartridges within 

SA/KOH for oligosaccharides and KOH only for 

he gradients used are described in the Results 

in detail in Table 1 . For all gradients developed 

charides, a set concentration of 100 mM KOH 

entration of KMSA was varied according to the 

 purposes, selected oligosaccharide samples 

 on a Dionex ICS-50 0 0 system (Thermo Scien- 

AD detection and a 3 × 250 mm PA-200 col- 
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Table 1 

Gradients for the three main chromatographic methods for analysis of LPMO products. This table shows three optimized methods for separating native, C1-, and C4-oxidized 

cello-oligosaccharides using dual EGC with KMSA/KOH and an ICS-60 0 0 HPAEC system. The concentration of KOH was kept constant at 100 mM for all time points in all 

methods. 
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n Dionex CarboPac PA-200 analytical column (Thermo Scien- 

c) connected to a 3 × 50 mm guard column of the same type, 

 using previously optimized protocols for NaOH/NaOAc-based 

tions [13] . Fresh eluents (A: 0.1 M NaOH; B: 1 M NaOAc, 0.1 M 

OH) were prepared as previously described [13] . The operational 

 was 500 μL/min and the sample loop volume was 5 μL. The 

imized and routine gradient used for this setup was as follows: 

 min, from 100% A to 94.5 % A, 5.5 % B, linear; 3–9 min, from 

5 % A, 5.5 % B to 85 % A, 15 % B. linear; 9–20 min, from 85 % A, 

% B to 100 % B, Dionex curve 4; 20–26 min, 100% A. 

Chromeleon version 7.2.9 was used for instrument control and 

lysis for both the ICS-50 0 0 and the ICS-60 0 0. Peaks were inte- 

ted using a valley-to-valley baseline and standard curves were 

ated for each component over 3–6 concentration levels, with 

licates. The standard curve was obtained by calculating a poly- 

mial regression line (order 2) through all points, including the 

gin. Limits of detection (LOD) and quantification (LOQ) were 

culated based on the Calibration Approach [25] . The lower 2-3 

centrations and the origin were used for linear regression and 

 LOD was defined as 3.3 × SE y / slope, and the LOQ as 10 ×
 

/ slope, where SE y is the standard error of the y-intercept. 

 the comparison of the performance of the ICS-60 0 0 and ICS- 

0 0 when analyzing C1-oxidized oligosaccharides, we measured 

consecutive pseudo-blanks (water spiked with a known, min- 

al amount of standard; 0.0 0 05 g/L) and the LOD was defined 

3.9 × STD / slope of a 3-point standard curve for each com- 

nd, and the LOQ as 3.3 × LOD [25] . This latter procedure pro- 

ed more data points compared to the Calibration Approach and 

wed for a more accurate comparison of both precision (CV; co- 

cient of variation) and detection limits of the two systems. 

All samples were analyzed as consecutive runs, often within the 

e day and in total within three months of instrument usage; 

ce, only minimal day-to-day variation or user-to-user variation 

visible within our data. It is anticipated that higher variation 

y occur during routine analysis, particularly for systems using 

nually prepared eluents. 

. LPMOs and reactions 

Both LPMOs utilized in this study ( Sc LPMO10C and Nc LPMO9C) 

re produced in-house as previously described [ 5 , 26 ] and copper- 

urated [27] . Copper-saturation was performed by incubating pu- 

ed LPMOs with a 3-fold molar excess of Cu(II)SO 4 at room tem- 

ature for 30 min. The copper-saturated LPMO was subsequently 

lied to a PD Midi-Trap G-25 column (GE Healthcare) to remove 

ess free copper from the LPMO preparation. Protein concentra- 

ns were determined spectrophotometrically using A 280 and the- 

tical extinction coefficients. 

LPMO-catalyzed reactions were performed to generate real 

duct mixtures for use in method development on the ICS-60 0 0 

tem. Reactions were performed by incubating phosphoric acid- 
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ASC, 0.2% w/v; prepared from Avicel according 

M), and 1 mM ascorbic acid or gallic acid in 

mM, pH 7.5). Sc LPMO10C and Nc LPMO9C were 

- and C4-oxidized products, respectively. All re- 

med in 2 mL Eppendorf tubes with a total re- 

0 μL. The reactions were incubated in an Ep- 

er (Eppendorf, Hamburg, Germany) for 20 h at 

at 10 0 0 rpm and were stopped by filtration us- 

plate (0.45 μm; Merck Millipore, Billerica, MA). 

 without reductant were performed in parallel. 

eactions with Sc LPMO10C or Nc LPMO9C with 

acid were combined in order to obtain sam- 

ixture of C1- and C4-oxidized LPMO products. 

s generated in reactions with Sc LPMO10C, PASC 

e treated with either Tf Cel6A (final concentra- 

ed in-house [ 29 , 30 ]) or with a β-glucosidase 

 0.225 mg/mL; kindly provided by Novozymes, 

) for 20 h at 37 °C, in order to convert longer 

igosaccharides to a mixture of native products, 

 cellotrionic acid, or to a mixture of glucose 

espectively. 

, and C6-oxidized cello-oligosaccharide standards 

osaccharides were purchased from Megazyme 

order to produce standards containing cello- 

ging in degree of polymerization from 2–6. To 

d standards, native cello-oligosaccharides were 

entrations of 0.5 mM and treated with Mt CDH 

, as described previously [31] ) to a final con- 

in sodium acetate buffer (50 mM, pH 5.0). The 

ted in an Eppendorf Thermomixer (Eppendorf, 

) at 40 °C for 20 h. 

oxidized standards, cellopentaose (0.25% w/v 

ated with Nc LPMO9C (final concentration 2 μM; 

c acid (final concentration 2 mM) in Tris buffer 

e reaction was incubated in an Eppendorf Ther- 

f, Hamburg, Germany) for 24 h at 33 °C with 

. Reactions were stopped by boiling for 15 min 

ng block. 

d glucuronic acid standards were purchased 

ussion 

ocused on analyzing the products of LPMO re- 

ently developed, improved ICS equipped with 

r referred to as ICS-60 0 0). Samples resulting 

s typically contain a mixture of native oligosac- 

d oligosaccharides and C4-oxidized oligosac- 
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rides, depending on the type of LPMO, the presence or absence 

other enzymes, and the substrate. 

For assessing the capabilities of the novel ICS, we compared an 

-60 0 0 equipped with a 1 × 250 mm PA-200 column (63 μL/min 

 rate) for dual EGC gradients (KMSA/KOH) with an ICS-50 0 0 

ipped with a 3 × 250 mm PA-200 column (500 μL/min flow 

e) for conventional gradients (NaOAc/NaOH). Taking into ac- 

nt the difference in column diameter between the two sys- 

s, the chosen flow rates should provide comparable chromato- 

phic conditions, leaving the salt, KMSA vs. NaOAc, as the only 

jor variable parameter. The elution strength of the MSA ion is 

ieved to be about 1.8 times stronger than that of the acetate 

 [23] , and the concentration range allowed by the ICS-60 0 0 in- 

ument is 200 mM for KSMA and KOH together (so, if 100 mM 

H is needed for adequate pH and peak shape, only 0–100 mM 

SA is possible). Limitations in the maximum amount of salt 

ld lead to somewhat increased retention times for compounds 

ding strongly to the column material. 

All methods were optimized towards finding the optimal trade- 

between speed, separation power, and reproducibility. We 

ted both stable KOH concentrations and linear or stepwise 

nges in KOH-concentration during the gradient. For all oligosac- 

rides analyzed in this study, a constant KOH-concentration of 

 mM provided the best results. Furthermore, we tested both 

ear, concave, and convex KMSA gradients, as well as combina- 

ns of these, and we monitored the pH-signal of the PAD detector 

determine the optimal post-run equilibration time. 

. Separation of native cello-oligosaccharides 

LPMOs may generate native cello-oligosaccharides when cleav- 

 near polymer chain ends, whereas such native oligomers are 

 natural products of hydrolytic enzymes, such as cellulases, that 

 frequently used in combination with LPMOs. When analyzing 

tandard mixture of cello-oligosaccharides (Glc 1-6 ), we achieved 

 best results using a steep linear gradient from 0 to 30 mM 

SA over the course of 6 min, followed by a concave gradient 

onex curve 7) to 100 mM KMSA over the course of 4 min, fol- 

ed by 5 min at 100 mM KMSA and a 9 min re-equilibration 

p at 0 mM KMSA ( Table 1 ). This method yielded baseline sep- 

tion of Glc 1-6 within 15 min, with a total time per run of 

min ( Fig. 1 A). Due to the small column diameter and compa- 

ly large loop size (4 μL), we obtained high sensitivity of detec- 

n, down to 0.0 0 05 g/L for all components. For the peak with 

 lowest intensity (Glc 6 ; Fig. 1 A, inset), the signal-to-noise ra- 

 was as high as 162, which suggests that even lower concentra- 

ns could be reliably detected. All components showed a linear 

ponse over the concentration range of 0–0.025 g/L, while sat- 

tion effects became visible at higher concentrations ( Fig. 1 B). 

Ds and LOQs ranged between 0.0 0 01–0.0 0 02 g/L and 0.0 0 03–

 0 06 g/L, respectively ( Table 2 ). Of note, Fig. 1 shows a high level 

reproducibility between runs and the absence of shifts in elution 

es. 

. Separation of C1-oxidized cello-oligosaccharides 

When analyzing the products of a strictly C1-oxidizing LPMO, 

typical sample contains a mixture of C1-oxidized cello- 

osaccharides as well as small amounts of native oligomers. 

tive cello-oligosaccharides have less retention to the PA-200 

umn than C1-oxidized cello-oligosaccharides, and the oxidized 

er (GlcGlc1A) typically elutes with approximately the same re- 

tion time as native Glc 5 [19] . For C1-oxidized compounds, we 

ieved the best results using a concave gradient (Dionex gra- 

nt 8) from 1 to 100 mM KMSA over the course of 14 min, 

lowed by a 3 min washing step at 100 mM KMSA and a 
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ing of the column at 1 mM KMSA. i.e. , the 

(see Table 1 for details). This 26 min method 

paration of C1-oxidized species in the DP2–

A), while separation of native oligomers was 

s achieved with the method described above 

ents showed a linear response over the con- 

 0–0.01 mM, with LOQs down to the range of 

ing the Calibration Approach; LOQs down to 

3–0.0 0 056 mM were observed using pseudo- 

s section and below). Saturation effects became 

ncentrations, only for the longer DPs ( Fig. 2 C); 

t prominent, and adequate quantification up to 

e when using a polynomial calibration curve. 

his method there was no co-elution of longer 

th shorter C1-oxidized cello-oligosaccharides, 

ent separation and identification of all compo- 

rge upon treating cellulose with a C1-oxidizing 

, Fig. 2 shows a high level of reproducibility be- 

 absence of shifts in elution times. 

en using this highly sensitive ICS-60 0 0 system, 

ng of the peaks for the C1-oxidized products 

ed concentration (0.02 mM). Such splitting has 

before, and we currently do not have an ex- 

his occurs. During protocol optimization, mini- 

litting was introduced as an additional parame- 

ossible to abolish this phenomenon completely 

much resolution. For compound quantification, 

ntly integrated. 

ixtures of native, C1- and C4-oxidized 

s 

O products undergo on-column modification 

ing derivative products, which have been suc- 

antify C4-oxidation [15] , have higher retention 

nd most C1-oxidized products. Thus, elution of 

oducts, hereafter referred to as “C4-oxidized”

a higher concentration of KMSA. Some LPMO 

ain both C1- and C4-oxidized products, which 

gradients are required to achieve good separa- 

nts. With this in mind, we developed a 45 min 

 adequate separation of native, C1-, and C4- 

saccharides that avoids co-elution of products 

lding baseline separation of Glc 2-6 , Glc 1-5 Glc1A, 

trimeric C4-oxidized product ( Fig. 3 ). Of note, 

he response factor for the C4-oxidized products 

 for the other products. The low signals for C4- 

reate issues, since these signals almost “drown”

-oxidized products which, as shown in Fig. 3 A, 

response factors. The low response factors for 

ducts may relate to the fact that the detected 

result of on-column modification processes in- 

16] . The optimized gradient starts with a con- 

A concentration for 8.5 min, from 0 to 15 mM, 

3. Thereafter, the concentration of KMSA is in- 

27 mM over the course of 8.5 min. Finally, the 

SA is increased to 100 mM in 10 min using 

 curve 7. The gradient is completed with two 

st at 100 mM KMSA to wash the column, and 

 KMSA to re-condition the column ( Table 1 ). 

er showed a linear response over the concen- 

.08 mM, with LOQ down to 0.0035 mM, while 

ar between 0–0.005 mM with some mild sat- 

higher concentrations. The LOQ for the trimer 

sing the Calibration Approach; LOQs down to 

) and 0.00013 mM (trimer) were observed us- 
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Fig. 1. Separation of native cello-oligosaccharides. Panel (A) shows the gradient (red) used to achieve adequate separation of native cello-oligosaccharides, as well as HPAEC 

chromatograms of a standard mixture of native cello-oligosaccharides (DP1-6; black labels). The chromatograms show duplicate runs for three different concentrations of 

standards, overlaid with a small y-offset. The concentration of the standard is shown in red on the left side of the chromatogram. The inset shows a zoom of DP6 at 

0.0 0 05 g/L. Panel (B) shows the corresponding standard curves generated via integration of the peaks from the chromatograms in Panel (A); LOD and LOQ values calculated 

for the rea

ing

sho

of 

gen

C4

as 

tur

tia

uct

oxi

oxi

uct

wo

mo

ison of

 eluen

ipped

 meth

the re

 mm

for an

noise 

aintai

pared

 colu

 proto

ated in

or diff
each compound as indicated in red. (For interpretation of the references to color in this figure legend, 

 pseudo-blanks; see Methods and below). Furthermore, Fig. 3 B 

ws a high level of reproducibility between runs and the absence 

shifts in elution times. 

Using this method, we then analyzed a mixture of products 

erated by a strict C1-oxidizing LPMO ( Sc LPMO10C) and a strict 

-oxidizing LPMO ( Nc LPMO9C) acting on PASC with ascorbic acid 

reductant. Fig. 3 B shows that, even for this highly complex mix- 

e of oligomers, all components could be separated and poten- 

lly quantified. It is worth noting that HPAEC analysis of prod- 

 mixtures generated by some LPMOs classified as mixed C1-C4 

dizing, such as the well-known Ta LPMO9A, shows peaks for C4- 

dized products that are higher than peaks for C1-oxidized prod- 

s [32] . Considering the huge difference in response factors, it 

uld seem that enzymes yielding such a product pattern are al- 

st exclusively C4-oxidizing. 

3.4. A compar

(NaOAc/NaOH)

An ICS equ

lent choice of

study). With 

(and even 0.4

can be used 

ter signal-to-

larly when m

Here, we com

ing the 1 mm

tine ICS-50 0 0

using 12 repe

note, one maj
5 
der is referred to the web version of this article.) 

 dual EGC (KMSA/KOH) and conventional 

ts 

 with a PA-200 column and a PAD is an excel- 

od for analyzing LPMO products ([ 16 , 19 ]; this 

cent development of 1 mm PA-200 columns 

, not used here) and dual EGC, a lower flow 

alyte separation. This typically yields a bet- 

(S/N) ratio and increased sensitivity, particu- 

ning a relatively large sample loop of 4 μL. 

 our optimized protocol for the ICS-60 0 0, us- 

mn and dual EGC (KMSA/KOH), with our rou- 

col with conventional (NaOAc/NaOH) eluents, 

jections of C1-oxidized standards of DP2-6. Of 

erence between the systems concerns time use: 
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Fig. 2. Separation of native and C1-oxidized oligosaccharides. Panel (A) shows the gradient (red) used to achieve adequate separation of native and C1-oxidized cello- 

oligosaccharides. Immediately below the gradient, the panel shows chromatograms for a mixture of native cello-oligosaccharide standards (top; DP1-5; 0.005 g/L; black 

labels) and a mixture of C1-oxidized cello-oligosaccharide standards of chain length (bottom; DP2-6; 0.01 mM; green labels). Panel (B) shows triplicate runs, using the 

gradient shown in panel A, of three different concentrations of the C1-oxidized cello-oligosaccharide standards (DP2-6), overlaid with a small y-offset. The concentrations 

of the analytes are shown in red on the left side of the chromatograms. Individual oxidized species are labeled in green in the topmost chromatogram. The peaks marked 

with a blue star are a mix of native oligosaccharides (see also panel A), and a -30 Da series attributed to the conversion of a hexose to a pentose, which is an artefact that 

commonly emerges during or after the reaction with CDH. Panel (C) shows standard curves generated via integration of the peaks from the chromatograms in Panel (B). The 

panel shows the standard curve for each oxidized species. LOD and LOQ values calculated for each standard curve are indicated in red. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 
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Table 2 

Determined limits of detection (LOD) and quantification (LOQ). LOD and LOQ were determined either via calibration curves 

using linear regression, or by multiple injections of pseudo-blank samples; see the Materials and Methods section for details. 

From std. curve Pseudo-blank injections 

ICS-60 0 0 ICS-60 0 0 ICS-50 0 0 

LOD LOQ LOD LOQ LOD LOQ 

Native method (g/L) 

Glc 1 0.0002 0.0005 

Glc 2 0.0001 0.0004 

Glc 3 0.0002 0.0006 

Glc 4 0.0002 0.0005 

Glc 5 0.0001 0.0004 

Glc 6 0.0001 0.0003 

Native and C1-oxidized method (mM) 

GlcGlc1A 0.0003 0.0011 0.00009 0.00030 0.00036 0.00117 

Glc 2 Glc1A 0.0019 0.0056 0.00004 0.00013 0.00026 0.00084 

Glc 3 Glc1A 0.0024 0.0072 0.00017 0.00056 0.00019 0.00064 

Glc 4 Glc1A 0.0030 0.0090 0.00005 0.00017 0.00022 0.00073 

Glc 5 Glc1A 0.0032 0.0096 0.00004 0.00014 0.00030 0.00100 
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Native, C1- and C4-oxidized method (mM) 

Glc4GemGlc 0.0011 0.0035 0.00072 0

Glc4GemGlc 2 0.0001 0.0002 0.00004 0

d -gluconic acid method (g/L) 

d -gluconic acid 0.0041 0.0125 

 dual EGC is always-on, reducing the time needed for prepar- 

 eluents and columns from approximately two hours for the 

-50 0 0 to approximately ten minutes for the ICS-60 0 0. On the 

er hand, the maximum KMSA concentration applied to the sys- 

 is 100 mM, which will, despite the higher elution strength 

KMSA, lead to longer gradual gradients with KMSA compared 

NaOAc to achieve adequate separation of both native and C1- 

dized oligosaccharides without peak overlaps. With NaOAc (ICS- 

0 0), we achieved good separation within 13 min using a flow of 

0 μL/min ( Fig. 4 B), while 20 min were needed when using KMSA 

S-60 0 0) and a flow of 63 μL/min ( Fig. 4 A). The low flow rate of 

 ICS-60 0 0 produces a very stable detector baseline, while more 

ctuations are observed with the ICS-50 0 0 ( Fig. 4 C). This leads to 

onsiderable difference in signal-to-noise ratio between the sys- 

s ( Fig. 4 D), which affects the accuracy of quantification in the 

 concentration region and renders the ICS-60 0 0 more sensitive 

 reproducible. Technically, the reason behind the stable baseline 

several technical design improvements of dual EGC systems. I) 

 concentration is directly generated without the need of a mix- 

 chamber, II) the tubing volume between the pump and detector 

much larger relative to the flow rate (the flow passes through 

o EGC modules and more tubing) causing a dampening-effect 

 the baseline, and III) the low flow causes less frequent pump 

lses compared to a high flow. All these factors contribute to the 

ble baseline. Additionally, we can observe an increase in signal 

ponse on the ICS-60 0 0 compared to ICS-50 0 0 ( Fig. 4 A and 4 B; 

ost 2 × response on ICS-60 0 0). This is likely due to the rel- 

vely large sample loop size on the ICS-60 0 0 (4 μL injected on 

 mm column) compared to the ICS-50 0 0 (5 μL injected on a 

m column), and the effect of the PAD flow cell: (I) a smaller 

ket (1 mm on ICS-60 0 0 and 2 mm on ICS-50 0 0), and (II) lower 

, both leading to a higher chance of molecules reaching the 

ctrode surface. Combining the stable baseline with the increase 

signal response ultimately leads to markedly higher signal-to- 

ise ratios obtained with the ICS-60 0 0 as seen in Fig. 4 D. 

In this experiment, LODs and LOQs were determined by mea- 

ing 12 consecutive pseudo-blanks (water spiked with a known, 

nimal amount of compound) with quantification using a 3- 

nt standard curve (see Methods section). Using 0.0 0 05 g/L C1- 

oxidized oligo
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 0.00291 0.00962 

 0.00139 0.00457 

arides (approx. 0.0 014–0.0 0 05 mM for DP2-6, 

tained LODs of 0.0 0 0 04–0.0 0 017 mM for the 

19–0.0 0 036 mM for the ICS-50 0 0. The LOQs 

56 mM and 0.0 0 073–0.0 0117 mM for the ICS- 

 0 0, respectively ( Fig. 4 E). Of note, experiments 

showed a markedly lower analytical CV than 

e ICS-50 0 0, especially for very low concentra- 

bling accurate and reproducible quantification 

mpounds. All 12 replicates showed good re- 

e standard deviation; RSD < 0.14%) of retention 

ems. It is expected that day-to-day variations 

reparations of manual eluents might affect re- 

ty compared to a system with electrolytically 

owever, we have not performed any longitudi- 

fy this. 

we also analyzed 12 reinjections of C4-oxidized 

both systems (data not shown) in order to cal- 

 for these compounds with the pseudo-blank 

ysis ( Table 2 ) corroborated the results obtained 

ligomers, showing higher sensitivity and more 

ification of low-abundant compounds for the 

e analytical CVs for the C4-oxidized dimer and 

nd 3.1%, respectively, compared to 19.8% and 

 0 0. Table 2 summarizes the LOD and LOQ val- 

his study, using the calibration approach or the 

ach. 

 C1-oxidized monosaccharide, D -gluconic acid 

is the C1-oxidized monosaccharide that can 

C1-oxidized cello-oligosaccharide, the prod- 

ing LPMO, is degraded further, e.g. , by β- 

latter enzymes act from the non-reducing end 

wn to be able to convert C1-oxidized cello- 

a mixture of glucose and gluconic acid [14] . Un- 

ions for analyzing oligosaccharides, d -gluconic 

 retention and elute too early, namely in the 

ng with other monosaccharides in the reac- 

 A). To create a method for specific detection 
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Fig. 3. Separation of native, C1-oxidized and C4-oxidized oligosaccharides. Panel A shows the 45 min gradient (in red) that achieved the best separation of native, 

C1-oxidized, and C4-oxidized cello-oligosaccharides. The chromatograms show standard samples containing the C4-oxidized dimer and trimer (top; blue labels; 0.08 mM 

Glc4GemGlc, 0.009 mM Glc4GemGlc 2 ), native oligomers (middle; black labels; 0.01 mM), and C1-oxidized oligomers (bottom; green labels; 0.01 mM). The inserts show stan- 

dard curves over three levels and calculated LOD and LOQ values for C4-oxidized oligosaccharides. The sample containing C4-oxidized products was generated by incubating 

Glc 5 with Nc LPMO9C, which leads to formation of Glc4GemGlc and Glc 3 , and minor amounts of Glc4GemGlc 2 and Glc 2 . The amount of Glc4GemGlc was determined by quan- 

tification of Glc 3 and the amount of Glc4GemGlc 2 was determined by quantification of Glc 2 . Panel B shows the chromatograms of three replicates of a mixture of products 

from two LPMO reactions, one C1-oxidizing ( Sc LPMO10C) and one C4-oxidizing ( Nc LPMO9C), with PASC and ascorbic acid. Note that Nc LPMO9C acts on soluble substrates, 

which explains why longer C4-oxidized oligomers or native oligomers derived from on-column modification of such oligomers are not observed. (For interpretation of the 
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d -gluconic acid, we used an ICS-60 0 0 setup consisting of a 

 × 2 mm PA-210-Fast-4 μm column connected to a 30 × 2 mm 

rd column of the same material, operated at 200 μL/min. The 

umn was subjected to isocratic elution with 70 mM KOH for 

min, followed by a 5 min washing step at 100 mM KOH, 

 a 9 min re-conditioning at 70 mM KOH. In this setup, we 

d a 0.4 μL sample loop instead of the 4 μL sample loop used 

 oligosaccharides, which reduces sensitivity but eliminates the 

d for (error-prone) dilution of samples with high concentra- 

ns. With this setup, we observed a linear response for concen- 

tions between 0.01–0.05 g/L for gluconic acid ( Fig. 5 C), with LOD 

0.004 g/L and LOQ of 0.013 g/L. While minor saturation effects 

re visible between 0.05–0.1 g/L, quantification up to 0.1 g/L is 

l possible using a polynomial calibration curve. 

Occasionally, C6 oxidation, leading to the formation of glu- 

onic acid, has been observed in LPMO reactions [33] . We there- 

fore also asse

We found tha

of 50–80 mM

step at 100 m

KOH ( Fig. 5 B, 

present in an

substrate use

does not inter

Current an

cuts) is based

trisaccharides

idized cello-o

this procedure

oxidized dim

sample mixtu

hemicellulose
8 
eparation of glucuronic acid and gluconic acid. 

uch product mixtures, a 16 min linear gradient 

can be applied, followed by a 5 min washing 

H, and a 9 min re-conditioning step at 50 mM 

. The only other monomeric product potentially 

 reaction would be glucose (depending on the 

ich elutes at 2.8 min with this method, and 

ith the separation of the sugar acids. 

 of the action of C1-active LPMOs (number of 

uantification of the C1-oxidized cello-di- and 

merge upon treating the mixture of soluble ox- 

charides with a cellulase [34] ( Fig. 5 A). While 

shown reproducible results, analysis of the C1- 

 trimer may still be challenging in complex 

e to co-eluting products, for example various 

ents. Alternatively, one could degrade the C1- 



H. Østby, J.-K. Jameson, T. Costa et al. Journal of Chromatography A 1662 (2022) 462691 

Fig. 4. Comparison of chromatographic performance of the ICS-50 0 0 and ICS-60 0 0 methods. C1-oxidized standards (0.0 0 05 g/L) were analyzed 12 times on an ICS-60 0 0 

(A; red) and on an ICS-50 0 0 (B; blue) using optimized methods for both systems. (C) The signal response of the detector measured within the first minute of the gradient, 

i.e. , prior to the injection peak. (D) Signal-to-noise ratio (S/N) for Glc 1-5 Glc1A where detector noise is calculated from the curves in C. S/N = 2 × peak height / noise. (E) 

Quantified amounts of the 12 reinjections for all components on both systems and calculated values for CV, LOD and LOQ (in g/L); for details, see methods. The black line at 

0.0 0 05 g/L denotes the theoretical concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Detection of d-gluconic acid. Panel (A) shows three samples (1–3) analyzed using the gradient shown in Fig. 2 A. 1: Products of a reaction of Sc LPMO10C with PASC 
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dized oligomers with β-glucosidase, converting the oligomers 

glucose and d -gluconic acid ( Fig. 5 A; [14] ), and then quantify 

 latter using the PA-210 column set-up, as shown in Fig. 5 B. 

s method simplifies the analysis of products generated by C1- 

dizing LPMOs, as only one product ( d -gluconic acid) is mea- 

ed instead of di- and trisaccharides. Furthermore, since the 

duct is a monosaccharide, it can be analyzed with a different 

AEC setup (and column) and will not co-elute with other prod- 

s potentially present in the LPMO reaction. 

Concluding remarks 

Enzymatic assays used for characterizing LPMOs and related en- 

es lead to complex product mixtures containing native, C1- 

nd C4-oxidized oligosaccharides (as well as possibly also C6- 

dized compounds). Depending on the reaction setup, product 

xtures may also contain monosaccharides, e.g. , glucose and D- 

conic acid. The ability to efficiently and accurately separate and 

ntify these compounds chromatographically is essential in fur- 

ring our understanding of these enzymes. Herein, we have pre- 

ted new methods for HPAEC, based on dual electrolytic eluent 

eration where NaOAc/NaOH is replaced by KMSA/KOH. These 

 methods and the automatic generation of eluents overcome 

wbacks associated with manually prepared eluents, primarily 

e and potential day-to-day variations, and offer simplified op- 

tion, increased precision, and higher sensitivity. 

As our knowledge of LPMOs expands, so does our understand- 

 of the range of substrates LPMOs can act upon. Novel substrate 

cificities of LPMOs are continuously being discovered [35–40] . 
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Abstract 22 

 23 

Harnessing the power of lytic polysaccharide monooxygenases (LPMOs) requires 24 

deeper insights into LPMO behavior during saccharification of industrial substrates, while 25 

improvements could also be achieved by using higher temperatures. We have compared the 26 

performance of a simple, LPMO-rich cellulolytic enzyme cocktail from the thermophilic 27 

fungus Thermoascus aurantiacus with the performance of the commercial cellulase preparation 28 

Cellic CTec2, using relatively high (10 % w/v) dry matter conditions and elevated 29 

temperatures. In saccharification of (lignin-poor) sulfite-pulped spruce at 60oC, the T. 30 

aurantiacus cocktail gave saccharification yields similar to those obtained with Cellic CTec2 31 

at 50oC. Quantification of C4-oxidized LPMO products showed that while a certain amount of 32 

LPMO activity clearly contributed to overall saccharification efficiency, very high levels of 33 

LPMO activity were not necessarily beneficial. Reactions with steam-exploded birch, rich in 34 

redox-active lignin, highlighted a strong impact of the feedstock on cocktail performance. In 35 

this case, the reaction with Cellic CTec2 at 50oC was clearly most efficient. At 60oC, enzyme 36 

inactivation became apparent for both cocktails, likely due to detrimental redox processes. 37 

Addition of H2O2-generating glucose oxidase to reactions with Cellic CTec2 at 50oC led to 38 

strongly increased LPMO activity and, only for reactions with the lignin-poor substrate, 39 

improved saccharification yields. These results underpin the potential of the T. aurantiacus 40 

cocktail for hydrolysis of lignin-poor substrates, and the usefulness of glucose oxidase for 41 

optimizing their saccharification. They also show that the efficiency of LPMO-containing 42 

cellulase cocktails is highly dependent on the nature of the reductant and the substrate. 43 

  44 
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Introduction 45 

 46 

Lignocellulosic biomass is a renewable alternative to fossil fuels and its efficient 47 

exploitation can contribute to the global move towards a bio-based economy. However, the 48 

extreme recalcitrance of lignocellulose to biological degradation and industrial processing, due 49 

mainly to its physical characteristics, represents a major bottleneck in the large-scale 50 

production of fuels and specialized chemicals from this feedstock [1-4]. Enormous efforts are 51 

dedicated within industry to overcoming this recalcitrance, for example through efforts to 52 

optimize the enzymatic depolymerization of one of its main constituents, cellulose [3, 4]. To 53 

enable efficient cellulose saccharification, lignocellulosic feedstocks must be subjected to 54 

physical and/or chemical pretreatments such as sulfite pulping or steam explosion, which serve 55 

to remove or rearrange lignin and/or hemicellulose components in the substrate and leave the 56 

cellulose fibers more exposed to subsequent enzymatic attack [2, 3]. 57 

Many microorganisms secrete cocktails of enzymes that work synergistically to 58 

degrade cellulose and other components of lignocellulosic substrates. For example, several 59 

fungal strains, including mesophilic Trichoderma [5] and Aspergillus sp. [6], thermophilic 60 

Myceliophthora thermophila (also known as Thermothelomyces thermophilus) [7], and 61 

Thermoascus aurantiacus [8] are known to secrete powerful cellulolytic enzymes. These 62 

enzyme cocktails include multiple types of cellulases, such as cellobiohydrolases, which act on 63 

the reducing and non-reducing ends of cellulose chains to release cellobiose, endoglucanases, 64 

which act within the cellulose chains to create novel ends upon which cellobiohydrolases can 65 

act, and β-glucosidases, which convert released cellobiose and cello-oligosaccharides into the 66 

monomeric product, glucose [9-11]. These cocktails also contain lytic polysaccharide 67 

monooxygenases (LPMOs), which contribute to overall cellulose saccharification by 68 

oxidatively cleaving cellulose chains [12-16]. 69 
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More than ten years after their discovery [17] and despite the industrial importance of 70 

LPMOs, the mode of action of these enzymes remains somewhat enigmatic. Remaining 71 

questions concern the catalytic mechanism, the nature of the oxygen co-substrate (O2 or H2O2), 72 

and how to optimize LPMO performance during industrial biomass processing [18-24]. 73 

LPMOs are mono-copper enzymes that hydroxylate either the C1 or the C4 carbon, leading to 74 

destabilization and spontaneous cleavage of the scissile glycosidic bond [17, 25-27]. To 75 

become catalytically active, LPMOs require an electron donor to reduce the copper from Cu(II) 76 

to Cu(I), after which the enzyme may catalyze a monooxygenase (R-H + O2 + 2 e- + 2 H+ -> 77 

R-OH + H2O) or a peroxygenase (R-H + H2O2 -> R-OH + H2O) reaction. The peroxygenase 78 

reaction is orders of magnitude faster than the monooxygenase reaction [19-21, 23, 28, 29]. It 79 

has been claimed that LPMO catalysis under “monooxygenase conditions” in fact reflects a 80 

peroxygenase reaction, limited by in situ generation of H2O2 resulting from LPMO-catalyzed 81 

and/or abiotic oxidation of the reductant (RH2 + O2 -> R + H2O2; [21, 30, 31]). Reducing 82 

equivalents are needed in all these scenarios and may, in nature, originate from the biomass 83 

itself, such as from lignin-derived compounds, other redox enzymes secreted together with the 84 

LPMOs, or smaller redox-active compounds, such as plant-derived phenolics [32-34]. In 85 

laboratory settings with lignin-poor model substrates, chemical reductants such as ascorbic acid 86 

(AscA) and gallic acid (GA), or enzymatic electron donors, such as cellobiose dehydrogenase 87 

(CDH), are commonly used to drive the LPMO reaction [35]. LPMO reactions may be 88 

accelerated by supplying H2O2, which can be exogenously added [24] or in situ-generated using 89 

e.g. CDH [36] or glucose oxidase (GOx) [18]. 90 

While accumulating knowledge of LPMO catalysis using cellulosic model substrates 91 

points to certain directions regarding how to leverage the full potential of LPMO activity, the 92 

situation is more complex when using industrial lignocellulosic feedstocks [15, 16, 24, 37]. In 93 

a process configuration, using H2O2 may be a more viable option than using molecular O2, as 94 
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proper aeration and efficient oxygen transfer are hard to achieve in high dry matter 95 

saccharification reactions [38]. The efficiency of the former approach was recently exemplified 96 

at demonstration scale for the saccharification of sulfite-pulped spruce [39]. However, for 97 

lignin-rich feedstocks such as steam-exploded woody biomass, administration of H2O2 has so 98 

far not shown particularly good results, likely due to reactions of H2O2 with redox active 99 

compounds (e.g. lignin-derived phenolics) in the feedstock [24, 40]. 100 

Next to optimally harnessing LPMO activity, another challenge in biomass processing 101 

concerns temperature limitations of the enzymes. To enhance saccharification efficiency, 102 

increase product solubility, and reduce microbial contamination, it could be beneficial to 103 

perform saccharification at elevated temperatures. Thermostable enzyme cocktails can be 104 

obtained from thermophilic fungi, such as M. thermophila and T. aurantiacus. The latter fungus 105 

has gained increasing attention during the past decade as a potential cellulase cocktail producer 106 

due to initial studies indicating that it produces a powerful cellulolytic enzyme cocktail 107 

seemingly consisting of a remarkably low number of key enzyme components compared to 108 

other, well-studied cellulase production hosts [8, 41, 42]. These few enzymes (a 109 

cellobiohydrolase, an endoglucanase, a xylanase, and an LPMO; [8]) may represent a kind of 110 

“minimal enzyme cocktail,” and studying these may provide fundamental insight into the 111 

optimization of enzymatic biomass saccharification. Notably, the primary T. aurantiacus 112 

LPMO, TaLPMO9A, is one of the best-studied LPMOs for lignocellulosic biomass processing 113 

[13, 26, 42-44]. 114 

To gain further insight into how enzymatic saccharification of cellulose could be 115 

optimized, we have compared the performance of the commercial cellulase cocktail Cellic 116 

CTec2 and the LPMO-rich thermostable cellulase cocktail produced by T. aurantiacus in 117 

saccharification of a lignin-poor (sulfite-pulped spruce, SPS) and a lignin-rich (steam-exploded 118 

birch, SEB) feedstock, using industrially relevant high dry matter concentrations and two 119 
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different reductants. Furthermore, we have investigated the effect of in situ H2O2-generation 120 

by glucose oxidase from Aspergillus niger (AnGOx) on LPMO activity and cellulose 121 

saccharification efficiency for Cellic CTec2 acting on the lignin-poor and lignin-rich 122 

substrates. 123 

 124 

Methods 125 

 126 

Substrates, enzymes, and chemicals 127 

 128 

Sulfite-pulped Norway spruce (SPS) and steam-exploded birch (SEB) were used as 129 

cellulosic substrates. SPS (Batch number DP3319) was kindly provided by Borregaard AS [45, 130 

46]; SEB was prepared by steam explosion at 210°C, with 10 min residence time, as previously 131 

described [47]. To improve mixing in saccharification experiments, the particle size of the 132 

sulfite-pulped spruce was reduced by grinding at 4000 rpm for 2 x 5 s using a GM200 133 

Grindomix (Retsch, Haan, Germany). The composition of the SPS (in % w/w dry matter (DM)) 134 

was 87.4% glucan, 2.7% xylan, 5.2% mannan, and 3.3% lignin. The composition of the SEB 135 

(in % w/w DM) was 45.8% glucan, 3.6% xylan, 0.0% mannan, and 46.1% lignin. 136 

Cellulase cocktails utilized were the commercial cellulase cocktail Cellic CTec2, kindly 137 

provided by Novozymes AS (Bagsværd, Denmark), and a cellulase-containing supernatant of 138 

a culture of T. aurantiacus. The T. aurantiacus cocktail was generated by culturing the fungus 139 

with glucose, before shifting the culture to a medium containing 2% Sigmacell, 0.75% 140 

arabinose, 25 mM (NH4)2SO4, 10 mM citrate, and McClendon salts at pH 6.0, as previously 141 

described [48]. The shifted culture was incubated for 72 h and then filtered through Miracloth 142 

(Merck Millipore, Billerica, MA, USA) after which the filtrate was sterile-filtered through a 143 

0.2 µm filter (Merck Millipore); the second filtrate was subsequently concentrated via 144 

ultrafiltration using an Amicon stirred cell concentrator (Merck Millipore) to a protein 145 

concentration of 12 g/L. Cellic CTec2 was stored at 4°C, while the T. aurantiacus cocktail was 146 
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aliquoted and stored at -20°C. Protein concentrations in the cocktails were determined using 147 

the Bio-Rad protein assay (Bio-Rad, USA) based on the Bradford method [49], with bovine 148 

serum albumin as reference protein. Glucose oxidase (GOx) from Aspergillus niger (AnGOx; 149 

type VII) was purchased from Sigma-Aldrich, and stock solutions were prepared in sodium 150 

acetate buffer (50 mM, pH 5.0) and stored at 4°C.  151 

Ascorbic acid (AscA, 100 mM) and gallic acid (GA, 100 mM) stock solutions were 152 

prepared in Trace SELECT water (Sigma-Aldrich) and DMSO, respectively, and aliquoted and 153 

stored at -20°C. Aliquots were thawed in the dark immediately prior to use. 154 

 155 

Saccharification experiments 156 

 157 

Saccharification of SPS or SEB was performed aerobically in 60 mL screw-cap glass 158 

bottles (Wheaton, Millville, USA) using a working volume of 10 mL. Reactions were carried 159 

out in sodium acetate buffer (50 mM, pH 5.0) at 50°C or 60°C and shaken orbitally at 200 rpm 160 

in a Minitron Shaker incubator (Infors AG, Bottmingen, Switzerland). The enzyme loading for 161 

both cellulase cocktails was 4 mg protein/g DM substrate in all experiments, and the substrate 162 

content was 10% w/w DM in all reactions. Of note, these enzyme concentrations are 163 

considerably lower, and these dry matter concentrations are considerably higher, compared to 164 

previous studies with the T. aurantiacus cocktail. 165 

Reactions with SPS were initiated by addition of AscA or GA. When using the lignin-166 

rich SEB, reactions were initiated by the addition of the cellulase cocktail. In reactions 167 

containing GOx, this enzyme was added immediately following the addition of the reductant, 168 

or immediately following the addition of the cellulase cocktail in the case of reactions lacking 169 

reductant. 170 

Samples of 100 µL were taken periodically, and the enzymes were inactivated by 171 

incubation at 100°C for 15 min. Samples were subsequently stored at -20°C. Prior to analysis 172 
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with high-performance liquid chromatography (HPLC), samples were thawed at 4°C and 173 

filtered using a 96-well filter plate (0.45 µm; Merck Millipore) operated with a Millipore 174 

vacuum manifold system. 175 

 176 

Quantification of cellulase- and LPMO-derived products 177 

 178 

Glucose and cellobiose generated by the cellulase cocktails were quantified by HPLC 179 

using a Dionex Ultimate 3000 system (Dionex, Sunnyvale, CA, USA) set up with a Shodex 180 

RI-101 refractive index detector (Shodex, Japan). A Rezex ROA-organic acid H+ (8%) 181 

300×7.8 mm analytical column (Phenomenex, Torrance, CA, USA) was used for analysis. The 182 

column was operated at 65°C with 5 mM H2SO4 as eluent using an isocratic flow of 0.6 mL/min 183 

[15]. Below, cellobiose and glucose are reported as glucan conversion (% of theoretical 184 

maximum conversion). Cellobiose typically amounted to 2 – 4 % and 5 – 8 % of the total 185 

reported saccharification yields for reactions with Cellic CTec2 and the T. aurantiacus cocktail, 186 

respectively. 187 

C4-oxidized cellobiose (Glc4gemGlc), the main LPMO product, was quantified by 188 

high-performance anion exchange chromatography (HPAEC) on a Dionex ICS-5000 system 189 

(Thermo Scientific, Waltham, MA, USA) set up with pulsed amperometric detection (PAD). 190 

A 3×250 mm Dionex CarboPac PA-200 analytical column (Thermo Scientific) connected to a 191 

3×50 mm guard column was used. The column was kept at 30°C. Eluents (A: 0.1 M NaOH, B: 192 

0.1 M NaOH containing 1 M NaOAc) were prepared as previously described [50]. The 193 

operational flow was 500 µL/min, and a 39 min multistep gradient was used as reported earlier 194 

[51]. In detail, the gradient used was: 0-4.5 min, linear from 100% A to 94.5% A and 5.5% B; 195 

4.5-13.5 min, convex upward (Dionex curve 4) from 94.5% A and 5.5% B to 85% A and 15% 196 

B; 13.5-30 min, concave upward (Dionex curve 8) from 85% A and 15% B to 100% B; 30-197 

30.1 min, linear from 100% B to 100% A; 30.1-39 min, constant at 100% A (reconditioning). 198 
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Chromeleon version 7.2.9 (Thermo Scientific) was used for instrument control and 199 

analysis for both the Dionex Ultimate 3000 and ICS-5000 systems.  200 

Standards for quantification of glucose and cellobiose were purchased from Megazyme 201 

(Wicklow, Ireland). Glc4gemGlc standards for quantification of the C4-oxidized dimer (the 202 

significantly dominating LPMO product in the reaction mixtures) were produced in-house as 203 

previously described [52]. 204 

 205 

Results and Discussion 206 

 207 

Effect of temperature and reductant on cellulase cocktail efficiency in 208 

saccharification of sulfite-pulped spruce (SPS) and steam-exploded 209 

birch (SEB) 210 

 211 

The simplicity of the T. aurantiacus cocktail, along with the thermophilic nature of the 212 

T. aurantiacus fungus, makes this cocktail an intriguing candidate for comparison with current 213 

commercially available cellulase cocktails used in the industrial processing of lignocellulosic 214 

biomass, such as Cellic CTec2. Previous work with the T. aurantiacus and Cellic CTec2 215 

cocktails by Schuerg et al. has demonstrated significant differences in thermostability of the 216 

two cocktails during saccharification of acid-pretreated corn stover at elevated temperatures 217 

[48]. Additionally, work by Fritsche et al. has shown significant LPMO- and substrate-218 

dependent differences between the performance of the two cocktails comparing Avicel and 219 

acid-pretreated corn stover [42]. In the present work, we have studied the performance of these 220 

cocktails at higher dry matter concentrations (10% versus 2%) and lower enzyme dosages (4 221 

mg per g of DM versus 20 mg per g of DM), and we have investigated the contribution of 222 

LPMOs by quantifying the dominating oxidized product, C4-oxidized cellobiose 223 

(Glc4gemGlc). 224 
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In order to promote LPMO activity on lignin-poor cellulosic materials, reducing agents 225 

must be supplemented to the reactions. Studies of LPMO efficiency in reactions with various 226 

reductants have illustrated that the identity of the reductant significantly impacts LPMO 227 

activity due to the greatly varying rates of the H2O2-generating reaction between the reductant 228 

and molecular O2 [31]. In the reactions with SPS described below, both ascorbic acid (AscA) 229 

and gallic acid (GA) were used. 230 

 231 

Saccharification of SPS 232 

 233 

Saccharification experiments with SPS were performed at 50°C and 60°C, in the 234 

presence and absence of 1 mM AscA. Figure 1 shows a clear increase in both saccharification 235 

yields and LPMO activity for reactions with added AscA, demonstrating the presence and 236 

importance of LPMO activity in both cellulase cocktails. 237 
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 238 
Figure 1. Saccharification of SPS at 50°C and 60°C by Cellic CTec2 (“CTec2”) or the T. aurantiacus cocktail 239 
(“T.a.”) at 10% DM in the presence or absence of 1 mM AscA. The left panels (A, C) show experiments carried 240 
out at 50°C, while the right panels (B, D) show experiments performed at 60°C. Panels A and B show glucan 241 
conversion as a percentage of the theoretical maximum. Panels C and D show production of Glc4gemGlc, the 242 
main LPMO product. The legend shown in Panel A is valid for all panels. In all experiments, the enzyme loading 243 
was 4 mg/g DM substrate. Note that 1 mM of ascorbic acid can generate more than 1 mM of LPMO product, as 244 
recently demonstrated [31]. Error bars indicate standard deviations between triplicates. 245 
 246 

 247 

At 50°C, Cellic CTec2 outperformed the T. aurantiacus cocktail in terms of glucan 248 

conversion (Figure 1A). On the other hand, at 60°C, the activity of the Cellic CTec2 cocktail 249 

slowed down after approx. 8 h (Figure 1B), which may be attributed to thermal inactivation of 250 

key enzymes at this elevated temperature, and led to lower glucan conversion compared to 251 

reactions carried out at 50°C. The T. aurantiacus cocktail performed better at 60°C than at 252 

50°C, and while the reactions initially were slower compared to Cellic CTec2, also at 60°C, 253 

the saccharification yields after 48 h and up to 96 h at 60°C were very close to those obtained 254 
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with Cellic CTec2 at 50°C (Figure 1A and B), highlighting the thermostability and potential 255 

of the T. aurantiacus enzymes. 256 

Figure 1C and D show that there is more LPMO activity in the T. aurantiacus cocktail 257 

as compared to Cellic CTec2. Despite this difference in apparent LPMO activity, the addition 258 

of AscA, i.e., fueling of the LPMO reaction, improved glucan solubilization similarly for both 259 

cocktails (Figure 1A and B; Figure 2A and B). Interestingly, a closer look at the effect of 260 

adding AscA (Figure 2A) shows that the impact of the LPMO increased with the extent of 261 

saccharification, indicating that LPMOs become more important towards the later phase of the 262 

saccharification. The somewhat delayed LPMO effect may be related to a greater need for 263 

alleviating substrate limitations that hamper cellulase action once the more easily accessible 264 

portions of the substrate have been depolymerized. While LPMO activity is clearly important, 265 

Figure 2B highlights that the higher levels of LPMO products in reactions with the T. 266 

aurantiacus cocktail did not translate to higher saccharification yields, compared to Cellic 267 

CTec2. Thus, while the T. aurantiacus cocktail produced more Glc4gemGlc, Cellic CTec2 268 

appeared to benefit more from LPMO action in terms of improvement of the saccharification 269 

yield.  270 

  271 
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 272 
Figure 2. Improvement in glucan conversion as a function of the addition of 1 mM AscA. The figure was 273 
generated using the data shown in Figure 1. Panel A shows the improvement in glucan conversion as a result of 274 
the addition of AscA as a function of the glucan conversion obtained in reactions without reductant. Note that the 275 
data points for the reaction with Cellic CTec2 at 60°C deviate because glucan conversion hardly increases after 8 276 
hours (Figure 1B). Panel B shows the improvement in glucan conversion as a function of the concentration of 277 
detected LPMO products. The legend shown in Panel A is valid for both panels. Error bars indicate standard 278 
deviations between triplicates. 279 
 280 

 281 

Of note, preliminary experiments identical to those shown in Figure 1 using 1 mM GA 282 

as reductant showed much lower LPMO product levels, hardly any effect of the reductant on 283 

glucan conversion and, thus, lower overall yields for either enzyme cocktail at both 50°C and 284 

60°C (data not shown). This highlights that the identity of the reductant is critical for LPMO 285 

performance and saccharification efficiency. The remarkable effect of GA is discussed further, 286 

below. 287 

 288 

Saccharification of SEB 289 

 290 

Previous comparative studies of the Cellic CTec2 and the T. aurantiacus cocktail have 291 

led to the suggestion that the (difference in) performance of these cocktails is substrate-292 

dependent [42]. Results obtained at 50oC showed a similar performance of the two cocktails 293 

when acting on acid-pretreated corn stover, whereas Cellic CTec2 clearly outperformed the T. 294 

aurantiacus cocktail in reactions with Avicel (similar to the SPS results shown in Figure 1A 295 

of the present study).  296 
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To assess substrate effects on cocktail performance, experiments similar to the ones 297 

depicted in Figure 1 were carried out using SEB (Figure 3). In contrast to SPS, the SEB 298 

substrate contains a high proportion of lignin (46.1% vs. 3.3% in SPS). Since lignin-derived 299 

compounds can act as reducing agents in LPMO reactions [32, 40, 53, 54], these 300 

saccharification experiments were performed without exogenous addition of reductant. Of 301 

note, in these reactions, the amount of enzyme added per gram of glucan was about twice as 302 

high as in the experiments with SPS. 303 

 304 
Figure 3. Saccharification of SEB at 10% DM by Cellic CTec2 (“CTec2”) and the T. aurantiacus cocktail 305 
(“T.a.”) at 50°C and 60°C. Panel A shows glucan conversion as a percentage of the theoretical maximum, 306 
whereas Panel B shows the production of the main LPMO product, Glc4gemGlc. The legend shown in Panel A is 307 
valid for both panels. In all experiments, the enzyme loading was 4 mg/g DM substrate. Error bars indicate 308 
standard deviations between triplicates. 309 
 310 

 311 

The glucan saccharification data (Figure 3A) for the experiments with SEB showed 312 

some remarkable features. First of all, the reaction with Cellic CTec2 at 50°C was by far the 313 

most efficient, in contrast to the results obtained with SPS, which showed, e.g., that the T. 314 

aurantiacus cocktail performed similarly well at 60oC. Furthermore, Figure 3A shows that 315 

increasing the temperature to 60°C was highly detrimental for the efficiency of Cellic CTec2, 316 

much more so than in the reactions with SPS. As another remarkable result, Figure 3A shows 317 

that, while, as expected, the T. aurantiacus cocktail was more efficient on SEB at 60°C than at 318 

50°C, the reaction at 60°C showed clear signs of enzyme inactivation. The progress curve for 319 
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the reaction at 60°C shows stagnation in glucan solubilization correlated with cessation of 320 

Glc4gemGlc production (Figure 3B; see below). 321 

Likewise, the progress curves for the concentration of the main LPMO product, 322 

Glc4gemGlc (Figure 3B), are remarkably different, compared to the reactions with SPS 323 

(Figure 1C,D). The lignin-derived compounds in the SEB substrate may create a redox 324 

environment that is quite different compared to reactions with AscA and lignin-poor SPS, 325 

which may affect reductant levels, in situ H2O2 production and abiotic H2O2 consumption, and, 326 

thus, LPMO activity [55]. Figure 3B shows that, in contrast to the reactions with SPS (Figure 327 

1C), the T. aurantiacus and Cellic CTec2 cocktails produced similar amounts of Glc4gemGlc 328 

at 50°C. The reaction with Cellic CTec2 and SEB yielded more LPMO products compared to 329 

the reaction with SPS, whereas it is the other way around for the T. aurantiacus cocktail. 330 

Clearly, the LPMO activity in these two cocktails responds differently to different redox 331 

conditions. The relatively lower LPMO activity in the reaction with the T. aurantiacus cocktail 332 

and SEB at 50oC may explain why, when acting on SEB, this cocktail is more inferior to Cellic 333 

CTec2, compared to when acting on SPS. Another explanation may be that Cellic CTec2, 334 

optimized for saccharification of corn stover, is better-suited than the T. aurantiacus 335 

preparation to deal with polysaccharides in a lignin-rich pre-treated material possibly 336 

containing lignin-derived cellulase inhibitors [56, 57]. 337 

 Previous saccharification studies in which Glc4gemGlc was quantified have shown 338 

that this product is unstable, especially at higher temperatures [24, 58]. Due to this instability, 339 

cessation of LPMO activity will lead to a gradual decrease in detected Glc4gemGlc. 340 

Interestingly, the progress curves for LPMO product formation at 60°C show clear signs of 341 

LPMO inactivation (Figure 3B), starting at about the same time as when the glucan conversion 342 

slows down (Figure 3A). The progress curves in Figure 3B show that LPMO activity at 60°C 343 

initially is very high for both cocktails, followed by inactivation starting at about 8 h for Cellic 344 
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CTec2 and 24 h for the T. aurantiacus cocktail. Such progress curves are typical for LPMO 345 

reactions that contain too much H2O2. A surplus of H2O2 may not only lead to autocatalytic 346 

inactivation of the LPMO [18], but may also affect the stability of the other cellulolytic 347 

enzymes [59]. The combined data of Figure 3 thus suggest that enzymatic saccharification of 348 

SEB at 60oC leads to unfavorable levels of H2O2, lignin radicals, and/or reactive oxygen species 349 

(ROS), creating an unstable reaction system.  350 

 351 

Using glucose oxidase (GOx) to drive cellulose saccharification 352 

 353 

Feeding of H2O2 during enzymatic saccharification of SPS with Cellic CTec2 has been 354 

shown to improve saccharification rates and yields at demonstration scale (2,000 L) [39]. Other 355 

studies on H2O2-fed saccharification of Avicel [18, 24] have shown that such reactions entail 356 

sub-stoichiometric use of reductant, in contrast with standard reductant-driven reactions (as in 357 

Figure 1), which entail stoichiometric reductant consumption. Previous studies have also 358 

shown that a surplus of H2O2, either due to excess levels of H2O2 being added or generated in 359 

situ, or due to lack of substrate availability, will lead to autocatalytic inactivation of the LPMO 360 

[18, 30], and may also harm other enzymes in the cellulase cocktail [59]. Finding “the right 361 

balance” between the reductant and H2O2 concentrations for a particular reaction may be key 362 

to optimizing the action of LPMOs and saccharification yields, as also suggested by comparing 363 

the results depicted in Figure 1 and Figure 3, discussed above. 364 

With this in mind, we performed saccharification reactions with SPS and SEB using 365 

Cellic CTec2 supplemented with varying amounts of AscA or GA, and H2O2-producing 366 

glucose oxidase (GOx). We only studied Cellic CTec2 because glucose oxidase is not 367 

sufficiently stable at 60oC [60], and because Cellic CTec2 showed the best performance at 368 

50oC. The aim was to evaluate the effect of GOx on saccharification efficiency, and to establish 369 

whether LPMO activity and cellulose saccharification could be driven using GOx and minor 370 

amounts of reductant.  371 
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Control experiments  372 

 373 

To verify that availability of glucose was not limiting GOx action during 374 

saccharification reactions, control saccharification experiments were performed using 236 375 

ng/mL GOx (the highest concentration of GOx used in this study) in reactions with Cellic 376 

CTec2 acting on the SPS or SEB substrate, in the absence or presence of 15 mM added glucose. 377 

In all cases, saccharification yields were identical between reactions with and without 378 

supplemented glucose (data not shown), indicating that the in situ saccharification of both 379 

substrates by the cellulases and -glucosidase present in Cellic CTec2 provided adequate 380 

amounts of GOx substrate throughout the reactions. 381 

 382 

Saccharification of SPS in reactions with GOx 383 

 384 

Saccharification reactions with SPS were run using the same conditions as above, at 385 

50oC, but with varying concentrations of AscA and addition of varying amounts of GOx. The 386 

results (glucan conversion and LPMO products) are presented in Figure 4. 387 

 388 
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 389 
Figure 4. Glucan conversion (Panels A-D) and corresponding accumulation of Glc4gemGlc (Panels E-H) 390 
during saccharification of SPS by Cellic CTec2 at 10% DM and 50°C with different AscA (0, 0.1, 0.25, 0.5, 391 
1 mM) and GOx (0, 59, 118, 236 ng/mL) concentrations. The legend shown in Panel A is valid for all panels. 392 
The final concentration of GOx is indicated in bold in the bottom left of each set of two corresponding panels. In 393 
all experiments, the enzyme loading was 4 mg/g DM substrate. Error bars indicate standard deviations between 394 
triplicates. Note that decreasing levels of Glc4gemGlc may occur due to a combination of LPMO inactivation and 395 
product instability, as explained when discussing Figure 3B in the main text. 396 
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The reactions without GOx show that, as expected, increased concentrations of AscA 397 

led to increased glucan conversion (Figure 4A) and increased LPMO activity (Figure 4E). In 398 

the reactions with GOx, reductants are still needed to reduce the LPMO, but reductant-driven 399 

generation of H2O2 likely becomes less important since H2O2 is generated by the GOx reaction. 400 

Reactions with GOx show a GOx-dose dependent increase in LPMO activity, which, at lower 401 

GOx concentrations, is largely independent of added AscA (Figure 4F and G). The reactions 402 

with 59 ng/mL and 118 ng/mL GOx gave the highest saccharification yields (higher than those 403 

obtained in the reaction with 1 mM AscA and no GOx; Figure 4A-C) and, like LPMO product 404 

levels, these yields were largely independent of the addition of AscA. For example, in the 405 

presence of 59 ng/mL GOx, glucan conversion (Figure 4B) and LPMO product levels (Figure 406 

4F) were nearly identical at all concentrations of AscA tested. Presumably, the 3.3% lignin 407 

present in the SPS substrate is enough to act as a reducing agent, activating the LPMOs and 408 

allowing them to operate in a peroxygenase mode limited by access to H2O2. It seems that in 409 

the reactions with 59 ng/mL GOx, the in situ production of H2O2 corresponded to the levels 410 

needed by the LPMOs, and there was enough reducing power in the reaction to maintain a level 411 

of active LPMOs sufficient for productive consumption of available H2O2. 412 

Comparison of the four panels showing accumulation of Glc4gemGlc (Figure 4E-H) 413 

indicates that GOx strongly enhanced LPMO activity in a dose-dependent manner, which 414 

underpins the dominance of the LPMO peroxygenase reaction fueled by GOx-generated H2O2. 415 

It is noteworthy, however, that glucan saccharification is not strictly correlated to LPMO 416 

activity: while increased LPMO activity certainly helped, as illustrated by comparing the 417 

reactions with 59 ng/mL GOx to the reactions without GOx, further increasing the GOx 418 

concentration and, consequently, LPMO activity, did not lead to increased glucan conversion. 419 

For example, the reactions with 59 ng/mL and 118 ng/mL GOx generally showed similar 420 

saccharification yields, while the latter reaction showed considerably higher LPMO activity. 421 
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At the highest GOx concentrations, negative impacts become visible. The reactions 422 

with 236 ng/mL GOx showed a decrease in LPMO products at 48 h (relative to 24 h), which, 423 

as explained above, reflects inactivation of the LPMO, likely due to excess concentrations of 424 

H2O2. Furthermore, reactions with 118 ng/mL GOx and, more so, 236 ng/mL GOx, showed 425 

that the reductant becomes limiting in reactions with no or low amounts of AscA (Figure 4G 426 

and H). High concentrations of H2O2 will increase non-productive peroxidase reactions that 427 

oxidize the LPMO and thus increase reductant consumption. Such reactions may occasionally 428 

lead to LPMO inactivation [61, 62], and the resulting release of LPMO-bound copper into 429 

solution may further contribute to reductant depletion, as discussed recently by Stepnov et al. 430 

[63]. For the reaction with 236 ng/mL GOx, the reduced LPMO activity at low reductant 431 

concentration was accompanied by reduced glucan solubilization (Figure 4D), likely due to a 432 

combination of reduced LPMO activity and damage to the cellulases, as discussed above for 433 

Figure 3. 434 

The results depicted in Figure 4 show that optimized saccharification of SPS with 435 

Cellic CTec2 requires a well-balanced reaction with appropriate reductant and H2O2-levels, 436 

and that GOx could play a role in achieving such balanced reactions.  437 

 438 

As discussed above, standard saccharification experiments with Cellic CTec2 and SPS 439 

conducted with GA as a reductant showed little LPMO activity and reduced glucan 440 

solubilization compared to reactions with AscA. To assess to what extent the lack of impact of 441 

GA was due to diminished production of H2O2 within the system, we studied saccharification 442 

of SPS with varying concentrations of GA and GOx (Figure 5). 443 
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 444 
Figure 5. Glucan conversion (Panels A-D) and corresponding accumulation of Glc4gemGlc (Panels E-H) 445 
during saccharifications of SPS by Cellic CTec2 at 10% DM and 50°C with different GA (0, 0.1, 1 mM) 446 
and GOx (0, 59, 118, 236 ng/mL) concentrations. The legend shown in Panel A, and the y-axis labels shown in 447 
Panels A and E, are valid for all panels. The final concentration of GOx is indicated in bold in the top right of 448 
each set of two corresponding panels. In all experiments, the enzyme loading was 4 mg/g DM substrate. Error 449 
bars indicate standard deviations between triplicates. 450 
 451 

 452 

The reactions without added GOx show that there was very little LPMO activity in the 453 

reactions with GA (Figure 5E) and that GA seemed to inhibit the cellulolytic reaction (Figure 454 

5A). Comparison of Figure 4A and Figure 5A shows that saccharification yields were, 455 

obviously, similar for the reactions without added reductant, and that addition of AscA or GA 456 

led to improved and decreased glucan conversion, respectively. The decrease in glucan 457 

conversion observed for reactions with GA may be due to inhibitory effects of GA on 458 

cellulases, although reports on the impact of GA on cellulase activity show conflicting results 459 

[57, 64]. 460 

Interestingly, addition of GOx to the reactions led to strongly increased LPMO activity 461 

in a GA-dose dependent manner (Figure 5F-H), analogous to the reactions with AscA (Figure 462 
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4F-H). This clearly shows that the lack of LPMO activity in GA-fueled reactions is not due to 463 

a lack of LPMO reduction, but rather due to reductant-driven in situ generation of H2O2 being 464 

very low. In this respect, it is worth noting a recent study with a fungal LPMO of the type likely 465 

present in Cellic CTec2, which showed that H2O2 generation is much faster in the presence of 466 

AscA compared to GA [29]. 467 

The increased LPMO activity is reflected in increased saccharification yields, in 468 

particular in reactions with lower GOx concentrations and no added GA (Figure 5B and C). 469 

Similar to experiments with AscA and GOx, there is an optimum combination of reductant and 470 

GOx for obtaining maximum glucan conversion, but the two reductants show different results 471 

and optimal conditions. Like for AscA, LPMO activity is largely independent of the reductant 472 

concentration, except at higher GOx concentrations, where signs of reductant depletion (i.e., 473 

increased LPMO activity at increased GA concentrations) and enzyme inactivation (reduced 474 

LPMO product levels at 48 h compared to 24 h) become visible, likely due to too high levels 475 

of H2O2. The importance of the reductant at high GOx concentration is also reflected by the 476 

fact that reactions with GA gave higher saccharification yields than the reactions without GA 477 

only for the reaction with 236 ng/mL GOx, despite the slight inhibiting effect of GA on 478 

cellulase activity. It is also noteworthy that at 236 ng/mL GOx, when reductant depletion plays 479 

a role, the reaction with 0.1 mM AscA yielded much less Glc4gemGlc than the reaction with 480 

0.1 mM GA (Figure 4H and Figure 5H). This may reflect increased reactivity of AscA with 481 

surplus H2O2, or the boosting effect that copper released from damaged LPMOs has on 482 

reductant oxidation, which is large for AscA and nearly absent for GA [30]. 483 

All in all, the results depicted in Figure 4 and Figure 5 show that the saccharification 484 

efficiency of lignin-poor SPS depends on multiple factors that must be carefully balanced, and 485 

that the choice of reductant has a major effect both in reactions with and without GOx. 486 

  487 
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Saccharification of SEB with GOx 488 

 489 

As discussed above and shown in Figure 3, the increased compositional complexity of 490 

a lignin-rich substrate has significant impact on LPMO activity, saccharification efficiency, 491 

and the relative performance of the two enzyme cocktails tested, with Cellic CTec2 performing 492 

much better than the T. aurantiacus cocktail. Saccharification reactions with Cellic CTec2 and 493 

added GOx showed that, in the case of SEB, GOx activity was detrimental at both tested GOx 494 

concentrations (Figure 6). Saccharification yields decreased, especially for the reaction with 495 

the highest GOx dosage, and LPMO product levels showed GOx-dose dependent signs of 496 

enzyme inactivation (i.e., decreasing product levels over time in the reactions with 59 ng/mL 497 

and, more so, 236 ng/mL GOx). This further highlights the impact of the redox state of the 498 

substrate on cocktail performance. In the case of SEB, it may seem that there easily may be too 499 

much H2O2 in the system, as also suggested by the 60oC reactions shown in Figure 3. 500 

Accordingly, generation of extra H2O2 by GOx is detrimental rather than beneficial. 501 

 502 
Figure 6. Glucan conversion and Glc4gemGlc levels during saccharification of SEB with Cellic CTec2 at 503 
10% DM and 50°C with different GOx (0, 59, 118, 236 ng/mL) concentrations. Panel A shows the 504 
saccharification yield and Panel B shows the levels of Glc4gemGlc. The legend shown in Panel A is valid for both 505 
panels. In all experiments, the enzyme loading was 4 mg/g DM substrate. No exogenous electron donor was 506 
supplemented to the reactions. Error bars indicate standard deviations between triplicates. 507 
  508 
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Concluding Remarks 509 

 510 

In this study, we have assessed the saccharification efficiency and LPMO activity of 511 

the Cellic CTec2 and T. aurantiacus cellulolytic enzyme cocktails in reactions with two 512 

different cellulosic substrates, using high dry matter conditions. Cellic CTec2 outperformed 513 

the T. aurantiacus cocktail at 50°C, but at 60°C, the T. aurantiacus cocktail was more efficient 514 

and performed nearly as well as Cellic CTec2 did at 50°C. The dependence of the LPMO 515 

reaction on H2O2 was confirmed by showing that H2O2-producing GOx improved both LPMO 516 

activity and glucan solubilization for Cellic CTec2. Interestingly, in reactions without GOx, 517 

AscA is a much better reductant than GA, which is likely due to the higher H2O2-producing 518 

capacity of the LPMO-AscA combination. Reactions with GOx were efficient even in the 519 

absence of added reductant, which opens up alternative processing options and underpins that 520 

the rate-limiting contribution of the reductant to LPMO reactions in the absence of GOx relates 521 

to H2O2 production. 522 

Multiple experiments described above illustrate the well-known fact that excessive 523 

amounts of H2O2 lead to enzyme inactivation and reduced saccharification yields. To optimize 524 

these yields, it is imperative to find an optimal balance between the amounts of reducing power 525 

and in situ-generated H2O2. As shown above, this balance depends both on the reductant and 526 

on the substrate used. When working with “clean” substrates such as SPS, control and 527 

rationalization are feasible, as also demonstrated in previous studies [24, 65], but this is less 528 

feasible for redox-active substrates such as the SEB used here. The redox chemistry of lignin-529 

rich substrates is complex and unpredictable [66], and it is difficult to identify and control redox 530 

reactions that may damage critical enzymes and produce or consume LPMO co-substrates. 531 

Despite an increasing understanding of LPMO action, it seems clear that saccharification of 532 

complex lignin-containing substrates requires substrate-specific optimization of process 533 

conditions to maximize saccharification yields and harness the full power of LPMOs. Of note, 534 
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the nature of the pretreatment, which will affect lignin reactivity, will co-determine optimal 535 

conditions for subsequent enzymatic processing [16, 37, 67]. 536 

Scott et al. [59] have shown that addition of catalase may have a beneficial effect on 537 

enzymatic saccharification of complex lignocellulosic biomass, likely because catalase limits 538 

accumulation of high levels of H2O2. It would be interesting to assess the use of catalase in 539 

some of the reaction setups described above. In particular, a catalase could be used to reduce 540 

the very high apparent H2O2 production in the reaction with the T. aurantiacus cocktail and 541 

SEB at 60oC, which not only translates to high initial LPMO activity, but also results in rapid 542 

enzyme inactivation. Perhaps a thermostable catalase (or another H2O2 scavenger) could enable 543 

efficient saccharification of substrates such as SEB at elevated temperatures. 544 

Importantly, while the correlation between LPMO activity and saccharification 545 

efficiency of the cellulase cocktails is evident, this correlation is not straightforward. For 546 

example, Figure 1 shows that the reaction with Cellic CTec2 at 50oC in the absence of 547 

reductant and the reaction with the T. aurantiacus cocktail at 50oC in the presence of reductant 548 

give similar saccharification yields despite an approximately 10-fold difference in LPMO 549 

activity. This remarkable difference could be due to variation in the synergistic interplay 550 

between the different cellulases and LPMOs in the two cocktails, since it is known that different 551 

enzyme combinations show different synergistic effects and saccharification efficiencies [68, 552 

69]. On the other hand, experiments with Cellic CTec2 and GOx showed that there seems to 553 

be a limit to how much LPMO activity is needed to reach maximum saccharification. The very 554 

high LPMO product levels observed in some of these reactions did not translate into increased 555 

glucan solubilization. 556 

The compositional simplicity of the T. aurantiacus cocktail [8] is intriguing and may 557 

indicate that this fungus has evolved to use only a few enzymes that are very well adapted to 558 

each other, and that perhaps form nature’s minimal effective cellulolytic enzyme cocktail. 559 
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However, while the cocktail indeed performs very well in reactions with SPS at 60oC, it is not 560 

particularly good at saccharifying the glucan in SEB, under the conditions assessed here. While 561 

further work is needed to potentially increase the performance of the T. aurantiacus cocktail 562 

on substrates such as SEB, the data obtained with SPS show that this cocktail has great potential 563 

for industrial saccharification of lignin-poor substrates at higher temperatures. 564 

In conclusion, the results presented here reveal multiple factors affecting the enzymatic 565 

saccharification of pretreated lignocellulosic substrates with LPMO-containing enzyme 566 

cocktails under close-to-industrial conditions. While rationalization and control of reaction 567 

conditions for lignin-rich substrates remain challenging, reactions with lignin-poor substrates 568 

seem more amenable to rational optimization. In this latter case, the use of glucose oxidase for 569 

in situ generation of H2O2 and the use of the T. aurantiacus cocktail at elevated temperatures 570 

provide interesting options for process optimization. 571 

  572 
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Abstract 19 

Lytic polysaccharide monooxygenases (LPMOs) are mono-copper enzymes that use O2 or 20 

H2O2 to oxidatively cleave glycosidic bonds. LPMOs are highly prevalent in nature, with some 21 

fungal genomes encoding dozens, and the functional variation among these enzymes is a topic of 22 

great interest that may eventually shed light on the biological function of this multiplicity. We 23 

present the functional characterization of one of the 22 putative AA9-type LPMOs from the fungus 24 

Schizophyllum commune, ScLPMO9A. The enzyme, expressed in E. coli, showed C4-oxidative 25 

cleavage of amorphous cellulose and soluble cello-oligosaccharides with a degree of 26 

polymerization of four or higher. The enzyme showed activity on xyloglucan, mixed-linkage 27 

glucan, and glucomannan, and comparison of product profiles revealed differences with the well-28 

studied C4-oxidizing NcLPMO9C, which is also active on these substrates. While NcLPMO9C is 29 

also active on more crystalline forms of cellulose, ScLPMO9A is not. Accordingly, addition of 30 

ScLPMO9A to an LPMO-poor cellulase cocktail did not improve saccharification of sulfite-pulped 31 

spruce. Studies with addition of H2O2 to reaction mixtures with ScLPMO9A and phosphoric acid 32 

swollen cellulose, an amorphous substrate, showed that the enzyme carries out a fast and specific 33 

peroxygenase reaction that is at least two orders of magnitude faster than the apparent 34 

monooxygenase reaction that occurs in the presence of added reductant. Peroxygenase reactions 35 

with cellopentaose reached a rate of at least 11 s-1. Together, these results show that ScLPMO9A 36 

is an efficient LPMO with a broad substrate range, which, rather than acting on cellulose, has 37 

evolved to act on amorphous and soluble glucans. 38 

  39 



3 

 

Introduction 40 

Since their discovery in 2010, lytic polysaccharide monooxygenases (LPMOs) have been 41 

the focus of much research with the aim of better understanding their unique properties and 42 

harnessing their oxidative power (Vaaje-Kolstad et al., 2010; Hemsworth et al., 2015; Johansen, 43 

2016; Bissaro et al., 2018). While generally considered important for the conversion of recalcitrant 44 

insoluble polysaccharides such as cellulose and chitin, LPMOs may be active on a wide range of 45 

soluble and insoluble substrates, including various hemicelluloses, cello-oligomers, pectin, and 46 

starch (Vandhana et al., 2022). LPMOs are abundant in nature, with some fungal genomes coding 47 

for dozens of LPMOs, and the true roles and substrates of many of these enzymes likely remain 48 

undiscovered (Lenfant et al., 2017; Frandsen et al., 2021; Tõlgo et al., 2022). 49 

LPMOs are copper-dependent redox enzymes that use an oxidative mechanism 50 

(monooxygenase- or peroxygenase-type activity) to catalyze the scission of polysaccharide 51 

glycosidic bonds (Vaaje-Kolstad et al., 2010; Phillips et al., 2011; Bissaro et al., 2017; Jones et al., 52 

2020). The active site of LPMOs contains a histidine brace consisting of two conserved histidine 53 

residues that coordinate the copper atom (Phillips et al., 2011; Quinlan et al., 2011; Vaaje-Kolstad 54 

et al., 2017). LPMO catalysis requires reduction of the copper, which may be achieved by small-55 

molecule reductants such as ascorbic acid, gallic acid, or cysteine, enzymatic electron donors such 56 

as cellobiose dehydrogenase, or redox-active compounds in the substrate itself, such as lignin 57 

(Vaaje-Kolstad et al., 2010; Phillips et al., 2011; Westereng et al., 2015; Kracher et al., 2016; 58 

Frommhagen et al., 2018; Chalak et al., 2019). In the presence of a relevant substrate, reduced 59 

LPMOs can utilize either molecular O2 or H2O2 as a co-substrate to catalyze the hydroxylation of 60 

a carbon in the scissile glycosidic bond (C1 or C4 in cellulose), leading to spontaneous bond 61 

cleavage (Phillips et al., 2011; Beeson et al., 2012; Bissaro et al., 2017). Once reduced, a single 62 
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LPMO molecule acting as a peroxygenase can catalyze multiple turnovers (Bissaro et al., 2017; 63 

Hedison et al., 2021). Non-substrate-bound reduced LPMOs in solution can react with O2 to 64 

produce H2O2 (Kittl et al., 2012; Stepnov et al., 2022), or with H2O2, generating reactive oxygen 65 

species that may lead to damage and autocatalytic inactivation (Bissaro et al., 2017). While the 66 

significance of the monooxygenase vs. peroxygenase reaction is still under debate, it is worth 67 

noting that LPMO reactions with H2O2 are several orders of magnitude faster than those driven by 68 

O2 (Bissaro et al., 2018; Hangasky et al., 2018; Kuusk et al., 2018; Kont et al., 2020; Hedison et 69 

al., 2021; Rieder et al., 2021b). 70 

LPMOs currently populate eight families in the carbohydrate-active enzymes (CAZy) 71 

database (http://www.cazy.org/; (Drula et al., 2022)) auxiliary activities (AA) class, which consists 72 

of 17 families, and encompasses oxidases, peroxidases, and oxidoreductases in addition to LPMOs 73 

(Levasseur et al., 2013). Most characterized fungal LPMOs can be found in the AA9 family, which 74 

at the time of writing contained 34 functionally characterized LPMOs with activities on insoluble 75 

and soluble cellulosic and hemicellulosic substrates. The N-terminal histidine of AA9 LPMOs, 76 

which is part of the copper-binding histidine brace, carries a methylation (Quinlan et al., 2011), 77 

which likely helps to protect the enzymes from oxidative damage (Petrović et al., 2018). Of note, 78 

non-methylated variants of these LPMOs have been produced in the yeast Pichia pastoris and are 79 

active. Well-studied examples of AA9 LPMOs include NcLPMO9C from Neurospora crassa, 80 

LsLPMO9A from Lentinus similis, and CvLPMO9A from Collariella virescens (Isaksen et al., 81 

2014; Borisova et al., 2015; Frandsen et al., 2016; Simmons et al., 2017; Tandrup et al., 2020; 82 

Brander et al., 2021), which stand out due to their proven ability to act on soluble substrates, 83 

including cello-oligomers, and hemicelluloses such as glucomannan and xyloglucan. 84 

http://www.cazy.org/
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The ability of LPMOs to boost the action of canonical glycoside hydrolases makes them 85 

interesting candidates for use in the valorization of recalcitrant polysaccharides in lignocellulosic 86 

biomass (Cannella et al., 2012; Hemsworth et al., 2015; Müller et al., 2018). Indeed, modern 87 

cellulase cocktails used in lignocellulosic biorefineries contain LPMOs and their contribution to 88 

cellulose saccharification efficiency is evident (Harris et al., 2014; Müller et al., 2015; Johansen, 89 

2016; Costa et al., 2020). So far, LPMO action in bioprocessing has exclusively been focused on 90 

oxidative degradation of cellulose, whereas the potential impact of hemicellulolytic LPMO 91 

activities, if present in commercial cocktails, has not been addressed. The continued elucidation of 92 

novel LPMOs acting on various lignocellulosic polysaccharides may provide novel tools for 93 

biomass processing and may help understand the biological reasons for the large LPMO 94 

multiplicity observed in some fungal species. 95 

Basidiomycetes wood-decaying filamentous fungi are a rich source of enzymes for the 96 

depolymerization of complex plant matter, including LPMOs. The genome of one such 97 

Basidiomycete fungus, Schizophyllum commune, was first sequenced in 2010, and showed, in 98 

addition to genes coding for an extensive array of glycoside hydrolases active on cellulose, xylan, 99 

and pectin, the presence of genes encoding 22 putative AA9s (Ohm et al., 2010). A comparative 100 

study of four fungi including S. commune by Zhu and colleagues indicated that the S. commune 101 

secretome had significantly higher cellulase and xylanase activities than other white- and brown-102 

rot fungi tested during solid-state fermentation of Jerusalem artichoke stalk. Proteomic analysis of 103 

the S. commune secretome revealed the presence of a wide range of cellulolytic and 104 

hemicellulolytic enzymes, and eight AA9s, including ScLPMO9A. In addition, the crude enzyme 105 

cocktail from S. commune outperformed a commercial enzyme blend from Trichoderma 106 

longibrachiatum in saccharifications of multiple lignocellulosic substrates, both in conversion of 107 
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glucan and xylan (Zhu et al., 2016). A comparative study of S. commune and the closely related 108 

Auriculariopsis ampla found that ScLPMO9A (and the orthologous gene in A. ampla) is among 109 

the top three upregulated AA9s in vegetative mycelium growing on poplar wood in both species 110 

(Almási et al., 2019). 111 

As an AA9 candidate for in-depth characterization, ScLPMO9A is of particular interest, as 112 

it is produced by S. commune under different conditions, growing on different substrates, hinting 113 

at a crucial role of this enzyme during growth and nutrient acquisition. In this study we have 114 

cloned, produced and purified ScLPMO9A, and performed an in-depth functional characterization 115 

of this enzyme. The properties of this single domain AA9 LPMO, active on soluble substrates, are 116 

compared to the properties of the well-studied NcLPMO9C. We show that ScLPMO9A is active 117 

on a range of soluble and amorphous substrates, whereas its activity on crystalline cellulose 118 

substrates is limited, suggesting that this enzyme’s natural role is not in saccharification of 119 

recalcitrant cellulose. Additionally, we show that ScLPMO9A is a rapid consumer of H2O2, both 120 

in reactions with soluble cellopentaose and in the oxidative depolymerization of insoluble 121 

amorphous cellulose.  122 

 123 

Methods 124 

Sequence and structure analysis 125 

A multiple sequence alignment (MSA) was created using T-Coffee Expresso 126 

(http://tcoffee.crg.cat/apps/tcoffee/index.html; (Armougom et al., 2006)) by aligning the sequence 127 

of ScLPMO9A with 46 other characterized AA9s, using only the AA9 domains and removing 128 

signal peptides. The MSA was edited in AliView (Larsson, 2014), and the resulting MSA was used 129 

for phylogenetic analysis using the ProtTest 3.4 software package, by calculating likelihood scores 130 

http://tcoffee.crg.cat/apps/tcoffee/index.html
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using all included substitution matrices, all improvements, and four categories for rate variation, 131 

empirical amino acid frequencies, and a fixed BIONJ JTT tree for base likelihood calculations 132 

(Darriba et al., 2011). A consensus tree was built with all 120 likelihood scores using the Akaike 133 

information criterion (AIC). The resulting consensus tree was edited using the iTol v6 online tool 134 

(https://itol.embl.de/; (Letunic and Bork, 2007)). Homology modeling of ScLPMO9A using 135 

LsLPMO9A bound to cellohexaose (PDB: 5ACI 61.1% sequence identity) as a template structure 136 

was performed using PHYRE (Kelley et al., 2015), and the resulting model was analyzed in 137 

PyMOL (The PyMOL Molecular Graphics System, Version 2.0,  Schrödinger, LLC). 138 

 139 

Protein expression and purification 140 

A gene fragment containing the signal peptide pelB 141 

(MKYLLPTAAAGLLLLAAQPAMA) (Zhang et al., 2018) fused with the gene encoding 142 

ScLPMO9A (UniProt: D8Q364; residues 20-247) was codon-optimized for expression in 143 

Escherichia coli and de novo synthesized by GenScript (Piscataway, USA). Restriction sites for 144 

NdeI and NotI were included upstream and downstream of the coding area, respectively. The pelB-145 

ScLPMO9A fragment was isolated from the Genscript vector by digestion with NdeI and NotI, 146 

and ligated into the compatible NdeI and NotI sites of the pJB_SP_Sm-vector (Courtade et al., 147 

2017), (replacing the SP_Sm gene fragment), generating pJB_pelB_Sc. The pJB_pelB_Sc plasmid 148 

was transformed into competent E. coli T7 express cells (New England Biolabs) using a heat shock 149 

protocol. Plasmid DNA was isolated from the cells using the Wizard® Plus SV Minipreps DNA 150 

purification system (Promega) and the plasmid was verified by full vector sequencing. 151 

To express ScLPMO9A, a pre-culture containing 5 mL LB medium with 100 µg/mL 152 

ampicillin and inoculated with pJB_pelB_Sc containing  E. coli was grown at 30°C and 220 rpm 153 

https://itol.embl.de/
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overnight. The pre-culture was used to inoculate 500 mL 2x LB medium with 100 µg/mL 154 

ampicillin in a 2 L baffled shake flask, followed by incubation at 30°C and 220 rpm to OD600 0.6-155 

0.8. After incubating the culture on ice for 5 minutes, m-toluic acid (Sigma-Aldrich, St. Louis, 156 

MO, USA) was added to a final concentration of 0.1 mM, after which the culture was incubated 157 

overnight at 16°C and 220 rpm. The pellet was harvested by centrifugation, and subjected to 158 

osmotic shock to prepare a periplasmatic extract (Manoil and Beckwith, 1986), which was filtered 159 

using a 0.22 µm sterile filter and stored at 4°C  prior to protein purification. 160 

Purification of ScLPMO9A was performed by anion-exchange chromatography using an 161 

Äkta Purifier system with a 5 mL HiTrap DEAE FF column (GE Healthcare, Uppsala, Sweden), 162 

equilibrated with 50 mM Tris-HCl pH 7.5. After loading the sterile-filtered periplasmic extract 163 

onto the column, ScLPMO9A was eluted using a 0-50% gradient of 50 mM Tris-HCl, 1 M NaCl 164 

pH 7.5 over 90 column volumes. Protein purity was assessed using SDS-PAGE. Fractions 165 

containing ScLPMO9A were pooled and the buffer was exchanged to 50 mM Tris-HCl pH 7.5 166 

before the protein was concentrated using a 10-kDa Vivaspin centrifugal tube (Sartorius, 167 

Göttingen, Germany). The protein concentration was determined spectrophotometrically at 280 168 

nm using the theoretical molar extinction coefficient (51005 M−1·cm−1), determined using the 169 

ExPASy ProtParam tool (Gasteiger et al., 2005). 170 

Expression and purification of NcLPMO9C were performed as described earlier (Kittl et 171 

al., 2012), and copper saturation of both LPMOs was performed as previously described (Loose et 172 

al., 2014). 173 

  174 
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Substrates and chemicals 175 

Cellulosic substrates used in this study included Avicel PH-101 (Sigma-Aldrich), PASC 176 

(prepared from Avicel as described in (Wood, 1988)), cellotetraose, cellopentaose, and 177 

cellohexaose (all purchased from Megazyme, Wicklow, Ireland), and sulfite-pulped spruce (batch 178 

number DP3319; composition in % w/w dry matter: 87.4% glucan, 2.7% xylan, 5.2% mannan, and 179 

3.3% lignin), kindly provided by Borregaard AS (Rødsrud et al., 2012; Chylenski et al., 2017). 180 

Hemicellulosic substrates used were low viscosity konjac glucomannan (KGM), xyloglucan from 181 

tamarind seed (TXG), medium viscosity mixed-linkage glucan from barley (β(1,3;1,4)-glucan; 182 

BG), higher DP xyloglucan oligos (XGO), birchwood xylan, beechwood xylan, and low-viscosity 183 

arabinoxylan from wheat flour. All hemicellulosic substrates were purchased from Megazyme. 184 

Ascorbic acid (AscA) was used as a reducing agent in all LPMO reactions. Aliquots of a 185 

stock solution of 100 mM AscA prepared in Trace SELECT water (Sigma-Aldrich) were prepared 186 

and stored at -20°C. Aliquots were thawed in the dark immediately prior to use. 187 

 188 

Production and consumption of H2O2  189 

 An adapted version of the Amplex Red assay (Kittl et al., 2012) was used to quantify H2O2 190 

production by ScLPMO9A and NcLPMO9C. Reaction mixtures contained 3 µM LPMO, 100 µM 191 

Amplex Red (Thermo Fischer Scientific, Waltham, MA, USA), 0.5 U horseradish peroxidase 192 

(Sigma-Aldrich), and 50 µM AscA in 50 mM BisTris-HCl pH 6.5, and reactions were initiated by 193 

the addition of AscA. The reactions were incubated at 30°C in a Varioscan LUX plate reader 194 

(Thermo Fischer Scientific), and the production of resorufin was measured spectrophotometrically 195 

at 563 nm every 22 s over a total time of 6500 s. Control reactions containing 3 µM CuSO4 in 196 

place of the LPMO were performed in parallel.  197 
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 An assay adapted from (Breslmayr et al., 2018) was used to measure H2O2 consumption 198 

by the LPMOs. Reaction mixtures contained 3 µM LPMO, 1 mM 2,6-dimethoxyphenol (Sigma-199 

Aldrich), and 100 µM H2O2 in 50 mM BisTris pH 6.5 and reactions were initiated by addition of 200 

the LPMO. Reactions were incubated at 30°C in a Varioscan LUX plate reader (Thermo Fischer 201 

Scientific), and the absorbance at 469 nm was measured every 30 s over a total time of 600 s. 202 

Control reactions containing 3 µM CuSO4 in place of the LPMO were performed in parallel. 203 

  204 

Determination of the redox potential  205 

The cell potential for the redox couple ScLPMO9A-Cu2+/ScLPMO9A-Cu+ was 206 

determined as previously described (Aachmann et al., 2012; Forsberg et al., 2014; Borisova et al., 207 

2015). Oxygen-free solutions of 300 µM reduced N,N,N’,N’-tetramethyl-1,4-phenylenediamine 208 

(TMPred) (Sigma-Aldrich) (30 µL) and 70 µM Cu2+-saturated ScLPMO9A (30 µL) were mixed 209 

in UVettes (Eppendorf, Hamburg, Germany) in 20 mM PIPES buffer pH 6.0, and incubated at 210 

300.85 K under anaerobic conditions. Absorbance at 610 nm was measured using a 211 

NanoPhotometer C40 (Implen GmbH, München, Germany) until the signal became stable (5 212 

minutes). The extinction coefficient of oxidized TMP (TMPox) (14.0 mM-1 cm-1; (Sørlie et al., 213 

2000)) was used to calculate the concentration of TMPox, which is equal to the concentration of 214 

ScLPMO9A-Cu+. Finally, the cell potential of the ScLPMO9A-Cu2+/ScLPMO9A-Cu+ couple 215 

was determined using the previously determined cell potential of TMPox/TMPred (273 mV; (Liu 216 

et al., 1997)). 217 

  218 
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LPMO reactions with cellulosic and hemicellulosic substates 219 

ScLPMO9A was tested on a range of cellulosic and hemicellulosic substrates to assess its 220 

substrate specificity. Reactions with NcLPMO9C were included for comparative purposes. 221 

Reactions containing 1 µM ScLPMO9A or NcLPMO9C and individual substrates, or 222 

hemicellulosic substrates in combination with PASC, were incubated in 50 mM BisTris-HCl pH 223 

6.5 at 40°C and 1000 rpm in an Eppendorf Thermomixer (Eppendorf, Hamburg, Germany) for 16 224 

h. In reactions with polymeric cellulosic substrates and with hemicellulosic substrates, the 225 

substrate concentration was 2 g/L or 4 g/L (with the exception of reactions with sulfite-pulped 226 

spruce, which contained 10 g/L substrate). In reactions containing a mixture of PASC and 227 

hemicellulosic substrate, the final concentration of both substrates was 2 g/L (total substrate 228 

content 4 g/L). In reactions with soluble oligomeric cellulose substrates (cellotetraose, 229 

cellopentaose and cellohexaose), the substrate concentration was either 2 g/L or 1 mM. Reactions 230 

were initiated by the addition of 1 mM AscA, and stopped by removing insoluble substrates by 231 

filtration using a 96-well filter plate (0.45 µm; Merck Millipore, Billerica, MA, USA) operated 232 

with a Millipore vacuum manifold system. In the case of soluble substrates, reactions were stopped 233 

by boiling for 10 min before filtration. Samples were subsequently stored at -20°C prior to analysis 234 

by HPAEC-PAD and/or MALDI-TOF MS. All reactions were performed in triplicate, and control 235 

reactions without addition of AscA were performed in parallel. 236 

 237 

H2O2-driven activity on PASC and cellopentaose 238 

 To assess the impact of H2O2 on product generation by ScLPMO9A acting on PASC, 239 

reactions containing 1 µM LPMO, 2 g/L PASC, 1 mM AscA, and 0, 50, 100, or 250 µM H2O2 in 240 

50 mM Tris-HCl pH 7.5 were prepared. The reactions were initiated by addition of AscA, and 241 
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incubated at 45°C and 1000 rpm in an Eppendorf Thermomixer (Eppendorf). H2O2 was added to 242 

the reactions immediately prior to the AscA. Samples were taken at 3, 6, 9, 30, and 60 min and 243 

remaining insoluble substrate was removed by filtration using a 96-well filter plate (0.45 µm; 244 

Merck Millipore) operated with a Millipore vacuum manifold system. Samples were subsequently 245 

stored at -20°C prior to analysis by HPAEC-PAD. All reactions were performed in triplicate, and 246 

control reactions without addition of AscA were performed in parallel. 247 

 Reactions with cellopentaose to assess the effect of H2O2 on ScLPMO9A activity contained 248 

1 µM LPMO, 1 mM cellopentaose, 50 µM AscA, and 200 or 400 µM H2O2 in 50 mM sodium 249 

acetate buffer pH 5.0. Immediately following the addition of H2O2, reactions were initiated by 250 

addition of AscA and incubated as described above. Samples were taken at various time points 251 

and reactions were quenched by addition of NaOH to a final concentration of 100 mM. Samples 252 

were subsequently stored at -20°C prior to analysis of generated native products by HPAEC-PAD. 253 

All reactions were performed in triplicate, and control reactions without addition of AscA were 254 

performed in parallel. 255 

 256 

Synergy with cellulases 257 

Degradation of sulfite-pulped spruce was performed under aerobic conditions in 60 mL 258 

screw-cap glass bottles (Wheaton, Millville, USA) using a working volume of 10 mL. The total 259 

enzyme loading was 4 mg protein per g dry matter of substrate, and the substrate content was 10% 260 

w/w dry matter. The enzymes added were a 9:1 (based on protein content) mix of Celluclast 1.5 L 261 

and Novozym 188, both kindly provided by Novozymes AS (Bagsværd, Denmark), and the protein 262 

concentrations of these enzyme preparations were determined using the Bio-Rad protein assay 263 

(Bio-Rad, USA) based on the Bradford method (Bradford, 1976) using bovine serum albumin as 264 
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reference protein. Reactions were initiated by the addition of 1 mM AscA, and incubated at 50°C 265 

with orbital shaking at 200 rpm in a Minitron Shaker incubator (Infors AG, Bottmingen, 266 

Switzerland). Reactions were performed in duplicate, and control reactions without addition of 267 

AscA were performed in parallel. 100 µL samples were taken at 8, 24, 48, and 72 h, and the 268 

enzymes were inactivated by boiling for 15 minutes before storage at -20°C. Prior to product 269 

quantification, samples were thawed at 4°C and filtered using a 96-well filter plate (0.45 µm; 270 

Merck Millipore) operated with a Millipore vacuum manifold system. Quantification of glucose 271 

and cellobiose released during hydrolysis was performed by high-performance liquid 272 

chromatography using a Dionex Ultimate 3000 system (Dionex, Sunnyvale, CA, USA) with a 273 

Shodex RI-101 refractive index detector (Shodex, Japan). A Rezex ROA-organic acid H+ (8%) 274 

300×7.8 mm analytical column (Phenomenex, Torrance, CA, USA) was used, operated at 65°C 275 

with 5 mM H2SO4 and an isocratic flow of 0.6 mL/min (Müller et al., 2015). Cellobiose levels 276 

were below 1 g/L in all samples and are not reported. Glc4gemGlc was quantified by HPAEC-277 

PAD as described below.  278 

 279 

Chromatographic analysis of LPMO-derived products by HPAEC-PAD 280 

Products generated in LPMO reactions were analyzed using high-performance anion 281 

exchange chromatography with pulsed amperometric detection (HPAEC-PAD) using a Dionex 282 

ICS-5000 system (Thermo Fischer Scientific). The ICS-5000 was equipped with a 3×250 mm 283 

Dionex CarboPac PA-200 analytical column with a 3×50 mm guard column (Thermo Fischer 284 

Scientific), and an operational flow of 500 µL/min was used. Eluents (A: 0.1 M NaOH, B: 0.1 M 285 

NaOH containing 1 M NaOAc) were prepared as described previously (Westereng et al., 2017). 286 

All samples were diluted two times in distilled water (type I, 18.2 MΩ•cm) prior to analysis using 287 
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either a 14-min or a 39-min gradient. The 14-min gradient used was: 0-5 min, convex upward 288 

(Dionex curve 4) from 100% A to 90% A and 10% B; 5-8.5 min, concave upward (Dionex curve 289 

8) from 90% A and 10% B to 100% B; 8.5-8.6 min, linear from 100% B to 100% A; 8.6-14 min, 290 

constant at 100% A (reconditioning). The 39-min gradient has previously been described (Hegnar 291 

et al., 2021). Chromeleon version 7.2.9 (Thermo Fischer Scientific) was used for instrument 292 

control and analysis. Cellobiose and cellotriose used to prepare standards for quantification of 293 

native products generated from cellopentaose by LPMO action were purchased from Megazyme. 294 

C4-oxidized standards for qualitative identification of Glc4gemGlc and Glc4gemGlc2 in product 295 

mixtures generated from cellulosic substrates were produced in-house as previously described 296 

(Østby et al., 2022). 297 

 298 

Product analysis by MALDI-TOF MS 299 

LPMO products from selected samples were analyzed by matrix-assisted laser 300 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) using an Ultraflex 301 

instrument (Bruker Daltonics GmbH, Bremen, Germany) with a Nitrogen 337 nm laser, as 302 

described previously (Agger et al., 2014). Sample preparation, data collection, and analysis were 303 

performed as previously described (Hegnar et al., 2021). 304 

  305 
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Results and Discussion 306 

Analysis of the structure and sequence of ScLPMO9A 307 

 308 
Figure 1. Phylogenetic tree of selected AA9 LPMOs. A multiple-sequence alignment of the catalytic domains of 47 309 
LPMOs, including ScLPMO9A and NcLPMO9C, was performed using T-Coffee Expresso and used to create the 310 
phylogenetic tree. The colors in the tree represent LPMO regioselectivity on cellulose (blue: C4-oxidizing; red: C1-311 
oxidizing; green: C1/C4-oxidizing; no color: regioselectivity unknown). All four AA9s grouped in the clade 312 
containing ScLPMO9A are active on soluble cello-oligosaccharides.  313 
 314 

Phylogenetic analysis of the ScLPMO9A sequence, shown in Figure 1, indicated that this 315 

enzyme clusters with LsLPMO9A and CvLPMO9, which are C4-oxidizing LPMOs active on 316 

soluble cello-oligosaccharides, mixed-linkage glucan, glucomannan, and xyloglucan (Frandsen et 317 
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al., 2016; Simmons et al., 2017). Of note, a comparative functional characterization study of 318 

LsLPMO9A and CvLPMO9A by Simmons et al. indicated that LsLPMO9A has low activity on 319 

birchwood xylan, but this specificity was not detected for CvLPMO9A (Simmons et al., 2017). 320 

The fourth LPMO clustering with ScLPMO9A (Figure 1), AnLPMO9, is the only one in this 321 

cluster with a carbohydrate-binding module (belonging to CAZy family 1, CBM1), and is also 322 

known to cleave cellohexaose (Jagadeeswaran et al., 2018). The well-studied CBM1-containing 323 

NcLPMO9C from Neurospora crassa, shown to be active on cellopentaose, cellohexaose, and to 324 

a lesser extent, cellotetraose, in addition to xyloglucan, mixed-linkage glucan, and glucomannan 325 

(Agger et al., 2014; Isaksen et al., 2014),  appears in the neighboring cluster. 326 

 327 
Figure 2. Multiple-sequence alignment of the catalytic domains of the C4-oxidizing AA9s ScLPMO9A, 328 
LsLPMO9A, CvLPMO9A, and NcLPMO9C. Sequence identities between ScLPMO9A and the other AA9s are as 329 
follows: LsLPMO9A 61.1%, CvLPMO9A 46.6%, NcLPMO9C 45.6%. Fully conserved residues are indicated by an 330 
asterisk (*). Active-site histidines are colored blue, and the conserved tyrosine (Tyr163 in ScLPMO9A) involved in 331 
copper-coordination (Quinlan et al., 2011) is colored green. Two highly conserved second sphere residues near the 332 
copper site (His146 and Gln161) are colored red, whereas a semi-conserved aromatic residue likely involved in 333 
substrate-binding (Trp202) is colored purple. Pink arrows and blue rectangles above the amino acid sequences indicate 334 
predicted secondary structure elements (sheets and helices, respectively) in the model of ScLPMO9A (using the 335 
structure of LsLPMO9A as a template (Figure 3). Lines above the sequences represent variable regions in AA9 336 
LPMOs as classified by (Wu et al., 2013) (L2, L3, LS, LC) and (Laurent et al., 2019) (Seg. 1-5). 337 
 338 
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A comparison of the sequences of ScLPMO9A, LsLPMO9A, CvLPMO9A, and 339 

NcLPMO9C (Figure 2) shows that residues that make up the histidine brace (His1 and His81), as 340 

well as residues in the second coordination sphere of the copper (His146, Gln161, Tyr163), are 341 

conserved in ScLPMO9A. Interestingly, ScLPMO9A has a tryptophan (Trp202) at a solvent 342 

exposed position where other AA9 LPMOs, including LsLPMO9A, NcLPMO9C, and 343 

CvLPMO9A, tend to have a tyrosine. Previous studies have shown that this exposed aromatic 344 

residue interacts with bound oligomeric substrates (Courtade et al., 2016; Frandsen et al., 2016) 345 

(Figure 3). The MSA further shows an alanine residue (Ala78 in ScLPMO9A) shared between 346 

ScLPMO9A, LsLPMO9A and NcLPMO9C, known to be common among C4-oxidizing LPMOs, 347 

although this correlation is not absolute (e.g., CvLPMO9A has an Asp in this position (Borisova 348 

et al., 2015)). The conserved Ser residue (Ser80 in ScLPMO9A) adjacent to the second histidine 349 

of the histidine brace is prevalent in C4-oxidizing LPMOs (Beeson et al., 2015). In their study of 350 

CvLPMO9A and LsLPMO9A, Simmons et al. noted that (weak) xylan-oxidation was only 351 

observed for LsLPMO9A. The authors speculated that this may be due to differences in substrate 352 

binding residues of the +2  subsite (Asn28, His66, and Asn67 in LsLPMO9A, compared to Thr28, 353 

Arg67, and Val68 in CvLPMO9A) (Simmons et al., 2017). ScLPMO9A shares two out of three of 354 

these residues with LsLPMO9A (Asn28 and His69), but has an Asp70 in place of the Asn. 355 

A model of ScLPMO9A made using LsLPMO9A bound to cellohexaose as a template, 356 

shown in Figure 3, depicts a shallow groove type surface topology, similar to what has been 357 

reported for LsLPMO9A (Frandsen et al., 2016). This shallow groove topology differs somewhat 358 

from the characteristically flat binding surfaces of LPMOs known for their activity on crystalline 359 

substrates (Frandsen and Lo Leggio, 2016). Docking of a hexameric substrate by superposition 360 

with the structure of LsLPMO9A bound to cellohexaose showed that the hexamer fits well in the 361 
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shallow groove of ScLPMO9A, and that binding interactions seen in LsLPMO9A appear to be 362 

preserved in ScLPMO9A. 363 

 364 
Figure 3. Structural representation of ScLPMO9A seen from the top (A) and a close-up of the substrate binding 365 
surface (B). The model was made with PHYRE (Kelley et al., 2015) using the structure of LsLPMO9A (5ACI) as a 366 
template. The copper ion coordinated in the active site is shown as an orange sphere. Secondary structure elements 367 
are shown in light blue (helices), magenta (strands), and light pink (loop regions). The side chains of the active-site 368 
histidines are colored dark blue, and the side chain of the tyrosine in the proximal axial copper coordination site is 369 
colored green. The side chains of His146 and Gln161 are colored red, while the side chain of Trp202 is colored purple. 370 
A bound cellohexaose unit, with subsite labelling, is shown in yellow. See main text for more details. 371 
 372 

Production and consumption of H2O2, and redox potential  373 

In order to verify that E. coli-expressed ScLPMO9A was correctly folded and copper-374 

saturated, and to ensure it produced and consumed H2O2 in a manner expected of AA9 LPMOs, 375 

we tested ScLPMO9A in assays adapted from (Kittl et al., 2012) and (Breslmayr et al., 2018). The 376 

former assay couples H2O2-production by the LPMO (i.e., oxidase activity) to oxidation of Amplex 377 

Red by horseradish peroxidase, which can be monitored spectrophotometrically. The latter assay 378 

enables spectrophotometric detection of the formation of coerulignone resulting from H2O2-379 

dependent oxidation of 2,6-dimethoxyphenol by the LPMO. Purified, copper-saturated 380 

NcLPMO9C produced in P. pastoris was included for comparative purposes. In both assays, 381 

ScLPMO9A performed similarly to NcLPMO9C and in accordance with what has previously been 382 

reported for AA9 LPMOs, including for NcLPMO9C (Rieder et al., 2021b; Tõlgo et al., 2022), 383 
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indicating that ScLPMO9A was properly folded and contained a coordinated copper in its active 384 

site. 385 

The redox potential of ScLPMO9A was determined to be 186 +/- 10 mV, which is a 386 

common, albeit rather low value for AA9 LPMOs. For comparison, using the same method, the 387 

redox potential of NcLPMO9C was determined to be 224 +/- 3 mV  (Borisova et al., 2015). 388 

 389 

Mapping activity on cellulosic substrates  390 

 To begin mapping of the substrate specificity of ScLPMO9A, three insoluble cellulosic 391 

substrates (Avicel, sulfite-pulped spruce, and PASC) were tested. Cellopentaose was also included 392 

given the activity of ScLPMO9A homologs on cellodextrins. 393 

  394 
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 395 
Figure 4. HPAEC-PAD chromatograms of products generated in reactions of ScLPMO9A with cellopentaose 396 
(green), PASC (orange), sulfite-pulped spruce (blue), and Avicel (yellow). Sample identities are labeled directly 397 
above chromatograms in colors corresponding to the chromatogram. Key products derived from LPMO activity (Glc2, 398 
Glc3, Glc4gemGlc, Glc4gemGlc2), and Glc5 are indicated within dashed rectangles. The black chromatogram shows 399 
a standard containing Glc4gemGlc and Glc4gemGlc2 (cellopentaose treated with NcLPMO9C; (Müller et al., 2015)). 400 
Note that the C4-oxidized products are unstable and that products resulting from tautomerization are visible as minor 401 
peaks (Isaksen et al., 2014; Westereng et al., 2016). All reactions were performed with 1 µM LPMO, 2 g/L substrate 402 
(or 10 g/L for sulfite-pulped spruce), and 1 mM AscA in 50 mM BisTris-HCl buffer pH 6.5, and were incubated at 403 
40°C and 1000 rpm for 16 h. Control reactions in the absence of AscA did not show any formation of native or C4-404 
oxidized products. All reactions were carried out in triplicate and gave identical product profiles. 405 
 406 

HPAEC-PAD analysis of product formation after 16 h of incubation (Figure 4) showed 407 

that ScLPMO9A is a C4-oxidizing cellulose-active LPMO, as evidenced by the reductant-408 

dependent accumulation of signals representing the C4-oxidized products Glc4gemGlc and 409 

Glc4gemGlc2 in reactions with cellopentaose and PASC. No C1-oxidized reaction products were 410 

detected for any of the substrates tested. No activity was detected in reactions with the crystalline 411 

model substrate Avicel, in contrast to what has been observed for NcLPMO9C, which is active on 412 

PASC, Avicel, and cellulose in steam-exploded spruce (Isaksen et al., 2014). The activity of 413 

ScLPMO9A on sulfite-pulped spruce, with an expected crystallinity almost as high as Avicel 414 
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(Aldaeus et al., 2015), was also low, suggesting that ScLPMO9A has a preference for amorphous 415 

cellulose, as present in PASC. The main C4-oxidized product generated from cellopentaose is the 416 

C4-oxidized dimer, showing that the substrate preferentially binds from -3 to +2, similar to what 417 

has been observed for NcLPMO9C. 418 

To further investigate the activity on soluble cello-oligomers and examine possible 419 

differences between ScLPMO9A and NcLPMO9C, reactions with cellotetraose and cellohexaose 420 

were analyzed. 421 

 422 
Figure 5. HPAEC-PAD chromatograms for reactions of ScLPMO9A or NcLPMO9C with cellotetraose (DP4) 423 
or cellohexaose (DP6). Sample identities are labeled directly above chromatograms in colors corresponding to the 424 
relevant chromatogram. Key products derived from LPMO activity (Glc2, Glc3, Glc4, Glc4gemGlc, Glc4gemGlc2), 425 
and Glc6 are indicated within dashed rectangles. Reactions contained 1 mM soluble substrate, 1 µM LPMO, and 1 426 
mM AscA in 50 mM BisTris-HCl pH 6.5, and were incubated at 40°C and 1000 rpm for 16 h. Dark red and dark blue 427 
chromatograms show cellohexaose (DP6) and cellotetraose (DP4), respectively, incubated with AscA and without 428 
LPMO. A standard consisting of native cello-oligomers from DP2-6 is shown in black. Control reactions in the absence 429 
of AscA did not show any formation of native or C4-oxidized products for either LPMO. All reactions were carried 430 
out in triplicate and gave identical product profiles. 431 
 432 
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Figure 5 shows clear differences between ScLPMO9A and NcLPMO9C. As expected 433 

based on previous results (Isaksen et al., 2014), NcLPMO9C showed limited activity on 434 

cellotetraose (DP4), generating only minor amounts of Glcgem4Glc and native cellobiose after 16 435 

h of incubation. ScLPMO9A, on the other hand, completely degraded cellotetraose into a mixture 436 

of cellobiose and Glc4gemGlc. With cellohexaose (DP6), NcLPMO9C generated primarily 437 

Glc4gemGlc and cellotetraose, and lesser amounts of cellotriose and Glc4gemGlc2, indicating a 438 

preference for -4 - +2 binding. ScLPMO9A, however, appeared to generate more Glc4gemGlc2 439 

than Glc4gemGlc, which is truly a big difference when taking into account that initial -4 - +2 440 

binding will lead to the formation of two Glc4gemGlc (since the resulting native tetramer will be 441 

cleaved). While it is not possible to make quantitative statements based on the data in Figure 5, it 442 

is clear that ScLPMO9A has another preferred binding mode for cellohexaose (-3 - +3) than 443 

NcLPMO9C. 444 

 445 

Activity on hemicellulosic substrates  446 

 The ability of ScLPMO9A to degrade hemicellulosic substrates was assessed and compared 447 

with that of NcLPMO9C. Both LPMOs were tested on konjac glucomannan (KGM), mixed-448 

linkage glucan (BG), tamarind xyloglucan (TXG), and xyloglucan oligomers (XGO), alone or in 449 

combination with PASC, as various studies have shown that the presence of cellulose may promote 450 

LPMO activity on (presumably cellulose-bound) hemicelluloses (Frommhagen et al., 2015; 451 

Petrović et al., 2019; Hegnar et al., 2021; Tõlgo et al., 2022). Reactions containing 1 µM LPMO, 452 

1 mM AscA, and 2 g/L hemicellulosic substrate, 2 g/L hemicellulose + 2 g/L PASC, or 4 g/L 453 

PASC, were incubated at 40°C and 1000 rpm for 16 h, before products were analyzed by HPAEC-454 

PAD and, in some cases, MALDI-TOF MS. Since these are single time point measurements and 455 
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since LPMOs are prone to inactivation, quantitative interpretation of the results presented below 456 

requires great care (Eijsink et al., 2019). It should be noted, however, that a suitable substrate 457 

protects LPMOs from inactivation, meaning that even if the two LPMOs have different intrinsic 458 

susceptibilities to inactivation, major differences in product levels likely reflect a difference in 459 

substrate specificity. 460 

 461 
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 462 
Figure 6. HPAEC-PAD chromatograms for reactions with ScLPMO9A or NcLPMO9C and PASC, konjac 463 
glucomannan (KGM), mixed-linkage (β-1,3;1-4) glucan (BG), or mixtures of PASC and KGM or BG. Panel A 464 
shows reactions with PASC and KGM, while Panel B shows reactions with PASC and BG. Reaction set-ups are 465 
indicated directly above chromatograms in colors corresponding to the relevant chromatogram (all reactions contained 466 
1 mM AscA). Reactions contained 1 µM LPMO, 1 mM AscA, and either 2 g/L KGM or BG, or, in the reactions 467 
containing hemicellulosic substrate and PASC, 2 g/L of each substrate (4 g/L total substrate concentration). Reactions 468 
with PASC alone contained 4 g/L PASC. Reactions were incubated in 50 mM BisTris-HCl pH 6.5 at 40°C and 1000 469 
rpm for 16 h. Key products derived from LPMO activity on PASC (Glc2, Glc3, Glc4gemGlc, Glc4gemGlc2) are 470 
indicated within dashed rectangles (note that there is a slight shift between the PASC + ScLPMO9A and the PASC + 471 
NcLPMO9C chromatograms). Control reactions in the absence of AscA did not show any product formation for either 472 
LPMO. All reactions were carried out in triplicate and gave similar product profiles. 473 
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Reactions with KGM showed activity of ScLPMO9A and this activity seemed hardly 474 

affected by the presence of PASC (Figure 6A). The product profiles of the two enzymes show 475 

differences that may indicate differences in substrate-binding preferences and abilities. In 476 

particular, ScLPMO9A generates more early-eluting products (5–10 minute region). It is also 477 

worth noting the substantially higher peak intensities for products generated by ScLPMO9A acting 478 

on KGM alone compared to the analogous reaction with NcLPMO9C. The data thus indicate that 479 

the two LPMOs have different affinities for glucomannan and/or that they have different cleavage 480 

pattern preferences.  481 

 Figure 6B shows that ScLPMO9A is clearly more active on BG than NcLPMO9C, both in 482 

reactions with BG alone and in reactions with BG and PASC. The activity difference is most 483 

pronounced in the reactions with BG alone, since the reaction of ScLPMO9A with a mixture of 484 

PASC and BG yielded less BG-derived products than the reaction with BG alone. The 485 

chromatograms for the reactions with ScLPMO9A show a larger variety of products as compared 486 

to NcLPMO9C, but this may partly be a false impression due to the general difference in activity. 487 

However, one clear and striking difference stands out: when acting on BG alone, in contrast to 488 

NcLPMO9C, ScLPMO9A generates a relatively high amount of products eluting in the 15–19-489 

minute region, which likely are C4-oxidized glucan fragments such as Glc4gemGlc and 490 

Glc4gemGlc2. This indicates that ScLPMO9A has a greater ability to convert BG to small 491 

oligomeric products and is, thus, less inhibited by the β-(1,3) bonds in BG. 492 

 493 



26 

 

 494 
Figure 7. HPAEC-PAD chromatograms for reactions with ScLPMO9A or NcLPMO9C and PASC, tamarind 495 
xyloglucan (TXG), xyloglucan oligomers (XGO), or mixtures of PASC and TXG or XGO. Panel A shows 496 
reactions with PASC and TXG, while Panel B shows reactions with PASC and XGO. Reaction set-ups are indicated 497 
directly above the chromatograms in colors corresponding to the relevant chromatogram (all reactions contained 1 498 
mM AscA). Reactions contained 1 µM LPMO, 1 mM AscA, and either 2 g/L TXG or XGO, or, in the reactions 499 
containing hemicellulosic substrate and PASC, 2 g/L of each substrate (4 g/L total substrate concentration). Reactions 500 
with PASC alone contained 4 g/L PASC. Reactions were incubated in 50 mM BisTris-HCl pH 6.5 at 40°C and 1000 501 
rpm for 16 h. Key products derived from LPMO activity on PASC (Glc2, Glc3, Glc4gemGlc, Glc4gemGlc2) are 502 
indicated within dashed rectangles (note that there is a slight shift between the PASC + ScLPMO9A and the PASC + 503 
NcLPMO9C chromatograms). Control reactions in the absence of AscA did not show any product formation for either 504 
LPMO. All reactions were carried out in triplicate and gave similar product profiles. 505 
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HPAEC-PAD chromatograms for reactions with TXG (Figure 7A) showed clear activity 506 

of ScLPMO9A and NcLPMO9C, both in reactions with PASC/TXG and reactions with TXG 507 

alone. ScLPMO9A seemed to generate more products than NcLPMO9C, especially in reactions 508 

with only TXG. Overall, the product patterns of the two enzymes look similar and these patterns 509 

resemble those generated by previously described LPMOs (including NcLPMO9C) that act on 510 

xyloglucan and that are “substitution-sensitive,” where the latter means that they only, or 511 

primarily, cleave the glucan chain at a non-substituted glucose (Nekiunaite et al., 2016; Monclaro 512 

et al., 2020; Sun et al., 2020). Still, Figure 7A shows minor differences in the product spectra of 513 

the two LPMOs and such differences were also observed when analyzing reactions with a mixture 514 

of xyloglucan oligosaccharides, XGO (Figure 7B). Thus, the two enzymes do display different 515 

cleavage preferences when acting on xyloglucan. 516 

  517 
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 518 
Figure 8. MALDI-TOF MS analysis of products generated in reactions of ScLPMO9A with TXG in the 519 
presence of AscA. The spectrum shows the samples analyzed with HPAEC-PAD in Figure 7A. The red spectrum 520 
shows the corresponding reaction without AscA. The labeled products are the sodium adducts of oxidized species in 521 
the non-hydrated keto form (e.g. m/z 1083.3) and, to a lesser extent, the corresponding geminal diol form (e.g. m/z 522 
1101.3), for GXXX (Hex4Pen3), GXXL (Hex5Pen3), and GXLL (Hex6Pen3), where G is glucose, X is glucose 523 
substituted with xylose and L is X substituted with galactose. Note that the positions of the various main chain units 524 
(G, X, L) cannot be derived from the MS data. The absence of fragments containing less or more than three pentoses 525 
(e.g. 951 for Hex4Pen2, or 1539 for Hex6Pen4) indicates that the LPMO only cleaves the main chain of TXG at 526 
unsubstituted glucoses. 527 
 528 
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 529 
Figure 9. MALDI-TOF analysis of products generated in reactions of ScLPMO9A with XGO in the presence 530 
of AscA. The spectrum shows the samples analyzed with HPAEC-PAD in Figure 7B. The red spectrum shows the 531 
corresponding reaction without AscA. The labeled products are the sodium adducts of native and oxidized species, 532 
the formation of which is reductant-dependent. The identities of the native xyloglucan species labeled according to 533 
standard xyloglucan nomenclature (G: glucose; X: glucose substituted with a xylose; L: X substituted with a galactose) 534 
are indicated in blue next to the m/z values. The oxidized keto (-2 m/z from the native) and geminal diol (+16 m/z from 535 
the native) forms of GXXL (Hex5Pen3) and GXLL (Hex6Pen3) were detected, but only the geminal diol form was 536 
detected for oxidized GXXX (Hex4Pen3); the signal possibly reflecting this hydrated oxidized product (m/z 1101) may 537 
also represent a potassium adduct of non-oxidized GXXX. 538 
 539 

MALDI-TOF MS analysis of products generated in the reaction with TXG confirmed that 540 

ScLPMO9A is substitution-sensitive, since all abundant products contained three pentoses (see 541 

Figure 8 and its legend). The mass spectrum for the various tetrameric products showed  542 

xyloglucan-derived oxidized species differing by m/z 162 and all containing 3 pentoses (m/z 132), 543 

corresponding to the oxidized non-hydrated keto species and the hydrated geminal diol species of 544 

xyloglucan forms GXXX, GXXL, and GXLL (where G is a β-1,4-linked D-glucose unit, X is a 545 

glucosyl substituted with a α-1,6-linked D-xylose, and L corresponds to X but with a further 546 

substitution of the xylose with a β-1,2-linked D-galactose, according to standard xyloglucan 547 
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nomenclature (Fry et al., 1993)). This TXG product pattern resembles what has previously been 548 

observed for NcLPMO9C acting on xyloglucan (Agger et al., 2014; Sun et al., 2020). If 549 

ScLPMO9A would be able to cleave next to substituted sugars, other products would also have 550 

been observed in the spectrum shown in Figure 8, such as at m/z 951 (4 hexoses, 2 pentoses) and 551 

m/z 1539 (6 hexoses, 4 pentoses), as has indeed been observed for TXG-active LPMOs that are 552 

less substitution-sensitive (Monclaro et al., 2020; Sun et al., 2020). 553 

MALDI-TOF MS analysis of products generated by ScLPMO9A in the reaction with XGO 554 

(Figure 9) showed an accumulation of native and oxidized products, including the native XXX 555 

(m/z 923), GXXX (m/z 1085), GXXL (m/z 1247), GXLL (m/z 1409), and GXLLG (m/z 1571), and 556 

oxidized GXXL (m/z 1245/1263) and GXLL (m/z 1407/1425). This pattern resembles what has 557 

previously been shown for NcLPMO9C (Agger et al., 2014; Kojima et al., 2016), and confirms 558 

that, like NcLPMO9C, ScLPMO9A cleaves the xyloglucan backbone primarily adjacent to non-559 

substituted glycosyl units.  560 

Screening of ScLPMO9A activity on beechwood xylan, birchwood xylan, and wheat 561 

arabinoxylan in combination with PASC, using MALDI-TOF MS for product detection, showed 562 

products identical to those observed in reactions with only PASC, while reactions with these 563 

substrates alone showed no product formation. Despite differing from LsLPMO9A (for which 564 

weak xylan activity has been reported) in only one of the three substrate-binding residues 565 

purported to contribute to xylan activity, and despite this difference being minimal (Asn → Asp), 566 

ScLPMO9A did not show reductant-dependent oxidative activity towards xylan. 567 

  568 
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Synergy with cellulases 569 

The contribution of LPMOs to the saccharification of cellulose, including cellulose in 570 

sulfite-pulped spruce, is well-documented. LPMO-containing cellulase cocktails work better under 571 

conditions that promote LPMO activity (Chylenski et al., 2017; Müller et al., 2018), while addition 572 

of LPMOs improves the saccharification power of LPMO-poor cellulase cocktails (Müller et al., 573 

2015; Tuveng et al., 2020). Interestingly, saccharification reactions with sulfite-pulped spruce, 574 

under conditions previously used to reveal the clear impact of cellulose-active LPMOs, showed 575 

that ScLPMO9A did not boost cellulase hydrolysis by an LPMO-poor cellulase cocktail (Figure 576 

10A). The reaction with AscA and the LPMO did show some LPMO product formation (Figure 577 

10B), but the glucose production was decreased rather than increased, probably due to the lower 578 

cellulase content of this reaction. While higher than in reactions without supplemented LPMO, 579 

Glc4gemGlc product levels for the reaction with ScLPMO9A are low compared to what one would 580 

expect for a truly cellulose-active LPMO (e.g. (Müller et al., 2018)) and decreased over time, 581 

which is due to product instability and indicates that LPMO activity had already stopped at the 582 

first measuring point, indicative of limited substrate availability. Considering the results described 583 

above, indicating that ScLPMO9A only acts on soluble and amorphous substrates, it is likely that 584 

these low levels of LPMO products result from action on amorphous subfractions of the material, 585 

the degradation of which does not affect overall saccharification efficiency. 586 

 587 
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 588 
Figure 10. Degradation of sulfite-pulped spruce by an LPMO-poor cellulase blend with or without added 589 
ScLPMO9A. Panel A shows glucose yield, and Panel B shows production of Glc4gemGlc. The substrate (10% w/w) 590 
was incubated with a Celluclast:Novozym 188 blend in 50 mM sodium acetate buffer pH 5.0. In reactions with LPMO, 591 
10% of this blend was replaced with ScLPMO9A (on a protein basis). Reactions were initiated by adding 1 mM AscA, 592 
and incubated at 50°C with orbital shaking at 200 rpm. 593 
 594 

Effect of H2O2 on oxidized product formation from PASC and cellopentaose 595 

 It is now well-established that LPMOs preferentially utilize H2O2 as a co-substrate to 596 

cleave glycosidic bonds and that the resulting peroxygenase reaction is fast (Bissaro et al., 2017; 597 

Kuusk et al., 2018; Rieder et al., 2021b). However, surplus concentrations of H2O2 can lead to 598 

auto-catalytic oxidation of non-substrate bound LPMOs (Bissaro et al., 2017; Kuusk et al., 2019; 599 

Kuusk and Väljamäe, 2021). To assess the ability of ScLPMO9A to productively use H2O2, we 600 

tested the effect of different initial concentrations of exogenously supplied H2O2 on the activity of 601 

ScLPMO9A on PASC (Figure 11). 602 

 603 
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 604 
Figure 11. Effect of H2O2 on Glc4gemGlc production by ScLPMO9A in reactions with PASC. The figure shows 605 
the production of Glc4gemGlc by 1 µM ScLPMO9A in reactions containing 2 g/L PASC, 1 mM AscA, and different 606 
initial concentrations of supplemented H2O2 (0, 50, 100, or 250 µM). Reactions were performed in 50 mM Tris-HCl 607 
pH 7.5 at 45°C and 1000 rpm. Control reactions lacking AscA did not show any formation of Glc4gemGlc. Error bars 608 
represent standard deviations between triplicates. 609 
 610 

 Without addition of H2O2, accumulation of Glc4gemGlc happened at a rate in the order of 611 

0.3 min-1 (estimated from the progress curve in Figure 11). Assuming that Glc4gemGlc represents 612 

about 40 % of LPMO cleavages (see below for justification), this means that the LPMO operated 613 

at a rate in the order of 0.8 min-1. Such low rates are commonly observed for LPMOs in AscA 614 

driven reactions (Bissaro et al., 2018). Addition of H2O2 led to a dramatic increase in reaction 615 

speed: at the first measuring point, after 3 minutes, Glc4gemGlc levels amounted to approximately 616 

40 % of the added H2O2 for all three levels of inclusion. The progress curves starting at 3 minutes 617 

show slopes quite similar to the curve for the reaction with AscA only. This clearly shows that all 618 

H2O2 was consumed after 3 minutes and that the rest of the reaction was AscA-driven. The fact 619 

that the levels of Glc4gemGlc after 3 minutes amounted to 40 % of added H2O2 shows that some 620 

60 % of LPMO products emerge as other soluble products or are not soluble (i.e., oxidized sites 621 
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remaining in the insoluble substrate). As a rule of thumb, one would expect some 50 % of oxidized 622 

products to remain in the insoluble substrate in reactions with an LPMO that does not carry a CBM 623 

(Courtade et al., 2018). Notably, the progress curve for the reaction with the highest H2O2 624 

concentration, 250 µM, shows signs of enzyme inactivation, since the slope of the curve after 3 625 

minutes is lower compared to the other progress curves.   626 

Importantly, the data shows that ScLPMO9A generates Glc4gemGlc very rapidly when 627 

supplied with H2O2, and uses this co-substrate stoichiometrically to produce Glc4gemGlc. Based 628 

on the 3-minute time point for the reaction with 250 µM H2O2, the enzyme operated with a rate of 629 

at least some 80 min-1, which is two orders of magnitude higher compared to the reaction with 630 

AscA only. Thus, ScLPMO9A is a fast consumer of H2O2, and preferentially uses this co-substrate 631 

stoichiometrically to produce Glc4gemGlc. 632 

Rieder et al. have shown that when supplied with H2O2 and a soluble substrate, 633 

NcLPMO9C is a very efficient peroxygenase, reaching catalytic rates above 100 s-1 and with the 634 

ability to productively use large amounts of H2O2 to stoichiometrically degrade the cello-oligomer 635 

substrate (Rieder et al., 2021b). Figure 12 shows progress curves for one-minute reactions of 636 

ScLPMO9A with cellopentaose at two initial H2O2 concentrations. When supplemented with 200 637 

µM H2O2 (Figure 12A), near complete stoichiometric conversion of H2O2 was achieved within 30 638 

s. Based on the first 10 s of the experiment, ScLPMO9A reached a rate of at least 11 s-1. When the 639 

H2O2 concentration was increased to 400 µM (Figure 12B), ScLPMO9A generated slightly less 640 

than 300 µM product in 1 min. Although initial rates appeared higher than when supplemented 641 

with 200 µM H2O2 (at least 15 s-1), under these conditions stoichiometric conversion of H2O2 was 642 

not observed, and the reaction showed signs of LPMO inactivation and/or reductant depletion. Of 643 

note, the ratio between Glc2 and Glc3 differs between panels A and B, which could be due to 644 
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oxidative damage to the enzyme active site at the higher H2O2 concentration, which may cause 645 

changes in the preferred substrate binding mode (Hangasky et al., 2018). 646 

 647 
Figure 12. Peroxygenase activity of ScLPMO9A acting on cellopentaose. The figure shows time courses for 648 
product formation in reactions containing 1 µM ScLPMO9A, 50 µM AscA, 1 mM cellopentaose, and 200 µM (Panel 649 
A) or 400 µM (Panel B) H2O2. Reactions were performed in 50 mM sodium acetate buffer pH 5.0 and were incubated 650 
at 40°C and 500 rpm. Note that cleavage of cellopentaose leads either to a dimeric or a trimeric product; for example, 651 
in panel A, at 30 s, approximately 190 mM of cellopentaose has been converted, resulting in 70 M of dimer and 120 652 
M of trimer. Samples were taken at 5, 10, 30, and 60 s. Error bars represent standard deviations between triplicates. 653 
 654 

Concluding Remarks 655 

The data presented in the present study show that ScLPMO9A is a C4-oxidizing LPMO 656 

with activity on amorphous cellulose, soluble cello-oligosaccharides and various hemicellulose 657 

glycans, and limited ability to contribute to the saccharification of crystalline cellulose. The 658 

complete degradation of 1 mM cellotetraose under the conditions tested is of particular interest, 659 

since this is not commonly observed in LPMOs active on cello-oligomers (Isaksen et al., 2014). 660 

Further in-depth analysis of the substrate-binding residues surrounding the active site of 661 
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ScLPMO9A, preferably based on crystal structures, is needed to explain the structural basis for the 662 

observed activity on cellotetraose. 663 

Comparison of ScLPMO9A and NcLPMO9C in the degradation of glucomannan, mixed-664 

linkage glucan, and xyloglucan, showed that the enzymes have similar properties, such as both 665 

being substitution-sensitive in TXG degradation. The product profiles did show subtle differences 666 

however, which indicate functional differences that merit further study. The relative peak 667 

intensities observed in HPAEC-PAD analysis indicate that ScLPMO9A may have stronger activity 668 

on selected hemicellulosic substrates, especially in the absence of cellulose. In contrast to what 669 

has been observed for LsLPMO9A (Simmons et al., 2017), its close homolog, ScLPMO9A did not 670 

show any activity on the xylan substrates tested in this study. 671 

During the course of this study, a study containing comparative functional data for eight 672 

fungal C4-oxidizing LPMOs, including ScLPMO9A, was published (Frandsen et al., 2021). All 673 

these LPMOs were expressed in the yeast Pichia pastoris and shown to be active on cello-674 

oligomers and/or hemicellulosic glycans, albeit with seemingly different efficiencies. Remarkably, 675 

while some of the LPMOs described in this study seemed to show a substrate spectrum similar to 676 

the two LPMOs studied above, Frandsen et al. concluded that ScLPMO9A is not active on 677 

glucomannan and TXG, nor on cellotetraose. Clearly, the conclusions of the present study are quite 678 

different. 679 

The discovery that LPMOs may use H2O2 rather than O2 to break down glycosidic bonds 680 

has created some controversy, but has also shown that LPMOs are faster enzymes than originally 681 

believed. As an example, the recent work by (Frandsen et al., 2021) reports rates for cellohexaose 682 

conversion in a “monooxygenase” (i.e. reductant-driven) reaction in the order of 1 min-1, which, 683 

notably, is enormously slow, but common in the LPMO field. On the other hand, using 684 
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peroxygenase conditions, Rieder et al. recently reported rates of >100 s-1 for conversion of 685 

cellopentaose by NcLPMO9C (Rieder et al., 2021b). Although ScLPMO9A appears to be more 686 

sensitive to H2O2 than NcLPMO9C under the conditions tested in the present study, ScLPMO9A 687 

still uses H2O2 very efficiently when acting on cellopentaose, reaching a rate of approx. 11 s-1 688 

when supplied with 200 µM H2O2. We also show that ScLPMO9A readily uses H2O2 to degrade 689 

PASC, reaching rates in the order of at least several per second rather than about 1 min-1. To the 690 

best of our knowledge, this is the first time that such a high LPMO activity is demonstrated on this 691 

much used amorphous cellulosic substrate. 692 

 All in all, ScLPMO9A seems specifically tailored to work on amorphous and soluble 693 

substrates, as also suggested by its inability to boost degradation of sulfite-pulped spruce by an 694 

LPMO-poor cellulase cocktail. As such, ScLPMO9A resembles recently described AfAA11B, a 695 

chitin-active LPMO which was shown to, in fact, have little activity on insoluble chitin, while 696 

being very active on soluble chito-oligosaccharides (Rieder et al., 2021a). 697 

Given that powerful hydrolytic cellulases co-secreted with LPMOs in natural biomass-698 

degrading ecosystems readily depolymerize soluble oligosaccharides, it is unlikely that fungi have 699 

evolved LPMOs with the specialized purpose of degrading these oligomers. Thus, it is conceivable 700 

that enzymes such as ScLPMO9A play hitherto undiscovered roles in lignocellulose conversion, 701 

or perhaps even the conversion of non-lignocellulosic substrates. In this regard, the strong activity 702 

of ScLPMO9A on soluble cello-oligomers, and its lack of activity on crystalline cellulose, are 703 

intriguing and warrant further investigation. 704 

  705 
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ABSTRACT Family AA9 lytic polysaccharide monooxygenases (LPMOs) are abundant
in fungi, where they catalyze oxidative depolymerization of recalcitrant plant bio-
mass. These AA9 LPMOs cleave cellulose and some also act on hemicelluloses, pri-
marily other (substituted) b-(1!4)-glucans. Oxidative cleavage of xylan has been
shown for only a few AA9 LPMOs, and it remains unclear whether this activity is a
minor side reaction or primary function. Here, we show that Neurospora crassa
LPMO9F (NcLPMO9F) and the phylogenetically related, hitherto uncharacterized
NcLPMO9L from N. crassa are active on both cellulose and cellulose-associated glu-
curonoxylan but not on glucuronoxylan alone. A newly developed method for simul-
taneous quantification of xylan-derived and cellulose-derived oxidized products
showed that NcLPMO9F preferentially cleaves xylan when acting on a cellulose–
beechwood glucuronoxylan mixture, yielding about three times more xylan-derived
than cellulose-derived oxidized products. Interestingly, under similar conditions,
NcLPMO9L and the previously characterized McLPMO9H, from Malbranchea cinnamo-
mea, showed different xylan-to-cellulose preferences, giving oxidized product ratios
of about 0.5:1 and 1:1, respectively, indicative of functional variation among xylan-
active LPMOs. Phylogenetic and structural analysis of xylan-active AA9 LPMOs led to
the identification of characteristic structural features, including unique features that
do not occur in phylogenetically remote AA9 LPMOs, such as four AA9 LPMOs whose
lack of activity toward glucuronoxylan was demonstrated in the present study.
Taken together, the results provide a path toward discovery of additional xylan-
active LPMOs and show that the huge family of AA9 LPMOs has members that pref-
erentially act on xylan. These findings shed new light on the biological role and
industrial potential of these fascinating enzymes.

IMPORTANCE Plant cell wall polysaccharides are highly resilient to depolymerization by
hydrolytic enzymes, partly due to cellulose chains being tightly packed in microfibrils
that are covered by hemicelluloses. Lytic polysaccharide monooxygenases (LPMOs)
seem well suited to attack these resilient copolymeric structures, but the occurrence
and importance of hemicellulolytic activity among LPMOs remain unclear. Here, we
show that certain AA9 LPMOs preferentially cleave xylan when acting on a cellulose–
glucuronoxylan mixture, and that this ability is the result of protein evolution that has
resulted in a clade of AA9 LPMOs with specific structural features. Our findings
strengthen the notion that the vast arsenal of AA9 LPMOs in certain fungal species
provides functional versatility and that AA9 LPMOs may have evolved to promote oxi-
dative depolymerization of a wide variety of recalcitrant, copolymeric plant polysac-
charide structures. These findings have implications for understanding the biological
roles and industrial potential of LPMOs.
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In nature, decomposition of plant biomass is primarily performed by fungi. The degrada-
tion of plant cell walls requires a large suite of enzymes that work in concert to hydrolyze

and oxidize its major polymeric components: cellulose, hemicelluloses, and lignin (1). In
fungi, the major secreted enzymes that act on plant cell wall polysaccharides are glycoside
hydrolases (GHs), carbohydrate esterases (CEs), and lytic polysaccharide monooxygenases
(LPMOs) (2–7). Dikaryotic fungi carry genes encoding LPMOs from five currently recognized
LPMO families, namely, AA9, AA11, AA13, AA14, and AA16, that act on various crystalline
and amorphous polysaccharides, primarily cellulose and chitin (8). LPMOs are mono-copper
enzymes that oxidize chitin or cellulose by hydroxylating either the C-1 or C-4 position of
the scissile glycosidic bond, which leads to spontaneous bond cleavage (9–13). LPMOs were
originally considered monooxygenases, using O2 as a cosubstrate (9, 14), but recent work
indicates that LPMOs are efficient peroxygenases, using H2O2 as a cosubstrate (15–19).

Family AA9 LPMOs are cellulose-active enzymes, some of which can also cleave hemi-
celluloses containing b-(1!4)-linked glucose units in the polysaccharide backbone, like
glucomannan and xyloglucan (20). In addition, oxidative cleavage of xylan has been con-
vincingly demonstrated for two AA9 LPMOs, MtLPMO9A from Myceliophthora thermophila
(21), originally named MtLPMO9E by Berka et al. (22), and McLPMO9H from Malbranchea
cinnamomea (23), both of which are monomodular and (primarily) C-1-oxidizing enzymes,
sharing 55.6% sequence identity. These two enzymes produce oxidized xylo-oligomers
when incubated with cellulose–glucuronoxylan copolymeric mixtures but are inactive to-
ward soluble xylan alone. The inactivity on soluble xylan is likely due to the 3-fold screw
conformation that this polymer has in solution, which is flexible and nonuniform, whereas
xylan adopts a 2-fold screw conformation when associated with cellulose, leading to a
more rigid and “crystalline” structure (24). It is well known that acetylated, arabinosylated,
and/or glucuronylated xylans extracted from various sources, including crops, hardwood,
and softwood, interact with cellulose surfaces to various extents (25, 26). It has been
shown that glucuronoxylans with even pattern substitution, including acetylglucuronoxy-
lan from Arabidopsis (27) and glucuronoarabinoxylan from spruce (28), adapt 2-fold screw
conformation upon adsorption to cellulose in plant cell walls.

In a landmark study from 2015, Frommhagen et al. (21) showed production of oxi-
dized xylo-oligomers upon incubation of MtLPMO9A with a mixture of birchwood glu-
curonoxylan or oat spelt arabinoxylan and regenerated amorphous cellulose. These
LPMO products were detected using high-performance anion-exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-PAD) and matrix-assisted laser desorp-
tion-ionization time-of-flight mass spectrometry (MALDI-TOF MS). A similar approach
was taken by Hüttner et al. (23) studying McLPMO9H, where reactions were performed
with mixtures of phosphoric acid swollen cellulose (PASC) and birchwood 4-O-methyl-
glucuronoxylan. In this case, a wide variety of oxidized xylan products were detected by
MALDI-TOF MS, but HPAEC-PAD detection was not described. Additionally, LsLPMO9A
from Lentinus similis has been suggested by Simmons et al. to act on birchwood glucuro-
noxylan (29), as it produces soluble native xylo-oligomers in a reductant-dependent
manner, although the authors were unable to detect any oxidized xylo-oligomers.

In 2018, a novel xylan-active LPMO family, AA14, was discovered (30), with, until
now, only two characterized members, both from the white-rot fungus Pycnoporus coc-
cineus. In contrast to the xylan-active AA9 LPMOs, these enzymes are not active on cel-
lulose but are thought to cleave highly refractory xylan that is grafted onto cellulose.
Of possible products, only xylotrionic acid (Xyl2Xyl1A) was detected, by mass spec-
trometry only (30). More recently, it was shown that an AA14 enhances the release of
native xylo-oligosaccharides from xylan-rich cellulose fibers by a xylobiohydrolase (31).

The above-mentioned discovery of LPMO activity on cellulose–xylan complexes
provides a glimpse of functional diversity among LPMOs that may be needed to de-
grade different copolymeric structures occurring in plant cell walls, and that may
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explain why some biomass-degrading fungi carry up to about 50 LPMO genes. Still, de-
spite the above-mentioned and other findings (e.g., by Petrovi�c et al. [32]), the func-
tional implications of LPMO multiplicity remain poorly understood. Furthermore, not
all functionally characterized LPMOs have been characterized to the same extent,
which means that certain activities may have remained undetected. For example, con-
sidering the abundance of xylan–cellulose copolymeric structures in plant cell walls,
one would perhaps expect a greater occurrence, and more in-depth characterization,
of xylan-active LPMOs.

The genome of Neurospora crassa, an ascomycete bread mold found on decaying
leaves in nature, encodes 14 AA9 LPMOs (33) but no AA14 LPMOs, which are primarily
found in Basidiomycetes (30). At the time of writing, 9 of the 14 AA9 LPMOs in N. crassa
had been functionally characterized to various extents (32, 34, 35): NcLPMO9A (gh61-1,
NCU02240), -9B (gh61-2, NCU07760), -9C (gh61-3, NCU02916), -9D (gh61-4, NCU01050),
-9E (gh61-5, NCU08760), -9F (gh61-6, NCU03328), -9G (gh61-7, NCU00836), -9J (gh61-10,
NCU01867), and -9M (gh61-13, NCU07898) (32, 34, 35), while the other five AA9 LPMOs,
NcLPMO9H (gh61-8, NCU03000), -9I (gh61-9, NCU05969), -9K (gh61-11, NCU07520), -9L
(gh61-12, NCU02344), and -9N (gh61-14, NCU07974), await functional characterization. N.
crassa currently is the best-characterized fungus in terms of its LPMO repertoire. All char-
acterized N. crassa LPMOs are active on cellulose, four are C-1 oxidizing (NcLPMO9E, -9F,
-9G, and -9J), three are C-4 oxidizing (NcLPMO9A, -9C, and -9D), two are C-1/C-4 oxidizing
(NcLPMO9B and -9M), and six of them carry CBM1 domains (three C-1 oxidizing,
NcLPMO9E, -9G, and -9J; two C-4 oxidizing, NcLPMO9A and -9C; one C-1/C-4 oxidizing,
NcLPMO9B). Among these, NcLPMO9F, a monomodular LPMO that oxidizes cellulose at
the C-1 position, is one of the best-studied AA9 LPMOs. Its activity on cellulose was dem-
onstrated in 2012 (35), and its crystal structure was solved in 2015 (36). In support of the
idea that these many LPMOs have different functional roles, it is well established that
fungal LPMO genes are differentially expressed both temporally and in response to dif-
ferent substrates, which is also true for N. crassa LPMOs (37–39).

So far, research on AA9 LPMOs has mainly been focusing on cellulose oxidation,
while activity toward hemicellulosic substrates, particularly xylans, has been described
less frequently. Furthermore, hemicellulolytic activities may have been overlooked
because of the use of suboptimal reaction conditions, which may lead to rapid enzyme
inactivation and low product levels (40). Strikingly, phylogenetic analysis (Fig. 1; see
also Fig. S1 in the supplemental material) showed that the two AA9 LPMOs with clear
xylanolytic activity, MtLPMO9A and McLPMO9H, group together with several well-char-
acterized (C-1-oxidizing) AA9s, including NcLPMO9F from N. crassa (35, 36), for which
activity on xylan has not yet been addressed or demonstrated. Another closely related
LPMO is the hitherto uncharacterized N. crassa LPMO NcLPMO9L. These four LPMOs
belong to a distinct cluster, as is also visible in the analysis of Laurent et al., who classi-
fied AA9 LPMOs based on the sequences of five active-site segments (Seg1 to Seg5),
placing these LPMOs in a group with relatively short Seg1 and Seg2 segments (41).

Motivated by these phylogenetic observations, we set out to determine if activity
on xylan is prevalent among LPMOs that are phylogenetically close to MtLPMO9A and
McLPMO9H, and, if so, if it was possible to identify conserved structural determinants
related to xylanolytic activity in AA9 LPMOs. We demonstrate previously overlooked
xylanolytic activity of NcLPMO9F, which turned out to preferentially oxidize xylan in 4-
O-methylglucuronoxylan–cellulose mixtures, and we present a quantitative assessment
of xylan oxidation by an LPMO. Additionally, we demonstrate xylanolytic activity for
the hitherto uncharacterized NcLPMO9L, which was cloned and expressed as part of
this study. Finally, we demonstrate that the preference for cellulose versus xylan in glu-
curonoxylan–cellulose mixtures varies between xylan-active LPMOs.

RESULTS AND DISCUSSION
NcLPMO9F and NcLPMO9L oxidize xylan in cellulose–glucuronoxylan mixtures.

In our phylogenetic analyses, NcLPMO9F (UniProt identifier [ID] Q1K4Q1) from N. crassa
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clustered closest to the xylan-active MtLPMO9A, whereas the previously uncharacter-
ized NcLPMO9L (UniProt ID Q7S411), also from N. crassa, clustered closest to the xylan-
active McLPMO9H (Fig. 1). These four enzymes shared more than 50% identity with
each other (see below for a more detailed discussion; also see Fig. S1 in the supple-
mental material).

To test our hypothesis that the phylogenetic clustering and sequence identities of

FIG 1 Phylogenetic distance tree of AA9 LPMOs. Multiple-sequence analysis of 34 functionally characterized AA9 LPMOs, all 14 N. crassa AA9 LPMOs,
McLPMO9H, and 91 uncharacterized AA9 LPMOs that are most similar to NcLPMO9F and McLPMO9H was performed using Expresso (T-Coffee), with
subsequent phylogenetic analysis performed with ProtTest 3.4. The lettering size for LPMO names is the following: large, LPMOs that were used in this
study plus known xylan-active LPMOs McLPMO9H and MtLPMO9A; medium, all NcLPMO9s (except 9F, 9L, and 9C, which are large) and previously
characterized LPMOs that are discussed in the text; small, all other LPMOs. The names of LPMOs with demonstrated xylanolytic activity are marked by an
asterisk. The various colors indicate sequence characteristics, as indicated; see the text for further discussion.
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these enzymes translate to similar substrate specificities, such as activity on xylan, we
first set up reaction mixtures containing either 0.4% (wt/vol) phosphorous acid swollen
cellulose (PASC), 0.4% (wt/vol) beechwood glucuronoxylan (BeWX), or 0.4% (wt/vol)
PASC and 0.4% (wt/vol) BeWX in combination. MALDI-TOF MS analysis of product mix-
tures showed the formation of oxidized xylo-oligosaccharides for both NcLPMO9F and
NcLPMO9L (Fig. 2), similar to what has been observed for MtLPMO9A (21) and
McLPMO9H (23). Product mixtures obtained from reaction mixtures containing both
PASC and BeWX showed masses corresponding to oxidized nonsubstituted and 4-O-
methylglucuronylated (i.e., GlcAOMe-substituted) xylo-oligosaccharides, in addition to
oxidized cello-oligosaccharides. For NcLPMO9F, the products with the most intense sig-
nals include the sodium adducts of native Xyl8GlcAOMe (m/z = 1,287), C-1-oxidized
Xyl8GlcAOMe (hydrated form; m/z = 1,303), native Xyl9GlcAOMe (m/z = 1,419), C-1-oxi-
dized Xyl9GlcAOMe (hydrated form; m/z = 1,435), and C-1-oxidized Xyl10GlcAOMe
(hydrated form; m/z = 1,567). Strikingly, xylan-derived products are strongly dominat-
ing the product spectrum, which may be taken to suggest that this well-studied cellu-
lose-active LPMO has a preference for xylan, although these differences may also be
due to different behaviors of the various products in the MALDI-TOF MS analysis (chro-
matographic quantification of products is described below). Curiously, for NcLPMO9L,
nonoxidized xylan-derived products were more prominent in the MS spectra than oxi-
dized products, whereas the reductant-free control did not show any indications of a
background xylanase activity. Both product profiles show signals corresponding to so-
dium adducts of the sodium salts of oxidized xylo-oligosaccharides that are diagnostic
for C-1 oxidations, such as m/z = 1,267, which is the sodium adduct of the sodium salt
of C-1-oxidized Xyl9, and m/z = 1,215, which is the sodium adduct of the double so-
dium salt of C-1-oxidized Xyl7GlcAOMe.

Activity on cellulose-associated glucuronoxylan by phylogenetically related
LPMOs is detectable with HPAEC-PAD. So far, only Frommhagen et al. have been
able to detect (weak) signals for LPMO-generated oxidized xylan-derived oligomers
(21). Encouraged by the convincing mass spectra of Fig. 2, we explored the use of
HPAEC-PAD for detection of xylan-derived products. HPAEC-PAD analysis of product
mixtures obtained from reactions with NcLPMO9F, NcLPMO9L, or McLPMO9H with a
mixture of PASC and BeWX showed peaks for both cellulose- and xylan-derived prod-
ucts for all three LPMOs (Fig. 3). None of these LPMOs were active on BeWX alone, and
control reactions without reductant did not yield products (Fig. 3). Assays with PASC
alone revealed that the novel LPMO, NcLPMO9L, like NcLPMO9F and McLPMO9H, oxi-
dizes cellulose at the C-1 position to levels comparable with those obtained with
NcLPMO9F (Fig. 3).

Xylanolytic activity of NcLPMO9F, NcLPMO9L, and McLPMO9H is evident from the
plethora of non-cellulose-related peaks that emerge in product mixtures derived from
reaction mixtures containing PASC–BeWX mixtures and reductant (Fig. 3). The appa-
rent large product diversity is in accordance with the mass spectrometry data shown in
Fig. 2. Strikingly, the ratios between the cellulose- and the xylan-derived products var-
ied a lot for the studied LPMOs, indicating different substrate preferences (Fig. 3). For
NcLPMO9F, several of the peaks that did not correspond to the usual cellulose-derived
LPMO products had much larger areas than the peaks belonging to cellulose-derived
products, which suggests that this LPMO prefers xylan over cellulose, as also suggested
by the mass spectrometry data shown in Fig. 2. On the other hand, cellulose-derived
products were dominating for NcLPMO9L, while McLPMO9H showed an intermediate
product profile.

To annotate some of the unidentified peaks, we generated C-1-oxidized xylo-oligo-
saccharide standards (degree of polymerization 2 [DP2] to 6) from linear xylo-oligosac-
charides by oxidizing the xylosyl unit at the reducing end to xylonic acid (Xyl1A) using
a cellobiose dehydrogenase, MtCDH (see Materials and Methods). This approach
allowed the identification of oxidized nonsubstituted xylo-oligosaccharides in the reac-
tion mixture (Fig. 4). The many unidentified peaks are likely unsubstituted oxidized
xylan products with a higher degree of polymerization and GlcAOMe-substituted
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FIG 2 MALDI-TOF MS spectra of products generated by NcLPMO9F and NcLPMO9L in reaction mixtures containing both PASC and BeWX. The reaction
mixtures were set up with 1 mM NcLPMO9F (upper) or NcLPMO9L (lower), 0.4% (wt/vol) PASC, and 0.4% (wt/vol) BeWX as the substrate, with (black) or
without (red) 1 mM ascorbic acid (AscA) as the reductant, in 50 mM BisTris-HCl buffer, pH 6.0, and incubated at 45°C for 24 h. Reaction mixtures with only
PASC generated almost exclusively cellulose-derived products (see Fig. 4 for more details), whereas reactions with only BeWX generated no products (data
not shown). All labeled peaks are sodium adducts. Sodium salts (122 per sodium), which can be formed through binding to GlcAOMe unit(s), and/or the

(Continued on next page)
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oligomeric xylan products, a notion that is supported by the MALDI-TOF MS data
(Fig. 2), which show several oxidized xylo-oligosaccharide products with DP of .6,
both nonsubstituted and GlcAOMe substituted. It is noteworthy that product mixtures
from reactions with only PASC, NcLPMO9F, and reductant showed small amounts of
oxidized xylo-oligosaccharides, likely resulting from oxidative activity on residual xylan
in the PASC preparation (Fig. 4). This has also been observed for McLPMO9H with
MALDI-TOF MS analyses (23).

To ensure that the oxidized xylo-oligomers observed did not result from reactions
with reactive oxygen species produced in side reactions involving copper, ascorbic acid
(AscA), and/or H2O2 (42), we set up control reaction mixtures where either NcLPMO9F or
an equimolar amount of CuSO4 was incubated with the substrates in the presence of
H2O2 and AscA (Fig. S2). Indeed, as expected, in reaction mixtures where the LPMO was
replaced with CuSO4, neither reaction mixtures with BeWX alone nor reaction mixtures
with BeWX and PASC generated soluble products. Of note, in reaction mixtures where
NcLPMO9F was incubated with BeWX and PASC, we observed significant inhibition of
LPMO activity in the reaction with 200 mM H2O2 (Fig. S2), which is common when LPMO
reactions are exposed to higher H2O2 concentrations. On the other hand, the reaction
with 50mM H2O2 yielded a product profile similar to that shown in Fig. 3.

Additional reactions were performed with the C-4-oxidizing LPMOs NcLPMO9C and
LsLPMO9A, both of which have been shown to cleave oligosaccharides and hemicellu-
loses with a b-(1!4)-linked glucan backbone (20, 29), the C-1/C-4-oxidizing LPMOs
TaLPMO9A from Thermoascus aurantiacus and GtLPMO9B from Gloeophyllum trabeum,
both of which are active on xyloglucan (43, 44), and the C-1-oxidizing cellulose-active
bacterial AA10 LPMO CelS2 (ScLPMO10C) from Streptomyces coelicolor (45). For these
LPMOs, we were unable to detect xylan-derived products in reactions with the PASC–
BeWX mixture, either by HPAEC-PAD or MALDI-TOF MS (data not shown). Of note,
weak xylanolytic activity has previously been suggested for LsLPMO9A based on MS
signals only (29).

Quantitative comparison of cellulose and glucuronoxylan oxidation by xylan-
active LPMOs. Next, we hydrolyzed the cello- and xylo-oligosaccharides solubilized by
NcLPMO9F when acting on a PASC–BeWX mixture with TrCel7A and CjXyn10A in an
attempt to quantify LPMO activity on cellulose and xylan, using HPAEC-PAD for quanti-
fication of the resulting short, oxidized oligomers. As expected, the resulting product
mixtures contained cellobionic acid (GlcGlc1A) and cellotrionic acid (Glc2Glc1A), result-
ing from oxidation of cellulose (Fig. 5A), as well as xylobionic acid (XylXyl1A) and xylo-
trionic acid (Xyl2Xyl1A), resulting from oxidation of xylan (Fig. 5B). Next to generating
oxidized nonsubstituted xylo-oligomers with DP2 to -3, CjXyn10A-treated sample con-
tained unknown products, which, considering that the BeWX substrate contained
GlcAOMe substitutions, could be native or oxidized glucuronylated xylan fragments
(Fig. 5B). The product mixtures obtained upon CjXyn10A treatment of reactions with
BeWX showed large peaks, eluting between 11 and 12 min, independent of the pres-
ence of reductant during the LPMO reaction (Fig. 5B and D). Additional treatment of
these samples with an a-glucuronidase led to a notable peak shift, indicating that
these peaks represent native GlcAOMe-substituted xylooligomers that are liberated
from BeWX by CjXyn10A (Fig. S3). Interestingly, a control experiment with GtLPMO9B
showed no xylan oxidation, while the presence of xylan decreased product release
from cellulose, indicating that the xylan limits access to the PASC substrate (Fig. 5C
and D).

Quantification of the emergence of oxidized cello- and xylo-oligosaccharides over
time in reactions with NcLPMO9F and PASC (Fig. 6A) or the PASC–BeWX mixture (Fig. 6B)

FIG 2 Legend (Continued)
Xyl1A unit are annotated with # or ##, for one or two Na ions, respectively. Oxidized xylan products are labeled in red, while native products are labeled in
green; cellulose-derived products are labeled in blue. Note that most cellulose-derived products are not visible in these spectra because of their lower m/z
values; these products are well visible in the chromatographic analyses shown in other figures. All reactions were performed in triplicate and resulted in
similar product profiles.
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FIG 3 HPAEC-PAD chromatograms of product mixtures from LPMO reactions with PASC, BeWX, or
PASC and BeWX. Panels A, B, and C show analyses of reactions with NcLPMO9F, NcLPMO9L, and
McLPMO9H, respectively. All reactions were performed with 1 mM LPMO and either 0.4% PASC, 0.4%
BeWX, or 0.4% PASC and 0.4% BeWX, with (solid lines) or without (dashed lines) 1 mM ascorbic acid
(AscA), in 50 mM BisTris-HCl buffer, pH 6.0, at 45°C for 24 h. Products in reactions with PASC were
native and C-1-oxidized cello-oligomers as indicated in panel A, while reactions with PASC and BeWX
showed a mix of native and C-1-oxidized cello- and xylo-oligomers (the xylan-derived products are
not annotated). No reductant-dependent products were formed in reactions where BeWX was the
only substrate for any of the LPMOs. A more detailed product annotation is provided in Fig. 4. All
reactions were performed in triplicate and resulted in identical product profiles.
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revealed that in the presence of AscA, the accumulation of oxidized cello-oligosaccha-
rides stopped after 120 to 180 min, reaching a concentration of 165 mM oxidized prod-
ucts. This product level is far below the theoretical maximum, which is equivalent to the
AscA concentration of 1 mM (as also illustrated by the much higher product levels
shown in Fig. 6C, discussed below). This low level and the shape of the progress curve
indicate that the LPMO lost activity as the reaction progressed. In the reaction mixtures
containing both PASC and BeWX, the concentration of oxidized cellulose-derived prod-
ucts was lower, reaching a maximum of 80mMwithin 60 min, whereas the concentration
of oxidized xylan-derived products (excluding the oxidized glucuronylated xylo-oligosac-
charides) was much higher, reaching 266mM after 240 min. Importantly, in this case, the
shape of the progress curve suggests that the reaction proceeded for the full 240-min
reaction time.

The progress curves of Fig. 6A and B show some important features. First, the pres-
ence of xylan inhibits cellulose conversion by NcLPMO9F, which suggests that BeWX is
coating the PASC fibers, making these partially inaccessible to the enzyme. The initial
burst in activity on PASC suggests the presence of a more easily accessible cellulose
fraction that is not coated by BeWX. Kabel et al. (26) have observed that the degree of
substitution of the xylan polymer directly influences the adsorption to cellulose, with
unsubstituted xylan having the highest degree of adsorption. Recent data indicate that
glucuronoxylan in secondary plant cell walls contains regions with either even or ran-
dom distribution of glucuronylation (46) and that even distribution favors adsorption
to cellulose (27, 28). Hence, it is possible that a variation in distribution of GlcAOMe
substitutions along the BeWX polymer yields domains that adsorb to cellulose poorer
(domains with more or random substitutions) or better (domains with less or even sub-
stitutions), eventually resulting in uneven coating of cellulose in the PASC substrate.

FIG 4 HPAEC-PAD chromatograms of product mixtures generated in reactions of NcLPMO9F with PASC and
BeWX (top) or PASC (bottom). Solid chromatograms are for reactions with AscA, while dashed chromatograms
are for reactions without AscA. The peaks were annotated using chromatograms of mixtures of native and C-1-
oxidized cello- and xylooligosaccharides (DP of 2 to 6). The red arrows indicate oxidized xylo-oligosaccharides
resulting from residual xylan in the PASC preparation. Reaction conditions were the same as those for the
experiments depicted in Fig. 3. Unannotated putatively xylan-derived products are labeled n.d., for not
determined.
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Importantly, the higher levels of xylan-derived products, relative both to cellulose-
derived products in the same reaction (Fig. 6B) and to cellulose-derived products in
the PASC only reaction (Fig. 6A), clearly show that BeWX, when mixed with cellulose, is
a better substrate for NcLPMO9F than PASC. This is also supported by the apparent
differences in LPMO stability, which is known to be compromised when the LPMO is
provided with reducing equivalents in the absence of sufficient amounts of a suitable
substrate (47). The lower apparent stability of the LPMO in the reaction with PASC only
and the higher stability in the reaction with BeWX support the notion that xylan is the
better substrate.

After establishing that NcLPMO9F generated quantifiable amounts of oxidized xylo-oli-
gosaccharides, we expanded the quantification to include NcLPMO9L and McLPMO9H.
Reactions were set up as described above, with sample collection after 24 h. In the reaction
mixtures with PASC only (Fig. 6C), the oxidized product concentration reached similar levels
for NcLPMO9F and NcLPMO9L, with 248 and 272 mM, respectively, whereas McLPMO9H
released more oxidized products, reaching a final concentration of 478 mM. No oxidized
cello-oligomers were detected in the absence of reductant or LPMO. In reactions with the
PASC–BeWX mixture, all three LPMOs generated oxidized xylo-oligosaccharides (Fig. 6D). In
line with conclusions drawn from Fig. 3, NcLPMO9F was by far the most xylan-active of the
three LPMOs on BeWX. For this enzyme, the apparent ratio of BeWX and PASC oxidization
was 2.7:1. McLPMO9H showed lower xylanolytic activity, and the apparent ratio of BeWX
and PASC oxidization was 0.9:1. NcLPMO9L showed even lower xylanolytic activity, and its
apparent ratio of BeWX and PASC oxidation was 0.5:1.

Phylogenetic and structural analysis of xylan-active AA9 LPMOs. To broaden
our understanding of what features could be responsible for the observed activity on
xylan, we performed phylogenetic and sequence analyses of NcLPMO9F and McLPMO9H

FIG 5 Enzymatic hydrolysis of LPMO products. (A) NcLPMO9F with PASC; (B) NcLPMO9F with PASC and BeWX; (C) GtLPMO9B with PASC; (D) GtLPMO9B
with PASC and BeWX. Reductant-free control reactions are shown in the insets. Note the peak marked n.d. (not determined) at 18.4 min, which only
appears in reactions with NcLPMO9F and PASC plus BeWX; this could be oxidized glucuronosylated xylan fragments. The two large peaks eluting between
11 and 12 min (independent of the presence of reductant; see the insets in panels B and D) are likely native substituted xylo-oligosaccharides generated
from soluble BeWX fragments by CjXyn10A (see the text and Fig. S3). Glc2ox, GlcGlc1A; Glc3ox, Glc2Glc1A; Xyl2ox, XylXyl1A; Xyl3ox, Xyl2Xyl1A.
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with 91 uncharacterized homologous proteins selected from a BLAST analysis of the two
sequences against the Reference Sequence (RefSeq) database, the remaining 13
NcLPMO9s, and 34 AA9 LPMOs that had been previously characterized to various extents
(note that in almost all cases activity on cellulose–xylan mixtures had not been assessed).
These analyses (Fig. 1) showed that NcLPMO9F is part of a distinct clade that includes
MtLPMO9A, for which (weak) xylanolytic activity was detected (21), and, interestingly,
the previously characterized C-1-oxidizing TtLPMO9E from Thielavia terrestris (UniProt ID
G2RGE5 [48]), for which xylanolytic activity has not yet been assessed. The xylan-active
McLPMO9H and NcLPMO9L occur in closely related sister clades that are separated from
the NcLPMO9F clade. Of note, McLPMO9H is closely related to the previously character-
ized C-1-oxidizing cellulose-active PcLPMO9D from Phanerochaete chrysosporium (49), for
which xylanolytic activity has not yet been assessed.

The availability of at least one crystal structure for each of the clades with xylan-
active LPMOs and the availability of crystal structures for LPMOs found not to be active
on glucuronoxylan provide an opportunity to assess possible structural determinants
of xylanolytic activity. Despite some recent progress (50–52), the structural determi-
nants of LPMO substrate specificity remain largely unknown. The substrate-binding
surfaces of LPMOs vary considerably (Fig. S4), which is due to large sequence variation
in specific regions of the LPMO that have been designated the L2, L3, LS, and LC loops
(53) and, more recently, segments Seg1 to -5 (41, 54) (Fig. 7). Interestingly, the LPMOs
with activity on cellulose-associated glucuronoxylan have shorter L2 and L3 loops,

FIG 6 Quantification of oxidized cellulose- and xylan-derived products in reactions with NcLPMO9F. Panels A and B show the formation of oxidized
product by NcLPMO9F during a 4-h reaction with PASC or PASC and BeWX, respectively. Panels C and D show oxidized products formed by NcLPMO9F,
NcLPMO9L, or McLPMO9H after 24 h in reactions with PASC or PASC and BeWX, respectively. All reactions were performed with 1 mM LPMO, 1 mM
ascorbic acid (AscA), and either 0.4% PASC or 0.4% PASC plus 0.4% BeWX, in 50 mM BisTris-HCl buffer, pH 6.0, at 45°C and 1,000 rpm. Control reactions
were performed by replacing AscA with water, and the resulting product mixtures did not show oxidized species (not shown). Before product
quantification, product mixtures were hydrolyzed with 1 mM TrCel7A and 1 mM CjXyn10A in 75 mM sodium acetate buffer, pH 4.75, for 24 h. Xylobionic
acid (XylXyl1A), xylotrionic acid (Xyl2Xyl1A), cellobionic acid (GlcGlc1A), and cellotrionic acid (Glc2Glc1A) concentrations then were measured using HPAEC-
PAD and appropriate standards, and the amounts of oxidized DP2 and DP3 products were summed to reach final product levels. Note that for xylan-
derived oxidized products, we were only able to quantify linear nonsubstituted products (XylXyl1A and Xyl2Xyl1A). After hydrolysis of LPMO products, we
observed a small peak eluting at 18.4 min (Fig. 5) in reactions with PASC and BeWX that likely contains a GlcAOMe-substituted xylan fragment. Thus, the
total amount of oxidized xylan-derived product likely is underestimated. Reactions with BeWX only did not yield any oxidized products (not shown). All
reactions were performed in triplicate, and standard deviations are indicated.
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FIG 7 Multiple-sequence alignment of xylan-active and non-xylan-active LPMOs. Expresso alignment of confirmed xylan-active LPMOs (NcLPMO9F,
NcLPMO9L, McLPMO9H, and MtLPMO9A, labeled +), potentially xylan-active LPMOs for which xylanolytic activity has not been assessed (TtLPMO9E and
PcLPMO9D, labeled ?), and LPMOs for which no xylanolytic activity could be detected in this study (NcLPMO9C, GtLPMO9B, TaLPMO9A, and LsLPMO9A,
labeled –). The amino acid residues forming the His brace are light blue, while other conserved residues near the copper site appear in dark blue. Residues
that are potentially relevant for xylanolytic activity, as discussed in the text and shown in Fig. 8, are colored red, whereas the three residues used to color
the phylogenetic tree of Fig. 1 are indicated by arrows with labels. The secondary structural elements for NcLPMO9F are shown in blue (strands) and
yellow (helices) per the PDB crystal structure (4QI8) (36). Surface-exposed and putatively substrate-binding segments (Seg) are indicated by labeled green
lines according to Laurent et al. (41), whereas variable regions (called loops) are indicated by labeled gray lines according to Wu et al. (53) and Borisova
et al. (59).
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corresponding to shorter Seg1 and Seg2 active-site segments (Fig. 7). From computa-
tional and experimental studies of LPMO-substrate complexes, it is clear that both
hydrogen bonding and aromatic stacking interactions are important for substrate
binding (53, 55–57).

Figures 7 and 8, supported by Fig. S4 to S6, highlight sequence and structural fea-
tures that seem characteristic for xylan-active LPMOs. Below, we will refer to residue
positions according to the position in NcLPMO9F (PDB entry 4QI8). Most notably, all
enzymes that cluster with xylan-active LPMOs in Fig. 1 (green cluster) have a conserved
tyrosine residue, Tyr2, next to the copper-binding His1 residue (Fig. 7, Fig. S6), which is
unique for this subset of AA9 LPMOs. The structures of NcLPMO9F (Fig. 8), TtLPMO9E,
and PcLPMO9D show that Tyr2 is not solvent exposed but points inwards and, thus,
likely does not contribute directly to substrate binding. Interestingly, in a subset of these
LPMOs, the occurrence of this tyrosine is correlated with the occurrence of another, sol-
vent-exposed tyrosine, Tyr71, in NcLPMO9F (see the multiple-sequence alignments
[MSAs] in Fig. 7, Fig. S5). In particular, this tyrosine occurs in xylan-active McLPMO9H and
in putatively xylan-active PcLPMO9D and TtLPMO9E but not in xylan-active NcLPMO9L
and other AA9 LPMOs, including Tyr2-containing LPMOs (Fig. 1 and 7, Fig. S5). This sol-
vent-exposed Tyr71, which is located within the Seg2 active-site segment, may interact
directly with the substrate and may also affect the copper site.

In light of what is known about LPMOs, the occurrence of these two tyrosines (Tyr2
and Tyr71) close to the copper center (Fig. 9) is striking. Both residues are in the second
coordination sphere of the copper, and they form a chain of closely connected aro-
matic residues that also includes the highly conserved tyrosine, Tyr157, in NcLPMO9F
whose hydroxyl group occupies the proximal axial copper coordination position.

FIG 8 Comparison of the substrate-binding surface of four xylan-active AA9 LPMOs. Surface-exposed residues potentially involved
in substrate binding are colored red. The His brace is labeled in light blue, while other conserved residues near the copper site
appear in dark blue. Residues that are potentially relevant for xylan binding, as discussed in the text, are colored red. The copper
appears as a gray sphere. Labels of residues that were used to color the phylogenetic tree of Fig. 1 are shaded with the
corresponding color (Tyr2, Tyr71, and Asn197 in NcLPMO9F). The crystal structure of NcLPMO9F is available from the PDB (entry
4QI8). Models for the remaining LPMOs were built using PHYRE 2.0.
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Although further work is needed to elucidate the possible effects of these tyrosines, it
is clear that each of them could affect the redox chemistry and redox stability of the
copper center (18, 58). The solvent-exposed Tyr71, which has previously been associ-
ated with oxidative regioselectivity (59), is of particular interest, since its hydroxyl
group occupies a space that is occupied by the C-6 hydroxymethyl group of a glucose
in complexes of (C-4-oxidizing) AA9 LPMOs with a cello-oligomer (55, 57). Since there
are strong indications from experiments (55, 59) and modeling (60) that cellulose bind-
ing to LPMO9s modulates copper site electronics, likely improving oxidant activation, it
is tempting to speculate that the hydroxyl group of Tyr71 compensates for the lack of
the C-6 hydroxymethyl group in a xylan substrate. While the xylanolytic activity of
NcLPMO9L, lacking this tyrosine, shows that Tyr71 is not essential for xylanolytic activ-
ity, it is worth noting that of the three xylan-active LPMOs that are compared in
Fig. 6D, NcLPMO9L seemed least active on xylan.

Figures 1, 7, and 8 show additional features of the putative substrate-binding sur-
face of xylan-active LPMOs. One particular feature is the presence of an asparagine,
Asn197, in NcLPMO9F, in the large majority of members of the NcLPMO9F clade (Fig.
S5) at a position where most other AA9 LPMOs, including xylan-active LPMOs outside
this clade, have a tyrosine (Fig. 7 and 8, Fig. S4). Computational (53, 61, 62) and experi-
mental studies (61) have shown that this tyrosine interacts with the cellulose substrate
through aromatic stacking with the main cellulose chain and hydrogen bonding with
adjacent cellulose chains. Figure 8 illustrates that exchanging Tyr with Asn may have a
major impact on the substrate-binding surface, and one can speculate that this
exchange could explain why NcLPMO9F has the higher activity on xylan (Fig. 6D).
Almost all AA9 LPMOs have an exposed aromatic residue in this region, and this is also
the case for members of the NcLPMO9F clade (e.g., Tyr198 in NcLPMO9F) (Fig. 8).
Interestingly, xylan-active NcLPMO9L and McLPMO9H have two well-aligned surface-
exposed aromatic residues in this region (e.g., Tyr200 and Tyr201 in NcLPMO9L)
(Fig. 8), which is an uncommon arrangement among other AA9 LPMOs (Fig. S6).
Finally, Fig. 8 illustrates the 26 to 31 region, containing several solvent-exposed resi-
dues with hydrogen-bonding potential and showing considerable sequence variation
(Fig. S4 and S5), which could affect xylanolytic activity.

Concluding remarks. The abundance of LPMO genes in fungal genomes raises
interesting questions on their functional variation. The genomes of dikaryotic fungi
with a minimum of one AA9 gene contain, on average, 12 AA9 genes, with some spe-
cies having more than 50 (8). Such multiplicity likely reflects an evolutionary response
to the heterogeneity of lignocellulosic substrates. Xylan is the third most abundant

FIG 9 Copper center of NcLPMO9F. The pictures show a top-down view (A) and a side view (B). The closest
distances (in Å) between the tyrosine hydroxyls and the copper (yellow lines) and the closest distances between
the aromatic rings of the three tyrosines (orange lines) are indicated.
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biopolymer on earth and is found in the cell walls of all grasses, hardwoods, and soft-
woods, being an important structural component that coats the cellulose microfibrils
and facilitates interactions with lignin (63). Enzymes that remove and depolymerize re-
calcitrant xylan not only provide the organism with sugars for primary metabolism but
also give access to the cellulose underneath. While xylanolytic activity has been
detected in the AA14 family (30), this LPMO family is not abundant and is missing com-
pletely in 36% of basidiomycete genomes, 76% of ascomycete genomes, and in N.
crassa (33). On the other hand, AA9s are more abundant and equally common in asco-
mycetes and basidiomycetes (8). Considering the abundance of xylan and its presence
in insoluble copolymeric structures with cellulose, it would not be surprising if xylano-
lytic activity was more widespread in the AA9 family than previously thought.

In this work, we demonstrate that NcLPMO9F, known to be cellulose active, and the
previously uncharacterized NcLPMO9L are both able to oxidize glucuronoxylan, an im-
portant component of grass and hardwood cell walls (64). Importantly, we provide
quantitative data for xylan conversion showing that xylanolytic activity is not a weak
side activity but rather the primary activity of at least some xylan-active LPMOs. The
various ratios between cellulose- and xylan-derived oxidized products for the three
xylan-active LPMOs (Fig. 6D) are remarkable and suggest functional variation that may
relate, for example, to xylan variability. Xylans come in many forms, showing composi-
tional and structural variation, and it would be of major interest to assess LPMO activity
on a wider range of xylan substrates, such as glucuronoarabinoxylan or arabinoxylan.

The discovery that a previously well-characterized LPMO such as NcLPMO9F acts more
efficiently on xylan than on cellulose raises the question of whether other well-character-
ized cellulose-active LPMOs could have undetected capabilities. Side activities or true
bifunctionality may have remained undetected because alternative substrates were not
tested, because reaction conditions were wrong (e.g., conditions leading to rapid LPMO
inactivation), or because alternative substrates were tested alone rather than in combina-
tion with cellulose. The latter is not only important for detecting xylanolytic activity (21, 23)
but also may be needed to detect activity on other hemicelluloses, such as xyloglucan (65).

The combination of the functional data obtained in this study and the wealth of
sequence and structural data for AA9s allowed us not only to point at a cluster of
LPMOs that are likely xylan active (Fig. 1) but also to point at structural features near
the copper site and on the substrate-binding surface that may be unique or typical for
xylan-active AA9s. It is likely that the ancestral LPMO of the xylan-active cluster is of an-
cient origin, as LPMOs belonging to this cluster occur in both ascomycete and basidio-
mycete fungal species. It will be exciting to see whether the importance of structural
features identified here will be confirmed by future mutagenesis studies of xylan-active
and other LPMOs. In this respect, it must be noted that available data indicate that the
substrate specificity of LPMOs is a complex trait that depends on multiple residues on
and near the substrate-binding surface (50, 51, 66, 67).

The current findings open up several questions that warrant further research. For exam-
ple, it remains to be seen if the natural function of NcLPMO9F is to degrade (glucurono)
xylan or whether it is a truly bifunctional enzyme that has evolved to sequentially oxidize
the xylan coating cellulose fibers in natural substrates, followed by oxidation of cellulose.
Of note, bifunctional enzymes are not uncommon in cellulolytic enzyme machineries, as
exemplified by the particularly powerful TrCel7B that acts on both cellulose and xylan (68).
Such bifunctional enzymes could give a fitness advantage, as production and secretion of
enzymes come at a cost for the organism. Another key question for further studies is
whether these xylan-active LPMOs could offer advantages in the industrial processing of
lignocellulosic biomass. Depending on the feedstock and the pretreatment method used,
recalcitrant xylan may be an obstacle for cellulose saccharification, and it is conceivable
that LPMOs such as NcLPMO9F can remove this obstacle.

MATERIALS ANDMETHODS
Enzymes. GtLPMO9B (UniProt ID S7RK00) from G. trabeum was produced and purified as described

by Hegnar et al. (43). McLPMO9H (GenBank ID QDV60872.1) from M. cinnamomea was produced and
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purified as described by Hüttner et al. (23). NcLPMO9C (NCU02916; UniProt ID Q7SHI8) and NcLPMO9F
(NCU03328; UniProt ID Q1K4Q1) from N. crassa were produced and purified as outlined by Kittl et al.
(35). CelS2 (ScLPMO10C) from S. coelicolor was produced and purified as described by Forsberg et al.
(69). TaLPMO9A from T. aurantiacus (UniProt ID G3XAP7) was produced and purified as reported earlier
(70). LsLPMO9A from L. similis (GenBank ID ALN96977.1) was produced and purified as described by
Rieder et al. (71). Cellobiohydrolase TrCel7A from Trichoderma reesei (UniProt ID P62694) was prepared
from a culture filtrate of T. reesei QM 9414 (D-74075; VTT Culture Collection, Finland) as described in ref-
erence 72, and the endoxylanase CjXyn10A from Cellvibrio japonicus (UniProt ID P14768) was purchased
from NZYTech (Lisbon, Portugal). b-Xylosidase from Bacillus pumilus and a-glucuronidase from
Geobacillus stearothermophilus were purchase from Megazyme.

The coding sequence of NcLPMO9L (gene ID NUC02344; UniProt ID Q7S411), including the native sig-
nal peptide, was codon optimized and synthesized between an EcoRI site and a Kozak sequence at the 59
end (GAATTCGAAAGC) and a stop codon and an Acc65I site (TAAGGTACC) at the 39 end by GenScript
(Piscataway, NJ, USA). The gene was excised using restriction digestion and cloned into a linearized pPink-
GAP plasmid (73) using ligation. The resulting plasmid was linearized with AflII (New England BioLabs,
Ipswich, MA, USA) and transformed into PichiaPink strain 4 (Invitrogen, Life Technologies Corporation AS,
Carlsbad, CA, USA) by following the manufacturer’s instructions. The transformant with the highest protein
production level was selected following a previously described protocol (73).

For production and purification of NcLPMO9L, first, an overnight culture of the strain expressing
NcLPMO9L was grown in 12.5 ml BMGY medium in a 250-ml baffled shake flask at 29°C and 250 rpm.
The overnight culture was used to inoculate 500 ml BMGY in a 2-liter baffled shake flask, followed by
incubation at 29°C with mixing at 200 rpm. The supernatants were harvested after 72 h, and the cells
were removed by centrifugation at 4°C and 1,500 � g for 10 min. The culture supernatants were filtered
through a 0.2-mm polyethersulfone (PES) membrane and diluted and reconcentrated several times with
Milli-Q water and then with 50 mM BisTris-HCl buffer, pH 6.5, using a VivaFlow 200 tangential crossflow
concentrator (molecular weight cutoff, MWCO, 10,000; Sartorius Stedim Biotech GmbH, Göttingen,
Germany). NcLPMO9L was purified in two steps. First, the concentrated and buffer-exchanged superna-
tant was loaded onto a 5-ml CM-FF column equilibrated with 50 mM BisTris-HCl buffer, pH 6.5, using
1.5 ml/min flow rate, and eluted with a linear gradient from 0% to 50% 50 mM BisTris-HCl, pH 6.5, 1 M
NaCl. The fractions containing NcLPMO9L were pooled and then concentrated and washed with 50 mM
BisTris-HCl, pH 6.5, 150 mM NaCl, using VivaSpin centrifugal tubes (MWCO, 10,000; Sartorius Stedim
Biotech GmbH). The protein sample was then loaded onto a 120-ml HiLoad 16/600 Superdex column
(GE Healthcare Life Sciences, Uppsala, Sweden) equilibrated with 50 mM BisTris-HCl, pH 6.5, 150 mM
NaCl, at 1 ml/min flow rate. The fractions containing NcLPMO9L were pooled, concentrated, and washed
with 50 mM BisTris-HCl, pH 6.5, using VivaSpin centrifugal tubes (MWCO, 10,000; Sartorius Stedim
Biotech Gmbh), followed by sterilization by filtration.

Substrates. Phosphoric acid swollen cellulose (PASC) was prepared from Avicel as described previ-
ously (74). Beechwood xylan (BeWX) was purchased from Megazyme (product no. P-XYLNBE; Bray,
Ireland). According to the supplier, this xylan contains approximately 13% a-(1!2)-linked substitutions
with 4-O-methylated glucuronic acid (GlcAOMe).

LPMO reactions. LPMO activity was assessed in 100- or 150-ml reaction mixtures, containing either
0.4% (wt/vol) PASC, 0.4% (wt/vol) BeWX, or 0.4% (wt/vol) PASC plus 0.4% (wt/vol) BeWX as the substrate.
The PASC–BeWX mixtures were prepared by mixing the two substrates in 50 mM BisTris-HCl buffer, pH
6.0, after which the mixtures were left at room temperature for 30 min to allow BeWX to adsorb onto
the cellulose surface. All reactions were performed with 1 mM LPMO and 1 mM AscA in 50 mM BisTris-
HCl buffer, pH 6.0. Samples were incubated in an Eppendorf ThermoMixer C (Eppendorf, Hamburg,
Germany) at 45°C and 1,000 rpm for 24 h. Control reactions were performed in the absence of AscA.
Reactions were stopped by boiling for 5 min, and the soluble fraction was separated from the insoluble
material by filtration using a 96-well filter plate (Millipore; Darmstadt, Germany) operated with a vacuum
manifold. Soluble fractions were subsequently analyzed using HPAEC-PAD and MALDI-TOF MS, as
described below. All experiments were performed in triplicate.

For time series, reaction mixtures were set up with 600 ml total volume. Reaction mixtures contained
1 mM LPMO, 1 mM AscA, and either 0.4% (wt/vol) PASC, 0.4% BeWX (wt/vol), or 0.4% (wt/vol)
PASC plus 0.4% (wt/vol) BeWX in 50 mM BisTris-HCl buffer, pH 6.0. The reaction mixtures were incubated
in an Eppendorf ThermoMixer C (Eppendorf, Hamburg, Germany) at 45°C and 1,000 rpm. Samples
(100 ml) were taken at 30, 60, 120, 180, and 240 min, and the reaction was stopped by boiling for 5 min,
after which the soluble and insoluble fractions were separated by centrifugation at 11,000 � g for
10 min. Control reactions were performed in the absence of AscA. All reactions were performed in
triplicate.

For quantification of product formation, the soluble fraction (25 ml) was mixed with 23 ml 150 mM
sodium-acetate buffer, pH 4.75, 1ml TrCel7A solution (1mM final concentration), and 1ml CjXyn10A solu-
tion (1 mM final concentration). The pH was chosen as a compromise between the optimum pHs for
TrCel7A (pH 4.5) and CjXyn10A (pH 5.0). TrCel7A converts native and oxidized cello-oligosaccharides to,
primarily, native and oxidized dimers, i.e., cellobiose (Glc2), cellobionic acid (GlcGlc1A), or C-4-oxidized
cellobiose (Glc4gemGlc), where the occurrence of the latter two depends on the regioselectivity of the
LPMO. In addition, minor amounts of glucose and oxidized trimers may be detected. CjXyn10A converts
xylo-oligosaccharides to shorter linear and branched xylo-oligosaccharides, among which native xylo-
biose (Xyl2) and xylotriose (Xyl3) and their C-1-oxidized forms, xylobionic acid (XylXyl1A) and xylotrionic
acid (Xyl2Xyl1A), can be quantified (see below). Soluble products treated in this way were subsequently
analyzed using HPAEC-PAD.
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Detection and quantification of oxidized products.Oxidized products were analyzed using HPAEC-
PAD and MALDI-TOF MS. HPAEC-PAD was performed on a Dionex ICS-5000 system (Dionex, Sunnyvale,
CA, USA) equipped with a CarboPac PA200 analytical column (3 by 250 mm) and a CarboPac PA200
guard column (3 by 50 mm). The ICS-5000 instrument was operated with 0.1 M NaOH (eluent A) at a col-
umn temperature of 30°C and a flow rate of 0.5 ml/min. A multistep 39-min gradient with increasing
amounts of eluent B (0.1 M NaOH plus 1 M NaOAc) was used to elute the products. The gradient was lin-
ear from 0 to 5.5% B over 4.5 min; convex upward (gradient type 4) from 5.5% to 15% B over 9 min; con-
cave upward (gradient type 8) from 15% to 100% B over 16.5 min; linear from 100% to 0% B over
0.1 min; stable at 0% B (reconditioning) for 8.9 min.

Chromatograms were analyzed using Chromeleon 7.0 software (Thermo Fischer Scientific, Waltham,
MA, USA). Identification of native and oxidized cello- and xylo-oligosaccharides was achieved by using
corresponding standards with DP2 to -6. The oxidized cello- and xylo-oligosaccharide standards were
prepared by treating 0.05 g/liter Xyl2-Xyl6 or 0.05 g/liter Glc2-Glc6 with 1 mM cellobiose dehydrogenase
from Myriococcum thermophilum (MtCDH; GenBank ID EF492052.3) (36, 75) in 50 mM Na-acetate buffer,
pH 5.0, at 40°C for 20 h. Quantitative estimates of C-1-oxidizing LPMO activity on cellulose and xylan
were based on quantification of cellobionic acid (GlcGlc1A) and cellotrionic acid (Glc2Glc1A) for cellulose
products and of xylobionic acid (XylXyl1A) and xylotrionic acid (Xyl2Xyl1A) for xylan products (after
treating the original products with hydrolases, as described above). These single-compound standards
were prepared like the DP2 to -6 mix standards described above. All experiments were performed in
triplicate. Analyses of AscA-free and LPMO-free control reactions by HPAEC-PAD showed the presence of
small amounts of xylobionic acid, xylotrionic acid, and cellotrionic acid (or other compounds with identi-
cal retention times). The areas from these peaks were identical in both types of control reactions and
were subtracted when calculating final product concentrations.

Analysis by MALDI-TOF MS was performed with an Ultraflex instrument (Bruker Daltonics GmbH,
Bremen, Germany) equipped with a nitrogen 337-nm laser beam, in positive reflector mode, as
described previously (20). Sample (1 ml) was mixed with 2 ml matrix solution (10 mg/ml 2,5-dihydroxy-
benzoic acid in 30% acetonitrile and 0.1% trifluoroacetic acid), applied to a MTP384 ground steel target
plate (Bruker Daltonics) and air-dried. Data were collected with flexControl 3.4 (Bruker) and analyzed
using mMass v5.5.0 (http://www.mmass.org/).

Sequence and structure analyses. For sequence and phylogenetic analyses of NcLPMO9F and
McLPMO9H, the 50 sequences that were most similar to either protein were obtained using the NCBI
BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) searched against the UniProt RefSeq database.
The sequences were manually checked, and a total of seven incomplete or duplicate sequences were
removed. The sequences of TtLPMO9E (UniProt ID G2RGE5) and MtLPMO9A (UniProt ID G2QNT0) were
among the 50 most similar to NcLPMO9F, while no characterized LPMOs were among the top 50 most
similar to McLPMO9H. A multiple-sequence alignment (MSA) was generated using the resulting data
set of 93 AA9 sequences, all 14 NcLPMO9s, McLPMO9H, and a selection of 32 characterized AA9
LPMOs, using only the AA9 domain and leaving out signal peptides. The MSA was made with T-
Coffee’s Expresso tool (http://tcoffee.crg.cat/apps/tcoffee/index.html), which takes into account struc-
tural information (76), and was processed using ClustalX 2.1 (77). The resulting MSA (containing 140
sequences) was used for phylogenetic analysis using the ProtTest 3.4 software package (78) by calcu-
lating likelihood scores using all included substitution matrices, all improvements (1I, 1G, 1I 1G),
and 4 categories for rate variation, empirical amino acid frequencies, and a fixed BIONJ JTT tree for
base likelihood calculations. A consensus tree was built with all 120 likelihood scores using the Akaike
information criterion (AIC). The resulting consensus tree was edited for publication using iTol v5
(https://itol.embl.de/) (79).

Structure analysis was performed using PyMOL 0.99 (80). The following structures were down-
loaded from the Protein Data Bank (PDB): 2VTC (TrLPMO9B), 2YET (TaLPMO9A), 3EII (TtLPMO9E),
4B5Q (PcLPMO9D), 4D7U (NcLPMO9C), 4EIR (NcLPMO9D), 4EIS (NcLPMO9M), 4QI8 (NcLPMO9F), 5ACF
(LsLPMO9A), 5FOH (NcLPMO9A), 5NLT (CvLPMO9A), 5NNS (HiLPMO9B), 5O2W (TrLPMO9A), 5UFV
(MtPMO3, or MYCTH_92668), 6H1Z (AfLPMO9B from Aspergillus fumigatus), and 6RS6 (LsLPMO9B).
Models for GtLPMO9B, McLPMO9H, MtLPMO9A (MYCTH_85556), and NcLPMO9L were built using the
PHYRE2 Protein Fold Recognition Server (81) in the “intensive” modeling mode, using only the AA9
domain and removing the signal peptide. All models and PDB structures were aligned to the crystal
structure of NcLPMO9F for structural comparison.
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30 

Figure S1. Phylogenetic relationship and sequence identities of selected AA9 LPMOs. The 31 

matrix table shows the sequence identities of NcLPMO9F and NcLPMO9L, previously known 32 

xylan-active LPMOs MtLPMO9A and McLPMO9H, and additional well-characterized LPMOs 33 

that were used in the present study. The sequence identities apply to the AA9 catalytic domain 34 

only, without signal peptides, linkers and CBMs. The phylogenetic consensus tree was built 35 

using ProtTest 3.4 using an Expresso (T-Coffee) MSA of the catalytic domains only. 36 



 
 

 37 

Figure S2. HPAEC-PAD chromatograms of product mixtures from reactions with BeWX 38 

or PASC and BeWX, in the presence of H2O2. All reactions were performed in 50 mM 39 

BisTris-HCl pH 6.0 and were initiated with the addition of 1 mM AscA. Reactions contained 40 

either 1 µM NcLPMO9F (solid lines) or 1 µM CuSO4 (transparent lines), or none of these two 41 

(dashed lines), and either 0.4% BeWX (w/v) (grey) or 0.4% PASC and 0.4% BeWX (w/v) (red), 42 

and either 50 (A) or 200 (B) M H2O2. . All reactions were incubated at 45°C for 24 hours. All 43 

reactions were performed in duplicate and in the duplicate reactions showed similar product 44 

profiles in all cases. 45 



 
 

 46 

Figure S3. HPAEC-PAD chromatograms of LPMO products treated with different 47 

enzymes. A mixture of BeWX (0.4% w/v) and PASC (0.4% w/v) was treated with 1 µM µM 48 

NcLPMO9F in the absence or presence of 1 mM AscA, as indicated, in 50 mM BisTris-HCl 49 

buffer pH 6.5 at 45°C, overnight. The resulting products where then hydrolyzed with 1 µM 50 

TrCel7A and 1 µM CjXyn10A for 24 hours in 75 mM sodium acetate buffer pH 4.75 at 37°C. 51 

Finally, the resulting hydrolysis products were treated with either α-glucuronidase, β-xylosidase 52 

or H2O for 24 hours, as indicated in the chromatograms to the right or the arrows. α-53 

glucuronidase reactions were performed at 70°C in 75 mM Tris buffer pH 7.0, and β-xylosidase 54 

reactions were performed at 35°C in 75 mM Tris buffer pH 7.5. Treatment with α-glucuronidase 55 

resulted in a clear shift in the large peak at 7.5 minutes in the non- α-glucuronidase treated 56 

product mixture, indicating that this peak is composed of GlcAOMe-substituted xylooligomers. 57 

The effect of xylosidase treatment was less clear, although a minor peak shift may have 58 

occurred. All reactions were performed in triplicate and resulted in similar product profiles. The 59 



 
 

difference between the elution patterns shown here and those shown in Fig. 5 of the main 60 

manuscript are due to differences in the experimental conditions.  61 



 
 

 62 



 
 

Figure S4. Substrate-binding surface of AA9 LPMOs. The figure shows 15 crystal structures 63 

labelled with enzyme name and PDB code and PHYRE2 models of MtLPMO9A, McLPMO9H, 64 

NcLPMO9L and GtLPMO9B (marked with *). Residues that are commonly involved in 65 

protein-carbohydrate interactions and are located on the substrate-binding surface are coloured, 66 

according to the legend in the figure. Note that Tyr2 as discussed in the main text is not solvent-67 

exposed and thus not visible in this view. The dashed lines indicate the following grouping of 68 

the structures and models, from top to bottom: LPMOs with proven xylanolytic activity 69 

(NcLPMO9F, MtLPMO9A, McLPMO9H and NcLPMO9L), LPMOs phylogenetically close to 70 

LPMOs with proven xylanolytic activity (TtLPMO9E and PcLPMO9D), LPMOs tested in the 71 

present study with no detected xylanolytic activity (NcLPMO9C, TaLPMO9A, GtLPMO9B 72 

and LsLPMO9A), and nine other AA9 LPMOs. Xylopentaose (Xyl5) is shown in orange and 73 

has been superimposed from the crystal structure of LsLPMO9A complexed with Xyl5 (5NLO) 74 

[1].  75 
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Figure S5. Expresso (T-Coffee) multiple sequence alignments of 41 LPMOs in the 78 

NcLPMO9F clade. Enzymes with demonstrated xylan activity are highlighted in yellow. 79 

Sequence features of xylan active LPMOs that are discussed in the main text are highlighted 80 

with red. Three characteristic sequence features of the clade are also highlighted by arrows and 81 

labels: Tyr2, Tyr71 and Asn197 (residue numbering according to NcLPMO9F). Conserved 82 

residues in the first and second coordination sphere of the copper appear in light and dark blue, 83 

as in Fig. S4.  84 



 
 

 85 

Figure S6. Structure-based multiple sequence alignment of 15 AA9 LPMOs with known 86 

crystal structures. Sequence features of xylan-active LPMOs that are discussed in the main 87 

text are highlighted with red. The copper-binding histidines appear in light blue, whereas a 88 

conserved tyrosine in the proximal axial copper coordination position and a conserved 89 

glutamine and histidine in the second coordination sphere appear in dark blue. The PDB codes 90 

for the structures are given in Fig. S4 and in the Materials and methods section. 91 
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