
DOCTORA L  T H E S I S

A
dolf K

rige   Sound, Light and E
lectricity

Department of Civil, Environmental and Natural Resources Engineering
Division of Chemical Engineering

ISSN 1402-1544
ISBN 978-91-7790-628-5 (print)
ISBN 978-91-7790-629-2 (pdf)

Luleå University of Technology 2020

Lytic Polysaccharide MonoOxygenases; 
their role for lignocellulose depolymerization 

and production of (functional) biobased compounds

Biochemical Process Engineering

Madhu Muraleedharan Nair

129232-LTU Avhandling (G5).indd   Alla sidor129232-LTU Avhandling (G5).indd   Alla sidor 2020-08-26   10:582020-08-26   10:58





Lytic Polysaccharide MonoOxygenases;
their role for lignocellulose depolymerization 

and production of (functional) biobased compounds

Madhu Muraleedharan Nair

Luleå University of  Technology 
Department of Civil, Environmental and Natural Resources Engineering 

Division of Chemical Engineering 



ISSN 1402-1544

ISBN: 978-91-7790-745-9 (print)

ISBN: 978-91-7790-746-6 (electronic)

Luleå 2021

www.ltu.se



 i 

Acknowledgements 

First of all, I would like to thank my principal supervisor Prof. Paul Christakopoulos for 
giving me the opportunity to do this research. Thank you for your supervision and support, 
in my journey from bioprocess engineering to biochemical process engineering. Thank 
you for being always approachable and accessible.  

I would like to express my deep gratitude to my co-supervisors Prof. Ulrika Rova and 
Prof. Mats Sandgren. Ulrika, thank you for your guidance, motivation and the constructive 
feedbacks, that greatly helped me to evolve during this PhD. Mats, I am thankful to you 
in your valuable help with LPMOs and for sharing all those fundamental knowledge about 
them. I would like to acknowledge The Swedish energy agency for the financial support 
for this PhD project. 

I would like to take this opportunity to thank all the researchers I shared the lab and office 
space, for providing a great work environment. I want to especially thank my colleagues 
Magnus, Io and Josefine, for creating a very pleasant working environment with your good 
vibes. Anthi, I would like to thank you for the help you provided and all the knowledge 
you shared, from the world of cellulases. Bing, I don’t have words to express my gratitude 
for helping me solve the biggest mystery of this PhD; in your words, the high density 
production of dead-‘tofu’-MtLPMO. You are undoubtedly an LPMO search engine!   

Leo, the warm drink in the cold flask; thank you for all the collaborations we had, both in 
lab and kitchen benches, and for teaching me how to identify the ‘oak lignin’ in the 
fermented and distilled agricultural feedstock; and the extractives of grape stem, seed and 
skin. Jonas, thank you for making sure that the bottle neck of the experiments in the lab 
was not the lack of equipment or chemicals. Aji, thank you for mentoring and supporting 
me throughout my whole PhD and offering me your expertise and knowledge in our 
interdisciplinary research. 

To all the friends I made in Luleå, especially amigo para siempre Fábio, Mylène, Eddy, 
Sarah, Steffen, Samira, Pramod, Sibin, Sandeep, Praneeth, Nasim, Adolf, Louisa, Anna, 
Blai; I am glad that I met you and I am thankful to you all for being in my life. To Bijish 
and Nerine, thank you for making me feel home, away from home.  

To my Amma, Acha and Chinnu, for helping me to become who I am today, with your 
motivation, love and support. Thank you for showing me that the distance between us is 
only physical. Monika, I would like to thank you for all your support and backup you 
gave me throughout this PhD time. Thank you for always being there for me and for 
being who you are. I owe you big time for covering me with our little man of entropy, 
during my long hours of absence from home, in this thesis writing period. 



 ii 

Finally, Mr.Tèjas, my little man! Thank you for making every day with you enjoyable. 
Thank you for showing me a new level of persistence. This PhD, this one is for you! 
  



 iii 

 

 

 

 

 

 

 

 

 

Saccharomyces once met Myceliophthora and said, ‘Hey, I have got some birch 
wood. Come over with your cellulases, and we split the value added product. 
By the way, don’t forget the LPMOs’’.  

Myceliophthora: ‘’I know why they call us the fun-gis’’ 
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Abstract 

Increased environmental concerns over petroleum-based products triggered the quest to 
find a sustainable alternative for fuels, chemicals etc. Lignocellulose biomass, due to its 
abundance, is considered as one of the most promising sustainable sources for the 
production of fuels and chemicals, while replacing the traditional petroleum resources. In 
a biorefinery, by choosing a greener biochemical conversion process with cellulolytic 
enzymes, cellulose from biomass is depolymerized into monomeric sugars and residual 
fibers; which can be later converted into a spectra of value added products. 

Lytic polysaccharide monooxygenases (LPMOs) are one of the essential groups of enzymes 
in the bioconversion of lignocellulose. They are copper active enzymes that are produced 
by different polysaccharide degrading organisms in nature, such as lignocellulolytic fungi. 
In lignocellulose degradation, they are different from the traditional hydrolytic cellulolytic 
enzymes with their unique way of oxidative breakage of cellulose, in the presence of a co-
substrate such as oxygen, and a reducing agent like lignin in the biomass. Their ability to 
enhance the action of traditional cellulases in cellulose depolymerization make them an 
integral part of today’s commercial cellulosic cocktails. 

Primary goals of biorefinery research include efficient liquefaction of lignocellulose in 
order to increase the release of monomeric sugars towards the production of various 
chemicals and fuels, together with the potential use of residual fibers for the production of 
value-added products; all by minimizing the release of undesired by-products and the 
environmental impact of the process. LPMOs, along with other cellulases, have been 
shown to be very much beneficial in this. 

This thesis comprises the study of LPMOs from different fungal origin, in their 
depolymerization ability on various substrates, including both model substrates and natural 
biomass samples. The evaluation was done based on their ability to release neutral and 
oxidized sugars, as well as their capability to promote liquefaction. Effect of various 
pretreatment methods of lignocellulose on the action of LPMOs was studied, together 
with their capability to use lignin present in the wood as a reducing agent, which gives a 
better understanding about their function in nature. Lastly, their role in producing value 
added materials such as nanocellulose, the prebiotic disaccharide cellobiose, from 
lignocellulose was also evaluated. 

Keywords: Lignocellulose, LPMO, cellulase, lignin, biorefinery, nanocellulose, cellobiose.  
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1. Introduction 

Until the beginning of the last decade, the depolymerization of polysaccharides, from 

biomass such as lignocellulose, was considered as the sole attribute of glycosyl-hydrolase 

enzymes that cleave the glycosidic bonds in the polymers through a hydrolytic action. 

However, another class of enzymes baffled the scientists for a long period of time due to 

their weak glycosyl hydrolase activity, though they are highly expressed by the cellulolytic 

organisms when growing on their natural substrates. Questions such as the evolutionary 

importance, and the metabolic burden of those enzymes in the host organism were 

prevalent, until 2010, where they were found as special kind of biomass depolymerizing 

enzymes, different from the traditional ones in many aspects, which led to their re-

classification as a new class of enzymes, called lytic polysaccharide monooxygenases 

(LPMOs). Today, LPMOs are highly reputed for their distinct way of disrupting the 

polysaccharide substrates, along with their ability to act in synergy with other cellulases 

and hemicellulases, towards the production of value-added materials.  

1.1 Conventional resources 

With the increasing world population and growing industrial and economic development, 

the global energy consumption is ramping at an increasing pace. According to the U.S. 

Energy Information Administration (EIA), world energy consumption will rise by nearly 

50% between 2018 and 2050, and currently, traditional non-renewable sources such as 

petroleum and other fossil based fuels are responsible for a significant share of this [1].  

In addition to the energy needs, there is also a vast market for chemicals and products that 

are growing along with the rising global demands, that depends on non-renewable fossil-

based resources [2]. The environmental concerns due to the huge carbon footprint [3] of 

fossil based resources, and the health concerns due to toxic and greenhouse gas emissions, 

and the link it has towards global warming, along with the distress on their renewability 

have triggered the search for alternative and sustainable energy resources [4, 5].  

1.2 Alternative resources 

Alternative and renewable resources include solar power, wind power, hydropower, 

geothermal power and lignocellulose from biomass and others [6]. Lignocellulose, or 

lignocellulosic biomass, refers to the fibrous, woody, and generally inedible portions of 
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plant matter, and is considered as the most abundant, sustainable and renewable biomaterial 

on the Earth [7]. It is a complex matrix of carbohydrate polymers cellulose and 

hemicellulose, phenolic polymer lignin, and residual proteins, oils, and ash [8, 9]. 

Lignocellulose, traditionally used as an energy rich raw material for burning, has been 

identified as a source of many value-added components which, when refined properly, 

could be used to produce a portfolio of different products [10]. It is this great potential of 

lignocellulose to be the raw material for the production of a range of products from fuels 

and chemicals, to food and biopolymers, which distinguishes it from other sustainable 

resources like solar and hydro [9, 11]. Annual and perennial energy grasses, woody biomass 

from forest resources, non woody biomass from agriculture field wastes, are all excellent 

sources of lignocellulose [8]. Sweden, with around 57% of productive forest land, has a 

great potential to rely on lignocellulose biomass as a sustainable source [12]. 

1.3 Composition of lignocellulose  

Lignocellulose is mainly composed of cellulose, hemicellulose, and lignin (Figure 1) and 

their percentage composition varies in different plant species.  

                        

Figure 1: Composition of lignocellulose. Figure taken from [13]. Cellulose, the major component, is a 
homopolymer of D-glucose. Hemicelluloses, the second abundant, are short chained heteropolymers of 
different pentoses (xylose, rhamnose, and arabinose) and hexoses (glucose, mannose, and galactose). Lignin, 
the third component is a phenolic polymer of p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl 
alcohol (S), formed by various ether bonds [13].  
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Cellulose comprises 40-45% of plant biomass. It is a linear unbranched polysaccharide of 

D-glucose monomer (Figure 2) units, joined by highly stable β (1→4) glycosidic linkage 

(C−O−C) at the C1 and C4 positions with the formula (C6H10O5)n, where n is the 

degree of polymerization (DP). DP ranges from 8000-15000 depending on the source of 

cellulose. 

 
Figure 2: Cellulose chain with β (1→4) glycosidic linkage of glucose and inter chain linkages 

In addition to the weak van der Waals bonds between the chains, there are hydrogen 

bonds between the oxygen atoms of the hydroxyl groups of glucose monomers of the same 

and neighboring chains, holding the chains tightly together, reducing the interstitial spaces 

to form a more stable, recalcitrant and crystalline structure [9, 14]. 

Being the main structural constituent of the primary cell wall, and leading the key role in 

the structural integrty of the plant, most of the cellulose exists in highly recalcitrant 

crystalline form. A small percentage of chains are unorganized (without extensive inter-

chain hydrogen bonding) to form amorphous cellulose, which is more accessible to 

degradation [15].  

While cellulose is a homopolymer of glucose units, hemicellulose, which is 25-50% of 

lignocellulose, is a branched heteropolymer that consists of mixed heteroglycans of 

pentoses (xylose, rhamnose, and arabinose) and hexoses (glucose, mannose, and galactose), 

with 500-3000 monomer units. Branching and heterogeneity both account for its 

amorphous nature and reduced stability compared to cellulose, but it provides additional 

shielding to the former through cross-linkings  [16, 17]. 
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The remaining 10-40% of lignocellulose is lignin, which is a complex and heterogeneous 

polymer made of three monolignol monomers, namely p-coumaryl, coniferyl, and sinapyl 

alcohols, which polymerize by different ether bonds such as alkyl−aryl, alkyl−alkyl, and 

aryl−aryl to form three fundamental building blocks p-Hydroxyphenol (H), 

Guaiacylpropane (G), and Syringylpropane (S) respectively. This highly heterogeneous 

polymer act as a ‘glue’, having covalent bonds and cross links with the cellulose and 

hemicellulose. This adds both stiffness and mechanical support, as well as hydrophobicity, 

and thereby increases the overall robustness of the lignocellulose [18] that protects the plant 

from environmental stresses and microbial degradation. 

1.4 Refining of lignocellulose resources  

In order to exploit its actual potential in the production of value-added materials, effective 

refining of lignocellulose is essential. A biorefinery can be defined as a plant, a process, a 

facility or a cluster of facilities, analog to a petroleum refinery [19, 20]. Here, lignocellulose 

biomass is fractionated, for either direct extraction of constituent chemicals, such as suberin 

and lignin [21], or for the components in polymeric form [22] such as nanocellulose [23], 

or production of other intermediate materials such as monomeric sugars which can be 

subsequently converted to chemicals or energy (Figure 3) [24, 25].  

  
Figure 3: A comparison between petroleum refinery and a biorefinery. Figure taken from [25]. 
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There are two main ways of refining cellulose feedstock, such as thermochemical [26] and 

biochemical processes [27]. The former comprises a very harsh treatment of the 

lignocellulose feedstock that disrupts both the polymeric chain and molecular structure, 

while the latter involves mild enzymatic and chemo-enzymatic processes that break only 

the polymer while keeping the monomeric sugars intact. This stage is generally coined as 

the ‘sugar-platform,’ and the formed sugars can be subsequently fermented to produce 

other products such as energy-rich fuels or value-added chemicals [19, 20]. The residual 

fibers after saccharification is also a valuable intermediate for many applications such as 

packaging materials [28]. Among different lignocellulose sources, high proportion of 

cellulose per unit of feedstock makes forest resources the most favorable raw materials to 

be used in a biorefinery [29]. 

1.5 Recalcitrance of lignocellulose, pretreatments, challenges  

The biggest challenge a biorefinery needs to address for efficient separation of 

lignocellulose components from resources such as forest feedstock is the robustness of the 

raw materials, especially in the enzymatic and chemo-enzymatic processes. The chemical 

and structural properties of its three polymeric components, cellulose, hemicellulose and 

lignin and their crosslinking, give the lignocellulose a remarkable hydrolytic stability and 

robustness to biotic and abiotic stress in nature. This is termed as ‘biomass recalcitrance’ [30].  

Recalcitrance escalates the complexity of refining, thus increases the energy requirements, 

and the cost of the operations in the biorefinery. In addition to the structural recalcitrance, 

high amount and distribution of lignin in the biomass, followed by a low syringyl/guaiacyl 

(S/G) ratio (which makes lignin less reactive), leads to chemical inertness which also 

contributes to the recalcitrance of biomass [18]. Besides the hindrance caused by lignin, 

and the crystallinity of cellulose itself, the plant cell wall consists of complexed layers, with 

varying constituents and thickness between different tissues that further adds the sturdiness.  

Pretreatment of lignocellulose overcomes these drawbacks to a large extent. It disrupts the 

complex and cross-linked matrix shield formed by hemicellulose, lignin and cellulose, thus 

reduces its degree of polymerization and overcomes hydrolysis limitation which ensures 

effective biorefining using enzymatic action. Pretreatment of lignocellulose can be in 

general categorized as physical, chemical, physiochemical, and biological [31]. As the name 

suggests, the first one uses physical force such as mechanical comminution, to disrupt the 
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lignocellulose and generate particles of reduced size, thus increasing the surface area and 

accessibility. Chemical treatments, such as organosolv, target alteration of chemical and 

physical characteristics of lignocellulose, using acids, bases, ionic liquids and others. A 

physiochemical treatment, such as hydrothermal or a high pressure steam explosion, 

disintegrates lignocellulose by disrupting the hydrogen bonds and reducing crystallinity of 

cellulose, while it makes the substrate more susceptible to degradation during further 

processing [31, 32]. While all these methods have their own advantages, they are not 

devoid of disadvantages such as substantial cost, high energy consumption and significant 

environmental impact, which may undermine their usefulness [32, 33]. An alternative 

biological pretreatment method, which uses distinct lignocellulose-degrading-organisms, 

offers a mild and environmentally friendly method with cost- and energy efficiency [34].  

1.6 Natural decomposers of lignocellulose  

Though lignocellulose is a sturdy and recalcitrant material that helps the plant species to 

protect itself from parasitic organisms in nature, there are organisms-certain members of 

bacterial and fungal species [15, 35] that have exceptional skills to depolymerize this robust 

biopolymer as part of their survival mechanism. This ability enables them to colonize on 

the biomass and to breakdown the polysaccharide into respective monomers that they use 

for metabolic requirements. Many candidates in brown-, white- and soft-rot fungi species 

have this ability and white-rot fungi Phanerochaete chrysosporium [36], Heterobasidion irregulare 

[37] are some known examples. These microorganisms modify the lignocellulose, targeting 

preliminarily hemicellulose and lignin, potentially enhancing the accessibility for further 

refining or processing; thanks to the remarkable consortium of cellulolytic, 

hemicellulolytic enzymes present in them [38, 39]. Since the substrate (lignocellulose) is 

insoluble, these enzymes are secreted extracellularly by the fungi and the depolymerized 

sugars are absorbed into the fungal cell, leaving the residual depolymerized lignocellulose. 

While the remarkable lignocellulose degradation abilities of these organisms are exploited 

for the biological pretreatment of lignocellulose biomass [34], understanding about their 

repertoire of cellulolytic, hemicellulolytic enzymes and the organism’s mechanism of using 

them on their substrates, enables the use of these enzymes in biorefinery for the 

biochemical method of refining, for a mild, selective, and targeted degradation of 

lignocellulose. 
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1.7 Enzymatic degradation of lignocellulose 

The lignocellulose degrading ability of microorganisms, like white rot fungi, relies mainly 

on a consortium of various cellulases, hemicellulases, lignin-modifying enzymes and some 

accessory enzymes, and their synergistic actions [40-42]. Among them, cellulases, that 

catalyze the hydrolysis of β-1, 4-glycosidic bonds of cellulose which are listed in glycoside 

hydrolase (GH) families of enzymes [43, 44], have attracted a lot of attention from a 

biorefinery point of view. 

For a very long time, the process of enzymatic deconstruction of cellulose was believed to 

be the result of the synergistic activity of three distinct classes of hydrolytic cellulases [43, 

45]. These include (i) endoglucanases or 1,4-β-d-glucan-4-glucanohydrolases (EC 

3.2.1.4), that cleave the internal β-glycosidic bonds, primarily at the amorphous regions, 

of cellulose chain and make them accessible to cellobiohydrolases; (ii) cellobiohydrolases 

(EC3.2.1.91) which release cellobioses from either reducing or non-reducing ends of the 

broken cellulose chain to generate cellobiose, the glucose dimer; and (iii) β-glucosidases 

or β-glucoside glucohydrolases (EC 3.2.1.21), which split cellobiose into glucose 

monomers. All these three classes of enzymes break glycosidic bonds by hydrolytic activity 

[46].  

Among cellulases, endoglucanases (EGs) and cellobiohydrolases (CBHs) play the major 

role in destruction of cellulose. CBHs are released in higher amounts and have a processive 

mode of action, meaning that they catalyze many subsequent reaction cycles on the same 

substrate molecule, i.e. cellulose fibril, before detaching themselves from the substrate. This 

is done with the help of their ‘tunnel’ like active site [47]. EGs on the other hand are 

usually non-processive with a ‘groove’ or ‘cleft’ like active site, with some bacterial [48], 

and fungal exceptions like in brown rot fungi such as basidiomycete Gloeophyllum trabeum 

[49]. β-glucosidases, on the other hand, possess a ‘pocket’ like active site, which cleave the 

soluable cellobioses released by the action of the other two. However, cellobiohydrolases 

(CBHs) and β-glucosidases are susceptible to end-product inhibition [43], a mechanism to 

control the enzyme activity and sugar levels in the host system. Accumulation of glucose 

inhibits the activity of β-glucosidases, which leads to the accumulation of cellobiose that 

eventually inhibits cellobiohydrolase. 
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Considering the incredible cellulolytic properties of the lignocellulolytic organisms, it has 

been suspected that their inventory and cellulolytic mechanisms are beyond the synergistic 

action of the three enzyme classes. It was particularly questioned when it comes to the de-

polymerization of the crystalline regions, as the extensive hydrogen bonding network 

limits the accessibility of these enzymes to the glycosidic linkages [30].  

As early as in 1950, it was suggested the possibility of disrupting the dense packed 

crystalline region of cellulose chain, by a non-hydrolytic factor [50]. Decades later, in early 

1990s, it was discovered that certain fungi secretes cellulose degrading enzymes, when 

growing on crystalline cellulose, which were different from the already characterized 

hydrolases [51]. They were categorized in glycoside hydrolase (GH) family 61 as hydrolases 

with weak endoglucanase activity, followed by more discoveries in 2001 on Trichoderma 

reesei fungus [52].  The first breakthrough came in 2008, when it was found that a cellulase 

TrCel61B produced from Trichoderma reesei lacked tunnel or cleft like substrate binding 

sites that are typical for hydrolytic cellulases, but instead possessed a flat and hydrophobic 

surface with a metal bound to two histidine residues [53]. It also showed similarity to an 

enzyme CBP21 from the bacterium Serratia marcescens, which non-hydrolytically degrades 

crystalline chitin [54].  

In a landmark discovery in 2010, it was found that CBP21 is an oxidative enzyme that 

cleaves chitin by oxidation reaction, in the presence of molecular oxygen and a reducing 

agent [55]. It was also proposed that GH61 protein could also have the same activity due 

to the structural similarity. In the same year, three Thielavia terrestris fungi GH61s were 

found to enhance the activity of traditional hydrolytic cellulases, while insertion of a 

Thielavia terrestris gene TaGH61A in Trichoderma reesei increased its cellulolytic efficiency 

[56]. Later in 2011, it was reported that an enzyme from Streptomyces coelicolor could cleave 

crystalline cellulose to produce oxidized oligosaccharides [57]. All these discoveries led to 

the discovery of a new class of enzymes called lytic polysaccharide monooxygenases 

(LPMOs).  
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2. Theory 

2.1 Lytic Polysaccharide MonoOxygenases 

LPMOs are a unique class of oxidative enzymes, predominantly found in the genome of 

saprophytic and pathogenic fungal and bacterial species, and rarely in certain viruses and 

insects [44]. Detected first through their activity on crystalline cellulose and chitin, LPMOs 

have been found active on a range of natural polymers, such as cellulose, hemicellulose, 

chitin, and starch [44]. Their substrate preference appeared to be correlated with the type 

of biomass the organism anchors on, for example, the xyloglucan (hemicellulose) activity 

of the LPMO of bread mold Neurospora crassa [58]. In general they are present in the 

genome of biomass degrading organisms from a range of seven to forty genes [59], with 

activity on different kind of substrates, to suit the organism’s harbor on complex substrates.   

Currently, these enzymes are grouped in the constantly updating Carbohydrate-Active 

enzyme database (CAZy) [44, 60] as Auxiliary Activities (AA). Based on the amino acid 

sequence similarities, substrate specificity, and biological origin, LPMOs are currently 

divided into seven (AA9 AA10, AA11, AA13, AA14, AA15 and AA16) auxiliary activity 

families. Among them AA9 of fungal origin and AA10 of bacterial origin are the biggest, 

comprising the first discovered LPMOs, and the most studied. 

In lignocellulolytic fungi, LPMOs have been shown to be highly upregulated along with 

other hydrolytic enzymes when the fungi grows on its natural substrates, supporting the 

organism’s adaptability and survival on those substrate sources [61-63]. LPMOs, with their 

unique ability to depolymerize the crystalline regions of cellulose, enable them to act as 

the ‘boosting enzymes’ for the activity of classical hydrolytic enzymes, by providing better 

access to the cellulose structure, and consequently enhances the overall degradation of 

cellulose (Figure 4). 
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Figure 4: A simplified scheme of enzymatic degradation of cellulose, involving traditional hydrolytic 
cellulases such as endoglucanases, cellobiohydrolases and β-glucosidases as well as oxidative LPMOs. Figure 
taken from [45]. Cellobiose dehydrogenase enzyme (CDH) is shown here as electron donor (reducing agent) 
for LPMO action. 

2.1.1 Structure of LPMO 

LPMOs are metalloenzymes, with copper ion in the active site which is coordinated by 

two highly conserved histidine residues (one of them is N-terminal histidine), called 

histidine braces [64, 65]. They have a planar surface active site, which is distinct from the 

substrate-binding ‘tunnels’ or ‘grooves’ like active sites of traditional cellulases. The planar 

substrate binding surface of LPMO is suggested to enable the enzyme to bind to crystalline 

surfaces of polysaccharides [55, 66]. The amino acid sequence and structure of LPMOs is 

conserved in terms of the active site, since all of them share the signature catalytic histidine 

brace motif to bind copper, but they display high structural and sequence diversity, in 

order to adapt to the cleavage of different substrates such as cellulose, chitin, starch, 

hemicellulose, soluble oligosaccharides etc [67]. 

LPMOs occur as a single N-terminal catalytic domain, or as bi-modular multi domain 

with a C-terminal CBM (Carbohydrate Binding Module) connected by an inter-domain 

linker. CBMs are non-catalytic enzyme modules found in many carbohydrate-active 

enzymes including LPMOs, with miscellaneous functions such as substrate recognition, 

attachment [68, 69] etc. Though the presence of CBM may not contribute to the 

processivity [70], as in other cellulases [71], it enables the LPMO binding onto the 
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polysaccharide surface and enhances the enzyme activity [68] and may also affect its regio-

selectivity [72]. 

2.1.2 Mechanism of LPMO action 

The role of LPMOs regarding the degradation of insoluble cellulose degradation is to 

create nicks in the cellulose chain, primarily at the crystalline region (Figure 4), thus 

facilitating the binding and action of other cellulases. To perform this, unlike the other 

hydrolytic cellulases, they have a unique oxidative mechanism of breaking the glycosidic 

bonds of the polymeric carbohydrates using molecular oxygen or hydrogen peroxide as 

co-substrate, in the presence of a reducing agent [55, 73]. There are many hypothesis 

regarding the exact mechanism of the catalysis of LPMO, but in general, the reaction starts 

by the reduction of the active site copper from Cu (II) to Cu (I), due the transfer of an 

electron by the reducing agent (electron donor). Cu (I) then reacts with the co-substrate, 

either molecular oxygen or hydrogen peroxide to form a powerful oxygen species which 

catalyzes the hydroxylation of the C1 or the C4 carbon of the pyranose unit in the scissile 

glycosidic bond, leading to the destabilization of the glycosidic linkage [64, 74, 75], and 

the formation of C1-oxidized or C4-oxidized ends. 

2.1.3 Types of LPMO  

Based on the regioselectivity of C1 or C4 carbon, LPMOs are generally grouped as three 

types [62]. In cellulose, a C1-specific LPMO breaks the chain by oxidizing the C1 carbon 

(Figure 5) of the glucose moiety in the polysaccharide chain to generate C1-oxidized 

product, lactone, which is hydrolyzed to gluconic acid in solution. Additionally it 

introduces a carboxyl (-COOH) group in the surface of residual insoluble fibers [76], 

which increases the negative charge of the fibers and thus the repulsive force between 

them, causing the fibers to disintegrate [77, 78]. 

A C4-specific LPMO targets oxidization on C4 carbon of the cellulose to produce 4-

ketoaldoses. The third type, a C1/C4 LPMO, is less specific, as it cleaves cellulose chain 

by oxidizing either C1 or C4 carbons [62]. In addition it has been proposed in several cases 

the presence of a rare C6 oxidizing LPMOs that produces C6-hexodialdoses [79-81]. 
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Figure 5: Regioselectivity of LPMOs. Figure taken from [62]. Oxidative breakage of cellulose by LPMOs 
at the C1- or C4-carbon position leads to the formation of non-oxidized and C1- or C4-oxidized 
oligosaccharides. C4-oxidation results in  4-ketoaldoses (A), which will exist as their corresponding hydrates 
(C), in aqueous solutions. Oxidation of C1- carbon atom leads to formation of a labile δ-lactone (B), which 
will dissociate into an aldonic acid in water (D). 

2.1.4 Lignin as reducing agent 

Most fungal systems are capable of generating own electron sources which transfers 

electrons extracellular for their substrate bound LPMOs. Enzymes like cellobiose 

dehydrogenase (CDH) (Figure 4) with its cytochrome domain is one such example, 

which allows the fungal LPMOs to work independent of the presence of an external 

reducing agent [82]. Alternatively, fungal LPMOs could also possibly interact with the 

electron transfer systems from another co-existing fungi, leading to a synergistic 

degradation of target substrate [83].  

However, ability of LPMO to accept electrons is so flexible, which allows fungus to adapt 

to different substrates, irrespective of the presence or expression of fungal electron transfer 

system. In nature, LPMOs find their electron sources from multiple sources such as 

biomass-derived lignin [84], phenolic compounds, specific enzymes [82, 85, 86], 

photosynthetic pigments [87], and water-soluble low-molecular-weight lignin-derived 

compounds produced by lignin-active enzymes [88] etc. Since the host organism produces 

LPMOs differentially when grown on different polysaccharides, the choice of the reducing 

agent might also depend on the habitat and lifestyle of the organism [62].  

Proximity of lignin with cellulosic/hemicellulosic substrates makes it a favorable electron 

source for the LPMOs of lignocellulolytic fungi. The high amount of syringyl (S) to 
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guaiacyl (G) units have been shown to be correlated with the reactivity of lignin. The 

reactivity of lignin futher increases with the presence of the highly reactive aromatic 

hydroxyl (-OH) groups and lower molecular mass of lignin [88-90].  

The ability of lignin to supply electrons also plays an essential role in the functioning of 

the host organism in nature. For instance, in the case of saprophytic fungi such as 

Myceliophthora thermophila (also known as Thermothelomyces thermophila) [91], Phanerochaete 

chrysosporium [36] and Neurospora crassa [58], that survive on dead biomass, their LPMOs 

are likely to utilize lignin or lignin-derived compounds as reducing agents due to their 

proximity to cellulose.  

This ability of lignin to donate electrons to LPMOs may play a crucial role in biorefinery. 

In addition to increase the cellulose accessibility of lignocellulose feedstock,  pretreatment, 

which is a pre-requisite for biorefinery, also changes the properties of the lignin content 

[92, 93]. Since lignin acts as electron donor for LPMOs, the choice of pretreatment 

method is a key factor to be considered in LPMO-assisted depolymerization of 

lignocellulose in a biorefinery [94, 95]. 

2.1.5 Recombinant production of LPMOs in Pichia Pastoris 

Pichia pastoris is one of the most popular expression systems for eukaryotic proteins, due to 

its capability of high cell density large scale production of heterologous enzymes [96, 97]. 

In case of LPMO, heterologous expression and production in P. pastoris expression system 

suffers from certain limitations, especially regarding the post-translational modifications, 

such as the absence of methylation of N-terminal histidine and the different glycosylation 

patterns compared to the source organism of LPMO [98]. However, the better handling 

and flexibility of P. pastoris in fermentation process compared to filamentous fungal systems, 

as well as the low background presence of plant cell wall-active CAZymes, makes P. 

pastoris a preferred expression system for fungal LPMOs, and many currently reported 

active LPMOs are expressed in P. pastoris [98]. 

Nevertheless, the choice of the promoter could be one of the critical factors for the 

production of LPMO in P. pastoris system. Methanol inducible, alcohol oxidase I (AOX1) 

is a popular promoter in recombinant expression and production of enzymes because of 

the high level expression [99, 100], and many traditional cellulases are expressed and 

produced in this system [101]. However, certain features of LPMO, like the sensitivity of 
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the active site N-terminal histidine towards oxidative damage, may limit the use of this 

promoter for the expression of LPMOs. The potential release of H2O2, formed by the 

result of methanol metabolism, in the cultivation medium [100, 102] may cause oxidative 

stress and possible inactivation of LPMO (Figure 6) by the oxidation of N-terminal 

histidine [73, 103]. Methylation of N-terminal histidine could prevent this [104] but a post 

translational modification like that is absent in Pichia pastoris expression system. Alternative 

promoters such as the glucose induced, glyceraldehyde-3-phosphate dehydrogenase 

promoter (pGAP) promoter might be a solution for this [97, 100]. 

 
Figure 6: HPAEC chromatogram showing the released sugars by the action of MtLPMO9H, produced 
from two different promoters, on model substrate PASC (Unpublished data). Neutral sugars: 0min-12min, 
C1 oxidized sugars: 12min-19min, C4 oxidized sugars: 19min-30min. 

2.2 Liquefaction of lignocellulose 

In an industrial biorefinery, processing of lignocellulose in high dry matter (DM) 

concentration is highly desirable as it is a prerequisite for a feasible and high productive 

large-scale processes [105]. Liquefying the cellulose-substrate improves the total 

rheological properties of the mixture, such as fluidity and flowability which results in 

enhanced mixing properties and thus increases the efficiency of high dry matter 

fermentations [106]. The viscosity drop is believed to be due to the collapse of high water 

absorbing biomass structure and subsequent release of free water and also due to the solid 

to liquid phase mass transfer [107]. Dynamic viscosity analysis is a simple, sensitive and 

direct method to measure the liquefaction ability of cellulases on lignocellulose. Being 

independent from enzyme specificity or regioselectivity, this method can be used to 

evaluate and compare the action of different enzymes [105, 108]. Among the cellulases, 

endoglucanases are the most potent ones in terms of liquefaction ability on lignocellulose 
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substrates, due to their distinct action of randomly attacking internal sites on cellulose 

polymeric chain [105, 109]. However, no data about the LPMO action on natural 

substrates are available regarding the viscosity reduction. 

2.3 Depolymerization of lignocellulose and value added products  

2.3.1 Fermentable sugars 

One of the key steps of the sugar-platform in a biorefinery is the efficient depolymerization 

and saccharification of high dry matter lignocellulose into fermentable sugars [19], from 

which many value added products can be further generated. Commercial cellulase cocktails 

like Celluclast® from Trichoderma reesei are composed of a number of different fine-tuned 

hydrolytic cellulase enzymes and are designed for maximum efficiency for the conversion 

of recalcitrant lignocelluloses to individual fermentable sugars. 

LPMOs, once considered as weak endoglucanases, upon their discovery became the latest 

addition in commercially available enzyme cocktails; an example is the recently lauched 

Cellic® CTec3 (Novozymes, Denmark) that has a high LPMO content together with 

hydrolytic cellulases. The ability of LPMOs to boost the action of other cellulases in the 

degradation [110] and saccharification of lignocellulose, made them the integral 

components of these cocktails [111].  

However, commercial cellulase mixtures, though designed for maximum conversion of 

cellulose to glucose, often face end-product inhibition of its key cellulases, i.e. 

cellobiohydrolases and β-glucosidases, which is a bottleneck to address when it comes to 

efficient saccharification. Simultaneous removal of glucose or cellobiose to prevent them 

from reaching inhibitory levels [112] or selective inhibition of enzymes [113] are a few 

ways to bypass these problems.  

In addition to produce fermentable sugar monomers, which can be converted to other 

products, lignocellulose also has potential to contribute to the production of food grade 

prebiotic oligosaccharides such as, cellobiose [112, 114], arabinoxylo-oligosaccharides 

[115] and others. Controlled depolymerization [113] of lignocellulose towards the product 

of interest, is one of the possibilities and the ability LPMOs to facilitate this process is not 

very well explored. 
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2.3.2 Nanocellulose 

Nanocellulose is a term for cellulose particles in nanometric scale with at least one of their 

dimensions below 100nm. It is the 5th generation high value material, produced from 

different cellulose sources [116], which has a wide range of applications such as in waste 

water remediation, biomedicine, polymer composites [23, 117, 118] and others. Isolation 

of nanocellulose from lignocellulose is a tedious process due to the recalcitrance of the 

substrate. Therefore, a set of mechanical treatments such as homogenization, grinding, 

sonication and others, as well as chemical treatments like potassium hydroxide and sodium 

chlorite bleaching (to remove lignins and hemicellulose) and mineral acids like sulphuric 

acid treatment (to remove amorphous cellulose regions) are employed, to refine 

lignocellulose to isolate the nanocellulose of required properties [119]. 

Further defibrillation and enhancement of the properties of nanocellulose are attained by 

introducing carboxyl (-COOH) side groups in the cellulose fibrils. This is widely done 

using the chemical TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical) mediated 

oxidation [120, 121]. It introduces carboxyl functional groups, at the C6 carbon of the 

glucose monomers of the cellulose chain, which would increase the inter-fiber repulsion 

[78], and facilitates the fiber disintegration in further mechanical treatments. More 

importantly, they enhance the macroscopic properties such as dispersibility, and fiber 

flexibility and tensile strength of nanocellulose that favors in applications like paper 

production, which makes TEMPO a popular chemical in nanocellulose production [120, 

122]. However, the high environmental impact and toxicity of it encourages the use of 

mild, environmentally friendly agents like citric acid [123]. 

Though the main industrial application of LPMOs relies on their ability to boost other 

hydrolytic cellulases, which reduces the enzyme loading and increases the total efficiency 

of saccharification, they are recently being shown to be useful for targeted substrate 

modification to produce value added biomaterials [124, 125]. When a C1 active LPMO 

breaks a cellulose chain to release oxidized soluble sugars such as gluconic acids, it also 

introduces carboxyl (–COOH) groups [76] on the surface of residual insoluble fibers, 

which triggers repulsion between the insoluble cellulose fibrils, that leads to the 

disintegration of the cellulose structure [78]. While this phenomenon could promote 

enhanced accessibility of hydrolytic cellulases [70, 126] to produce more fermentable 

sugars, defibrillation capability of LPMO could be beneficial for the synthesis of dispersed 
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nanofibrils of cellulose or nanocellulose. In a biorefinery, the residual fraction of 

lignocellulose, after extraction, liquefaction and saccharification process, is an excellent raw 

material for nanocellulose production [127, 128]; which also completes the biochemical 

method of valorizing lignocellulose.  
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3. Current investigation 

Cellulose, being the major skeletal component of the plant biomass, is the Earth’s most 

abundant and almost inexhaustible polymer [129]; it has the potential to be the sustainable 

source for the production of many value added biomaterials. LPMOs, the novel class of 

oxidative enzymes, depolymerize lignocellulose substrates in the presence of reducing 

agent and, oxygen or hydrogen peroxide co-substrate. LPMOs are mostly known for their 

synergism with traditional hydrolytic cellulases and their presence in cellulolytic cocktails 

where they, along with other cellulases, break the recalcitrant lignocellulose polymer into 

smaller units. C1 LPMOs, upon their action on cellulose fibers, release oxidized soluble 

sugars into the reaction medium, while introducing carboxyl side groups to the residual 

fibers, which results in the de-fibrillation of cellulose fibers. LPMOs are versatile when it 

comes to the choice of reducing agents, and lignin, which is rich in aromatic phenolic 

groups, is one of the potential donors of electrons.  

In this thesis, the ability of various fungal LPMOs to promote saccharification and 

liquefaction of their substrates, both alone, and in coordination with other cellulases, their 

ability in accessing lignin as electron donors, their specificities on different substrates, as 

well as their ability to facilitate the production of high-value products like cellobiose and 

nanocellulose from lignocellulose, were studied.  

The outline of this thesis is shown in Figure 7, and the following research questions have 

been addressed:  

1. Saccharification and liquefaction ability of LPMOs and their coordination with 

other cellulolytic enzymes  

Paper 1: The coordinated action of a C1/C4 oxidizing Mt.LPMO9H and an 

endoglucanase MtEG5 from the lignocellulolytic fungi Myceliophthora thermophila. 

Evaluation was based on the release of oxidized and non-oxidized (neutral) sugars and also 

in the ability to liquefy the substrates (includes unpublished data). 

Paper 2: The substrate specificity of two LPMOs (C4-oxidizing HiLPMO9I and C1-

oxidizing HiLPMO9B) from a white-rot conifer pathogenic fungi Heterobasidion irregulare, 

and the possibility of their coordinated action to assist the fungi in the degradation of 
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lignocellulose. Evaluation was based on their liquefaction ability on the fungal substrate 

glucomannan. 

Paper 3: Coordination of an LPMO with a commercial cellulase mixture Celluclast® to 

enhance the targeted production of the prebiotic disaccharide cellobiose.  

  
Figure 7: Biochemical process flowsheet of refining lignocellulose biomass using LPMOs 

2. Lignin as a reducing agent for LPMO, and its dependence on pretreatment 

Paper 4: The ability of lignin present in agricultural and forest feedstocks to act as electron 

donors for the action of LPMOs. The role of pretreatment process on the structural and 

chemical properties of lignin in concert with their ability to provide electrons to LPMOs 

was also evaluated.   

3. LPMO assisted isolation and modification of nano-scale cellulose from birch 

Paper 5: The role of LPMO, along with other cellulases and accesory enzymes, to replace 

the traditional chemical mediated isolation of nanocellulose from organosolv pretreated 

birch was studied. Additionally, the ability to two LPMOs to modify the properties of the 

produced nanocellulose was also evaluated. 
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4. Summary of results and discussion 

4.1 Saccharification and liquefaction ability of LPMOs and their 
coordination with other cellulolytic enzymes 

4.1.1 Coordination of LPMO with a processive endoglucanase in 

saccharification and liquefaction 

High dry matter (DM) liquefaction and saccharification of lignocellulose substrates is highly 

valued in a biorefinery process, for better productivity and cost efficiency. Traditional 

cellulases like endoglucanases are known players for this, but the role of LPMOs and their 

potential cooperation with endoglucanases, is not well explored. In paper 1, the ability of 

LPMO to act in cooperation with a hydrolytic cellulase was evaluated using MtLPMO9H 

with C1/C4 regioselectivity and an endoglucanase MtEG5A, both from the fungi 

Myceliophthora thermophila. Their combined effect on releasing sugars, and to liquefy the 

substrates were evaluated using the model cellulose substrate phosphoric acid swollen 

cellulose (PASC) and the natural substrate pretreated wheat straw (PWS). 

Soluble sugars 

Combined effect of MtLPMO9H and MtEG5A for releasing sugars, i.e., the release of 

neutral sugars by MtEG5A in the presence of MtLPMO9H and the release of oxidized 

sugars by MtLPMO9H in the presence of MtEG5A were evaluated by a series of reactions 

with different enzyme combinations and loadings (Table 1). Reactions were performed 

with 1.5% (w/v) PASC in 50 mM citrate-phosphate buffer, at 500C and pH 5.0, in the 

presence of ascorbic acid as a reducing agent, with samples taken after 30 min and 60 min 

reaction time. Determination of total non-oxidized sugars was done using dinitrosalicylic 

acid (DNS) method while oxidized sugars were determined by comparing the sum of 

AUC (area under curve) from HPAEC (high-performance anion exchange 

chromatography) results. 

It was observed that the combination of MtEG5A and MtLPMO9H on PASC showed an 

enhanced yield of both neutral and oxidized sugars, resulting in better hydrolysis than 

when used alone in the reaction. When MtEG5A and MtLPMO9H were in the proportion 

of 10:1 or 10:2, it resulted in a higher release of non-oxidized sugars, than MtEG5A alone. 

In a 10:1 ratio, 1.2 times more non-oxidized sugars were released in 30 min and 1.5 times 

in the 60 min reaction. Similarly, in a ratio of 10:2, this was 1.3 and 1.6 times respectively. 
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Table 1: Experimental combinations to assess the combined activity of MtEG5A/MtLPMO9H 
 
Enzyme combinations Relative proportions Enzyme loading  

(mg/g substrate) 

MtEG5A  10 

MtEG5A/MtLPMO9H 10:1 11 

MtEG5A/MtLPMO9H 10:2 12 

MtLPMO9H  10 

MtLPMO9H/ MtEG5A 10:1 11 

MtLPMO9H/ MtEG5A 10:2 12 

 

On the other hand, presence of MtEG5A enhanced the release of oxidized sugars (C1 and 

C4 oxidized) by MtLPMO9H. For MtLPMO9H and MtEG5A in a ratio of 10:1, after 30 

min of reaction, C1 oxidized sugars were enhanced 1.4 times and C4 oxidized sugars 1.7 

times. For 10:2 ratio, this was 1.8 and 1.9 times respectively. In this combination, after 60 

min, the total oxidized sugars (both C1 and C4 oxidized) were approximately 2.5 times 

higher than MtLPMO9H alone. 

Liquefaction 

Monitoring change in dynamic viscosity of substrates is a direct method to measure the 

rate in which enzymes cleave the polymeric substrate. Ability of enzymes to liquefy 

substrates was monitored on the model substrate PASC (Figure 8) and natural substrate 

PWS (Figure 9), using a rotational viscometer. Reactions were performed at 550C, using 

50 mM citrate-phosphate buffer of pH 5.0, for 60 min in the case of PASC and 55 min 

for PWS. PASC was used at a dry matter concentration of 1.5% (w/v) and PWS at a higher 

dry matter (DM) concentration of 10% (w/v).  
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Figure 8: Reduction in the dynamic viscosity of 1.5% (w/v) PASC in 60 min using MtEG5A and 
MtLPMO9H. 
 

It was observed that both enzymes were able to reduce the viscosity of both model and 

natural substrates. The powerful hydrolytic cellulase MtEG5A reduced the viscosity of both 

substrates more efficiently than MtLPMO9H in 60 min. The effect was more evident in 

the more homogenous model substrate PASC (Figure 8), than PWS (Figure 9), and the 

rate of drop in viscosity was observed higher in the initial phase. MtLPMO9H showed a 

slower rate of viscosity drop compared to MtEG5A. Endoglucanase reaction reached a 

lower final viscosity compared to LPMO. 

Figure 9: Reduction in the dynamic viscosity of 10% PWS in 60 min using MtEG5A and MtLPMO9H. 
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However, no synergism between the two enzymes was observed, neither in PASC nor in 

PWS regarding the liquefaction efficiency. When MtLPMO9H and MtEG5A were added 

together, no significant difference was observed in the final viscosity compared to what 

MtEG5A could achieve alone. Furthermore, the rate of drop of initial viscosity was seen 

lower when the two enzymes were together.  

There might be many reasons for this delayed action of EG in the presence of LPMO. 

One of the reasons could be due to the similarity in the target of action of both enzymes. 

In addition to introduce cleavage in crystalline regions of substrate, LPMOs are also able 

to target the amorphous regions of cellulose core [76] that might generate a likelihood of 

‘competition’ between the two enzymes for the same binding sites. This competition of 

LPMO for the substrate sites might have hindered or delayed MtEG5A from accessing its 

sites.  

Lack of sufficient crystalline regions could be a reason for this competition, as it is known 

that LPMOs primarily target crystalline regions than amorphous [76]. More information 

on the amount of crystalline regions of the substrates would be beneficial in studying 

synergism in liquefaction, to make sure there are sufficient crystalline regions available for 

LPMO action. It is also known that LPMOs display differential activity on substrates of 

different crystallinity [130], which also shows the importance of determining substrate 

crystallinity to evaluate LPMO action and its synergism .  

Oxidative activity of LPMO on the substrate could not be the reason of ‘liquefaction delay’ 

by EG, as the oxidative action of LPMOs are known to defibrillate fibers, which enhances 

the accessibility of other hydrolytic cellulases for better saccharification [70, 126].  

Processivity of endoglucanase may not hinder synergism, as it was observed that it’s the 

presence of MtLPMO9H that delays the initial drop of viscosity that MtEG5A had attained 

when acting alone, and not the other way. Therefore, a sequential addition of LPMO after 

EG might result in synergism, as the processive endoglucanase would first attach to its 

target sites, before LPMO commences its action. 

In any case, enhancement of release in soluble sugars (both neutral and oxidized) shows 

that these two enzymes don’t necessarily compete for small oligomers (both soluble and 

insoluble) that are released into reaction medium from the bulk cellulose fibers by their 
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individual actions. To enhance this further, sequential addition of EG after LPMO may be 

more effective rather than simultaneous, as LPMOs action provides better accessibility for 

other cellulases [70, 126]. 

Since the competition was observed only on the collapse of the bulk structure by initial 

attack of these enzymes, as monitored by dynamic viscosity changes, in a fungal system 

this kind of synergism may still be possible as the enhanced sugar release is a favorable 

scenario for the organism. However, cellulases other than a processive endoglucanase could 

be better candidates in this. 

The ability of LPMOs to liquefy high dry matter lignocellulose is a notable skill and is 

highly desirable in a biorefinery. However, it should be further studied how to incorporate 

LPMOs together with other cellulases so that the best synergistic performance can be 

obtained, for an efficient liquefaction. It is also to be noted that LPMOs can also 

depolymerize its substrates without releasing soluble sugars detectable by HPAEC, as 

reported earlier [108], as their cleavage sites are situated far apart on the substrate. In this 

context, dynamic viscosity measurements might be a better technique, than evaluating 

soluble sugars, to evaluate synergism of LPMOs with other cellulases, due to its sensitivity 

in detecting LPMO action. 
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4.1.2 Substrate specificity of LPMOs and their possible coordination in 

lignocellulose degradation 

LPMOs are usually active on a wide range of substrates and this broad substrate specificities 

are believed to help the host organism to be versatile, by catering its needs in degradation 

of different natural substrates, as a part of adaptation and survival in their habitat. There 

are LPMOs that have broad as well as preferred substrate specificities that suits with the 

type of biomass, the organism anchors on.   

In paper 3, the substrate specificity of two LPMOs from white-rot conifer pathogenic 

fungi Heterobasidion irregulare, namely the C4-oxidizing HiLPMO9I and the C1-oxidizing 

HiLPMO9B was studied, by monitoring their liquefaction ability on glucomannan. 

Reactions were carried out at 300C for 30 min, with 1 mg/ml glucomannan, in 50mM 

sodium acetate buffer of pH 5.0 in the presence of 1mM ascorbic acid as a reducing agent. 

NcLPMO9C from fungi Neurospora crassa with an already documented activity [108] in 

reducing viscosity of glucomannan was used as positive control. Change in viscosity of the 

substrate were monitored by a ‘falling-ball’ capillary viscometer.  

It was observed that, among the two LPMOs, HiLPMO9I was able to liquefy 

glucomannan, while HiLPMO9B showed no effect on this substrate (Figure 10). Analysis 

of soluble sugars showed the presence of C4-oxidized sugars from HiLPMO9I, but no 

presence of oxidized sugars was detected for HiLPMO9B. 

Inability of HiLPMO9B to act on glucomannan could be explained from its structural 

evaluation. Comparison of these two LPMOs (not included in this thesis), with other 

known glucomannan-active LPMOs, showed that HiLPMO9I possess 4 out of 7 

conserved sugar-interacting amino acid residues that may be essential for glucomannan 

binding, while HiLPMO9B has only 1.  

Another set of experiments (not included in this thesis) showed that HiLPMO9B was 

highly active on bacterial crystalline cellulose (BMCC), while HiLPMO9I showed limited 

activity. In addition, HiLPMO9B could also act synergistically with cellobiohydrolase 

HiCel7A from the same fungi, which HiLPMO9I could not. 
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Figure 10: Ability of HiLPMO9I (green) and HiLPMO9B (red) to reduce the viscosity of glucomannan. 
NcLPMO9C (blue) was the positive control. 

Since HiLPMO9B and HiLPMO9I are the LPMOs that show the highest upregulation, 

among the 10 putative LPMOs of the fungi, when the fungi grows on the lignocellulose 

[131], their role in fungal colonization is evident and these experimental data show the 

distinct biological roles of these two enzymes.  

In general, hemicellulose activity of LPMOs is rare and most of the known hemicellulose 

active LPMOs have broad substrate specificities. However, activity of HiLPMO9I is 

limited to glucomannan, among other hemicelluloses [37]. This exclusiveness in 

glucomannan activity, and its display of steeper drop of viscosity on this substrate, than the 

well-characterized cellulolytic and hemicellulolytic NcLPMO9C (Figure 10), show the 

significant importance of this enzyme in the role of glucomannan degradation in the fungal 

inventory. This kind of preferential affinity of an LPMO towards hemicellulose has also 

been observed in LPMOs from a biomass degrading thermophilic fungus Malbranchea 

cinnamomea, but interestingly in the co-presence of a cellulose substrate [132]. 

Pathogenic Heterobasidion irregulare is known for primarily removing lignin and 

hemicellulose prior to depolymerize cellulose [133] when acting on their target biomass. 

Differential activity of these two LPMOs shows possible functional diversification within 

the LPMO system of the fungi, and is likely to be connected to the behavior of fungi in 
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its natural habitats. For example, HiLPMO9I, with its ability to liquefy glucomannan, 

might be one of the first enzymes, along with other hemicellulases, to facilitate the hyphal 

penetration of H. irregulare on soft wood trees (with high glucomannan content). 

HiLPMO9B on the other hand, with its synergistic ability with cellobiose HiCel7A to 

degrade crystalline cellulose to produce sugar monomers, supports the metabolic 

requirements of the fungi. HiCel7A, is the most abundant cellulase produced when the 

fungi is grown on biomass [134].  

In a biorefinery, LPMOs with unique substrate specificities would be beneficial for 

differential or sequential degradation as well as selective refining of lignocellulose 

substrates, such as designing synergy with a complimentary cellulase. HiLPMO9B, due to 

its excellent activity on crystalline cellulose, would be a potential candidate in 

depolymerization/modification of cellulose. However, since the chemical-thermal 

pretreatments primarily remove hemicellulose, applications of hemicellulolytic LPMOs 

like HiLPMO9I in the biochemical method of biorefining is yet to be figured out.  

However, knowing their role in fungal mechanism would be an asset in designing a 

selective biological pretreatment of lignocellulose using Heterobasidion irregulare.  

In terms of hemicellulose degradation, it is also to be noted that, though there are dedicated 

hemicellulases in a fungal enzyme repertoire, such as endomannanases [135] that would 

enhance the substrate accessibility of other cellulases, cases like the display of specific 

hemicellulose substrate specificity of LPMOs like HiLPMO9I, preferential substrate 

specificity of LPMOs like McAA9H for hemicellulose than cellulose [132], and synergism 

of certain LPMOs with other hemicellulases [136], show the deeper role LPMOs in fungal 

system for hemicellulose degradation. 

In any case, understanding of the actual potential of HiLPMO9I and HiLPMO9B, and 

their possible synergism with other cellulases or hemicellulases would be only complete by 

monitoring their activities on natural or more complex substrates. 
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4.1.3 Coordination of an LPMO with a commercial cellulase mixture for 

cellobiose production 

Cellobiose is one of the functional foods with proven prebiotic potential, and production 

of this food grade, non-digestible oligosaccharides (NDOs) from lignocellulose has got 

much attention in the recent years. Commercial cellulase mixtures as well as custom made 

enzyme cocktails can be used for the depolymerization of cellulose towards cellobiose 

production.  

In paper 4, ability of a C1-oxidizing LPMO to enhance the activity of a commercial 

cellulase mixture Celluclast® in the production of food grade prebiotic oligosaccharide 

cellobiose from lignocellulose biomass, was evaluated. The chosen cellulase mixture is 

devoid of the presence of other LPMOs, hence it was an ideal enzyme cocktail to evaluate 

its effect with an LPMO monoenzyme.  

Prior to the experiments with LPMO, the activity of cellulase mixture was modified upon 

the addition of conduritol-B-epoxide, a β-glucosidase inhibitor that prevents the 

formation of glucose monomers, for enhanced cellobiose production. C1-active 

PcLPMO9D from Phanerochaete chrysosporium was chosen for the study and organosolv-

pretreated birch was used as a lignocellulose substrate. Reaction conditions that were 

optimal for maximizing the release of cellobiose were chosen, based on previous 

optimization experiments (not part of the thesis).  

Reactions were performed at 500C with 6% (w/v) initial substrate concentration in 100 

mM phosphate-citrate buffer at a pH of 7.0, for 8 h, under an agitation of 1100 rpm. All 

reactions contained 1.98 mM conduritol-B-epoxide, and 1 mM ascorbic acid as a reducing 

agent. Control reaction was done with a Celluclast® concentration of 25 mg/g of 

substrate. Another reaction with aforementioned enzyme load, supplemented with 2.5 

mg/g of substrate of PcLPMO9D was done to observe the effect of LPMO. A second 

control reaction was also included with a Celluclast® concentration of 27.5 mg/g of 

substrate. 

It was observed that addition of LPMO to the cellulase mixture, resulted in the boosted 

production of cellobiose. The control reaction with 25 mg Celluclast®/g of substrate lead 

to the release of 145.7 mg CB/g of substrate, with a cellobiose to glucose ratio of 21.8. 

Addition of 2.5 mg LPMO/g of substrate resulted in a significant increase of 220.9 g 
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cellobiose/g of substrate. LPMO action also resulted in an increased release of glucose 

monomers without compromising cellobiose yield. However, adding an additional 

enzyme loading of 2.5 mg Celluclast®/g of substrate to the control reaction (total loading 

of 27.5 mg Celluclast®/g of substrate) showed no significant changes in neither cellobiose 

nor glucose yields, which proves that the increase in sugar release can be solely attributed 

to the LPMO action and not to the increased protein content. 

Table 2. Synergistic effect of PcLPMO9D with Celluclast® for the production of cellobiose 

 

       Conditions 

 

CB 

(% w/w) 

 

Glu 

(% w/w) 

 

CB:Glu 

 

mg CB/g 

Substrate 

 

% CB 

Increase 

 

% Glu 

Increase 

25 mg enzyme/g sub 16.0 ± 1.7 0.7 ± 0.1 21.8 145.7 0 0 

25 mg enzyme/g sub + 

2.5 mg PcLPMO9D/g sub 

24.3 ± 1.2 1.9 ± 0.1 13.1 220.9 51.5 151.6 

27.5 mg enzyme/g sub 16.0 ± 1.0 0.7 ± 1.0 21.8 145.4 0 0 

 

As the β-glucosidase still remained inhibited in the cellulase mixture with LPMO, the 

observed sharp increase in glucose monomers without compromising cellobiose yield, was 

clearly due to the depolymerization of cellulose chain by LPMO, and its synergy with 

other cellulases such as cellobiohydrolases, and not at the expense of cellobiose. This shows 

the significant role of LPMOs along with other cellulases, in better exploitation of 

lignocellulose towards the production of value added, prebiotic food grade sugars. 
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4.2 LPMOs and reducing agents 

4.2.1 Lignin as a reducing agent for LPMO, and its dependence on 

pretreatment 

In nature, the ability of LPMOs to utilize lignin present in lignocellulose as electron source, 

is important for the functioning of the LPMO and thereby the host organism. Other lignin 

active enzymes may also assist in this process. In a biorefinery, though pretreatment 

removes majority of the lignin present in the feedstock, it leaves certain percentage of 

residual that could act as electron donors for LPMOs. Since pretreatment influences the 

properties of the cellulose substrate as well as the component lignin, it would be important 

to tailor the pretreatment-substrate-LPMO combination for the most efficient 

saccharification and depolymerisation. In paper 3, the ability of different LPMOs to access 

lignins in the biomass from various sources, after different pretreatments, are evaluated. 

Substrate-bound lignin 

Activity of LPMOs of three different regiospecificities, namely MtLPMO9H with C1/C4 

regioselectivity [137], PcLPMO9D which is C1-active [36] and a C4-active NcLPMO9C, 

on different biomass sources softwood (spruce), hardwood (birch), and wheat straw, treated 

with different pretreatment methods (Table 3) was evaluated. The enzymes’ ability to use 

substrate-bound lignin in these different lignocellulose sources as electron donor was 

assessed in the presence and absence of additional reducing agent.  

Reactions were conducted with 3% (w/v) dry matter of the substrate, in 400 μL final 

reaction volume with an enzyme loading of 30mg/g of substrate, at 50 °C, for 24 h, under 

agitation of 1100 rpm. 100 mM phosphate-citrate buffer of pH5 was used for the reactions 

with PcLPMO9D and MtLPMO9H and 100 mM sodium acetate buffer of pH 6 in case of 

NcLPMO9C. 1 mM ascorbic acid was used as an external reducing agent. 

It was observed that all the three LPMOs tested on pretreated forest and agricultural 

substrates, were found active and were able to drive their reaction with the help of substrate 

bound lignin as electron sources. However, PcLPMO9D and NcLPMO9C showed better 

activity in the presence of additional ascorbic acid, while MtLPMO9H preferred the lignin 

present in the substrate as electron donor.  
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Comparing pretreatments of each feedstock, steam exploded and acid catalyzed organosolv 

pretreatments seemed better in terms of sugar release, than organosolv pretreatment 

without acid; more specifically, steam explosion for spruce (SE-S) and organosolv with 

acid for birch (OS-A-B). 

LPMOs showed higher sugar release in spruce from steam explosion (SE-S) and organosolv 

(OS-S) treatment over birch from the same pretreatments (SE-B and OS-B). However, 

organosolv pretreatment with acid, favored birch (OS-A-B) to be a better substrate for 

LPMO, in terms of sugar release, than spruce (OS-A-S). This shows the significance of 

choosing the right pretreatment method for each biomass, in terms of LPMO action, for 

maximum saccharification. 

Bulk lignin 

In the second part of the study, the ability of the three LPMOs to utilize lignin fractions 

isolated from different pretreated lignocellulose substrates as electron donors, was evaluated 

on model substrate phosphoric acid swollen cellulose (PASC) and compared with the 

activity with ascorbic acid as electron donor. Reactions were carried out at same conditions 

as of natural substrates, except the reduction in substrate concentration to 2% (w/v) and 

enzyme loading to 25mg/g of substrate. 

Additionally, the properties of isolated lignin, such as molecular weight, size distribution 

(Table 4), composition of aromatic and aliphatic hydroxyl groups (Table 5), reduction 

potential etc. was evaluated (not included in this thesis). 

It was observed that all the three LPMOs were able to use all lignin types as reducing 

agents and between the enzymes, MtLPMO9H seemed most receptive in accepting 

electrons from isolated lignin, than PcLPMO9D and NcLPMO9C. However, all the three 

enzymes showed higher sugar release in the presence of ascorbic acid, than lignin. 

Among the lignins, the ones isolated from the liquid fraction of spruce and birch after acid-

catalyzed organosolv pretreatment (OS-A-S-LF and OS-A-B-LF), served as the best 

candidates for donating electrons. From the analysis of lignins (not part of the thesis), it 

was found that these lignin fractions have the lowest molecular weight and highest 

aromatic content and more uniform mass distribution with a low PDI value than others 

lignins which explains their reactivity as reported before [90]. 



 
34

 

 

T
ab

le
 5

: A
m

ou
nt

 o
f a

lip
ha

tic
 a

nd
 a

ro
m

at
ic

 O
H

 in
 m

m
ol

/g
 li

gn
in

. 
  

H
T

-A
-W

S 
SE

-S
 

SE
-B

 
O

S-
S 

O
S-

B
 

O
S-

A
-S

 
O

S-
A

-B
 

O
S-

S-
L
F
 

O
S-

B
-L

F
 

O
S-

A
-S

-L
F
 

O
S-

A
-B

-L
F
 

al
ip

ha
tic

 O
H

 
1.

08
 

1.
19

 
3.

45
 

1.
95

 
7.

26
 

0.
95

 
1.

02
 

2.
97

 
3.

22
 

1.
57

 
0.

67
 

ar
om

at
ic 

O
H

 
1.

82
 

2.
76

 
1.

46
 

1.
78

 
0.

97
 

2.
28

 
1.

58
 

2.
45

  
1.

69
  

3.
15

 
3.

25
 

  T
ab

le
 4

: 
T

he
 w

ei
gh

t-
av

er
ag

e 
m

ol
ec

ul
ar

 w
ei

gh
t (

M
w
) a

nd
 n

um
be

r-
av

er
ag

e 
m

ol
ec

ul
ar

 w
ei

gh
t (

M
n)

 a
nd

 d
isp

er
sit

y 
in

de
x 

(P
D

I)
 o

f t
he

 li
gn

in
 fr

ac
tio

ns
. 

 
H

T
-A

-W
S 

SE
-S

 
SE

-B
 

O
S-

S 
O

S-
B

 
O

S-
A

-S
 

O
S-

A
-B

 
O

S-
S-

LF
 

O
S-

B
-L

F 
O

S-
A

-S
-L

F 
O

S-
A

-B
-L

F 

M
n 

12
62

 
11

38
 

17
98

 
27

94
 

30
41

 
19

87
 

13
64

 
10

17
 

14
42

 
98

0 
98

3 

M
w
 

38
19

 
28

86
 

13
44

7 
16

54
3 

19
71

4 
95

95
 

34
88

 
28

32
 

80
41

 
18

90
 

17
80

 

PD
I 

3,
03

 
2,

54
 

7,
48

 
5,

92
 

6,
48

 
4,

83
 

2,
56

 
2,

79
 

5,
58

 
1,

93
 

1,
81

 

  



 35 

In addition, they also had the lowest reduction potential among other fractions, which 

would facilitate an easy electron transfer.  

Similarly, from the analysis of insoluble lignin fractions isolated from the substrates, it 

showed that for spruce lignin, steam explosion (SE-S) resulted in lowest molecular weight 

with highest aromatic content, while for the birch it was the acid catalyzed organosolv 

method (OS-A-B). Low molecular weight lignins with high aromatic content are more 

efficient electron donors to LPMOs, and this explains the high sugar release observed from 

these substrates.  

However, despite the favorable factors for the reactivity, such as the low molecular weight 

and high aromatic content, the reduction potentials of lignins were still higher than the 

formal potential of LPMOs, which would in fact make the electron transfer between them 

thermodynamically infeasible. However, from further investigation, the presence of low-

molecular-weight phenols was detected, as reported before [82, 85, 88], that are diffused 

into the reaction medium by the bulk lignins. This concludes that the bulk insoluble lignins 

serve as an electron donor, not by directly interacting with LPMOs but by releasing small 

soluble molecules with lower reduction potentials that act as mediator between enzyme 

and bulk lignins. 

“In a long-range electron transfer, bulk lignin works as a source of electrons, while low-molecular 

phenols shuttle the electrons to LPMOs and being oxidized; after the oxidation, these phenols are 

reduced back by an electron donation from the bulk lignin, thus capable to restart a new electron 

delivery.”  

This study shows the huge role of the biomass pretreatment method in the quality, 

reactivity and reduction potential of both bulk lignins and the small soluable fractions. In 

terms of selection of pretreatment methods for biomass fractionation, steam explosion and 

acid catalyzed organosolv treatment were the most suitable processes that yielded solid 

pulps that were amenable to LPMO action. For spruce, steam explosion pretreatment was 

the best and it resulted in a substrate containing lignin of lowest molecular weight and 

highest aromatic content. In case of birch, the best results were achieved with acid 

catalyzed organosolv treatment. These observations prove the importance of choosing the 

right pretreatment method of biomass, to prepare it for treatment with LPMOs or LPMO-

containing cellulolytic cocktails.  
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This study was primarily focused on the effect of pretreatment on the lignin (which was 

once considered as an unwanted waste material in many industrial processes with 

lignocellulose) properties, which would help to design a biorefinery process that involves 

LPMOs. However, more understanding on the characteristics of lignin, and soluble 

phenols as electron transfer agents, also throw light into their role in nature and the 

functioning of LPMO in a fungal mechanism.  

In addition to being an electron donor for LPMOs, lignins, with their exceptional and 

complex chemical properties, and the close co-existence with fungal substrates, might play 

more roles in nature, like substrate recognition for the lignocellulose degraders, as some 

fungi shows difference in growth behavior when grown on pure model substrates. The 

poor growth of a known biomass degrading fungi Malbranchea cinnamomea on pure model 

cellulose substrates [138], despite of the large number of encoding genes of cellulolytic 

enzymes and LPMOs, might show the importance of complex natural substrates, and the 

possibility of compounds like lignins to act as signal factors, in fungal growth. 
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4.3 Modification of cellulose fibers by LPMO  

4.3.1 LPMO assisted isolation and modification of nano-scale cellulose 

from birch 

Nanocellulose is one of the high value products isolated from cellulose sources such as 

lignocellulose, which has a wide range of applications from polymer composites to super-

capacitors [119]. Lignocellulose, though a rich source of cellulose, nanocellulose isolation 

from it is challenging due to its recalcitrance and heterogeneity. To overcome this, it is 

traditionally processed by a set of tedious and expensive chemical as well as mechanical 

methods. In addition to the high energy needs and cost, these processes also have significant 

environmental impact, and the use of harsh chemicals might limit the application of the 

nanocellulose in areas such as medicine due to toxicity [139-141]. 

LPMOs are known to introduce carboxyl groups on the cellulose fiber surface that 

increases the repulsive force between the fibers, leading to their defibrillation. This 

property of LPMO has a great potential to facilitate nanocellulose isolation from cellulosic 

polymers [78]. 

In the paper 5, the ability of LPMO, along with two endoglucanases (cellulase), a xylanase 

(hemicellulase) and a laccase (lignin-modifying oxidative enzyme), in the isolation of 

sulphate-free nanocellulose from organosolv pretreated birch biomass was studied, with 

the aim to replace the use of chemicals with enzyme-catalysed steps. Additionally, its ability 

to enhance the carboxyl groups and the difference it brings in the fiber morphology were 

also evaluated. 

Three different routes were chosen to isolate nanocellulose from the organosolv pretreated 

birch biomass, which includes the traditional acid-catalyzed chemical process and two 

separate enzymatic pathways with different combinations of hydrolases and accessory 

enzymes, as shown in Figure 11. In Route 1, the substrate birch was alkaline treated, to 

remove hemicellulose and lignin, with 5 wt. % KOH solution for 6h under stirring, 

followed by four times bleaching with 0.19 M sodium chlorite in 0.3 M sodium acetate 

buffer, at 80 °C for 6 h, under agitation, to obtain Cellulose Chem. 
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Figure 11 : Extraction of bleached cellulose from organosolv pretreated birch biomass by chemical and 
enzymatic methods. 

In Route 2 and 3, KOH treatment was replaced by enzymatic treatment, with enzyme 

cocktail A and cocktail B respectively, followed by one single bleaching step to obtain 

bleached Cellulose E and Cellulose EL respectively. Cocktail A is composed of a mixture 

of endoglucanase 5 from Talaromyces emersonii (Megazyme) and endoglucanase 7 from 

Trichoderma longibrachiatum (Megazyme), together with laccase from the fungus Pycnoporus 

cinnabarinus (kindly provided by Beldem, Belgium) and xylanase (ACCELERASE® XY, 

Genecor). Cocktail B contains all enzymes of cocktail A and additionally the C1-specific 

LPMO, PcLPMO9D. Enzyme reactions were performed at 50 °C, in sodium acetate buffer 

of pH 5.0, in the presence of 1 mM ascorbic acid for 24 h, in 1000 rpm agitation, with all 

enzymes at a final concentration of 5 mg/g substrate. 

 

Figure 12: Isolation of nanocellulose from bleached cellulose through chemical (route 1) and enzymatic 
channels (route 2 and 3)  

 

Cellulose Chem

Cellulose E

Cellulose EL

Route 1

Route 2

Route 3
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The amorphous regions of the bleached cellulose samples were removed by two 

approaches (Figure 12), either by sulphuric acid hydrolysis (61% wt.for route 1 and slightly 

reduced 55% wt. for route 2A and 3A, at 70 °C for 20 min with vigorous stirring), or 

enymatic treatment with a combination of EG5 and EG7 (10 mg of each enzyme/g of 

substrate, with reaction conditions same as enzyme cocktail treatments) for routes 2B and 

3B, yielding five nanocellulose fractions named NcCA (Cellulose Chem-Acid hydrolysed), 

NcEA (Cellulose E-Acid hydrolysed), NcEE (Cellulose E-EG hydrolysed), NcELA (Cellulose EL-

Acid hydrolysed), NcELE (Cellulose EL-EG hydrolysed). 

Ability to introduce carboxyl (-COOH) groups by LPMOs on sulphated and non-

sulphated nanocellulose was evaluated on nanocellulose from chemical route NcCA and 

enzymatic routes NcEE and NcELE using MtLPMO9H with C1/C4 regioselectivity [137], 

and PcLPMO9D which is C1 active [36], to obtain six fractions (Table 6) namely NcCA-

Mt, NcEE-Mt, NcELE-Mt and NcCA-Pc, NcEE-Pc, NcELE-Pc. LPMO treatments were 

performed with an enzyme loading of 10 mg/g substrate for 12h with rest of the conditions 

same as previous ones.  

Effect of enzyme pretreatment 

The effect of enzymatic (cocktail A and B) pretreatment in the morphology of the 

organosolv treated sample was evaluated using SEM, prior to any alkaline and/or bleaching 

step. It was observed that the enzyme cocktail treatments (Route 2 and 3) significantly 

changed the hairy, uneven morphology of the organosolv pretreated sample to a smooth 

and polished texture, indicating the possible removal of exposed amorphous regions. 

However, no clear differences could be observed between the two enzyme pretreated 

fractions (route 2 and 3). In the process of complete removal of hemicellulose and lignins, 

enzymatic pretreated samples could skip the KOH treatment and also reduce the bleaching 

process to a single step than the four step chemical pathway. Individual effect of LPMO 

(cocktail B) could not be observed in this as the cocktail A treatment already reduced the 

chemical bleaching to a single step. 
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Surface morphology  

Morphology of the nanocellulose was analyzed using Atomic force microscopy (AFM) 

(Figure 13). Similar fiber widths were observed on NcCA, NcEA, NcELA, which shows 

that the enzymatic pretreatment could successfully reduce the chemical treatments, to 

obtain the final nanocellulose of similar morphology.  

 
Figure 13: AFM data showing the diameter of the nanoscale cellulose before and after LPMO treatments 

However, differences were observed between sulphuric acid and endoglucanase mixture 

treated ones from route 2 (NcEA and NcEE) and route 3 (NcELA and NcELE). While 

sulfuric acid treatments resulted in cellulose nanocrystals (CNCs) of more defined width 

range, endoglucanase treatment delivered a combination of interconnected cellulose nano 

fibrils (CNFs) and CNCs of a wide range of diameter. Further optimization of enzyme 

mix for better removal of amorphous regions might resolve this, to obtain nanocellulose 

that are comparable to the ones from sulphuric acid treatment. Between the endoglucanase 
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treated ones, NcELE showed slightly thinner fibers compared to NcEE, which most likely 

is due to the effect of LPMO in the pretreatment. Post treatment of nanocellulose with 

LPMOs showed a dramatic reduction in the diameter, resulting in fibers with a high aspect 

ratio. MtLPMO9H showed a profound role in this than PcLPMO9D. 

Surface chemistry 

Surface chemistry of the nanocellulose was analysed by X-ray photoelectron spectroscopy 

(XPS) to evaluate the presence of carboxyl and sulphate groups (Table 6). It was observed 

that all nanocellulose samples have the presence of carboxyl groups.  It has been reported 

previously that chemical bleaching would introduce [121, 142] carboxyl groups on 

cellulose surface, which goes in accordance to the observation here. However, this 

carboxylation maynot be in the C1 position. 

Table 6: X-ray photoelectron spectroscopy data of the nanocellulose before and after the treatment of 
MtLPMO9H and PcLPMO9D. 

Sample   -COOH SO4
2- 

NcCA   0.78 0.27 

NcCA-Pc   0.74 0.12 

NcCA-Mt   0.66 0.16 

NcEA   0.36 0.13 

NcEE   0.56 - 

NcEE-Pc   1.26 - 

NcEE-Mt   0.95 - 

NcELA   0.51 0.18 

NcELE   0.79 - 

NcELE -Pc   1.55 - 

NcELE -Mt   0.6 - 

 

NcCA from the route 1 with four bleaching steps showed the highest carboxyl content 

compared to NcEA and NcELA, which had only one bleaching step. Among the 

nanocellulose obtained from single bleaching steps (route 2 and 3), effect of LPMO from 

the pretreatment cocktail was observed. Between the two routes, NcELE and NcELA from 

route 3 showed higher carboxyl content than NcEE and NcEA respectively, which shows 

the possbile introduction of carboxyl groups during pretreatment with cocktail B where 

PcLPMO9D was present. Within the same route, acid treated fractions (NcEA and NcELA) 
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showed a lower carboxyl content than their endoglucanase treated counterparts (NcEE 

and NcELE), which might be due to the removal of those regions by acid. Regarding the 

sulphate groups, all the acid treated nanocellulose showed its presence and the ones 

obtained from the enzymatic routes were devoided of sulphate groups. 

In the post-treatment of nanocellulose with LPMOs, PcLPMO9D, the stronger C1 active 

LPMO significantly increased the carboxyl content of all the nanocellulose fractions from 

enzyme routes, than C1/C4 MtLPMO9H. MtLPMO9H showed increase in the carboxyl 

content on NcEE but not on NcELE, the nanocellulose that already have the presence of 

C1 carboxyl groups. None of the LPMOs could enhance the carboxyl content of 

chemically obtained nanocellulose NcCA.  

In general, the presence of LPMO in the pretreatment cocktail showed clear differences 

in the chemistry of the obtained nanocellulose. NcELE and NcELA showed higher carboxyl 

content than their counterparts from route 2, NcEE and NcEA. In the morphology, 

NcELE showed slighly thinner fibers than NcEE. The absence of any considerable 

difference between NcEA and NcELA, and their similarity to NcCA, shows that, the 

stronger sulphuric acid treatment evened the fine differences from the pretreatments. This 

also shows that acid treatment could bring cellulose nanocrystals of similar morphologies, 

irrespective of the pretreatment path chosen. 

The effect of the presence of  LPMO in the pretreatment cocktail to reduce the chemical 

usage could not be evaluated as the one without LPMO (cocktail A) could already reduce 

the chemical usage to minimal. This might be due to the high enzyme load of enzymes in 

the cocktails, which requires more careful optimization to avoid enzyme wastage. 

Customizing the enzyme mixture, by reducing the enzyme load of other celluolytic 

enzymes might enable to observe the individual effect of LPMO in reducing the chemical 

usage.  

Regarding the post treatment, in general, it was observed that LPMOs were able to modify 

the nanocellulose in terms of defibrillation and enhanced carboxyl content for the non-

sulfated cellulose nano fibers (CNFs). However, their distinct behavior on sulphated 

nanocellulose crystals (CNC) needs further attention. While both LPMOs significantly 

changed the morphology in terms of reduced particle width, according to the obtained 
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XPS data, none of the them showed enhancement in the carboxyl content of chemically 

obtained nanocellulose NcCA.  

One rare possibility is that these two traits of LPMOs are not mutually exclusive on certain 

substrates like sulphated nano cyrstals. Observed thinner fibers from C1/C4 MtPMO9H 

action, than the strong C1 active PcLPMO9D (with higher carboxylation than the 

MtPMO9H) might be due to this.  It has been previosly shown the defibrillation ability of 

C1 active LPMO on sulphated nanocrystals [70] and release of soluble sugars, but its 

correlation to introduction of carboxyl groups was not studied.  

Another scenario is that, LPMOs were indeed active on NcCA, resulting in thinner fibers 

with reduced sulphate content (due to the removal of those regions by enzyme action). It 

also introduced carboxyl groups with C1 specificity as expecetd, but the enzyme action 

resulted in the removal of already existed carboxyl groups (introduced from bleaching 

stage). Since NcCA had high amount of pre-existed unspecifc carboxyl groups than NcEE 

and NcELE, the new introduction of C1 specific carboxyl groups by LPMOs were perhaps 

lower or equal to the amount of carboxyl groups the substrate lost due to enzyme action, 

resulting in a no net increase. As XPS is an unspecific detection method for the location 

specificity of carboxyl groups, this scenario could not be evaluated with the obtained data. 

Crystallinity is a highly desired property of nanocellulose, and as TEMPO introduces 

carboxyl groups without compromising crystallinity a lot [120], it is also an important 

factor to be considered when the process is replaced with LPMOs. Though LPMO offers 

significant increase of carboxyl content with C1 specificity, and enhanced defibrillation 

with thinner fibres, its impact on crystallinity also needs to be considered when designing 

a process to generate nanocellulose of desired properties.  

As LPMOs are known to show differential activity on cellulosic substrates of different 

crystallinity [130] and certain LPMOs are shown to increase the carboxyl content, without 

reducing crystallinity [143],  choice of the right LPMO is one of the important parameters 

for the process of nanocellulose isolation. In this context, it would also be worth 

consideration to have a process with a combination of different LPMOs, i.e., a stronger 

defibrillating LPMO in the pretreatment stage and for post treatment a milder one that 

doesn’t affect crystalline regions but enhances the carboxyl content. 
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In any case, though  required one bleaching, the total enzymatic pathways could result in 

nanocellulose with comparable properties to that of total chemical pathways. Further 

optimizations however would be required in replacing sulphuric acid treatment with 

endoglucanses, to reach the grade of CNCs. However, since nanocellulose of both kinds 

have their own distinct applications, both processes have their advantages considering the 

final use of the produced nanocellulose.  

Though an an ideal process of nanocellulose shall be designed only after evaluating many 

factors of both pros and cons depending on its final applications, the biggest significance 

of this study with enzymatic isolation of nanocellulose is when the feedstock comes as the 

residual byproduct of a biorefinery after saccharification. 

 

 

  



 45 

5. Conclusions  

In this thesis, the potential of the novel oxidative class of cellulolytic enzymes, lytic 

polysaccharide monooxygenases from various fungal origins, in terms of their ability to 

depolymerize and modify lignocellulose substrates, was investigated. 

Difference in substrate specificities, as well as ability in coordinated action with other 

cellulolytic enzymes, along with dependency on various pretreatments to access substrate 

bound lignin as electron donors to degrade cellulose and modify cellulose fibers were 

studied. A deductive reasoning from the findings can be applied towards designing a 

biorefinery process with LPMOs, for a better biochemical process of refining 

lignocellulose, in the production of value added products.  

On the other hand an inductive reasoning from the results provided more understanding 

of the mechanism, role and importance of LPMO in fungal system in nature for 

lignocellulose degradation, though more data would have been helpful to fully understand 

some observations. For example, the ability of MtLPMO9H to access substrate bound 

lignins better than other LPMOs, as well as its preference to substrate bound lignin over 

ascorbic acid.  

Many studies on LPMOs are based on model substrates, and observations and findings 

from those ‘clean reactions’ might not be always representing an actual industrial process 

involving LPMOs, with the real and complex natural substrates. This thesis hopes to bring 

more information towards such ‘natural’ processes.  

Though different scenarios which are ‘best’ for LPMO action have been identified in this 

study, one still has to tailor a process towards the best outcome. For example, organosolv 

acid treatment may give better substrate for LPMO from birch, but may not be suitable 

for nanoscale cellulose isolation, due to the presence of sulphate content. 

Further research would be needed to develop the most optimized design for a feasible 

process of refining of lignocellulose, with LPMOs. Working on real substrates may bring 

many side reactions that would affect the feasibility of a process involving LPMOs. For 

example, in reactions with clean model substrates, using H2O2, as co-substrate may enhance 

the reaction of LPMO compared to O2. However, with lignin rich substrates, the highly 
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reactive H2O2 may undergo various side reactions with lignins or lignin derived 

compounds that may affect the overall process.  

In addition, to design a process with optimal depolymerisation or modification of 

lignocellulose, several fundamental challenges with LPMOs also needs to be addressed. 

One of the common problems is the oxidative damage or the self-inactivation of substrate 

unbound LPMOs, in the presence of reducing agents. 

Despite of all the current challenges, this enzyme, once considered as a weak 

endoglucanase, has indisputably evolved into one of the vital class of enzymes when it 

comes to lignocellulose degradation. With its remarkable abundance in nature from virus 

to arthropods, the possibility of existence of functionalities other than oxidative 

degradation of crystalline polysaccharides cannot be denied. LPMOs are mostly studied for 

their coordination with other cellulases, but considering their activity on hemicelluloses 

and the repertoire of other carbohydrate active listed in CAZy, the likelihood for a more 

‘complex-coordination’ with enzymes other than cellulases is possible. The coming years 

of research around this enzyme might offer more exciting answers about its function in 

nature, which would hopefully be exploited for building a sustainable economy from 

renewable resources like lignocellulose. 
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Abstract 

Background: Filamentous fungi are among the most powerful cellulolytic organisms in terrestrial ecosystems. To 
perform the degradation of lignocellulosic substrates, these microorganisms employ both hydrolytic and oxidative 
mechanisms that involve the secretion and synergism of a wide variety of enzymes. Interactions between these 
enzymes occur on the level of saccharification, i.e., the release of neutral and oxidized products, but sometimes also 
reflected in the substrate liquefaction. Although the synergism regarding the yield of neutral sugars has been exten-
sively studied, further studies should focus on the oxidized sugars, as well as the effect of enzyme combinations on 
the viscosity properties of the substrates.

Results: In the present study, the heterologous expression of an endoglucanase (EG) and its combined activity 
together with a lytic polysaccharide monooxygenase (LPMO), both from the thermophilic fungus Myceliophthora 
thermophila, are described. The EG gene, belonging to the glycoside hydrolase family 5, was functionally expressed 
in the methylotrophic yeast Pichia pastoris. The produced MtEG5A (75 kDa) featured remarkable thermal stability and 
showed high specific activity on microcrystalline cellulose compared to CMC, which is indicative of its processivity 
properties. The enzyme was capable of releasing high amounts of cellobiose from wheat straw, birch, and spruce 
biomass. Addition of MtLPMO9 together with MtEG5A showed enhanced enzymatic hydrolysis yields against regen-
erated amorphous cellulose (PASC) by improving the release not only of the neutral but also of the oxidized sugars. 
Assessment of activity of MtEG5A on the reduction of viscosity of PASC and pretreated wheat straw using dynamic vis-
cosity measurements revealed that the enzyme is able to perform liquefaction of the model substrate and the natural 
lignocellulosic material, while when added together with MtLPMO9, no further synergistic effect was observed.

Conclusions: The endoglucanase MtEG5A from the thermophilic fungus M. thermophila exhibited excellent proper-
ties that render it a suitable candidate for use in biotechnological applications. Its strong synergism with LPMO was 
reflected in sugars release, but not in substrate viscosity reduction. Based on the level of oxidative sugar formation, 
this is the first indication of synergy between LPMO and EG reported.

Keywords: Myceliophthora thermophila, Endoglucanase, Pichia pastoris, Processivity, LPMO, Viscosity

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Open Access

Biotechnology for Biofuels

*Correspondence:  anthi.karnaouri@ltu.se; paul.christakopoulos@ltu.se 
1 Biochemical Process Engineering, Chemical Engineering, Department 
of Civil, Environmental and Natural Resources Engineering, Luleå 
University of Technology, Luleå, Sweden
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13068-017-0813-1&domain=pdf


Page 2 of 17Karnaouri et al. Biotechnol Biofuels  (2017) 10:126 

Background
Cellulolytic enzymes are portrayed as the key factors 
implied in the natural biodegradation processes in which 
plant materials are efficiently degraded by cellulolytic 
protozoa, bacteria, actinomycetes, and fungi [1]. Fila-
mentous fungi are extensively studied candidates for 
decomposition of organic matter and, more specifically 
of lignocellulosic substrates [2]. Myceliophthora ther-
mophila, a filamentous fungus that belongs to the phy-
lum Ascomycota, features an exceptionally powerful 
cellulolytic system for the degradation of biomass [3]. 
The system of M. thermophila consists of a repertoire 
of enzymes with endoglucanase (EG), cellobiohydrolase 
(CBH), and β-glycosidase (BGL) activity [4]. Through-
out the genome of this fungus, there are eight nucleotide 
sequences encoding EG activity, distributed to glycoside 
hydrolase (GH) families 5, 7, 12, 45, all predicted to be 
secreted and possess several O- and N-glycosylation sites 
[5]. Four enzymes (EG60, EG51, EG28, and EG25 belong-
ing to families GH5, 7, 12, and 45, respectively) have been 
isolated from the culture broth of the C1 mutant strain 
of M. thermophila [6, 7], while one EG from family GH5 
(StCel5A) has been heterologously expressed in Aspergil-
lus niger [8]. Another EG from family GH7 (MtEG7a), 
expressed in Pichia pastoris, represents one of the most 
thermostable fungal enzymes reported up to date, with 
high activity on substrates containing β-1,4-glycosidic 
bonds [9]. EGs typically degrade cellulose chain by ran-
domly attacking internal sites, thereby creating new 
chain ends and liquefying rapidly and efficiently high-sol-
ids lignocellulosic substrates [9]. Fungal EGs belonging 
to family GH5, hydrolytically cleave the glycosidic link-
ages of their substrates using the double-displacement 
retaining mechanism [10]. It has been shown that some 
of them possess active site tunnels capable of simultane-
ous substrate binding and catalysis, so the enzyme has 
the ability to catalyze consecutive sugar cleavage without 
releasing the substrate during its passage [11, 12]. This 
characteristic, called processivity, improves the catalytic 
efficiency for hydrolysis of crystalline substrates and is 
mainly attributed to CBHs [13]; however, there have been 
reported EGs with processive activity, which release solu-
ble oligosaccharides before detaching from the substrate 
[14]. Apart from their implications for biofuel produc-
tion, EGs have been used together with other cellulases 
and hemicellulases in numerous industrial applications, 
involving their use in fiber modification [15], reduc-
tion of the viscosity of pulps and juices in food industry, 
as well as processing of non-starch compounds in food 
technology [16]. Until recently, only hydrolytic enzymes, 
like EGs and CBHs, were thought to play a role in the 
degradation of recalcitrant cellulose and hemicelluloses 

to fermentable sugars. Recent studies demonstrate that 
enzymes from the auxiliary activities (AAs), especially 
the recently discovered AA9 family (previously GH fam-
ily 61), show lytic polysaccharide monooxygenase activ-
ity (LPMO) and have a substantial effect when combined 
with common cellulases [17, 18]. LPMOs are metalloen-
zymes that have been shown to enhance the hydrolytic 
potential of a cellulase mixture during the enzymatic 
hydrolysis of lignocellulosic substrates [19]. LPMOs’ 
oxidative mechanism to cleave cellulose is thought to be 
mediated through a divalent metal ion coordinated by 
a histidine-brace. The three nitrogen ligands of the lat-
ter are provided by the amino group and side chain of 
an N-terminal His residue and the side chain of a sec-
ond His residue. LPMO active site is planar, in contrast 
to cellulolytic hydrolases that possess a channel or cleft 
shape active site and cleave cellulose by a mechanism that 
involves the conserved carboxylic acid residues located 
within this site [20–22]. Although a generalized model 
mechanism of LPMOs’ action has not yet been verified, 
the oxidation at the C1 and/or C4 carbon in the glucose 
ring structure [23] and the need of a reductant cofactor 
are highlighted as the most represented common fea-
tures of these enzymes [21, 24]. This cofactor works as 
an external electron donor to enhance LPMO’s activity 
and can be lignin [23]. Cannella et  al. [25] showed that 
around 4.1% of the glycosidic bonds in cellulose were oxi-
datively cleaved by LPMO enzymes, thus facilitating the 
access of hydrolytic enzymes to the substrate. LPMOs 
have been suggested to promote the amorphogenesis of 
the substrate, thus enhancing the effectiveness of cel-
lulase enzymes [26]. TtPMO1 isolated from Thielavia 
terrestris [27] and MtLPMO9 from M. thermophila [28, 
29] have been shown to considerably enhance the glu-
cose release from cellulosic substrates when added to a 
cellulase cocktail. A direct correlation between sacchari-
fication yields and LPMO activity levels of commercial 
enzyme cocktails has been reported, indicating the key 
role of LPMOs in biomass degradation [30]. Strong syn-
ergistic effects of LPMOs with EG I and CBH I reported 
in the literature are indicative of the cooperative inter-
actions of the monooxygenases with specific cellulolytic 
activities [28, 31].

In this study, the cloning, heterologous expression, and 
characterization of a GH5 EG from M. thermophila are 
described. The corresponding gene was isolated from the 
fungal genomic DNA, then cloned and amplified in E. coli 
strains and finally heterologously expressed in P. pasto-
ris. The recombinant protein was secreted to the culture 
medium, purified to homogeneity, and characterized. The 
productivity of P. pastoris in shake flasks is typically low 
and is improved greatly when the expression was carried 
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out in bioreactor. The controlled environment of the bio-
reactor resulted in an efficient growth of the organism 
to high cell densities. Moreover, P. pastoris cells grown 
in bioreactor are fed with methanol at growth-limiting 
rates; this state has been reported to trigger the tran-
scription and, subsequently, the expression initiated by 
the AOX1 promoter in higher levels compared to batch 
cultures where cells grow in excess of methanol [32]. 
Therefore, improving the fermentation methodology is 
essential for P. pastoris-based processes, including sub-
strate feeding strategies, oxygen supplementation to 
allow higher cell densities while avoiding oxygen limita-
tion, and mixed-substrate feeding strategies [33–35]. In 
this study, two basic strategies were followed for EG pro-
duction. These strategies include control of proteolysis 
through low temperature and addition of amino acid-rich 
supplements to the culture medium, as well as smooth 
transition of cell culture from glycerol to methanol feed 
phase. This procedure resulted in the successful produc-
tion of the recombinant protein in the culture medium at 
high levels. Characterization of the enzyme properties, 
as well as the mode of action in concert with MtLPMO9 
from M. thermophila is also described.

Methods
Enzymes and chemicals
KOD Hot  Start® DNA polymerase was obtained from 
Novagen (USA) and restriction enzymes were obtained 
from TAKARA (Japan). Nucleospin Gel Clean-up and 
GeneJET Plasmid Miniprep kits were purchased from 
Macherey–Nagel (Germany) and Fermentas (USA), 
respectively. Carboxymethyl cellulose (CMC) and cello-
oligosaccharides (DP 2–5) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Cellohexaose and barley 
β-glucan were purchased from Megazyme, while micro-
crystalline cellulose Avicel was from Merck (Darmstadt, 
Germany). All other chemicals used in this study were 
of analytical grade. Phosphoric acid swollen cellulose 
(PASC) was prepared from Avicel, following the protocol 
initially described by Wood [36]. In order to estimate the 
conversion of crystalline to amorphous cellulose, a PAN-
alytical Empyrean X-ray diffractometer, equipped with a 
graphite monochromator and a PIXcel3D detector, was 
used to determine the X-ray diffraction (XRD) patterns 
of Avicel and PASC. CuKα radiation with λ =  1.540598 
at 45 kV and 40 mA was used in the 2θ range 5–90ο at 
a scanning speed of 0.026°/s. Hydrothermal pretreat-
ment of wheat straw (Triticum aestivum L.) was con-
ducted using a microwave digestion equipment, at 195 °C 
for 15 min, as previously described for the pretreatment 
of sweet sorghum bagasse [37]. Organosolv-pretreated 
birch and spruce (182 °C for 1 h, 1%  H2SO4, 60% EtOH) 
[38] were used for the hydrolysis experiments.

Strains, growth conditions, and DNA extraction
Myceliophthora thermophila ATCC 42464 stock cultures 
were maintained on agar slants containing 1.5% malt-
peptone, at 4  °C. P. pastoris cultivation was performed 
in shake flasks at 30 °C, following the instructions in the 
EasySelect™ Pichia Expression Kit (Invitrogen, USA). 
Genomic DNA from M. thermophila was prepared and 
isolated according to the procedure described previously 
[39]. For the cloning of the EG and LPMO genes from M. 
thermophila, Escherichia coli One  Shot® Top10 (Invitro-
gen, USA) and Zero  Blunt® PCR Cloning Kit (Invitrogen, 
USA) were used as the host–vector system. For the pro-
tein expression, P. pastoris host strain X33 and the vector 
pPICZαC (Invitrogen, USA) were used.

Cloning of eg5a
For the expression and secretion of MtEG5A, an E. 
coli/P. pastoris shuttle vector, pPICZαC, was used. The 
pPICZαC vector contains the AOX1 promoter that 
ensures the tightly regulated, methanol-induced protein 
expression, the Saccharomyces cerevisiae α-factor secre-
tion signal located upstream of the multiple cloning sites 
and a C-terminal polyhistidine tag [40]. The gene cod-
ing the hypothetical protein MtEG5A (Model ID 86753, 
chromosome 1:2823610-2825549) was PCR amplified 
from genomic DNA using primers EF/ER (see Additional 
file 1: Table S1A) designed according to the available gene 
sequence (http://genome.jgi-psf.org/, DOE Joint Genome 
Institute) [4] including the ClaI and XbaI restriction 
enzyme sites at their respective 5′-ends. For the PCR, a 
high-fidelity KOD Hot  Start® DNA polymerase that pro-
duced blunt ends was used. DNA amplification was car-
ried out with 30 cycles of denaturation (20  s at 95  °C), 
annealing (10  s at 56  °C), and extension (25  s at 70  °C), 
followed by 1 min of further extension at 70 °C. The PCR 
product was cloned into the  pCRBlunt® vector, following 
the instructions described in the Zero  Blunt® PCR Clon-
ing Kit.

The overlap extension polymerase chain reaction 
(OEPCR) technique was adopted for the intron 1 and 
intron 2 removal, using the polymerase KOD Hot  Start® 
[39]. Two complementary DNA primers per intron and 
two external primers (EF/Ee1R, Ee2F/Ee2R, Ee3F/ER; 
see Additional file  1: Table S1B) were used to generate 
two DNA fragments that possess overlapping ends. The 
recombinant plasmid pCRBlunt/eg5a, at an appropriate 
dilution, was used as template DNA and the PCR condi-
tions for each reaction are given as the following: 95  °C 
for 2 min, ensued by 30 cycles of 95 °C for 20 s, anneal-
ing for 10 s and extension step, with a final extension step 
at 70  °C for 1  min. Annealing and extension conditions 
for each fragment are described in Additional file 1: Table 
S1B. The two PCR products were combined together into 

http://genome.jgi-psf.org/
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a “fusion” fragment and amplified further by overlap-
ping PCR due to their complementary fractions, through 
the utilization of the two external primers, EF end ER. 
Overlapping PCR was performed with an initial dena-
turation step at 95 °C for 2 min, followed by 45 cycles at 
95 °C for 20 s, 56 °C for 10 s, 59 °C for 26 s, and a final 
extension step at 70  °C for 1  min. The produced eg5a 
DNA was digested with the restriction enzymes ClaI 
and XbaI, gel-purified, and subsequently cloned into the 
pPICZαC vector. The resulting pPICZαC/eg5a was used 
for the transformation of E. coli TOP10F’cells. After con-
firmation of gene insertion with restriction analysis, the 
recombinant vector was linearized with SacI and trans-
formed into P. pastoris by electroporation.

The transformation of pPICZαC/eg5a into P. pastoris 
and cultivation in shake flasks were performed following 
the protocols described in the EasySelect Pichia Expres-
sion Kit (Invitrogen, USA). The tranformants were iso-
lated on plates containing Zeocin™ at a concentration of 
100 μg/mL.

In order to demonstrate the clone that exhibited the 
highest protein expression levels, different P. pastoris 
single colonies were cultivated in glycerol-containing 
medium for 18–24 h, at 30 °C in a shaker (200 rpm) and 
then inoculated into methanol-containing medium (0.5% 
v/v) for induction of the expression. The protein secreted 
in the culture supernatant was tested for endoglucanase 
activity against β-glucan 1% w/v in 100 mM phosphate–
citrate buffer pH 5.0, after 24 h of incubation at 30 °C and 
200 rpm. The clone with maximal activity was chosen for 
enzyme production and further characterization studies. 
Enzyme production was performed at 30  °C for 6  days 
(200  rpm) with the daily addition of 0.5% v/v methanol 
for the induction.

Production and purification of recombinant MtEG5A
High cell-density cultivation of P. pastoris cells in bio-
reactor was performed in the basal salt medium (BSM), 
following the Pichia Fermentation Process Guidelines 
by Invitrogen, as described previously [41]. P. pastoris 
cells were cultivated overnight in glycerol-containing 
medium that corresponded to 5–10% of the initial biore-
actor volume, at 30  °C under agitation (200 rpm). Then, 
the culture was inoculated to bioreactor BSM medium 
containing 3% glycerol and the temperature, agitation, 
and aeration operating conditions were adjusted to 28 °C, 
800 rpm, and 4 vvm, respectively. 4.35 mL of  PTM1 trace 
salts per liter of the cultivation medium was added asep-
tically and pH was adjusted to 5.0 with 28% ammonium 
hydroxide.

The glycerol batch cultivation in glycerol medium 
lasted for ~24 h and was succeeded by a 5-h step of fed-
batch glycerol one; during this step, 50% w/v glycerol, 

with  PTM1 salts (12  mL/lt glycerol) was fed at an ini-
tial flow rate of 12  mL/h/lt of culture medium and was 
gradually reduced until it was fully consumed. Tempera-
ture was now set to 23  °C and small amount of metha-
nol was added manually with syringe. After glycerol had 
been consumed (as indicated by a sharp increase in the 
dissolved oxygen (DO) tension, a casamino acids solu-
tion was added (3 g/lt medium) and then, a feed of 100% 
MeOH, with  PTM1 salts (12  mL/lt MeOH) was initi-
ated at a flow rate of 1.9  mL/h/lt. During the methanol 
fed-batch phase, the methanol feed rate was increased 
manually, after monitoring the methanol consump-
tion rate indirectly by stopping the feed and checking 
the “lag time.” After 8 h, feed rate was set to 5.46 mL/h/
lt and maintained for ~20 h. Then, the temperature was 
reduced to 21  °C and pure oxygen supply was set to 
maintain DO levels between 15 and 20%. Induction time 
lasted approximately 145–170  h in total. Samples were 
taken and analyzed for the determination of cell growth 
 (OD600 and wet cell weight), protein concentration, and 
endoglucanase activity.

For the purification of the recombinant enzyme, the 
culture supernatant was centrifuged, concentrated 
30-fold using a LabScale Tangential flow filtration system 
(TFF with membrane Pellicon XL Ultrafiltration Mod-
ule Biomax, exclusion size 10  kDa; Millipore, Billerica, 
USA), and dialyzed for 8–12 h at 4  °C against a 20 mM 
Tris–HCl/300  mM NaCl buffer (pH 8.0). MtEG5A was 
then purified by single-step immobilized metal ion affin-
ity chromatography (IMAC) on an ÄKTA Prime Plus 
system equipped with a cobalt-charged resin, at a flow 
rate of 2  mL/min, using 0–100  mM imidazole gradient. 
Fractions (2  mL) containing EG activity were concen-
trated and were checked by sodium dodecyl sulfate-pol-
yacrylamide gel electrophoresis (SDS-PAGE) using 12% 
acrylamide-separating gels. MtEG5A was further pol-
ished using S300 Gel Filtration chromatography column 
to remove trace EG contaminants and eluted in 100 mM 
citrate–phosphate buffer pH 5.0.

Enzyme assay
MtEG5A activity was determined on β-glucan 0.1% w/v 
for 15 min, at 60 °C in 100 mM citrate–phosphate buffer 
pH 5.0. The concentration of reducing ends was deter-
mined using the dinitrosalicylic acid reagent (DNS) [42] 
and glucose for the standard curve. One unit (U) of EG 
activity was defined as the amount of enzyme that lib-
erated 1  μmol of glucose equivalents per minute under 
assay conditions. The amount of protein was estimated 
by the BCA protein assay microplate procedure (Pierce 
Chemical Co., Rockford, IL), following the manufactur-
er’s recommendations, using bovine serum albumin as 
standard [43].
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Enzyme characterization
The optimal temperature of MtEG5A was estimated 
by using the standard assay procedure at temperatures 
varying from 30 to 90 °C. To determine the temperature 
stability, 0.23  mg of purified MtEG5A was incubated at 
various temperatures for different time intervals, and the 
residual activity was measured under the standard assay 
procedure. The optimal pH was determined by the stand-
ard assay at 60 °C over the pH range 3.0–11.0 using either 
0.1 M citrate–phosphate buffer pH 3.0–7.0, 0.1 M Tris–
HCl pH 7–9, or 0.1  M glycine–NaOH buffer pH 9–11. 
The stability at different pH conditions was determined 
after incubating MtEG5A in the above buffers at 4  °C 
for 24 h and measuring the remaining activity under the 
standard assay.

To investigate substrate specificity of MtEG5A, differ-
ent substrates (CMC, Avicel, and PASC) were selected. 
Enzyme activity was determined after incubation in 
0.1  M citrate–phosphate buffer (pH 5.0) containing 
1.0% of each substrate at 60  °C for 15  min (CMC) or 
60 min (Avicel and PASC). The amount of reducing sug-
ars produced was estimated using the DNS method, as 
described above. For studying the hydrolysis products 
of cello-oligosaccharides under the action of the purified 
enzyme, 90  ng of MtEG5A and 40  μM cellotriose (G3), 
cellotetraose (G4), cellopentaose (G5), or cellohexaose 
(C6), respectively, in 50  mL citrate–phosphate buffer 
(pH 5.0) were incubated at 50 °C for 100 min. Fucose was 
used as a reaction internal standard at a final concen-
tration of 20  μM. During hydrolysis, samples of 250  μL 
were taken and inactivated by boiling for 15 min prior to 
analysis using high-performance anion exchange chro-
matography (HPAEC). The analysis was conducted using 
an ICS 5000SP system (Dionex, Thermo Fisher Scien-
tific Inc.) with a pulsed amperometric detector equipped 
with a disposable electrochemical gold electrode, using a 
CarboPac PA1 4 × 250 mm analytical column and a Car-
boPac PA1 4 × 50 mm guard column, at 30 °C. 10 μL of 
samples were injected and the reaction products were 
eluted at 1  mL/min with initial conditions set to 0.1  M 
NaOH (100% eluent A). This step was succeeded by a lin-
ear gradient toward 10% eluent B (1 M NaOAc in 0.1 M 
NaOH) after 10  min and 30% B after 25  min; a 5  min 
exponential gradient (Dionex curve 6) to 100% B fol-
lowed. Between separate injections, a 10 min stabilization 
step (100% A) was interjected. Integration of chromato-
grams was performed using Chromeleon 7.0 software. 
For the identification and quantification of products 
released from hydrolysis, d-glucose and G2–G6 cello-oli-
gosaccharides were used as carbohydrate standards. The 
first-order reaction was used to describe the enzymatic 
hydrolysis of cello-oligosaccharides, with the assumption 
that the condition  [E0] ≪  [S0] ≪  Km is satisfied (where 

 [E0] and  [S0] stand for the concentrations of the enzyme 
and substrate, respectively). The estimation of the cata-
lytic efficiency of MtEG5A against cello-oligosaccharides 
was made using the equation k ×  t =  ln([S0]/[St]) that 
represents the integrated rate equation for the first-order 
kinetics, where k = (kcat/Km) [enzyme], whereas  [S0] and 
 [St] correspond to substrate concentration when the 
reaction starts and at a specified time during the reac-
tion, respectively [44].

Processivity of the enzyme was determined following 
the soluble-to-insoluble reducing sugar ratio assay [45]. 
MtEG5A was incubated with 50  mg filter paper What-
man No. 1 in 0.1  M citrate–phosphate buffer (pH 5.0), 
at 60 °C for 1 h, under agitation (700 rpm). The remain-
ing insoluble substrate was separated from the reaction 
supernatant by centrifuge, and the amount of reducing 
sugars in both soluble and insoluble fractions was deter-
mined by DNS method, as previously described [46]. The 
remaining filter paper strips were washed with buffer 
prior to sugar determination. Processivity was also esti-
mated by the ratio of G2 to G3 that was released from 
PASC and determined with HPAEC, as described above. 
MtEG5A was incubated with PASC 1.5% (w/v) in 50 mM 
citrate–phosphate buffer (pH 5.0), at a loading of 10 mg/g 
substrate, at 50  °C, and samples were taken for analy-
sis after 2, 4, 8, and 24 h. The GH family 7 EG MtEG7A 
from M. thermophila [9] was also assayed under the same 
conditions in order to compare the different modes of 
activity. The combined effect of MtEG5A together with 
MtEG7A was also evaluated on PASC 1.5% (w/v), at 
50 °C, following the same procedure as described above. 
The activity of MtEG5A toward wheat straw, birch, and 
spruce was evaluated at an initial dry matter (DM) of 3% 
(w/v) in 50  mM citrate–phosphate buffer (pH 5.0), at a 
loading of 10 mg/g substrate, at 50 °C, and samples were 
taken after 24  h for analysis with HPAEC, as described 
above.

Cloning of lpmo9
MtLPMO9 (XP_003661787) from M. thermophila 
was cloned and expressed to study its combined effect 
together with MtEG5A. The vector pPICZαC and P. pas-
toris host strain X33 were used for the expression and 
secretion of MtLPMO9, similar to MtEG7A. In order to 
achieve enzyme production with the authentic N-termi-
nus, i.e., with the copper-coordinating histidine at posi-
tion 1, the native signal peptide was employed for the 
secretion of recombinant MtLPMO9. To remove the S. 
cerevisiae α-factor secretion signal, the pPICZαC vector 
was digested with restriction enzymes BstBI and XbaI. 
The gene coding the hypothetical protein MtLPMO9 
including the signal peptide sequence, was PCR amplified 
from genomic DNA using primers LF/LR (see Additional 
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file 1: Table S3) designed according to the available gene 
sequence (http://genome.jgi-psf.org/, DOE Joint Genome 
Institute) [4] including the BstBI and XbaI restriction 
enzyme sites at their respective 5′-ends. PCR was per-
formed using KOD Hot  Start® DNA polymerase, under 
the following conditions: 30 cycles of denaturation (20 s 
at 95 °C), annealing (10 s at 56 °C), and extension (21 s at 
70  °C), followed by 1 min of further extension at 70  °C. 
The PCR product was cloned into the  pCRBlunt® vector, 
following the instructions described in the Zero  Blunt® 
PCR Cloning Kit. The expression and purification of 
MtLPMO9 were performed following the procedure pre-
viously described [47].

Combined activity of MtEG5A with MtLPMO9
To assess their combined effect, MtEG5A was incubated 
with MtLPMO9 at different enzyme combinations and 
loadings, at 50 °C, using PASC 1.5% (w/v) in 50 mM cit-
rate–phosphate buffer (pH 5.0) as substrate. Samples 
were taken for analysis after 30 and 60 min and determi-
nation of the soluble products was conducted by HPAEC, 
as described above.

The ability of MtEG5A to drop the viscosity of PASC 
and PWS was monitored with dynamic viscosity meas-
urements. The experiments were carried out in a micro-
processor-controlled rotational viscometer (Rapid Visco 
Analyzer, model RVA-4500 Perten Instruments GmbH, 
Germany) with Thermocline software (TCW version 
3.15; Perten Instruments of Australia). All reactions 
were performed at 55  °C. Liquefaction of pretreated 
wheat straw (PWS) was monitored in 30  g of 10% w/w 
DM wheat straw suspension prepared in 50 mM citrate–
phosphate buffer (pH 5.0), while PASC was used at a con-
centration of 1.5% (w/v) in the same buffer (pH 5.0) and a 
final reaction volume of 18 mL. The reaction mixture was 
prepared directly into the instrument container and was 
incubated until the set temperature had been reached. 
Then, the reaction was started by the addition of 100 mg 
enzyme/g dry substrate. During the test, the suspension 
was mixed by a plastic paddle at a constant rate (50 and 
100 rpm in case of PASC and PWS, respectively) and the 
apparent viscosities (cP; 1 cP = 1 mPa s) were recorded at 
intervals of 4 s for 1 h. Combined activity of MtEG5A and 
MtLPMO9 was also assessed by adding simultaneously 
both enzymes in relative proportions of 1:1, at a total 
enzyme loading of 200 mg/g of substrate.

Results
Identification, cloning, and expression of MtEG5A
The genome of M. thermophila, the first complete 
genome described for filamentous fungi [4], contains a 
vast amount of genes for the hydrolysis of all major poly-
saccharides that can be found in biomass. The translation 

of the eg5a open reading frame (ORF) (Model ID 86753) 
from the M. thermophila genome database shows sig-
nificant primary sequence identity with characterized 
EGs which have been classified to family GH5 on CAZy 
database (http://www.cazy.org/) [48]. The hypothetical 
EG showed high sequence identity (65%) with structure 
solved EG GH5 from Thermoascus aurantiacus [Gen-
Bank: AFY52522] and 79% with EG from Penicillium 
brasilianum [GenBank: ACB06750]. The putative protein 
of 86753 was selected as a candidate EG and the corre-
sponding gene, named eg5a, was cloned and subsequently 
used to transform P. pastoris X33 under the regulation of 
the AOX1 promoter. The transformants were selected by 
their ability to grow on agar plates containing Zeocin™ 
and to produce crude protein extract with activity against 
β-glucan, (detailed in “Methods”) in liquid cultures after 
methanol induction, which is indicative of EG expres-
sion (data not shown). All transformants produced a 
major secreted protein product, named MtEG5A, which 
appeared on SDS-PAGE as a single band corresponding 
to ca. 75 kDa, whereas no protein could be detected with 
the vector control (data not shown). The clone showing 
the highest activity was isolated for further study. EG 
activity could be first detected in the medium 24 h after 
inoculation and increased significantly up after 168  h 
with a titer of 53 U/ml (Fig. 1a).

Production of recombinant MtEG5A in bioreactor
After 24 h of batch cultivation in glycerol medium (30 g/
lt initial concentration), the dry cell mass of the culture 
reached about 17.80 g/lt (Fig. 2a). Analysis of the culture 
supernatant, after growth in glycerol medium, showed 
absence of recombinant enzyme (based on β-glucan 0.1% 
w/v activity assay and SDS-PAGE). The glycerol batch 
was followed by a 5-h step of fed-batch glycerol one, at 
the end of which the dry cell mass of the cells reached 
the amount of 40.1 g/lt. Methanol induction time lasted 
153  h in total and approximately 700  mL of methanol 
was consumed. The level of enzyme expression increased 
with induction time and maximum level obtained was 
6.3  U/mL (β-glucan activity for varying time points 
shown at Fig.  2b). As methanol was used for induction, 
as well as carbon source, there was an increase in cell-
density during the fed-batch phase. At the end of the 
fermentation, the dry weight of cells reached 110.82 g/lt 
of culture medium (corresponding to wet cell weight of 
421.2  g/lt), while the amount of secreted protein crude 
produced reached 0.98 g.

Protein analysis of MtEG5A
The ORF of eg5a encodes a protein of 389 amino acids 
including a secretion signal peptide of 17 amino acids 
(MKSSILASVFATGAVA) based upon prediction using 

http://genome.jgi-psf.org/
http://www.cazy.org/
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SignalP v4.0 [49]. The predicted mass and isoelectric 
point (pI) of the mature protein were 40.85 kDa and pH 
5.07, respectively, as calculated using the ProtParam tool 
of ExPASy [50] (see Additional file 1: Table S2).

The recombinant MtEG5A was purified from the 
concentrated culture broth by IMAC. Purification of 

the recombinant enzyme resulted in 564  mg of pure 
MtEG5A per lt of culture supernatant. MtEG5A homo-
geneity was examined on a SDS-PAGE gel, where the 
enzyme was estimated to have a molecular weight of 
ca. 75 kDa (Fig. 1b). Even after considering that the myc 
epitope and the polyhistidine tag contribute 2.8  kDa to 

Fig. 1 a Time course of MtEG5A endoglucanase activity (gray bar) and biomass (black circle) production of the recombinant P. pastoris harboring 
the eg5a gene. The endoglucanase was expressed in culture broth by induction with 0.5% methanol and measured with β-glucan as substrate. b 
SDS-PAGE of MtEG5A during fermentation. Lane 1  Novex® sharp pre-stained protein marker, lanes 2–5 samples from fermentation culture broth at 
99, 118, 130, and 153 h of incubation, lane 6 culture broth with MtEG5A after ultrafiltration

Fig. 2 a Cell mass concentration during MtEG5A fermentation. Dry cell weight reached 40.1 g/lt after glycerol fed-batch phase and 110.82 g/lt 
at the end of the cultivation, corresponding to wet cell weight of 183.55 and 421.2 g/lt, respectively. b Protein concentration and endoglucanase 
activity detected in the culture medium during fermentation. At the end of fermentation, the amount of secreted protein reached 0.98 g, corre-
sponding to enzyme activity of 6.3 U/mL. Protein concentration was determined using the BCA protein assay microplate procedure (Pierce Chemi-
cal Co., Rockford, IL), according to the manufacturer’s recommendations. Specific activity was tested against β-glucan 0.1% (w/v), pH 5.0, 60 °C in 
100 mM phosphate–citrate buffer
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the size of protein, the estimated molecular weight of 
MtEG5A appeared much higher than the predicted value 
using the ProtParam tool (40.85 Da). One possible expla-
nation emerges from the presence of Asn-Xaa-Ser/Thr 
sequons, which are known to be a consensus motif for 
N-glycosylation post-translational modifications. Indeed, 
three N-glycosylation sites were predicted by using the 
NetNGlyc 1.0 server [51] to occur at Asn residues. More-
over, several Ser and Thr residues are located through-
out the flexible linker peptide that connects the catalytic 
domain and the carbohydrate-binding module (CBM) 
of the protein; these residues tend to be O-glycosylated 
by the yeast expression system [52]. Indeed, 18 potential 
O-glycosylation sites (7 Ser and 11 Thr) were identified, 
as predicted by using the NetOGlyc 3.1 server [53]. Like 
most secreted cellulolytic enzymes reported in litera-
ture [54], MtEG5A features a bimodular structure con-
taining, apart from the active site a recognizable CBM 
that belongs to the CBM family 1 of the CAZy database. 
Through this module, the EG adsorbs on the surface of 
the cellulosic substrate at the initial step of hydrolysis. 
CBM is characterized by the presence of disulfide bridges 
formed by conserved cysteines, as well as five aromatic 
amino acid residues (Tyr433, Trp441, Tyr451, Tyr455, 
and Trp459) and two glutamines (Gln435 and Gln456), 
which are necessary for adsorption [55].

Properties of MtEG5A
The optimum temperature activity of purified recombi-
nant MtEG5A was observed at 70  °C, losing rapidly its 
activity for temperatures over 80  °C (Fig.  3a). The EG 
remained fairly stable up to 50 °C after preincubation for 
8 h in 100 mM phosphate-citrate buffer (pH 5.0) at differ-
ent temperatures (Fig. 4). MtEG5A exhibits half-lives of 
26.9 and 6.02 h at 55 and 60 °C, respectively. The enzyme 
presented the highest activity levels at pH 5.0–6.0 
(Fig.  3b), while the activity dropped rapidly for pH less 

than 4 or higher than 7. The enzyme was found remarka-
bly stable in the pH range 3–11 after 24 h retaining 100% 
of its initial activity.

MtEG5A was assayed for its activity toward different 
substrates, as described in “Methods”. X-ray diffraction 
pattern of PASC revealed a partial conversion of crys-
talline cellulose into amorphous after the addition of 
85% phosphoric acid (see Additional file  1: Figure S1), 
while some areas remained crystalline [56]. The enzyme 
showed the highest specific activity toward PASC (3.4 U/
mg), followed by Avicel (1.63  U/mg), β-glucan (1.19  U/
mg), and CMC (0.25  U/mg). In order to investigate 
the hydrolysis products of cello-oligosaccharides, the 
hydrolysis patterns of G3, G4, G5, and G6 were analyzed 
with HPAEC, with the enzyme displaying no detect-
able activity against cellobiose (G2). The comparison of 
catalytic efficiency (kcat/Km) values of MtEG5A against 
the oligosaccharides showed preference against G6 fol-
lowing a G6 > G5 > G4 > G3 pattern. The kcat/Km values 
against G3, G4, G5, and G6 were 16.4 × 104, 18.9 × 105, 
28.2 × 105, and 32.5 × 105 min−1 M−1, respectively. The 
hydrolysis of G3 produced G2 and glucose; the hydroly-
sis of G4 produced only G2; whereas when the enzyme 
catalyzed the hydrolysis of G5, the products were G2 and 
G3 which was subsequently cleaved to glucose and G2. In 
the initial stage of G6 hydrolysis, the reaction products 
contained G4, G3, G2, and trace amounts of glucose. G4 
was further hydrolyzed, while the amounts of G3 and G2 
increased constantly as hydrolysis proceeded.

Processivity of the EG was determined by the solu-
ble-to-insoluble reducing sugar ratio assay and showed 
that the soluble/insoluble ratio of products released 
by filter paper hydrolysis under agitation was 3.91 after 
1  h of incubation. Estimation of the substrate binding 
modes and processivity of the enzyme are also verified 
by the high G2/G3 ratios released from PASC hydrolysis 
(Fig. 5). G2 was the major reducing sugar released from 

Fig. 3 Effect of pH (a) and temperature (b) on the activity of MtEG5A. The experiment was carried out in duplicates
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PASC by MtEG5A, although a low amount of glucose and 
traces of higher DP oligosaccharides were apparent (see 
Additional file 1: Figure S2). The concentration of G2 was 

approximately two fold greater than that of G3. MtEG5A 
did not cleave G2, but it cleaved larger oligomers quanti-
tatively to a mixture of G2 and glucose [11]. The profiles 
of MtEG7A hydrolysis products on PASC contained G2, 
glucose, and a trace of G3 in the initial stage (Fig. 5). The 
concentration of glucose increased over time and was 
considerably larger than that of G2. Comparison between 
MtEG5A and MtEG7A hydrolysis products generated 
from PASC revealed the differences in catalytic cleavage 
mode of these two enzymes. Addition of both EGs was 
shown to have the potential to capitalize on comple-
mentary activity to improve cellulose hydrolysis rate and 
extent. MtEG5A and MtEG7A acted additively on PASC 
toward the release of glucose after 24  h of incubation 
(Fig. 5).

MtEG5A was able to perform hydrolysis of organosolv-
pretreated wheat straw, birch, and spruce (Fig. 6). Anal-
ysis of product distribution revealed that the enzyme 
released mainly cellobiose from all the three substrates 
tested after 24 h of reaction, in complete agreement with 
the previous results. Cellobiose yields corresponded to 

Fig. 4 Effect of temperature (black circle 50 °C, white circle 55 °C, black 
square 60 °C, black cross 65 °C) on the stability of MtEG5A. The experi-
ment was carried out in duplicates

Fig. 5 Cello-oligosaccharides (DP 1–3) released by MtEG5A, MtEG7A, and MtLPMO9 on amorphous cellulose PASC after incubation for 2, 4, 8, and 
24 h at 50 °C
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approximately 7% of initial cellulose fraction for birch 
and spruce and 4% for wheat straw, while glucose yields 
were lower than 2% for all three substrates.

Combined activity with MtLPMO9
Products generated by MtLPMO9 when incubated alone 
on PASC are depicted in Fig.  5. Glucose and cello-oli-
gosaccharides were released during 24  h of incubation. 
Higher amounts of G2 were detected in the 1st h of the 
reaction, while after 24-h incubation, the main non-
oxidized product was glucose. Regarding the release of 

oxidative products, peaks were assigned based on previ-
ous assignments [57, 58] and comparison with the activ-
ity patterns of NcLPMO9C from Neurospora crassa [59] 
and PcLPMO9D from Phanerochaete chrysosporium 
[60] (Fig.  7). NcLPMO9C is C4-oxidizing LPMO that 
acts on the C4 atom of sugars leading to a keto-group, 
while PcLPMO9D oxidizes the C1 atom leading to a lac-
tone and the corresponding aldonic acid. C4-oxidized 
oligosaccharides elute at 19–30  min and C1-oxidized 
oligosaccharides elute at 13–19  min retention time in 
HPAEC-PAD. MtLPMO9 represents an enzyme with 
dual oxidative regioselectivity producing C1/C4 double-
oxidized species that elute in the HPAEC-PAD chroma-
tograms at 13–30 min retention time.

MtEG5A was incubated with MtLPMO9 at different 
enzyme combinations and enzyme loadings, at 50  °C, 
using PASC 1.5% (w/v), as shown in Table 1. Total neutral 
sugars and soluble products after 60 min of reaction are 
shown in Fig. 8. Data after 30 min of reaction are shown 
in Additional file 1: Figure S3. The corresponding chro-
matograms highlight the synergistic effects presented 
that refer to the release of both oxidized and non-oxi-
dized oligosaccharides. The release of total non-oxidized 
sugars by MtEG5A in the presence of MtLPMO9, in a 
ratio of 10:1, was around 1.2 and 1.5 times higher at 30 
and 60  min of the reaction, respectively, compared to 
the activity of pure MtEG5A and pure MtLPMO9 alone; 
it reached 1.3 and 1.6 times, respectively, when the 
EG:LPMO ratio was 10:2 (Fig. 9). Moreover, apart from 
the synergism in neutral sugars, there was synergism in 
release of oxidized sugars. Incubation of MtEG5A with 

Fig. 6 Glucose (G1) and cellobiose (G2) released from organosolv-
pretreated spruce, wheat straw, and birch after 24 h of reaction

Fig. 7 Activity of different LPMOs on PASC. HPAEC-PAD elution patterns of PASC after 24 h incubation with MtLPMO9 (10 mg/g substrate), NcLP-
MO9C (5 mg/g substrate), and PcLPMO9D (2 mg/g substrate) in the presence of ascorbic acid (10 mM)
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PASC resulted in hardly detectable oxidized gluco-oligo-
saccharides. In the presence of ascorbic acid, many oxi-
dized gluco-oligosaccharides are formed by MtLPMO9 
when acting on PASC (within the first 60  min of the 
reaction, mainly C4 oxidation is detected). The com-
bined addition of MtEG5A and MtLPMO9 in a ratio of 
10:1 and in the presence of ascorbic acid resulted in a 
1.4- and a 1.7-fold higher release of C1- and C4-oxidized 
products respectively, based on comparison of the sum 
of AUC (area under curve) determined by HPAEC, com-
pared to MtLPMO9 incubated with PASC only. When 
the LPMO: EG5 ratio was 10:2, the release rates of C1- 
and C4-oxidized products were 1.8- and 1.9-fold higher, 
respectively. After 60 min of reaction, the total release of 
oxidized sugars was approximately 2.5-fold greater than 
those released by MtLPMO9 alone.  

The effect of MtEG5A, either alone or in combination 
with MtLPMO9, on the liquefaction of PASC (Fig.  10) 
and PWS (Fig.  12) was also estimated via dynamic 
viscosity analysis experiments. MtEG5A was shown 
to be able to reduce the viscosity of both PASC and 
PWS after incubation for 60  min. When compared to 
 Cellic®  CTec2  (Novozymes), MtEG5A did not reduce 
the viscosity as rapidly as the commercial enzyme mix-
ture not only because the former is a processive EG that 
remains bound to the substrate until it dissociates it com-
pletely, but also because it is a monoenzyme, whereas 
 Cellic® CTec2 contains many different activities acting 
synergistically (Fig. 11). When MtEG5A and MtLPMO9 
are added together, a less steep drop of viscosity was 
observed at the initial stage of the reaction (within the 
first 10  min) compared to MtEG5A alone, whereas the 
difference in final viscosity was negligible (Fig.  10). The 
same results were obtained for PWS (Fig. 12).

Discussion
MtEG5A is an EG of GH family 5, consisting of an 
N-terminal CBM1 and a catalytic domain (CD). The 
gene encoding MtEG5A from M. thermophila was 

heterologously expressed in P. pastoris under the regula-
tion of the AOX1 promoter. After induction with meth-
anol, the hydrolytic activity toward β-glucan and the 
accumulation of the recombinant enzyme in the culture 
broth increased significantly up to 53  U/mL after 6-day 
culture. Cultivation in bioreactor yielded 0.56 g/lt of pure 
MtEG5A after 170  h of methanol induction. P. pastoris 
expression system has been successfully used for the het-
erologous expression of many GH family 5 EGs from var-
ious microorganisms, including Volvariella volvacea [61], 
Phialophora sp. G5. [62], Penicillium echinulatum [63] 
and Penicillium decumbens [64], Gloeophyllum trabeum 
[65], A. niger [66], Aspergillus fumigatus [67], and Asper-
gillus nidulans [68]. MtEG5A has specific activity both 
on microcrystalline cellulose (Avicel) and β-glucan and 
exhibits properties, such as high temperature stability at 
55  °C that render it a suitable candidate for use in bio-
technological applications. Its relatively higher activity 
on microcrystalline cellulose in comparison with CMC is 
indicative of its processivity properties, which are further 
supported by the high ratio of soluble to insoluble prod-
ucts that are released by filter paper hydrolysis. MtEG5A 
hydrolyzes the substrate by releasing soluble sugars as 
major products, while generating only a small proportion 
of new chain ends into the remaining, insoluble substrate 
[11, 69]. In contrast with MtEG5A, the non-processive 
EGs yield typically 30–50% of insoluble reducing sug-
ars when they cleave cellulosic substrates [45]. Oppos-
ing to other processive EGs that produce mainly G4 [1], 
processive EGs belonging to GH family 5 from Saccha-
rophagus degradans [70], Gloeophyllum trabeum [11], 
and Volvariella volvacea [12] have been reported to 
release G2 as the main product. A less randomly acting 
endoglucanase from Fusarium oxysporum having higher 
preference toward glycosidic bonds near the end of cel-
lulose chains has been reported to release mainly cello-
biose from cello-oligosaccharides [71]. Their processivity 
does not require a CBM, so it has been proposed that it is 
attributed to the affinities of the glucose-binding subsites 
in the catalytic center, the same in chitinases, common 
ancestor [72]. Estimation of the substrate binding modes 
and processivity of the enzyme are also verified by the 
high G2/G3 ratios released from PASC hydrolysis. The 
high amount of released G2 compared to G3  has been 
reported previously in the literature for EGs of GH fam-
ily 5 [73]. Comparison between MtEG5A and MtEG7A 
hydrolysis products on PASC revealed the differences in 
catalytic cleavage mode of these two enzymes. Quanti-
tative analysis of the soluble hydrolysis products gener-
ated from PASC following incubation with MtEG5A and 
MtEG7A revealed different patterns, as a result of differ-
ent enzyme binding and degradation patterns. The cor-
relation of the enzyme specificity with the GH family has 

Table 1 Experimental combinations used for  the assess-
ment of  combined activity of  MtEG5A and  MtLPMO9 
for the hydrolysis of 1.5% (w/v) PASC

Reaction # Enzyme  
combination

Relative  
proportion

Enzyme loading 
(mg/g substrate)

1 MtEG5A 10

2 MtEG5A/MtLPMO9 10:1 11

3 MtEG5A/MtLPMO9 10:2 12

4 MtLPMO9 10

5 MtLPMO9/MtEG5A 10:1 11

6 MtLPMO9/MtEG5A 10:2 12
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been studied by Vlasenko et al. [74], supporting that the 
structure–function relationship can be explained by the 
active site structure and the catalytic mechanism of the 
enzyme. GH family 7 EGs randomly cleave cellulose lead-
ing to the formation of various degradation products, 
while the activity of MtEG5A appeared to be the release 
of G2 as the major end product from the cellulosic sub-
strate. The ability of MtEG5A to accumulate G2 as the 
main product from polysaccharide hydrolysis, as wells 

as from lignocellulosic materials (wheat straw, birch, and 
spruce), renders this enzyme a promising candidate for 
food technology applications related to the production 
of large amounts of non-digestible cello-oligosaccharides 
(COS). COS are resistant to digestion by human gastric 
and pancreatic enzymes, so they can be promising prebi-
otic candidates. The prebiotic potential of cellobiose has 
been investigated by in  vitro fermentations in the pres-
ence of a human fecal inoculum, where G2 was found 

Fig. 8 HPAEC-PAD chromatograms showing the synergistic effects of MtEG5A and MtLPMO9 when they are added together on 1.5% (w/v) PASC 
after 60 min of reaction. a Addition of MtLPMO9 to MtEG5A to a ratio EG5:LPMO 10:1 and 10:2 leads to increased formation of non-oxidized sugars. 
b Addition of MtEG5A to MtLPMO9 to a ratio LPMO:EG5 10:1 and 10:2 increases the release of oxidized sugars
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to increase the concentration of bifidobacteria and lac-
tic acid bacteria, as well as the levels of short-chain fatty 
acids (SCFA) [75, 76]. Despite the fact that G2 is the main 
product of CBHs, the latter are very sensitive to G2 inhi-
bition in contrast with EGs where G2 inhibition is much 
weaker [77], leading to the assumption that EGs could be 
widely used in applications targeting the efficient produc-
tion of COS. Their possible use is further supported by 
their ability to liquefy rapidly and efficiently pretreated 
lignocellulosic materials such as wheat straw, under high 
dry matter loadings [18% (w/w) DM] [9].

When added together, MtEG5A and MtEG7A acted 
additively on PASC toward the release of glucose after 
24 h of incubation. Endo–endo cooperative interactions 
between cellulases usually emerges from the fact that 
GH family 7 EGs serve to randomly hydrolytically cleave 
glycosidic linkages, whereas the processive GH fam-
ily 5 enzymes rapidly cleave without dissociation [78]. 
MtEG5A also showed a synergistic effect with MtLPMO9 
with an increased release of both oxidized and non-oxi-
dized oligosaccharides, compared to the oligosaccharides 
release of each enzyme alone. The strong synergy of a 

Fig. 9 Determination of the soluble products from HPAEC analysis and the total neutral sugars (TRS) using the dinitrosalicylic acid method, after 30 
and 60 min of PASC incubation with different combinations of MtEG5A and MtLPMO9

Fig. 10 Dynamic viscosity experiments on 1.5% (w/v) PASC. MtEG5A and MtLPMO9 were added at a loading of 100 mg enzyme/g dry substrate. 
Mixing was kept at 50 rpm and viscosity reduction was monitored for 1 h



Page 14 of 17Karnaouri et al. Biotechnol Biofuels  (2017) 10:126 

Fig. 11 MtEG5A activity on viscosity reduction of 10% w/w PWS. MtEG5A was added at a loading of 100 mg enzyme/g dry substrate. Mixing was 
kept at 100 rpm and viscosity reduction was monitored for 1 h.  Cellic® CTec2 (Novozymes) was used to compare the endoglucanase of this study 
with a commercial cellulase preparation regarding the liquefaction of PWS

Fig. 12 Assessment of combined activity of MtEG5A and MtLPMO9 on PWS liquefaction by simultaneous addition of the two enzymes in the reac-
tion mixture. Both enzymes were added at a loading of 100 mg enzyme/g dry substrate. Mixing was kept at 100 rpm and viscosity reduction was 
monitored for 1 h
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LPMO9 enzyme with an EG I from Trichoderma viride in 
degrading amorphous cellulose has been reported in the 
literature [28], where the combined addition of the two 
enzymes resulted in a higher release of non-oxidized oli-
gosaccharides, compared to the oligosaccharides release 
of each enzyme alone. In this study, there was given 
the first indication that synergy between an LPMO and 
an EG happens also on the level of formation of oxida-
tive sugars, and this observation has not been reported 
before.

Dynamic viscosity analysis is a novel, sensitive, direct 
method for the measurement of the number of cleavages 
introduced in the polysaccharide substrate. This method 
is independent of the cleavage pattern of enzymes and 
oxidative regioselectivity [79], thus it can be used for 
monitoring and comparing the activity of EG and EG/
LPMO combination on PASC and PWS. MtEG5A was 
shown to be able to reduce the viscosity of both PASC 
and PWS. GH family 5 EGs have been reported in the 
literature to rapidly decrease the viscosity of CMC [12] 
as well as to reduce the viscosity of barley mash and 
improve the brewing process [80]. EG2 (Cel5a) has also 
been identified as a key component for the liquefaction 
of PWS [81]. When MtEG5A and MtLPMO9 are added 
together, the above discovered synergy regarding the 
release of neutral and oxidative sugars did not result in 
decrease of viscosity; the initial rate of reaction was low-
ered instead of increasing, thus suggesting that inhibi-
tion effects rather than synergy between the two enzymes 
occur. This could be explained as both MtLPMO9 and 
MtEG5A act competitively for the same binding sites, so 
MtLPMO9 prevents MtEG5A from binding on the sub-
strate and making the initial cleavage or by the assump-
tion that MtLPMO9’s oxidative activity leads to some 
binding sites for EG5 being removed or rendered inac-
cessible. The substrate that was initially less accessible to 
MtEG5A was degraded in a later phase of hydrolysis, thus 
reaching the same viscosity levels at the end of the reac-
tion. Similar findings have also been reported by Eibinger 
et al. [31] regarding the combining effects of simultane-
ous addition of LPMO and CBHI on different cellulosic 
substrates.

Conclusions
In the present study, the processive endoglucanase 
MtEG5A from the thermophilic fungus M. thermophila 
was heterologously expressed in the methylotrophic 
yeast P. pastoris and the produced enzyme was purified 
and characterized. The enzyme featured high thermo-
stability and was able to hydrolyze several natural sub-
strates releasing cellobiose as the main product, features 
that reflect its potential use in different biotechnological 
applications. When its activity was tested together with a 

LPMO, there was a substantial increase in the formation 
of neutral and oxidative products. This is the first indi-
cation of synergy between LPMO and EG based on the 
yield of oxidative sugars.
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Abstract

Our comparative studies reveal that the two lytic polysaccharide monooxygenases HiLP-

MO9B and HiLPMO9I from the white-rot conifer pathogen Heterobasidion irregulare display

clear difference with respect to their activity against crystalline cellulose and glucomannan.

HiLPMO9I produced very little soluble sugar on bacterial microcrystalline cellulose (BMCC).

In contrast, HiLPMO9B was much more active against BMCC and even released more solu-

ble sugar than the H. irregulare cellobiohydrolase I, HiCel7A. Furthermore, HiLPMO9B was

shown to cooperate with and stimulate the activity of HiCel7A, both when the BMCC was

first pretreated with HiLPMO9B, as well as when HiLPMO9B and HiCel7A were added

together. No such stimulation was shown by HiLPMO9I. On the other hand, HiLPMO9I was

shown to degrade glucomannan, using a C4-oxidizing mechanism, whereas no oxidative

cleavage activity of glucomannan was detected for HiLPMO9B. Structural modeling and

comparison with other glucomannan-active LPMOs suggest that conserved sugar-interact-

ing residues on the L2, L3 and LC loops may be essential for glucomannan binding, where 4

out of 7 residues are shared by HiLPMO9I, but only one is found in HiLPMO9B. The differ-

ence shown between these two H. irregulare LPMOs may reflect distinct biological roles of

these enzymes within deconstruction of different plant cell wall polysaccharides during fun-

gal colonization of softwood.

Introduction

Fungal colonization of wood is associated with decomposition of plant biomass to sustain the

growing mycelia. The major constituent of woody biomass is secondary cell walls, of which the
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three major components (cellulose, hemicellulose and lignin) form a complex and rigid struc-

ture, in which cellulose is densely packed into microfibrils, which in turn are covered by hemi-

cellulose and lignin [1,2]. The inherent recalcitrance of woody biomass against microbial

degradation requires wood-colonizing fungi to produce a diverse array of hydrolytic and oxi-

dative enzymes that act in synergy to degrade individual components of the plant cell walls [3].

The enzymatic degradation of plant cell walls not only removes physical barriers to enable fun-

gal colonization of the host plant but also releases free sugars that can be used as a source of

metabolic carbon and energy by the fungus [4]. White-rot fungi is the only subclass among

wood-decaying fungi that are able to efficiently degrade both the carbohydrate and lignin frac-

tions of woody biomass [5].

The basidiomycete white-rot fungus Heterobasidion annosum (Fr.) Bref. sensu lato (s.l) is a

serious plant pathogenic species complex that causes severe root rot on conifer trees within the

boreal and temperate regions [6–8]. The economic losses due to H. annosum s.l. infection for

European forest owners due to tree growth reduction and devaluation of timber at harvest

reaches at least 790 million euros per year [9]. The H. annosum s.l. complex is a group of five

phylogenetically distinct species with partly overlapping geographic distribution and host pref-

erences [9–11]. The species H. irregulare is native within North America where it colonizes

and decays mostly softwood trees, such as pine and juniper species [10,12]. H. irregulare infects

fresh wood via basidiospores that land on the exposed stump surfaces or wounds on stem, and

spread from one tree to another via root-to-root contacts [13]. The mycelium of H. irregulare
spreads mainly through the heartwood and sapwood of softwood plants, in which the major

carbohydrate components of the secondary plant cell walls are cellulose and glucomannan

[14].

The depolymerization of wood polysaccharides by fungal systems is known to involve a

complex and well-orchestrated enzymatic cascade [15]. The H. irregulare genome encodes 305

putative carbohydrate-active enzymes [16]. Global gene expression analysis of H. irregulare
growing on woody biomaterials revealed that 27 of these 305 genes were up-regulated more

than 10-fold compared to when the fungus was cultured in a glucose-containing liquid

medium [16]. About half of the up-regulated genes (14 out of 27) were categorized to encode

either putative glycoside hydrolases (GHs) or lytic polysaccharide monooxygenases (LPMOs),

both of which have been identified as important enzymes responsible for microbial degrada-

tion of plant cell wall polysaccharides [16]. In another study, H. irregulare was grown on

woody biomass, and the most abundant protein by far in the culture filtrate was identified as

cellobiohydrolase HiCel7A [17]. It is the only family 7 glycoside hydrolase in the genome of H.

irregulare and it consists of a single catalytic domain without attached linker region and carbo-

hydrate-binding module (CBM). The structure of HiCel7A has been determined and the struc-

ture was found to be similar to that of other know GH7 CBHs [17]. It is the only cellulase from

H. irregulare that has been biochemically characterized so far.

LPMOs are copper-dependent enzymes that employ an oxidative mechanism to cleave link-

ages in polysaccharides [18–20], and they have been found to oxidize at either the C1 or the C4

position of pyranose rings of polysaccharides [18,21–23]. The catalytic mechanism of LPMOs

require several co-factors including external reducing agent, and reactive oxygen species such

as molecular oxygen or hydrogen peroxide [19,21,24,25]. The current categorization divides

LPMOs into six auxiliary activity families (AA9, AA10, AA11, AA13, AA14 and AA15) [26–

29]. The LPMOs in AA9 family are only found in fungi, including ascomycetes and basidiomy-

cetes [26]. Over the last 10 years, extensive research efforts have been made to understand the

biological contribution of LPMOs in plant biomass degradation [30,31]. AA9 LPMOs have

been shown to possess different substrate preferences in terms of activities against cellulosic

and hemicellulosic substrates, indicating that LPMOs could be recruited for degradation of

Two H. irregulare LPMOs differ activity in degradation of crystalline cellulose and glucomannan
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different polysaccharide components in plant cell walls [18,26,32–37]. They have also been

shown to boost the hydrolytic activity of cellulases in terms of saccharification of lignocellu-

losic substrates [27,38–44], and several AA9 LPMOs show effects of separating fibrils from cel-

lulose fibrillar structures, pointing at important roles in cellulose decrystallization [45–47].

Furthermore, studies with atom force microscopy have revealed that modification of highly

resistant microfibril bundles by oxidative cleavage using a C1-oxidizing LPMO could enhance

the digestion of crystalline regions by a processive cellobiohydrolase I, providing insights into

synergistic cooperation between LPMO and cellulase enzymes [45].

The genome of H. irregulare has been sequenced and annotated, and was found to encode

ten putative AA9 LPMOs [16]. More recently, two putative AA14 LPMOs were also discovered

in its genome (GenBank ID: XP_009545121.1 and XP_009545122.1) [27]. All of the ten H. irre-
gulare AA9 LPMOs are predicted to have an N-terminal catalytic domain, three of them have

an additional C-terminal family 1 cellulose binding module (CBM 1), and one has a C-termi-

nal extension without known function [16]. Among the H. irregulare AA9 LPMOs, HiLP-

MO9B showed the highest transcription level when the fungus was grown on pine heartwood,

and HiLPMO9I when the fungus was grown on the material from the cambial zone of necrotic

bark, which suggest that these two LPMOs may play important roles during colonization pro-

cesses of this fungus on pine trees [16]. Therefore, it is of interest to further understand how

these two LPMOs are involved in the depolymerization of plant-cell-wall polysaccharides. We

have previously reported the recombinant expression and biochemical characterization of

both HiLPMO9B and HiLPMO9I, and the three-dimensional structure and molecular dynam-

ics studies of HiLPMO9B [48]. In brief, HiLPMO9B does not contain a cellulose binding mod-

ule (CBM) and cleaves cellulose by oxidation at the C1 position of cellulose [48,49], whereas

HiLPMO9I is a bi-modular protein with linker-CBM attached to the catalytic domain, and this

enzyme oxidizes cellulose at the C4 position, and HiLPMO9I is also found to be active on glu-

comannan [49].

In this study we present a side-by-side comparison of HiLPMO9B and HiLPMO9I in terms

of activity on bacterial microcrystalline cellulose (BMCC) and cooperation with the H. irregu-
lare glycoside hydrolase family 7 cellobiohydrolase HiCel7A, as well as their glucomannan

activity and detailed analysis of glucomannan products generated by HiLPMO9I and struc-

tural factors of HiLPMO9I important for glucomannan binding.

Materials and methods

Substrates

Bacterial microcrystalline cellulose (BMCC) was prepared by acid hydrolysis of bacterial cellu-

lose from Acetobacter xylinum, extracted from commercially available Nata de Coco as previ-

ously described [50]. 20 ml of 2.5 mg/ml BMCC was heated at 95˚C in 1 M hydrochloric acid

for 1 h. After cooling down to room temperature, the BMCC samples were centrifuged at

4,000 ×g for 5 min and suspended with 20 ml deionized water for 5 cycles. The BMCC was

finally resuspended in 20 ml of 50 mM sodium acetate buffer, pH 5.0, and the dry mass content

of BMCC was measured using Precisa XM60 moisture analyzer (Precisa Gravimetrics AG,

Dietikon, Switzerland). 10 mg/ml konjac glucomannan low viscosity (Megazyme, Wicklow,

Ireland) was dissolved in 50 mM sodium acetate buffer, pH 5.0.

Enzyme preparation

The H. irregulare LPMOs, HiLPMO9B (Uniprot ID: W4KMP1) and HiLPMO9I (Uniprot ID:

W4K8M0), were heterologously expressed in Pichia pastoris and purified as described previ-

ously [48,49]. The wild-type H. irregulare Cel7A (HiCel7A, Uniprot ID: W4KCY5) was
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produced by growing H. irregulare in liquid cultivation medium containing microcrystalline

cellulose substrate Avicel PH-101 as carbon source (Sigma-Aldrich, Steinheim, Germany), and

HiCel7A was purified from the culture supernatant as described previously [17]. A GH family

7 endoglucanase (MtEG7) from Myceliophthora thermophila (Uniprot ID: G2QCS4) was het-

erologously expressed in P. pastoris, and the protein was purified as described previously [51].

Neurospora crassa LPMO9C (NcLPMO9C, Uniprot: Q7SHI8) was produced as described by

Borisova, et al [52].

Microcrystalline cellulose activity assay

To investigate the cooperation between the two LPMOs and the H. irregulare cellobiohydrolase

on degradation of crystalline cellulose, reactions were carried out by incubating 100 μl of 1

mg/ml BMCC with LPMO-CBH mixtures at different molar ratios (HiCel7A: HiLPMO9B or

HiCel7A: HiLPMO9I = 100:0, 75:25, 50:50, 25:75, 0:100) at a constant total enzyme concentra-

tion of 0.5 μM, in 50 mM sodium acetate buffer, pH 5.0, in the presence of 1 mM pyrogallol

(Sigma-aldrich, Steinheim, Germany), with three biological replicates for each reaction. The

reaction mixtures were incubated at 20˚C in a thermomixer (Eppendorf, Hamburg, Germany)

with orbital shaking at 700 rpm for 48 h. The reactions were stopped by heating the sample at

95˚C for 3 min. The insoluble residues of BMCC were collected by centrifugation of the sam-

ple at 13,000 ×g for 5 min, and the supernatant was vacuum-filtrated through 0.45 μm poly-

ethersulfone membranes on a filter plate (Pall Corporation, Ann Arbor, MI, USA). The

soluble sugars in the liquid fraction were analyzed and quantified using high-performance

anion-exchange chromatography (HPAEC) (detailed procedures as described further down).

For the reaction with CBH-LPMO ratio at 0:100, the supernatant was subjected to an extra

digestion with 0.5 μM HiCel7A at 20˚C for 1 h prior to HPAEC analysis.

The insoluble residues of BMCC were recovered from the reactions with CBH-LPMO ratio

at 0:100 to investigate the actions of CBH on LPMO-modified crystalline cellulose surface. The

BMCC residues were re-suspended to 100 μl in 50 mM sodium acetate buffer, pH 5.0, after 3

cycles of centrifugation and dilution with the same buffer. The LPMO-treated BMCC residues

were then incubated with 0.5 μM HiCel7A at 20˚C for 6 h, and all the reactions were repeated

in triplicate. After heat inactivation and vacuum filtration, the soluble enzyme products were

analyzed by HPAEC analysis.

Glucomannan activity assays

Reduction in the dynamic viscosity of glucomannan by the action of purified HiLPMOs was

determined using a Lovis 2000 ME microviscometer (Anton Paar, Graz, Austria). The instru-

ment was equipped with a glass capillary tube of 1.59 mm diameter with a 1.5 mm diameter

steel ball inside. The instrument was calibrated with deionized water at 30˚C prior to the

experiments. Viscosity change was determined as a function of difference in “time of fall” [35]

of the steel ball while the capillary was positioned at 60˚ angle. The capillary with reaction sam-

ple was inverted when the ball reached the bottom of the capillary. All reactions were carried

out at 30˚C for 30 min, in a total volume of 500 μl, with 1 mg/ml glucomannan, and 1 μM

LPMO in 50 mM sodium acetate buffer, pH 5.0, in the presence of 1 mM ascorbic acid.

NcLPMO9C was used as positive control as it had been shown to decrease the viscosity of glu-

comannan in a previous study [35]. A sample consisting of substrate and ascorbic acid only

was used as negative control. At the end of the 30-min viscosity measurement, 200 μl of the

sample was drawn from the capillary and subjected to further depolymerization by incubation

with 1 μM Myceliophthora thermophila EG7 (MtEG7) at 30˚C for 1 h. The depolymerized sam-

ples were loaded onto a 1-ml Alltech Carbograph SPE column (Grace Davison Discovery
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Sciences, Deerfield, IL, USA) and eluted with 30% acetonitrile containing 10 mM ammonium

acetate. The eluate was freeze-dried and re-dissolved in deionized water, prior to LC-MS anal-

ysis (detailed procedures as described further down) for detection of oxidized products.

Enzyme product analysis

High-performance anion-exchange chromatography (HPAEC). HPAEC analyses were

performed using a CarboPac PA1 2×250 mm analytical column (Dionex Corp., Sunnyvale,

CA, USA) in an ICS3000 system equipped with a pulsed amperometric (PAD) detector (Dio-

nex Corp., Sunnyvale, CA, USA) and a 5-μl sample loop. A gradient elution program was

applied after a full-loop injection in each analysis. The elution program included the following

steps: 0–12 min: 30 mM sodium hydroxide (isocratic), 12–15 min: 30–100 mM sodium

hydroxide (linear gradient), 15–40 min: 0–350 mM sodium acetate in 100 mM sodium

hydroxide (linear gradient), 40–43 min: 350–1000 mM sodium acetate in 100 mM sodium

hydroxide (linear gradient) at a constant flow rate of 0.36 ml/min with a post-column addition

of 0.3 M sodium hydroxide at 0.18 ml/min prior to PAD detection.

Liquid chromatography–mass spectrometry (LC-MS). LC-MS analysis was carried out

on a Bruker maXis Impact mass spectrometer (ESI-QTOFMS) (Bruker Daltonics, Bremen,

Germany) operated in positive mode scanning m/z from 50 to 1500, with calibration using

sodium formate clusters. Sample of 10 μl was injected to an analytical hypercarb porous gra-

phitic carbon (PGC) column (Thermofisher; 3 μm particle size; 2.1 mm diameter) connected

to a HP1100 LC system (Hewlett–Packard). The separation was performed using a gradient

from 0% to 80% acetonitrile in 0.2% formic acid at 0.4 ml/min (0–15 min: 0% to 27.5% aceto-

nitrile (gradient), 15–17 min: 27.5% to 80% acetonitrile (gradient), 17–26 min: 80% acetoni-

trile (isocratic)). Precursor ions in the ranges m/z 533–541, 695–705, 857–867 were selected

and subjected to collision induced (CID) MS/MS for structure determination (m/z = 0–100:

15 eV; 100–500, 25 eV; 500–1000: 30 eV).

Structural modeling and analysis

A homology model of the HiLPMO9I catalytic domain was built using SWISS-MODEL

(http://swissmodel.expasy.org/) using default parameters and the crystal structure (chain A) of

NcLPMO9C as template (PDB ID: 4D7U_A; 53% sequence identity). The Ramachandran plots

used for validating the HiLPMO9I model was obtained by analysing the model in the PRO-

CHECK analysis server [53] and the quality of the model was assessed by Qualitative Model

Energy ANalysis (QMEAN) based on QMEAN score and the Z score obtained [54]. Structure-

based alignment of the LPMOs was generated using the program Chimera version 1.11 (http://

www.cgl.ucsf.edu/chimera/), using alignment algorithm Needleman-Wunsch and matrix

BLOSUM-62 (Gap opening = 12, Gap extension = 1), and the visualization of the protein

structures were performed using PyMol molecular graphing software version 1.8.6.0 (DeLano

Scientific LLC, San Carlos, USA).

Results

The effects of HiLPMO9B and HiLPMO9I on CBH activity on

microcrystalline cellulose

Bacterial microcrystalline cellulose at 1 mg/ml concentration was incubated for 48 h at 20˚C,

pH 5.0, without and with the addition of 0.5 μM of HiLPMO9B or HiLPMO9I, in the presence

of 1mM pyrogallol as reducing agent; thereafter the residual cellulose was washed to remove

soluble sugars. The insoluble residue of BMCC was then used to study the release of soluble
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sugar by 0.5 μM HiCel7A from the LPMO-modified cellulose sample after 3 h and 6 h of diges-

tion at 20˚C, pH 5.0, and thereafter quantified using HPAEC. The pretreatment with HiLP-

MO9B led to approximately 25% increase in total sugar release (including native and oxidized

sugar forms) after 3-h and 6-h digestion with HiCel7A, whereas no considerable difference

was found between HiLPMO9I-treated BMCC compared to BMCC without prior LPMO

treatment (Fig 1). There was no change in the level of glucose released between samples with

and without prior LPMO treatment. The pretreatment with HiLPMO9B gave 18% more cello-

biose than without LPMO after 3 h HiCel7A digestion, and 20% after 6 h. Also, C1-oxidized

cellobiose and cellotriose were detected after incubating HiLPMO9B-treated BMCC with

HiCel7A, but not with the other samples (Fig 1).

Possible LPMO-cellobiohydrolase cooperation on cellulose was investigated by comparing

the saccharification of 1 mg/ml BMCC incubated for 48 h at 20˚C, pH 5.0, with 0.5 μM mix-

tures of HiCel7A+HiLPMO9B, or HiCel7A+HiLPMO9I, and with 1 mM pyrogallol as reduc-

ing agent. Released soluble sugars were analyzed and quantified by HPAEC-PAD (Fig 2). The

results reveal that the two LPMOs are strikingly different (Fig 2). HiLPMO9I displayed very lit-

tle activity, whereas HiLPMO9B actually released more soluble sugar than HiCel7A when the

enzymes were acting alone on the BMCC substrate. The amount of sugar released by HiLP-

MO9B is about 15 times higher than for HiLPMO9I. Also, there does not seem to be any coop-

erative effect when replacing HiCel7A with HiLPMO9I at different ratios; the 0:100, 25:75 and

50:50 replacement experiments are all within standard error (Fig 2B). On the other hand, for

HiLPMO9B there is very clear cooperation. The substitution of HiCel7A with HiLPMO9B

Fig 1. HiCel7A activity on BMCC substrate residues with or without prior LPMO pretreatment. Soluble sugar

released by HiCel7A from BMCC substrate residues with or without LPMO pretreatment was analyzed by HPAEC.

Quantification was based on 3 h and 6 h digestion with 0.5 uM HiCel7A of the BMCC residue after 48 h pretreatment

with 0.5 μM HiLPMO9B or HiLPMO9I in presence of 1 mM pyrogallol (LPMO-treated), or with only pyrogallol

without LPMO added as negative control (w/o LPMO treatment). Incubations were done at 20˚C, pH 5.0. DPn stands

for native cello-oligosaccharides, and DP2ox
� represents C1-oxidized products (DP1: glucose, DP2: cellobiose, DP3:

cellotriose, DP2ox
�: C1-oxidized cellobiose). Values are means of triplicates, and the error bars show the standard

deviations (error bar = ± standard deviation). Two-tailed t-test indicates that total soluble sugar release of HiCel7A on

HiLPMO9B-treated BMCC significantly differ (� p<0.05, �� p<0.01) from the amount on BMCC without LPMO

preteatment, but there is no significance difference (n.s. p>0.05) between HiLPMO9I-treated BMCC and BMCC

without LPMO pretreatment.

https://doi.org/10.1371/journal.pone.0203430.g001
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significantly boosted the overall saccharification level at all three substitution ratios (Fig 2A).

When 25% of HiCel7A was replaced with HiLPMO9B there was an increase of the total sugar

release by 92% compared to HiCel7A alone, and by 70% compared to using HiLPMO9B alone

(Fig 2A). The saccharification levels are similar at 50% and 75% replacement level with HiLP-

MO9B, giving approximately 80% more soluble sugar than for HiCel7A alone (Fig 2A). As

expected, the amount of oxidized oligosaccharides increased with 25% added HiLPMO9B, but

there was also an increase in the release of cellobiose. The proportion of oxidized oligosaccha-

rides is further increased and the amount of cellobiose decreased as the HiCel7A is further

replaced by HiLPMO9B (Fig 2A).

Fig 2. Saccharification levels after treatment of BMCC with LPMO and HiCel7A at different mixing ratios. Released soluble sugars were analyzed and

quantified using HPAEC analysis after 48-h incubation at 20˚C, pH 5.0, of 1 mg/ml BMCC with 0.5 μM of HiCel7A and HiLPMO9B (A) or HiCel7A and

HiLPMO9I (B) at indicated ratios, in the presence of 1 mM pyrogallol as reducing agent. DP1-3 indicate native cello-oligosaccharides and DP1-4ox
� represent

C1-oxidized sugars. The amounts of C4-oxidized sugars were negligible and were not quantified. Values are means of three biological replicates, and error

bars correspond to the standard deviation (error bar = ± standard deviation). The quantification is based on HPAEC analysis of soluble sugars released from

BMCC by the different combinations of HiCel7A+ HiLPMO9B (C) or HiCel7A+ HiLPMO9I (D). DP 1–3: native cello-oligosaccharides; DPnox
� represent

C1-oxidized products, and DPnox# stands for C4-oxidized products.

https://doi.org/10.1371/journal.pone.0203430.g002
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The activity of HiLPMOB and HiLPMO9I activity on glucomannan

The glucomannan degrading activities of HiLPMO9B and HiLPMO9I were compared in the

presence of ascorbic acid as reducing agent using a dynamic viscosity assay (Fig 3). The treat-

ment of glucomannan with HiLPMO9I led to a significant viscosity reduction of glucoman-

nan. The viscosity was reduced by 30% after 15 min incubation with HiLPMO9I, similar to the

effect of the positive control NcLPMO9C, which is known to be active on glucomannan

[32,35]. Meanwhile, HiLPMO9B did not show any effect on the viscosity of glucomannan and

exhibited similar behavior as the negative control without enzyme added.

Product analysis after treating glucomannan with LPMOs. After the 30 min viscosity

measurements, samples of the LPMO-treated glucomannan were withdrawn and depolymer-

ized with an endoglucanase enzyme (Myceliophthora thermophila MtEG7) prior to analysis by

LC-MS for detection of oxidized saccharide products. For the HiLPMO9B-treated glucoman-

nan, no oxidized sugars could be detected. Ammonium adducts of native non-acetylated oligo-

saccharides were detected, with mass-to-charge ratios (m/z) = 360, 522, 684, 846; degree of

polymerization (DP 2–5), as well as proton adducts at lower levels (m/z = 343, 505, 667, 829;

DP 2–5) (Fig 4A). The HiLPMO9I-treated glucomannan gave a similar product pattern, but

also displayed signals for oxidized saccharides at m/z 538, 700, 862, i.e. with m/z +16 Da com-

pared to the corresponding native sugars (m/z = 522, 684, 846) ranging from DP 3 to DP 5

(Fig 4B).

The oxidized oligosaccharides from the reaction of HiLPMO9I with glucomannan were fur-

ther studied by MS/MS fragmentation to identify the oxidization position on the pyronose

ring. All the three oxidized oligosaccharides, the DP3, DP4 and DP5 saccharides with m/z 538,

Fig 3. Viscosity changes of glucommanan during the incubation with two H. irregulare LPMOs using ascorbic

acid as reducing agent. The dynamic viscosity was monitored for 30 min at 30˚C, pH 5.0, in a falling-ball capillary

viscometer with 1 mg/ml glucomannan, 1 uM LPMO and 1 mM ascorbic acid. NcLPMO9C, a LPMO known to

oxidatively cleave glucomannan, was used as a positive control, and a negative control containing only glucomannan

(GM) and ascorbic acid (AA) was included.

https://doi.org/10.1371/journal.pone.0203430.g003
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700, 862, gave very similar fragmentation patterns (Fig 4). The result of the LC-MS/MS analy-

sis of the oxidized DP4 ion (m/z 700) is displayed (Fig 5). These results point towards the sole

existence of C4-oxidized sugars products in the MtEG7-depolymerized sample. The MS/MS

fragmentation generated three product ions [m/z = 323.09 (B2-H2O), 305.05 (B2-2H2O),

287.07 (B2-3H2O)] from all the three oxidized GM oligosaccharides, which are in good agree-

ment with B2 fragment ions of C4-gemdiols after elimination of water (Fig 5). Additionally, B1

fragment ions after elimination of two water (m/z = 143.03) were also observed for DP3 (m/

z = 538.1977), DP4 (m/z = 700.2503) (Fig 5). Fragmentation of the ion with m/z 862.3033 (oxi-

dized Hex5) generated a product ion (m/z = 485.15) in line with B3-2H2O for a C4-gemdiol.

Conclusively, C4-oxidized but not C1-oxidized sugars were detected as products from the

treatment of glucomannan with HiLPMO9I, and no oxidized sugars at all were detected when

the substrate was treated with HiLPMO9B.

Structural factors of glucomannan substrate binding. A structure model of the HiLP-

MO9I catalytic domain, produced using a crystal structure of NcLPMO9C catalytic domain as

template (PDB code 4D7U; 53% sequence identity; [55]), was validated with Z score and

QMEAN and Ramachandran plot parameters [54]. The QMEAN scoring for model quality

estimation indicated a reliable HiLPMO9I model, with Z score of −1.83 and 0.693 as QMEAN

score. Ramachandran plot analysis showed 0.6% of amino acid residues in disallowed regions,

97.7% of residues in the allowed region and 1.7% in generously allowed regions [56].The HiLP-

MO9I structure model was superposed with the crystal structures of HiLPMO9B (PDB code

5NNS; [48]), NcLPMO9C, CvLPMO9A (PDB code 5NLT; [36]) and LsLPMO9A in complex

with a GM oligosaccharide (PDB code 5NKW; [36]), to generate a structure-based sequence

alignment. The alignment is shown in Fig 6 together with an image of the protein-sugar inter-

actions in the LsLPMO9A/GM-oligosaccharide complex structure. Clearly, HiLPMO9I

Fig 4. LC-MS analysis of oligosaccharides from LPMO-treated products from glucomannan. Mass spectra are

presented as averages over 7.5 to 15 min of the chromatographic analysis of glucomannan treated with HiLPMO9B (A)

or HiLPMO9I (B) in presence of ascorbic acid, and subsequent depolymerization with MtEG7. Native (black) and

oxidized (blue) glucomannan oligosaccharides were mainly detected as ammonium adducts (�) and to a much less

extent as proton adducts (#) in the MS analyses.

https://doi.org/10.1371/journal.pone.0203430.g004
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displays higher similarity with the GM-active NcLPMO9C, CvLPMO9A and LsLPMO9A

(53%, 40% and 39% identity, respectively) than does HiLPMO9B (37%, 29% and 28%). HiLP-

MO9I shares 36% sequence identity with HiLPMO9B. In particular, surface exposed regions

of the L2 and L3 loops that interact with GM in the LsLPMO9A structure are more similar in

HiLPMO9I than in HiLPMO9B (Fig 6A). One example is the conservative replacement of an

asparagine in loop L2 of LsLPMO9A (Asn-28) and NcLMPO9C with an aspartic acid in HiLP-

MO9I, while there is a hydrophobic tyrosine at the corresponding position in HiLPMO9B.

Also, the L3 loop is more similar in length and sequence between these four GM-active

LPMOs. The two substrate-interacting residues (His-67 and Ser-78) at either end of the loop

are conserved but not Asn-67. Neither of these residues seems to be present in HiLPMO9B

structure, which has a much shorter L3 loop. The two GM-interacting residues found on loop

L8 of LsLPMO9A, Glu-150 and Arg-161, are not conserved in the GM-active NcLPMO9C and

HiLPMO9I (or in HiLPMO9B), but are present in the L8 loop of CvLPMO9A. One interacting

residue, Tyr-212 in the LC region, is conserved in all the five aligned sequences, but is also

present in most of the known AA9 LPMOs [20], and may thus not necessarily be specific for

interaction with glucomannan.

Discussion

Our results show that the two characterized H. irregulare LPMOs, HiLPMO9B and HiLP-

MO9I, are quite different in terms of activity on crystalline cellulose and glucomannan, the

major polysaccharides of conifer trees. When BMCC was incubated with the two LPMOs,

HiLPMO9I produced very little soluble sugar, in contrast to HiLPMO9B, which even exceeded

the HiCel7A cellobiohydrolase in soluble sugar yield. The difference between these two

LPMOs was more pronounced when comparing the saccharification of BMCC by LPMOs and

HiCel7A in conjunction. There was practically no stimulation with HiLPMO9I to HiCel7A,

but clear enhancement was seen when using HiLPMO9B. Mixtures of HiLPMO9B and

Fig 5. LC-MS/MS analysis of the HiLPMO9I-treated glucomannan sample. MS/MS fragmentation of ion

representing oxidized glucomannan tetrasaccharides (upper panel) shows good agreement with the schematic

fragmentation pattern of a C4-oxidized gemidiol tetrasaccharides (lower panel).

https://doi.org/10.1371/journal.pone.0203430.g005
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HiCel7A, at different ratios but with the same total protein load, gave higher yields of soluble

sugar than either of the enzymes on its own. Apparently, HiLPMO9B is complementary in

activity and cooperate with HiCel7A in degradation of cellulose.

The trend was similar when the cellulose sample was treated sequentially, first treated with

LPMO and thereafter treated with HiCel7A. No effect was seen by HiLPMO9I, whereas more

cellobiose and also C1-oxidized cellobiose was released by HiCel7A from the cellulose pre-

treated with HiLPMO9B, despite the fact that the total amount of remaining cellulose was

reduced. Approximately 8% of the cellulose, and presumably the most accessible regions,

should already have been degraded and washed away in form of the soluble sugars generated

Fig 6. Structural comparison of HiLPMO9B and HiLPMO9I with three other GM-active AA9 LPMOs. (A) Structure-based sequence alignment of LsLPMO9A (PDB

code 5NKW; [36]), CvLPMO9A (PDB code 5NLT; [36]), NcLPMO9C (PDB code 4D7U; [55]), HiLPMO9I and HiLPMO9B (PDB code 5NNS; [48]) catalytic domains, and

(B) structural detail of GM-oligosaccharide binding to LsLPMO9A (PDB code 5NKW; [36]). The sequence alignment is based on secondary structure information and

superposition of the HiLPMO9B structure with the HiLPMO9I homology model, and three other GM-active LPMOs, NcLPMO9C, CvLPMO9A, and LsLPMO9A in

complex with glucomannan oligosaccharides. Fully conserved residues are shown in white letters on a black background. Thin-line boxes indicate residues with more than

60% sequence similarity among the aligned sequences. Secondary structure elements of LsLPMO9A are shown at the top of the sequence alignment, where β stands for

beta-sheets, α for alpha-helices, and η for 310-helices, respectively. The surface-exposed loop regions are labeled, and underlined in different colors (Loop L2 in gold; L3 in

purple; LS in brown; L8 in cyan; LC in blue). The active-site histidine residues of LsLPMO9A are marked with green stars. Red triangles mark residues of LsLPMO9A that

were observed to interact with the GM-oligosaccharide in the structure (PDB code 5NKW).

https://doi.org/10.1371/journal.pone.0203430.g006
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by HiLPMO9B after 48 h incubation. Nevertheless, more soluble sugars could be released by

HiCel7A on the HiLPMO9B-treated BMCC. This indicates that the activity of HiLPMO9B

modifies the cellulose substrate to make it more accessible for degradation by HiCel7A.

These results are in good agreement with the findings in previous studies. It has been

shown by AFM that the C1-oxidizing Neurospora crassa LPMO9F (NcLPMO9F) caused sepa-

ration of cellulose fibrils from the crystalline cellulose surface, and the pretreatment of

NcLPMO9F could enhance absorption and hydrolytic activity on crystalline cellulose by the

cellobiohydrolase TrCel7A from Trichoderma reesei [47]. Similar results were reported in

another AFM study wherein the C1/C4-active TrLPMO9A could split larger clusters of crystal-

line cellulose ribbons into thinner fibrils, and the degradation was accelerated with a combina-

tion of TrLPMO9A and TrCel7A [57]. This is in line with molecular simulations to examine

the effect of oxidative cleavage on the structure of crystalline cellulose [58]. As expected, the

cleavage due to LPMO actions generated new chain ends that are more solvent accessible.

Interestingly, the reducing end was the most solvent exposed of the two new ends at the cleav-

age site, regardless of which end that was oxidized. LPMO action at either C1 or C4 would

thus in both cases primarily increase the exposure of new reducing ends on the cellulose, and

potentially the accessibility for reducing end-specific cellulases such as TrCel7A and HiCel7A

and their productivity.

In contrast to TrCel7A, the corresponding HiCel7A does not contain any linker-CBM, but

consists of a single GH7 catalytic domain [17]. HiCel7A is the most secreted enzyme by H. irre-
gulare, and the only reducing-end specific CBH of H. irregulare. It is known from previous

studies that GH7 CBHs (and also other cellulases) can access much fewer binding sites on cel-

lulose without than with a CBM [59]. Therefore, to increase the number of accessible binding

sites on cellulose for HiCel7A may be even more important in the H. irregulare system, and

suggests that this may be the major role for HiLPMO9B. Indeed, HiCel7A appears to be even

more stimulated than TrCel7A by the cooperation with an LPMO, although the experiments

may not be directly comparable. HiCel7A is apparently able to attack and cleave off C1-oxi-

dized ends (Figs 1 and 2). We also note that HiCel7A did generate small amounts of C1-oxi-

dized cellobiose also when acting alone, i.e. in the absence of any LPMO, indicating that

C1-oxidized ends were already present in the cellulose substrate, as shown previously [60].

In previous research, nearly all of AA9 LPMOs were characterized using amorphous cellu-

lose (e.g. PASC) as substrate, to determine the regioselectivity on cellulose. The activity of

LPMOs on crystalline cellulose has been much less studied, so information is scarce about the

relative efficiency of crystalline cellulose degradation between LPMOs with different regios-

electivity. In this study, we found that the C1-oxidizing HiLPMO9B is much more efficient in

degrading BMCC cellulose than the C4-oxidizing HiLPMO9I.

When glucomannan was used as the substrate the picture was quite different. No activity

was detected for HiLPMO9B, whereas clear activity was displayed by HiLPMO9I. So far only

five out of 37 characterized LPMOs are known to have activities against glucomannan, but the

regioselectivity and substrate specificity of those GM-active LPMOs vary [61]. LsLPMO9A,

CvLPMO9A, NcLPMO9C and Padospora anserina LPMO9H (PaLPMO9H) displayed broad

substrate specificity over a range of hemicellulosic substrates other than GM, such as xyloglu-

can, mixed-linkage β-glucan, and even xylan in some cases [32,36,37], while HiLPMO9I was

only active on GM but not on the other hemicellulosic substrates tested [49]. LsLPMO9A,

CvLPMO9A, PaLPMO9H oxidizes both C1 and C4 carbons in glucomannan polysaccharides

[32,36,37], while NcLPMO9C only oxidizes at C4 [32,35]. Our MS/MS analysis indicates that

similar to NcLPMO9C, HiLPMO9I also oxidizes only at the C4 carbon of the pyranose units in

glucomannan. The MS/MS data does not, however, show if the C4 oxidation is on glucose or

mannose residues in the glucomannan.
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Molecular details of an LPMO with glucomannan was originally shown in the LsLPMO9A-

GM complex where the substrate is bound to charged/polar residues located on surface-

exposed loop regions (loop L2, L3 and L8) via hydrogen bonding, in addition to hydrophobic

interaction with the conserved tyrosine residue on loop LC [36]. Structural comparison of four

known GM-active LPMOs (NcLPMO9C, LsLPMO9A, CvLPMO9A and HiLPMO9I) high-

lights similarities in the L2 and L3 loops in terms of proposed sugar-interacting residues, sug-

gesting that those residues may be essential for glucomannan binding. While 4 out of 7 sugar-

interacting residues in LsLPMO9A are conserved in HiLPMO9I, only one (Tyr-212) is main-

tained in HiLPMO9B. All the corresponding charged or polar sugar-interacting residues on

the L2 and L3 loops are missing in HiLPMO9B, which could be a possible reason why no activ-

ity on glucomanan was detected for this enzyme. Among the GM-active LPMOs, differences

in the suface-exposed loop regions and the distribution of sugar-interacting residues may lead

to different positioning of the glucomannan chain relative to the active-site copper ion, which

may connect to the varied oxidation preference on glucomannan substrates, but this requires

further investigation.

The difference of activity between HiLPMO9B and HiLPMO9I on cellulose and glucoman-

nan indicate possible functional diversification within the LPMO system of H. irregulare, pre-

sumably connected to the biological behavior of this fungus in colonization on softwood. H.

irregulare is known to remove lignin and hemicellulose prior to breaking down cellulose [62],

which suggests that deconstruction of glucomannan network may be an initial step that allows

hyphal penetration across the plant cell walls. The considerable reduction of glucomannan vis-

cosity shown by HiLPMO9I suggests that this enzyme could be recruited for the disruption of

glucomannan network to facilitate the hyphal penetration. HiLPMO9B, on the other hand, is

capable of degrading cellulose and increasing substrate accessibility for the HiCel7A cellobio-

hydrolase, suggesting that HiLPMO9B could play an important role in crystalline cellulose

degradation, through cooperation with other cellulases.

In summary, this study shows that the two H. irregulare LPMOs, HiLPMO9B and HiLP-

MO9I, show different performance in terms of degrading glucomannan and microcrystalline

cellulose, which suggests that HiLPMO9B and HiLPMO9I could be involved in the different

parts of the enzyme machinery used for decomposition of individual polysaccharide compo-

nents in the softwood cell wall, with different contribution to the colonization process of this

fungus on softwood.
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Abstract: The main objective of this study focused on the sustainable production of cellobiose and
other cellulose-derived oligosaccharides from non-edible sources, more specifically, from forest
residues. For this purpose, a fine-tuning of the performance of the commercially available enzyme
mixture Celluclast® was conducted towards the optimization of cellobiose production. By enzyme
reaction engineering (pH, multi-stage hydrolysis with buffer exchange, addition of β-glucosidase
inhibitor), a cellobiose-rich product with a high cellobiose to glucose ratio (37.4) was achieved
by utilizing organosolv-pretreated birch biomass. In this way, controlled enzymatic hydrolysis
combined with efficient downstream processing, including product recovery and purification through
ultrafiltration and nanofiltration, can potentially support the sustainable production of food-grade
oligosaccharides from forest biomass. The potential of the hydrolysis product to support the growth
of two Lactobacilli probiotic strains as a sole carbon source was also demonstrated.

Keywords: non-digestible oligosaccharides; Celluclast®; cellobiose; conduritol-B-epoxide; prebiotic;
lignocellulose enzyme hydrolysis

1. Introduction

Nowadays, food and pharmaceutical industries show a growing interest in the development
of the so-called functional foods. This term is used to describe products that demonstrate various
beneficial effects for the consumer, such as improving the bioavailability of a particular component and,
eventually, the reduction of the risk of certain diseases and the general amelioration of the person’s
well-being [1]. The main target for these high added-value food ingredients are the non- digestible
oligosaccharides (NDOs), including carbohydrates with a low degree of polymerization (DP), between
3–10 sugar moieties. Their importance arises from the fact that these oligosaccharides are not digested
by the enzymes of the gastrointestinal system, therefore they are available to be fermented by the human
intestinal flora and promote the growth of beneficial gut bacteria in the colon, such as Bifidobacteria and
Lactobacilli [2]. Over 20 different types of NDOs are currently available on the market and they are
either extracted from natural sources, obtained by enzyme processing, or produced chemically [3].
The preferable process targeted for NDOs production involves the controlled enzymatic degradation,
since it offers mild reaction conditions and less chemically harsh byproducts.

A novel source of NDOs are plant cell wall polysaccharides. The inability of humans to digest
NDOs derived from cellulose and hemicellulose structures is due to the fact that NDOs sugar units
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are linked by glucosidic bonds that have a β-configuration and thus cannot be degraded by human
gastrointestinal enzymes since they are specific for compounds with an α-configuration [3]. Such plant
polysaccharides are often present in large amounts in fiber-rich byproducts and wastes, such as
lignocellulosic residues. These residues are currently being underutilized and burned for energy
production with a low sale price; this biomass can serve instead as a starting material for many valuable
products. There is a rapidly growing interest in new technologies that can convert renewable, low-cost
biomass from the forest into high-value bulk chemicals and materials, including NDOs and other food
ingredients [4]. The availability of well-defined enzymes or enzyme combinations for the production
of NDOs from these substrates is a prerequisite [5]. The plant cell wall polysaccharides as a novel
source of prebiotic oligosaccharides have gained increasing attention, since they offer a sustainable
and attractive utilization of the agricultural and industrial residues leading to the development of a
bio-based economy.

Among the lignocellulosic-derived NDOs, those produced by cellulose hydrolysis, namely
cello-oligosaccharides (COS), represent a group of novel oligosaccharides with exceptional interest
and numerous potential applications as potential prebiotic ingredients. These oligosaccharides,
especially cellobiose, have been shown to promote the growth of Bifidobacterium species and exhibit
a higher prebiotic potential than other widely used oligosaccharides, such those from fructose [6].
The bioavailability of cellobiose in humans has already been evaluated with cellobiose tolerance
tests [7]. It has consequently been observed that after ingestion, cellobiose can be fermented by the gut
microflora and that it cannot be hydrolyzed by the digestive enzymes, therefore it reaches the colon
undigested [8]. Additional studies have been carried out with humans and rodents and suggested the
beneficial effects of cellobiose on carbohydrate metabolism, diabetes and obesity [9,10].

Several strategies for enzyme-mediated production of oligosaccharides have been proposed.
These include, among others, the design of tailor-made enzymatic cocktails that offer a controlled
polysaccharide cleavage breaking and produce less monomers [11], the modification of reaction
conditions (e.g., buffer exchange to abolish the end-product inhibition of enzymatic activity) [12]
or the fine-tuning of the performance of commercially available enzyme cocktails (e.g., addition of
β-glucosidase inhibitor [13]). Out of these strategies, the construction of customized enzyme mixtures
may offer great advantages, such as the ability to adapt the mixture composition to different substrates
according to their structural properties, but there are many bottlenecks that hamper the scaling-up of
such processes. These bottlenecks arise either from the production costs of different monoenzymes or
the laborious, time-consuming techniques related to molecular cloning and heterologous production
methods and protocols. On the contrary, tuning the performance of commercially available cellulase
mixtures could be a promising solution for the valorization of available biomass wastes. These enzyme
cocktails comprise of a unique set of various activities that act synergistically to release the desired
product. By modifying the reaction conditions, such as pH or temperature, it is possible to boost the
activity of specific enzymatic activities of interest, such as cellobiohydrolases and endoglucanases in
the case of cellobiose production, selectively. Combining this selectivity together with blocking the
activity of β-glucosidase with inhibitory compounds can theoretically lead to the accumulation of
cellobiose. Conduritol-B-epoxide mimics the structure of β-glucose, as shown in Figure 1, and it is a
potential irreversible inhibitor of β-glucosidases [14]. Opening of the epoxide by a nucleophilic residue
of the enzyme active site enables the interaction with the OH groups of the inhibitor, the formation of a
stable ester bond and, subsequently, the specific binding to the enzyme [15].
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Figure 1. Structures of glucose and conduritol-B-epoxide, two potent inhibitors of enzymes with
cellobiohydrolase activity.

In the present study, different strategies were followed including modification of the reaction
conditions, such as pH, temperature, addition of conduritol-B-epoxide at various concentrations,
as well as change of hydrolysis strategies, such as buffer exchange, supplementation of enzyme and
conduritol. Celluclast®, an enzyme preparation for breakdown of cellulose into glucose, cellobiose and
longer glucose polymers, produced by fungus Trichoderma reesei, was selected for the study due to the
limited activity of β-glucosidase that it is a native characteristic property of the cocktail [16]. As this
enzyme preparation is lacking lytic polysaccharide monooxygenase (LPMO) activities, the synergistic
effect of cellulases with external addition of LPMO towards the production of cellobiose was also
evaluated. This class of enzymes has been reported to cleave cellulose chains in an oxidative way and to
create nicking points [17], thus providing new chain ends for the processive enzymes to act. Moreover,
a comparative study of the performance of the optimized cocktail on different substrates under optimal
reaction conditions is presented. Organosolv-pretreated birch and spruce woodchips [18,19] were used
as substrates to determine the production of cellobiose. Finally, the substrate that was degraded to the
greatest extent was assessed on a scale-up reaction and the whole process, including product recovery
and purification as well as evaluation of prebiotic potential on different Lactobacilli species, is described.

2. Results

2.1. Effect of β-Glucosidase Inhibitor

The effect of conduritol-B-epoxide, which binds covalently to the catalytic site of β-glucosidase,
towards the production of cellobiose was evaluated. Organosolv-pretreated birch B1 (the composition
is described in Section 4.1), was used as a substrate. Since the inhibition effect is usually dose- and
time-dependent, different concentrations of conduritol were tested in order to find the minimum
amount that caused inhibition of the activity of β-glucosidase. Buffer exchange was applied at 24 h,
as from preliminary results it was found that it increased the hydrolysis yield by 23% (data not shown).
Total hydrolysis time was 48 h. As depicted in Figure 2 and Supplementary Table S1, the highest
cellulose conversion to cellobiose was observed with a concentration of 0.99 mM conduritol and
corresponded to 35.2% (w/w) for 48 h of hydrolysis, while the cellobiose (CB): glucose (Glu) ratio was
equal to 3.3. When conduritol was added to a concentration of 3.95 mM, the ratio of cellobiose to
glucose was 6.5, with a total production of 168.5 mg cellobiose/g biomass and 25.8 mg Glu/g biomass. In
presence of 4.94 mM conduritol, the ratio of CB to Glu was 7.1 and was the highest among all conditions
tested, leading to 154 mg CB/g of substrate. In order to combine the maximum ratio of cellobiose to
glucose to get a cellobiose-rich hydrolysis product with the minimum amount of conduritol, addition
of 3.95 mM conduritol was selected as the optimum condition for further experiments.
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Figure 2. Cellulose conversion (% w/w) to cellobiose (CB) and glucose (Glu) under addition of various
concentrations of conduritol-B-epoxide, upon buffer exchange at 24 h. The CB:Glu ratio is also described
for 48 h of hydrolysis.

2.2. Effect of Enzyme and Conduritol Mixture Preincubation

Preincubation of enzyme with conduritol was investigated in order to check whether the inhibitor
could bind onto the enzyme under a time-dependent mode. The preincubation took place at room
temperature for 60 min. Hydrolysis took place under the same conditions as described above and
the results were compared to those from a hydrolysis reaction without preincubation. The results,
described in Table 1, showed that preincubation did not result in further improvement of the activity
of Celluclast® towards the production of CB showing that the covalent bonding between the enzyme
and inhibitor is instant. Moreover, the CB:Glu ratio was slightly lower after preincubation.

Table 1. Cellulose conversion (% w/w) to CB and Glu with and without preincubation of the enzyme
with the inhibitor compound. Birch B1 was used as a substrate.

24 h 48 h

CB (% w/w) Glu (% w/w) CB:Glu CB (% w/w) Glu (% w/w) CB:Glu

No preincubation 17.7 ± 0.9 2.7 ± 0.1 6.7 19.5 ± 1.1 3.0 ± 1.0 6.5
Preincubation 17.0 ± 1.1 2.9 ± 0.0 5.8 19.9 ± 1.0 3.4 ± 1.1 5.8

2.3. Effect of pH and Enzyme Loading

The effect of different pH conditions was investigated with an enzyme loading of 25 and 50 mg/g
substrate, for 24 and 48 h of hydrolysis, with buffer exchange at 24 h. From the results, as shown in
Figure 3 and Supplementary Table S2, it can be concluded that an increase of enzyme loading leads to
a concurrent rise of the overall cellulose conversion but it does not favor the production of CB over
Glu. It is only at pH 7.0 that the addition of 50 mg enzyme/g of substrate results in production of CB as
the sole product in the absence of Glu, with a CB yield of 133 mg/g of substrate after 48 h of hydrolysis
confirming previous observations that the inhibition from conduritol-B-epoxide is pH-dependent [20].

The trials at different pH values showed that there is a gradual increase both in total hydrolysis
yields and the CB:Glu ratio when the pH of the reaction increases from 4.00 to 6.00, while the optimum
CB:Glu ratio is achieved at pH 7.0 (21.6 and 22.5 after 24 and 48 h of hydrolysis, respectively, for 25 mg
enzyme/g of substrate). Interestingly, the overall cellulose conversion is lower at this condition, and
this is apparently due to the lower activity of a fraction of enzymes that are included in Celluclast®

mixture. With the aim to minimize the enzyme usage and, since the amount of CB produced from both
enzyme loading conditions was approximately the same, while the amount of glucose was negligible
(0.56% w/w), the enzyme loading of 25 mg enzyme/g substrate and pH 7.0 was selected as the optimal
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condition to proceed further. Trials at pH 7.5 and 8.0 showed a reduced enzyme activity that reached
9.27% and 1.81% w/w cellulose conversion to CB, respectively (data not shown).
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Figure 3. Cellulose conversion (% w/w) to cellobiose (CB) and glucose (Glu) in different pH conditions
and at an enzyme loading of 25 and 50 mg/g of substrate, upon buffer exchange at 24 h. The CB:Glu
ratio is also described for 24 and 48 h of hydrolysis.

2.4. Effect of Hydrolysis Time, Inhibitor Concentration and Reaction Temperature at pH 7.0

The hydrolysis rates after 24, 48, 72 and 96 h incubation were evaluated at pH 7.00, both with and
without buffer exchange at 48 and 72 h, in order to evaluate whether it was possible for the reaction to
continue leading to an increase of cellobiose production. Buffer exchange at 24 h was applied in both
cases. The results, as depicted in Figure 4a and Supplementary Table S3, showed that the rate is higher
during the first 24 h of reaction, with a CB yield of 109.5 mg/g substrate and a CB:Glu ratio of 21.8,
which in accordance with the previous results, and it remains high after 48 h. Comparison of 72 and
96 h of hydrolysis with and without buffer exchange did not show significant difference, therefore this
strategy was not used further. This can be attributed to the fact that enzymes, though bound onto
the substrate, have lost a part of their activity after 96 h of hydrolysis, therefore they are not able to
continue the hydrolysis of the substrate and contribute further to the increase of the CB yield. As the
greater amount of cellobiose was produced within the first 24 h, this condition was selected in order to
minimize the hydrolysis time and, consequently, the possible overall costs of the process.
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(b) for various concentrations of conduritol-B-epoxide at pH 7.0. The CB:Glu ratio is also described for:
(a) different hydrolysis time; (b) 24 h of reaction.
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As pH 7.0 was proved to be a condition that does not favor the activity of β-glucosidase, since the
enzyme was apparently less active, and with the aim to reduce the addition of conduritol as much
as possible, another set of experiments was set up in order to test different concentrations of the
inhibitory compound. Conduritol-B-epoxide was added in concentrations varying within the range
of 0–3.95 mM and the reaction was incubated for 24 h. In Figure 4b and Supplementary Table S4, it
can be observed that a concentration of 1.98 mM conduritol is sufficient to suppress the activity of
β-glucosidase and lead to a total production of 141.7 mg CB/g of substrate, with a CB:Glu ratio of
28.3. Trials with different temperature conditions were also conducted in order to evaluate whether a
temperature change within the range of 40–50 ◦C (optimal temperature conditions for the performance
of Celluclast® according to [10]), could have a beneficial effect towards the increase of cellobiose
production. The hydrolysis yield and the CB:Glu ratio were evaluated after 12 and 24 h of hydrolysis,
after applying buffer exchange at 12 h. The results, summarized in Table 2, showed that 45 ◦C is the
optimal temperature that maximizes the cellobiose production, but the CB:Glu ratio is much lower.
Therefore, the condition of 1.98 mM conduritol, 50 ◦C and 24 h of reaction was chosen as the optimal.

Table 2. Trials with different temperature and incubation time. All experiments have been conducted
upon the addition of 1.98 mM conduritol-B-epoxide and a pH 7.0, while buffer exchange was applied
at 12 h.

Temperature/Incubation Time CB Glu CB:Glu mg CB/g Substrate

50 ◦C, 12 h 13.0 ± 1.1 0.5 ± 0.1 27.1 111.97
50 ◦C, 24 h 16.3 ± 0.5 0.6 ± 0.1 28.0 140.66
45 ◦C, 12 h 16.7 ± 0.7 1.4 ± 0.1 12.1 143.97
45 ◦C, 24 h 20.1 ± 0.4 1.2 ± 0.0 17.3 173.45
40 ◦C, 12 h 12.8 ± 1.0 1.3 ± 0.2 9.6 110.64
40 ◦C, 24 h 18.5 ± 0.2 1.7 ± 0.2 10.7 159.4

2.5. Effect of Buffer Exchange, Enzyme and Inhibitor Supplementation

The effect of buffer exchange, as well as the supplementation with additional enzyme loading
and/or conduritol-B-epoxide was assessed for 8, 24 and 48 h of hydrolysis. Buffer exchange and
supplementation of enzyme and inhibitor occurred at 8, 24 and 48 h, while the amount of enzyme
and inhibitor added each time was equal to the initial concentration. The results in Figure 5 show
that buffer exchange not only improved the CB yield but also increased the CB:Glu ratio at 24 and
48 h. This can be attributed not only to the removal of produced cellobiose and, thus, elimination of
end-product inhibition, but also due to the fact that β-glucosidase was removed in the supernatant
while other cellulolytic enzymes remained bound onto the substrate. As a result, after the buffer
exchange step, the majority of the enzymes that are present represent enzymes with activity of endo-
and exo-cellulases, while the β-glucosidase fraction has been removed. Trials with supplementation
of enzyme, conduritol or combination of both showed that the addition of enzyme loading boosts
the hydrolysis towards the production of cellobiose and rapidly increases the CB:Glu ratio to 39.8,
compared to 18.6 in case of buffer exchange. The highest performance is achieved when all three
different constituents, namely buffer, enzyme and conduritol, are all supplemented, leading to 164.3
and 172.2 mg CB/g of substrate after 24 and 48 h of hydrolysis, respectively (Supplementary Table S5).
Supplementation with conduritol alone does not further improve the product yield.
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Figure 5. Cellulose conversion (% w/w) to CB and Glu after applying buffer exchange and/or
supplementation with additional enzyme loading or conduritol-B-epoxide. The CB:Glu ratio is also
described for 8, 24 and 48 h of hydrolysis.

2.6. Evaluation of LPMO on the Production of Cellobiose

Synergistic effect of PcLPMO9D with cellulases was investigated in order to evaluate whether
the addition of a C1 oxidizing enzyme can boost the production of cellobiose. The control reaction
with 25 mg Celluclast®/g of substrate and addition of 1.98 mM of conduritol-B-epoxide resulted in
the release of 145.7 mg CB/g of substrate, with a CB:Glu ratio equal to 21.8. The test reaction with an
additional loading of 2.5 mg LPMO/g of substrate showed a substantial increase of cellobiose to 220.9 g
CB/g of substrate. Interestingly, the data displayed in Table 3 show that, in parallel, there is a higher
increase in the glucose production rate, which is translated into a decrease of the overall CB:Glu ratio.
As a result, although the total sugar release is increased by around 58% in the LPMO supplemented
reaction and there is a significant boost obtained in the case of cellobiose, the enormous enhancement
in glucose levels causes the CB:Glu ratio to drop to 13.1. Interestingly, in the control reaction containing
27.5 mg Celluclast®/g of substrate, no significant changes in either cellobiose or glucose yields were
observed. This is an indication that the increase of cellobiose yields can be attributed to the activity of
LPMO and not to the effect of increased protein content. To the best in our knowledge this is the first
report where the additional action of LPMO results not only in the increase of release of glucose but
also in the increase of production of cellobiose.

Table 3. Evaluation of synergistic effect of Celluclast® supplementation with PcLPMO9D towards the
production of cellobiose.

Conditions CB
(% w/w)

Glu
(% w/w) CB:Glu mg CB/g

Substrate
% CB

Increase
% Glu

Increase

25 mg enzyme/g sub 16.0 ± 1.7 0.7 ± 0.1 21.8 145.7 0 0
25 mg enzyme/g sub +
2.5 mg PcLPMO9D/g sub 24.3 ± 1.2 1.9 ± 0.1 13.1 220.9 51.5 151.6

27.5 mg enzyme/g sub 16.0 ± 1.0 0.7 ± 1.0 21.8 145.4 0 0

2.7. Evaluation of Different Substrates

Different substrates were tested towards the production of cellobiose by using the optimal
hydrolysis conditions, namely 1.98 mM of conduritol-B-epoxide at pH 7.0 with an enzyme loading of
25 mg/g substrate. Buffer exchange was applied at 8 and 24 h of hydrolysis, without any supplementation
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of conduritol or enzyme. The composition of each substrate is described in Section 4.1. According to
the results depicted in Figure 6 and Supplementary Table S6, conversion of cellulose to cellobiose was
higher in birch compared to spruce. Regarding the CB:Glu ratio, in the case of birch, this was lower for
B1, and in case of spruce it was lower for S1; both were pretreated with acid catalyst. B1 was by far the
best substrate among those tested for the production of cellobiose, therefore it was selected for the
scale-up reactions.
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Figure 6. Hydrolysis yields from birch and spruce substrates, described as % w/w cellulose conversion
into cellobiose and glucose of at pH 7.0, upon the addition of 1.98 mM conduritol-B-epoxide, at an
enzyme loading of 25 mg/g of substrate, with buffer exchange at 8 and 24 h. CB:Glu and total mg CB
per gram of substrate are also described.

2.8. Scale-up Reaction and Downstream Processing for Product Recovery

A scale-up reaction with a total volume of 60 mL was carried out using birch B1 as the substrate and
the optimal reaction conditions to maximize the cellobiose production upon the minimum addition of
conduritol-B-epoxide and enzyme loading, as determined in the previous experiments. The hydrolysis
was carried out at pH 7.0, with addition of 1.98 mM conduritol-B-epoxide and an enzyme loading
of 25 mg/g of substrate. Hydrolysis took place for 24 h and buffer exchange was applied after
8 h. After centrifuge and removal of the residual biomass, all fractions were collected and mixed
(final reaction mixture together with that originating from the buffer exchange). Ultrafiltration and
nanofiltration were applied in order to remove glucose and conduritol and to recover a cellobiose-rich
liquor. Figure 7 represents the overall procedure for the enzymatic production of cellobiose from
organosolv-pretreated birch B1, as well as the product yield and recovery in each stage. A total amount
of 1.28 g of cellobiose was produced, corresponding to 128 mg of cellobiose/g of substrate, while after
ultra- and nano-filtration, 984 mg of the final product remained. The nanofiltration step resulted in the
removal of a great amount of glucose, leading to a final cellobiose to glucose ratio of 37.4. The protein
content of the mixture was determined at 0.53% w/w. The product was freeze-dried (Figure 8) and
used for evaluation of its prebiotic potential.
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2.9. Evaluation of COS Prebiotic Activity

Growth Potential of Lactobacillus Strains on Pure Cellobiose and Birch-Derived Sugars

Two Lactobacilli strains were used for testing the prebiotic effect of the birch hydrolysates.
The results, as evaluated by the increase of the optical density (OD600) and the carbohydrate
accumulation, are depicted in Figure 9. Both strains (L. gasseri and L. plantarum) can efficiently
utilize cellobiose which is demonstrated by the growth rate values that reach µ = 0.19 h−1 and
µ = 0.78 h−1, respectively. L. plantarum exhibits a relatively higher growth in cellobiose (final OD600 =

5.18 ± 0.19) and consumes the total carbohydrate content within the first 23 h of hydrolysis. L. gasseri is
slower (final OD600 = 5.08 ± 0.27) and incubation time over 50 h is required in order to consume the
total amount of cellobiose. Lactic acid is the only metabolite that is produced by both L. gasseri and
L. plantarum when grown on cellobiose, as depicted in Table 4, while no production of any short chain
fatty acid (acetic, propionic or butyric acid) is detected.
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(b)(a)

Figure 9. Growth curve and carbohydrate consumption of (a) L. gasseri and (b) L. plantarum grown
anaerobically, at 36 ◦C, on MRS culture media supplemented with 2% (w/v) cellobiose and with birch
hydrolysate at an initial concentration corresponding to 2% (w/v) cellobiose.

Table 4. Fermentation metabolites (mg/mL) of Lactobacilli strains upon growth on pure cellobiose,
birch and spruce COS-rich hydrolysates. No significant amounts of formic or butyric acid were detected.

L. gasseri L. plantarum

Cellobiose Birch Hydrolysate Cellobiose Birch Hydrolysate

0 h 77 h 0 h 77 h 0 h 23 h 0 h 23 h

cellobiose 19.7 ± 1.1 0.1 ± 0.0 19.6 ± 2.0 0.0 ± 0.00 20.1 ± 0.06 0.0 ± 0.0 20.0 ± 2.6 0.1 ± 0.1
lactic acid 0.1 ± 0.1 8.5 ± 1.4 0.3 ± 0.1 39.5 ± 3.9 0.4 ± 0.01 21.1 ± 2.9 1.2 ± 0.2 37.1 ± 2.9
acetic acid 4.0 ± 1.3 4.1 ± 0.0 4.2 ± 0.8 4.4 ± 1.0 4.3 ± 0.25 3.8 ± 0.6 4.5 ± 1.7 4.4 ± 1.9

propionic acid 0.9 ± 0.0 1.03 ± 0.7 1.1 ± 0.0 0.8 ± 0.2 0.9 ± 0.12 0.9 ± 0.0 1.1 ± 0.7 0.8 ± 0.2

The results from the studies with birch hydrolysate showed that both strains are able to grow
on birch-derived cellobiose as shown in Figure 9 by the increase of the optical density value and the
consumption of the cellobiose content. The most effective strain was L. plantarum, with a growth
rate of µ = 0.92 h−1, while L. gasseri could also utilize this carbon source, though it was much slower
(µ = 0.22 h−1). Determination of the fermentation products (Table 4) reveals the presence of other
sugars existing in the biomass hydrolysate that were not detected by HPLC and can be consumed by
both strains, since the amount of the lactic acid produced is much higher than the cellobiose that is
consumed. In fact, a low amount of glucose is present, but still the final concentration of lactic acid is
much higher. Analysis of the product with HPAEC-PAD chromatography revealed traces of sugars
with higher degree of polymerization, such as cellotriose and cellotetraose, leading to the conclusion
that other oligosaccharides with higher degree of polymerization (DP) originating either for cellulose
or hemicellulose exist in the hydrolysate and serve as a carbon source for the bacteria. In a similar way
as for the cellobiose substrate, no production of acids was observed.

3. Discussion

Lignocellulosic biomass residues constitute an abundant, renewable source of energy-rich
polysaccharides that, when subjected to enzymatic hydrolysis, are transformed into oligomeric
and monomeric sugars. The latter can either be processed through chemical and/or biological treatment
towards a repertoire of high added-value products or, depending on their structural properties,
to be used as animal feed or human dietary supplements with prebiotic properties. Many tons of
forest materials are annually made available by the forest industry and these residual streams are
usually under-valorized. Biomass from birch trees consists of approximately 43.9% w/w cellulose,
while this percentage reaches 42% w/w for spruce trees [21], underlining the great potential of
these residues towards the production of COS. It has been already reported in the literature that
COS produced by enzymatic hydrolysis of wheat straw, comprised of 84% of cellobiose, showed a
substantial improvement of the microbial consortium of weaned pigs [22]. However, limited studies on
production of COS from forest biomass have yet been reported. Production of non-digestible COS from
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forest residual biomass includes a complete process starting from physicochemical pretreatment and
fractionation in order to obtain a cellulose-rich solid pulp, followed by controlled enzymatic hydrolysis
in order to increase the ratio of oligomers over monomers, product recovery and purification and,
eventually, evaluation of prebiotic activity. To the best of our knowledge, this is the first study to report
the optimization of parameters for tuning the performance of the commercial cocktail Celluclast®

towards the production of oligosaccharides and, moreover, this is one of the first reports that describes
the whole procedure covering from the pretreatment/fractionation to the in vitro evaluation of COS
prebiotic potential on Lactobacilli strains.

Lignocellulose degradation is a challenging process due a number of factors linked with the
recalcitrance and complex nature of this material. The saccharification of the lignocellulosic biomass is
hence limited due to these factors. Particularly, the hemicellulose and lignin removal, the decrease
of the degree of polymerization of the cellulose chain and the decrease of the cellulose crystallinity
index, which is also accompanied by the decrease of the particle size and thus the increase of
the accessible surface area, are considered as major requirements for a hydrolysis process to be
efficient [23,24]. Therefore, to boost the hydrolysis of lignocellulose towards the production of prebiotic
oligosaccharides, there is a necessity to overcome the difficulty and complexity of the depolymerization
of this substrate. Applying an efficient pretreatment/fractionation method, such as organosolv process,
has proven a promising solution [18,19], particularly by employing food-grade aqueous ethanol
solutions. Combining an efficient fractionation process with controlled enzymatic hydrolysis can boost
the release of oligomers over monomers. Synthesis of cellobiose and other oligosaccharides with higher
DP is also possible through enzyme-mediated condensation reaction of monosaccharides, catalyzed by
β-glucosidases [25,26]. However, the reaction rate is quite slow, leading to very low oligosaccharide
yields and thus, making the process not economically viable. Compared to synthesis, hydrolysis
of cellulose-containing substrates, including lignocellulosic residues, is an attractive alternative.
The main bottleneck of the process is the end-product inhibition, which is more severe in case of
cellobiohydrolases [27] but can also affect many enzymatic activities that are present in a cellulase
mixture. Additionally, the remaining hemicellulose-derived products on the substrate, like xylan, also
impact the hydrolysis rates of cellulases [28]. Even though generally the inhibition is more apparent at
high-solid concentrations it is also significant at low-solid concentrations [29] and therefore can occur
under the conditions of the present study.

To eliminate the adverse effects of the end-product inhibition, we studied the effect of buffer
exchange on the increase of cellobiose yields. A similar strategy described as a multistage degradation
process of cellulose towards the production of cellobiose has been also reported in the literature [12].
This process is expected not only to alleviate the inhibitory reactions from present cellobiose and
glucose, but also to enable the removal of unbound β-glucosidase in the washing fraction, while other
cellulases containing a carbohydrate binding module (CBM) remain attached onto the substrate and
continue the hydrolysis process. Moreover, we studied the addition of the β-glucosidase inhibitor
conduritol-B-epoxide at different concentrations, which led to a substantial increase of the final
cellobiose produced. Finally, modifying the reaction conditions and performing the hydrolysis at
pH 7.0 resulted in a high ratio of CB:Glu. This is in accordance with data reported in the literature
describing that activity of Celluclast® against pNP-glucopyranoside (indicative of β-glucosidase
activity) is observed only in a narrow pH range between 4.0–5.5 [30]. By combining buffer exchange
with addition of conduritol and changing the pH of the reaction, we achieved a CB:Glu ratio of
21.8, which is the highest among those reported. Ultrafiltration in order to remove the enzymes and
possibly re-use them, combined with nanofiltration in order to remove glucose, conduritol and other
low-molecular-weight compounds was also employed for the scale-up reactions [31].

LPMOs, a novel class of oxidative biocatalysts acting on carbohydrate-containing substrates, have
been shown to boost the hydrolytic performance of cellulase cocktails by improving their accessibility
to the cellulosic substrate [17]. LPMOs have been investigated for their implication in defibrillation
and separation of cellulose fibrils, acting as “amorphogenesis”-inducing factors [32], thus providing
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to hydrolases novel cellulose sites for binding and cleavage. Since LPMOs have this mode of action,
it was supposed that they can possibly boost the production of cellobiose. Indeed, as shown in our
study, their incorporation in the cellulase mixture increased the yield of CB, but this was accompanied
by a simultaneous increase of glucose and, as a result, the decrease of the ratio of CB:Glu. In our case,
this condition was not selected further for the experimental purposes of the present project.

Testing different substrates showed that at least two-fold higher cellobiose yield was achieved
in the case of birch compared to spruce, verifying that the performance of the cocktail differs among
biomass samples and depends on the composition and structure of the lignocellulosic materials that
differ according to the type of wood that is used. The main hemicellulolytic component of hardwoods
(birch) is xylan, while for softwoods (spruce) is glucomannan. Consequently, the response of the
different materials to the pretreatment method that is being used is also distinctive. It has been
reported that after the organosolv pretreatment of both birch and spruce biomass the lignin removal is
more significant for birch than for spruce and therefore, the enzymatic digestibility showed higher
improvement in the case of birch than in the case of spruce [33,34], as it can also be observed by the
composition of the OS pretreated substrates that were used for this study.

The results of this study clearly demonstrate that there are several possible strategies that allow a
fine-tuning of the performance of the commercial enzyme mixture Celluclast® towards the production
of cellobiose. This occurs in a way meaning that there is the option of choosing between high
production yields and high purity of the obtained product. Consequently, the decision-making can be
adjusted accordingly to the purpose of the experiment. In our case, the target was the production of a
cellobiose-rich stream, as pure as possible, in order to be incorporated in products and foods with low
glycemic index. This study was a part of ForceUp Value project, funded by Vinnova, Sweden, with the
aim to provide functional products. The project’s overall approach is to utilize residual lignocellulosic
biomass, namely forest feedstocks, for the production of prebiotics to be used as health-beneficial
products for human consumption. To achieve this goal towards the production of food supplements
with low glycemic index, the focus was on producing COS with a glucose content as low as possible,
therefore all experimental design was based on that aspect. The results clearly demonstrate the
successful production of COS from birch biomass, as well as their ability to be fermented by beneficial
lactic acid bacterial species, which contributes to their prebiotic characteristic.

4. Materials and Methods

4.1. Enzymes and Substrates

For the production of cellobiose, organosolv-pretreated birch (B1: 200 ◦C for 30 min, 60% (v/v)
EtOH, 1% (w/wbiomass) H2SO4; and B2: 200 ◦C for 15 min, 60% (v/v) EtOH) and spruce (S1: 200 ◦C for
30 min, 52% (v/v) EtOH, 1% (w/wbiomass) H2SO4; and S2: 200 ◦C for 30 min, 52% (v/v) EtOH) were
used as substrates [18,19]. The compositional analysis of the materials was 77.9% (w/w) cellulose,
8.9% (w/w) hemicellulose, 7.0% (w/w) lignin for B1, 66.3% (w/w) cellulose, 22.0% (w/w) hemicellulose,
7.8% (w/w) lignin for B2 and 72.0% (w/w) cellulose, 4.0% (w/w) hemicellulose, 15.4% (w/w) lignin for
S1 and 66.0% (w/w) cellulose, 6.0% (w/w) hemicellulose, 14.9% (w/w) lignin for S2 [18,19]. Glucose
and cello-oligosaccharides (DP2-6), as well as weak acids (lactic acid, acetic acid, propionic acid) that
were used as analytical standards, were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cellulase
mixture from Trichoderma reesei (Celluclast®) and conduritol-B-epoxide (1,2-anhydro-myo-inositol) was
purchased from Millipore, Burlington, MA, USA.

4.2. Hydrolysis of Lignocellulosic Materials

Organosolv-pretreated birch B1 was used as a substrate for all experiments towards the
optimization of the enzymatic hydrolysis conditions. Organosolv-pretreated birch (B1, B2) and
spruce (S1, S2) were then tested as substrates to estimate the cellobiose production from different
lignocellulosic feedstocks. All enzymatic treatments took place with a commercially available cellulase
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mixture from Trichoderma reesei (Celluclast®, Sigma-Aldrich). The initial dry matter (DM) in all
experiments was 6% (w/v) and the enzyme loading was 25 or 50 mg/g substrate, as described below
for each experimental run. Enzymatic reactions were performed in safe lock microtubes at 1.5 mL
reaction volume, at 50 ◦C, under agitation of 1100 rpm. All reactions were performed in 100 mM
phosphate-citrate buffer pH 5.0 and contained 0.02% (w/v) NaN3. Conduritol-B-epoxide was used as
a β-glucosidase inhibitor. Buffer exchange was applied at 24 h, while the total hydrolysis time was
48 h. All trials were run in duplicates. At different time intervals (8, 12, 24, 48 h) according to the
design and purpose of each experiment, samples were taken, boiled for 5 min for enzyme inactivation,
centrifuged and the supernatant was filtered (0.22 µM pore size). As the main reaction products were
cellobiose and glucose, sugar analysis was performed by isocratic ion-exchange chromatography, using
an Aminex HPX-87H column (Bio-Rad Laboratories, Hercules, CA, USA) with a micro-guard column
at 65 ◦C as previously described [35]. The % w/w cellulose conversion into cellobiose was calculated
by following the equation below:

Cellulose conversion (%) =
C2 ∗ 1.05 ∗ 100

Csubstrate ∗% cellulose ∗ 1.1
, (1)

where the concentrations of cellobiose and initial substrate are calculated in mg/mL of reaction volume
and 1.05 is the conversion rate of cellobiose to glucose. The % w/w cellulose for each substrate is
described in Section 4.1. In case other oligosaccharides were present, the hydrolysates were analyzed
with high performance anion exchange chromatography equipped with pulsed amperometric detection
(HPAEC-PAD), as previously described [36].

4.3. Evaluation of Synergistic Effect of PcLPMO9D with Cellulases towards Cellobiose Production

Combined activity of cellulases with PcLPMO9D from Phanerochaete chrysosporium [37] towards the
production of cellobiose was evaluated. The enzyme, acting on the C1 atom of the glucose molecules
and producing lactones as oxidized products, was heterologously produced in Pichia pastoris and
purified to its homogeneity according to previously described methods and protocols [37]. The reactions
were performed with 6% (w/v) initial DM in 100 mM phosphate-citrate buffer pH 7.0, upon addition of
1.98 mM conduritol-B-epoxide, in the presence of 1 mM ascorbic acid as reducing agent, in safe lock
microtubes at 1.5 mL reaction volume, at 50 ◦C, under agitation of 1100 rpm. Control reaction was
performed with 25 mg/g of substrate Celluclast®. To test the effect of PcLPMO9D supplementation,
the aforementioned enzyme load was supplemented with 2.5 mg/g of substrate of PcLPMO9D, with the
rest of the conditions remaining the same. Another control reaction was also included, in which
Celluclast® loading was 27.5 mg/g of substrate. Hydrolysis took place for 8 h. After centrifugation and
boiling, the supernatants were filtered (0.22 µM pore size) and the released sugars were detected by
HPLC chromatography using an Aminex HPX-87H column as previously described [35].

4.4. Scale-up Hydrolysis Reaction and Product Recovery

After identifying the optimal conditions to maximize the cellobiose yield from birch biomass,
a scale-up reaction with B1 as a substrate was set up. The initial dry matter was 6% (w/v) and the
enzyme loading was 25 mg/g substrate, all suspended in 15 mM ammonium acetate buffer pH 7.0.
Ammonium acetate was selected as a sufficiently volatile salt and it was used as a buffer solution at a
low concentration in order to minimize the amount of salts in the final product. The hydrolysis total
volume was 60 mL in a 500 mL shake flask and the reaction took place at 50 ◦C, under continuous
agitation of 160 rpm, for 24 h. The hydrolysate was collected after centrifugation, filtrated with
0.22 µm pore size filter and then samples were taken for HPLC analysis for identifying and quantifying
the cellobiose and glucose content using an Aminex HPX-87H column, as previously described [35].
Then, the hydrolysate was further processed to ultrafiltration for the removal of the enzymes and
nanofiltration for the glucose removal and concentration.
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For the removal of the total protein, the hydrolysate was filtrated with a LabScale Tangential Flow
Filtration system (TFF) (Millipore, Burlington, MA, USA) with exclusion membrane size 5 kDa (Pellicon
XL Ultrafiltration Module Biomax 5 kDa, Millipore). The retentate, containing the concentrated solution
of cellulases, was maintained in 4 ◦C for further use in other hydrolysis experiments. The removal of
protein was quickly confirmed by determination of protein content with the Bradford method [38].
The permeate was then collected and applied to the nanofiltration system. Nanofiltration was employed
for the removal of glucose, conduritol and other low-molecular-weight compounds, as well as for
the concentration of birch hydrolysate. A system comprised of a HP4750 High Pressure Stirred Cell
(Sterlitech, Kent, WA, USA) and NF270 (pore size ~200–400 Da, Polyamide-TFC, Flux (GFD/psi)
72-98/130, Dow Filmtec™) was employed. A constant pressure of 10 bar was provided by filling
nitrogen gas into the cell, while temperature was set at 50 ◦C. During the nanofiltration process, samples
of the permeate and the feed solutions were taken every 15 min on average depending on the flow rate
of the permeate. At the end of the filtration, another sample was taken from the sugar mixture that was
inside of the vessel (retentate). All samples were then filtrated with 0.22 µm pore size filters and were
analyzed with HPLC chromatography using an Aminex HPX-87H column, as previously described in
order to determine the sugar content and the presence of acids originating from biomass components
(hemicellulose) or reaction conditions (buffer) [35]. The retentate was then collected, freeze-dried and
stored in a dry place until further use.

4.5. Determination of Prebiotic Potential of Birch Hydrolysate

Birch hydrolysates produced after enzymatic hydrolysis were tested by prebiotic tests in order to
identify whether they could be utilized as carbon sources and support the growth of probiotic strains.
Lactobacillus gasseri DSM 20077 was purchased from DSMZ (Braunschweig, Germany) while Lactobacillus
plantarum ATCC 8014 was from ATCC, Manassas, VA, USA. The growth medium for both Lactobacillus
strains’ stock cultures was MRS medium with cysteine (Medium 232 DSMZ). Birch hydrolysate was
tested at an initial cellobiose concentration of 2% (w/v) in MRS broth prepared at pH 6.0, in the absence
of glucose or any other carbohydrate. The obtained media was then sterilized using 0.22 µm pore size
filters. Bacteria cells grown in glucose precultures were centrifuged (4000 rpm, 10 min), collected and
resuspended in 50 mL MRS medium containing birch-derived sugars. The cultures were incubated
anaerobically, at 36 ◦C, without agitation, for a maximum of 80 h. Growth rate was monitored by
identifying the cell density at 600 nm, while sugar consumption and release of fermentation products
(lactic acid, acetic acid, etc.) were analyzed using HPLC chromatography with Aminex HPX-87H
column as described above [35]. All trials were run in duplicates. Cultures with MRS media with 2%
(w/v) cellobiose were used for comparison.

5. Conclusions

The abundance of the lignocellulosic biomass together with its ability to generate high added-value
oligosaccharides, such as those derived from the cellulose fraction, through enzymatic treatment make
it a sustainable source for the potential larger scale production of these novel food-grade ingredients.
In this study, we modified the performance of the commercially available enzyme mixture, Celluclast®,
towards the production of COS from birch biomass. The potential of the hydrolysis product to support
the growth of two Lactobacilli probiotic strains as a sole carbon source was also demonstrated.
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concentrations of conduritol-B-epoxide at pH 7.0 on the % w/w cellulose conversion into CB and Glu. Table S5:
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the cellulose conversion (% w/w) to CB and Glu. Table S6: Hydrolysis yields from birch and spruce substrates,
described as % w/w cellulose conversion into cellobiose and glucose of at pH 7.0, upon the addition of 1.98 mM
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Abstract 

Background: Lytic polysaccharide monooxygenases (LPMOs) are copper-dependent enzymes that oxidatively 
cleave recalcitrant lignocellulose in the presence of oxygen or hydrogen peroxide as co-substrate and a reducing 
agent as electron donor. One of the possible systems that provide electrons to the LPMOs active site and promote the 
polysaccharide degradation involves the mediation of phenolic agents, such as lignin, low-molecular-weight lignin-
derived compounds and other plant phenols. In the present work, the interaction of the bulk insoluble lignin fraction 
extracted from pretreated biomass with LPMOs and the ability to provide electrons to the active site of the enzymes is 
studied.

Results: The catalytic efficiency of three LPMOs, namely MtLPMO9 with C1/C4 regioselectivity, PcLPMO9D which is a 
C1 active LPMO and NcLPMO9C which is a C4 LPMO, was evaluated in the presence of different lignins. It was cor-
related with the physicochemical and structural properties of lignins, such as the molecular weight and the composi-
tion of aromatic and aliphatic hydroxyl groups. Moreover, the redox potential of lignins was determined with the use 
of large amplitude Fourier Transform alternating current cyclic voltammetry method and compared to the formal 
potential of the Cu (II) center in the active site of the LPMOs, providing more information about the lignin-LPMO inter-
action. The results demonstrated the existence of low-molecular weight lignin-derived compounds that are diffused 
in the reaction medium, which are able to reduce the enzyme active site and subsequently utilize additional electrons 
from the insoluble lignin fraction to promote the LPMO oxidative activity. Regarding the bulk lignin fractions, those 
isolated from the organosolv pretreated materials served as the best candidates in supplying electrons to the soluble 
compounds and, finally, to the enzymes. This difference, based on biomass pretreatment, was also demonstrated by 
the activity of LPMOs on natural substrates in the presence and absence of ascorbic acid as additional reducing agent.

Conclusions: Lignins can support the action of LPMOs and serve indirectly as electron donors through low-molecu-
lar-weight soluble compounds. This ability depends on their physicochemical and structural properties and is related 
to the biomass source and pretreatment method.

Keywords: Lytic polysaccharide monooxygenases, Lignin structural properties, Electron donor, Cyclic voltammetry, 
Redox potential, Forest biomass, Pretreatment
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Background
The emerging environmental concern over fossil fuels 
depletion and exponential increase of the worldwide 
energy consumption have both triggered the search 
for alternative and sustainable energy resources [1]. 
Lignocellulosic biomass has recently gained much 
attention due to its abundance and great potential to 
replace not only petroleum-based fuels but also other 
chemicals in the current market [2]. In a biorefinery, 
lignocellulose-derived carbohydrates can be converted 
through enzymatic, chemo-enzymatic and biological 
processes into fermentable sugars that can be subse-
quently used as starting materials for the production 
of energy and value-added end products [3]. The cur-
rently available commercial carbohydrate-degrading 
enzyme cocktails targeted to efficiently degrade recalci-
trant lignocellulose contain a wide range of cellulolytic 
and hemicellulolytic activities, as well as a novel class 
of oxidative enzymes, lytic polysaccharide monooxy-
genases (LPMOs) [4, 5]. LPMOs are one of the integral 
components of these cocktails due to their ability to 
boost the action of enzymes implied in the deconstruc-
tion of cellulose and hemicellulose [6, 7].

Lytic polysaccharide monooxygenases are copper 
active enzymes with a great gene diversity in the genome 
sequences of, among others, the lignocellulose degrading 
fungi [8]. Their mode of action differs from that of the 
hydrolytic enzymes due to their unique way of oxidative 
breakage of glycosidic bonds of the polymeric carbohy-
drates using molecular oxygen or hydrogen peroxide as 
co-substrate [9] in the presence of a reducing agent. 
Depending on whether they act on the C1 or C4 carbon 
atom of the glucose moiety, they have been classified as 
C1, C4 or mixed C1/C4 LPMOs [10]. C1 LPMO action 
generates a reducing end oxidized product, lactone, 
which is subsequently hydrolyzed to gluconic acid, while 
C4 LPMOs catalyze a non-reducing end oxidization to 
produce 4-ketoaldoses. The third type, C1/C4 LPMOs, 
exhibits a broader specificity and cleaves cellulose chain 
by oxidizing both C1 and C4 carbon atoms within the 
same polysaccharide chain. LPMOs have been shown to 
be able to utilize electrons from multiple sources includ-
ing lignin [11], phenolic compounds [12–15], specific 
enzymes [13, 16, 17] or photosynthetic pigments [18]. 
The interaction of LPMOs with bulk insoluble lignin and 
soluble lignin derivatives is of pivotal importance for 
the enzyme system of wood degrading fungi; as in vivo, 
the saprophytic fungal lignocellulolytic systems pos-
sibly use lignin as reducing agent [19]. It has been also 
reported that the LPMO genes are highly up-regulated 
when the fungi act on lignocellulosic substrates [20]. 
Although some studies have been published [15, 16, 21], 
little is known about how properties of lignin, such as the 

molecular weight and the relative proportion of different 
units or hydroxyl groups, could affect the LPMO activity.

Different biomass pretreatment processes probably 
affect the oxidation efficiency of LPMOs and this is not 
only related to altered carbohydrate content and mor-
phology [12]. Apart from the cellulose and hemicellulose 
content and structure that both greatly affect the biomass 
degradation process, the lignin properties are related to 
the ability of the substrate to provide electrons to LPMOs 
[14]. Lignin is a complex and recalcitrant biopolymer that 
consists of a network of three basic precursors, namely 
sinapyl, coniferyl, and p-coumaryl alcohols that form the 
lignin building blocks syringylpropane (S), guaiacylpro-
pane (G), p-hydroxyphenol (H), respectively. The relative 
amount of S, G and H in lignin varies among the differ-
ent types of wood; S and G units dominate in hardwood, 
while softwood lignin is rich in G units. Small amounts of 
H are present in both types of wood. The relative ratios 
of lignin aromatic units from agricultural residues differ 
among the species without any specific pattern observed. 
The content of S and G units has been correlated to the 
chemical reactivity of lignin, as β-O-4 bonds found in 
S lignin are more easily cleaved compared to that of G 
lignin [22]. That is reflected in the fact that hardwood 
delignification occurs in greater extent than in softwood 
under alkaline pretreatment conditions. Lignin meth-
oxy content, the amount of aliphatic hydroxyl groups 
and the molecular weight of different lignins are among 
other factors that have been correlated with the lignin 
reactivity towards polymerization [23, 24]. Reactivity 
of lignin tends to increase with lower molecular mass 
lignins, increased ratios of ether linkages and aromatic 
to aliphatic hydroxyl groups, as well as lower amount of 
methoxy groups [23]. These factors are related to the type 
and the severity of the pretreatment followed and may 
affect lignin’s efficiency to serve as electron donor for the 
LPMOs.

In the present work, the activity of LPMOs on two 
types of forest biomass, hardwood (birch) and softwood 
(spruce), and wheat straw treated with different pretreat-
ment methods were studied. Moreover, different lignin 
fractions isolated from these biomass samples were 
evaluated as potential electron donors for the LPMO-
mediated degradation of phosphoric acid swollen cellu-
lose (PASC). Three fungal enzymes were tested, namely 
MtLPMO9 from Thermothelomyces thermophila (pre-
viously described as Myceliophthora thermophila) with 
C1/C4 regioselectivity [7], PcLPMO9D from Phanero-
chaete chrysosporium which is a C1 active LPMO [25] 
and NcLPMO9C from Neurospora crassa which is a C4 
LPMO [26]. The lignin fractions were characterized in 
terms of their molecular size, the composition of aro-
matic and aliphatic hydroxyl groups and the reduction 
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potential, which was compared to the reduction poten-
tial of the copper-containing active site of the LPMOs. 
For the calculation of the lignin and LPMO redox poten-
tial, large amplitude Fourier transform alternating cur-
rent voltammetry (FTacV) was employed. This method 
offers advantages over the classical approach of protein 
film voltammetry which faces numerous difficulties aris-
ing from the low enzyme concentration and high capaci-
tance currency [27]. With the FTacV method, the redox 
response can be isolated from all the factors that affect 
the signal, so it can be used even with low enzyme con-
centrations [28]. Moreover, FTacV allows for tracking 
the  e− transfer stages of an electrochemical reaction at 
various conditions of temperature and pH, which renders 
this method suitable for studying the activity of enzymes 
[29, 30]. This method has been used for the first time by 
Zouraris et al. to evaluate the redox potential of LPMOs 
by monitoring the direct  e− transfer between the enzyme 
and a glassy carbon electrode after LPMO immobiliza-
tion in Nafion polyelectrolyte [31]. In this work, the study 
of the redox potential of LPMOs in concert with that of 
bulk lignin revealed whether the electron transfer was 
possible or not, in an attempt to shed light to the mecha-
nism that LPMO employ to utilize lignin fractions as 
electron donors in the absence of an additional external 
mediator.

Methods
Pretreatment of forest biomass and isolation of different 
lignins
Wheat straw was pretreated hydrothermally in a micro-
wave digestion equipment at 195 °C for 15 min as previ-
ously described [32]. Organosolv pretreatment of spruce 
and birch took place either in the presence or absence 
of acid as a catalyst. In the presence of  H2SO4 1%  w/
wbiomass, biomass was treated for 60  min at 182  °C with 
60% v/v ethanol [33]. In the absence of acid, spruce was 
treated with 52% v/v ethanol and birch with 60% ethanol 
and pretreatment took place at 200  °C for 30  min [34]. 
Steam explosion pretreatment was performed for 5 min, 
at 225  °C with  H2SO4 0.5% w/wbiomass for spruce and at 
200  °C with  H2SO4 0.14% w/wbiomass for birch [35]. The 
cellulose, hemicellulose and lignin content of each mate-
rial are listed in Table 1.

Lignin fractions used in this study were isolated: (i) 
from the liquid fraction, after organosolv pretreat-
ment of the spruce and birch biomass (in the presence/
absence of acid catalyst), (ii) from the residual solid frac-
tion of pretreated biomass samples after cellulase/xyla-
nase treatment and lignin isolation with dioxane–water 
(85:15 w/w) solution. The preparation of lignin samples is 
described below.

Lignin isolation and recovery from the pretreatment 
liquor was performed after water precipitation, as pre-
viously described [33, 34]. Briefly, the liquor was diluted 
with 1  L of cold deionized  H2O in order to reach an 
ethanol content of less than 10% v/v and further reduce 
the solubility of lignin in the solution. The precipitated 
lignin was recovered with vacuum filtration, washed, 
freeze dried and stored thereafter. Lignin isolation from 
the solid biomass was performed as described previously 
[36]. Briefly, the residual solid fractions after pretreat-
ment were treated with an enzyme mixture comprising 
cellulase and xylanase activities in order to achieve poly-
saccharide removal.  Cellic® CTec2 from Novozymes and 
Xyl6 xylanase from Dyadic were used at enzyme loadings 
of 20  FPU/g substrate and 0.25  mg/g substrate, respec-
tively. Reactions took place for 24 h for 12 h at 50 °C and 
pH 5.0 (100 mM phosphate-citrate buffer) with an initial 
substrate concentration of 5% w/v dry matter. After poly-
saccharide removal, the enzymatically treated material 
was suspended in an acidified solution of dioxane–water 
(85:15 w/w) and subsequently refluxed for 4  h under 
nitrogen. The solution was then filtered, neutralized with 
 NaHCO3 and added dropwise to acidified deionized 
water. The precipitated lignin was recovered after centrif-
ugation and freeze drying. The pretreatment conditions 
and origin of lignins are detailed in Table 1.

Characterization of isolated lignin properties
Isolated lignins were analyzed by gel permeation chroma-
tography (GPC) and quantitative 31P NMR, as previously 
described [36], as well as Pyrolysis-gas chromatography–
mass spectrometry (Pyr-GC/MS) to evaluate their prop-
erties (molecular weight, quantitative determination of 
various hydroxyl groups and monomeric composition).

For the GPC analysis, in order to increase the solubility 
of lignin in tetrahydrofuran (THF) [37], acetobromina-
tion took place after incubating 5 mg of lignin with 1 mL 
of glacial acetic acid/acetyl bromide (9:1 v/v) solution for 
2  h. The solvent was evaporated and the residual solid 
was dissolved in THF and filtered, and 20 μL was injected 
to Waters Styragel HR-4E (Milford, MA, USA) column. 
The analysis was performed with at 40 °C with a mobile 
phase of THF at 0.6  mL/min. The number and weight-
average molecular weights for each lignin were calculated 
using a polystyrene calibration curve (500–50,000  Da, 
Sigma-Aldrich) according to the previously published 
procedure [38].

For the 31P NMR analysis, 20 mg of each lignin was 
dissolved in 0.4  mL of pyridine/deuterated chloro-
form (1.6:1  v/v) and 0.1  mL of 2-chloro-4,4,5,5-tetra-
methyl-1,3,2-dioxaphospholane (95%, Sigma-Aldrich). 
Cholesterol was used as internal standard and chro-
mium (III) acetylacetonate as the relaxation agent, as 
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described elsewhere [36]. The mixture was incubated 
for 2  h at room temperature and analysis was per-
formed based on previous literature reports [39].

For the Pyr-GC/MS analysis, the analytical pyroly-
sis system comprised a Shimadzu PY-3030S pyrolyzer 
coupled to a Shimadzu GCMS-QP2010 Ultra chroma-
tograph with a quadrupole mass spectrometer detector 
(EI at 70 eV, ion source 240 °C). The column used was 
a Restek RTX-1701 (60 m × 0.25 mm, id 0.25 µm film 
thickness). The pyrolysis was carried out at 550  °C. 
A split ratio of 1:100 was used and the injection tem-
perature was 280  °C. The gas chromatograph oven 
was held at 40  °C for 1 min and then ramped at 8  °C/
min to 270 °C and then held at 40.25 min. Helium was 
used as carrier gas at a flow rate of 2.5 mL/min. Mass 
spectra were obtained for the molecular mass range 
m/z = 33–500. Samples were placed in a stainless-steel 
pyrolysis cup (PY1-EC50F, Frontier Laboratories Ltd.). 
At least two replicates per sample were carried out. 
The compounds were tentatively identified by com-
paring their mass spectra profiles to those in the NIST 
2014 library. A minimum similarity of 80% was used 
for positive identification.

For the GC–MS analysis of soluble lignin extracts, 
three batches of approx. 10  mg of lignin each were 
extracted for 1 h at ambient temperature after an ini-
tial ultrasonication for 5  min with either 600  µL of 
toluene, or ethyl acetate or phosphate-citrate 100 mM 
buffer. In the latter case, the aqueous phase was acidi-
fied to pH 2 with diluted hydrochloric acid, extracted 
with 600  µL of ethyl acetate; the organic phase was 
separated and dried over magnesium sulphate. 500 μL 
aliquots of all final organic extracts were filtered by 
means of 0.45 μm syringe filter and treated with 75 µL 
of dry pyridine and 75 µL of N,O-bis(trimethylsilyl)tri-
fluoroacetamide at room temperature approx. 30  min 
prior to analysis by gas chromatography coupled with 
mass spectrometry. Analysis was done using a Shi-
madzu GCMS QP2010 Ultra equipped with an AOi20 
autosampler unit. An  SLB®-5 ms Capillary GC Column 
(L × I.D. 30 m × 0.32 mm, df 0.50 μm) was used as sta-
tionary phase, ultrapure Helium as the mobile phase. 
The system was operated in ‘linear velocity mode’ with 
a starting pressure of 100  kPa, 280  °C injection tem-
perature, and 200  °C interface temperature, running 
as temperature program: 50  °C start temperature for 
1  min, 10  °C/min heating rate, 280  °C final tempera-
ture for 15  min). System control and analyses were 
realized using Shimadzu analysis software package Lab 
Solutions–GC MS solution Version 2.61. The various 
components were identified by comparison against the 
NIST11 library.

Electrochemical measurements
Prior to the experiments, lignin to be tested was immobi-
lized on the glassy carbon electrode. It was first dissolved 
in absolute ethanol at a concentration of 2 × 10−3  mg/
mL. 1  μL of this solution was left to dry on the surface 
of the glassy carbon electrode for 2 min. This procedure 
was repeated two more times to increase the surface con-
centration of the lignin. After that 1 μL of Nafion was left 
to dry above the lignin on the electrode surface for few 
minutes. Concerning the immobilization of the enzymes 
the procedure is described elsewhere [31].

For the electrochemical study of the lignins and the 
LPMOs, a three-electrode cell was used consisting of a 
1 mm disk glassy carbon electron as working electrode, 
a 1.6  mm diameter platinum-coated titanium rod as a 
counter electrode, and an Ag|AgCl, KCl sat. reference 
electrode (+ 0.197  V vs NHE at 25  °C). Cyclic voltam-
metry measurements were performed by a PAR 263A 
Potentiostat. For the FTacV experiments, an AFG 5101 
Tektronix programmable arbitrary function generator 
was used together with the aforementioned potentiostat. 
Aqueous solutions of 100 mM tartrate buffer pH 5.0 were 
de-aerated by purging nitrogen gas for 5  min. Nitrogen 
gas was purged over the solution during the measure-
ment in order to avoid interferences from the reduction 
of oxygen on the electrode surface. The temperature for 
the conducted experiments was 50 °C to ensure that the 
calculated values are determined under the same tem-
perature as the other conducted experiments. Cyclic 
voltammetry was conducted at 5  mV/s for each lignin. 
Before recording the first measurement, about 10 cycles 
were performed at 100 mV/s, until a stable cyclic voltam-
mogram was achieved. For the cyclic voltammetry of 
the reaction supernatants containing buffer and lignin-
derived compounds (referred to as supernatant 1) and 
mixture of buffer, lignin and MtLPMO9 (referred to as 
supernatant 2), the scan rates used were 30, 60, 100, 150 
and 200  mV/s. The FTacV experiments were conducted 
for an amplitude of 280 mV and frequencies of 3, 6, 9 and 
12  Hz for calculating the Eo of the enzymes active site 
and at 12.3  Hz and 110  mV for the isolated lignins and 
the supernatants. All the formal potentials estimated at 
50 °C by taking into account the temperature coefficient 
− 1.01  mV/°C of the Ag|AgCl, KCl sat. reference elec-
trode [40].

Determination of LPMO activity in the presence of different 
lignin fractions
The activity of three different LPMOs (PcLPMO9D, 
NcLPMO9C and MtLPMO9) on pretreated wheat 
straw, spruce and birch was evaluated in the presence 
or absence of ascorbic acid. Reaction conditions were: 
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3% w/v initial dry matter (DM) in 400  μL final reac-
tion volume, enzyme loading 30  mg/g substrate (pro-
tein concentration determined by Lowry method) [41], 
100  mM phosphate-citrate (in case of PcLPMO9D and 
MtLPMO9) or sodium acetate (in case of NcLPMO9C) 
buffer, incubation at 50  °C, for 24  h, under agitation 
(1100  rpm). Ascorbic acid was added at a final concen-
tration of 1 mM. Samples were boiled for 5 min to deac-
tivate the enzyme, cooled down and filtered and soluble 
products were analyzed by HPAEC-PAD. Blank reactions 
containing lignocellulosic substrate and buffer, substrate 
and LPMO (no reducing agent), or substrate and ascorbic 
acid were also analyzed. All blank reactions showed small 
peaks in the C1–C3 area of neutral sugars. Peak assign-
ment of oxidized sugars was done according to previous 
data [42].

The ability of the LPMOs to use the lignins isolated 
from forest materials as electron donors and release oxi-
dized sugars from PASC was evaluated and compared 
with the enzymatic activity in the presence of ascor-
bic acid. PASC was prepared from Avicel as previously 
described [43]. Reaction conditions and sample analysis 
were the same as described above for the natural sub-
strates, with the difference that the reactions were car-
ried out using 2% w/v initial DM and an enzyme loading 
of 25 mg/g substrate. Ascorbic acid was added at a final 
concentration of 1 mM, while lignin loading was 10 mg/
mL. Blank reactions containing PASC and LPMO (no 
reducing agent) were also analyzed.

Results and discussion
Properties of isolated lignins
The weight-average molecular weight (Mw), number-
average molecular weight (Mn) and dispersity index (PDI) 
of the lignin fractions, as determined using GPC analy-
sis, are summarized in Table 2, while the GPC chroma-
tograms are depicted in Fig.  1. All lignins isolated from 
the liquid fractions were of lower molecular weight, 
compared to the ones extracted from the solid fractions. 
Lignins from the liquid fractions of acid-catalyzed orga-
nosolv pretreated spruce and birch (OS-A-S-LF and OS-
A-B-LF) showed the lowest molecular weights and more 
uniform mass distribution with a PDI value lower than 
other lignins. Among the lignins from spruce solid frac-
tions, that from steam exploded material (SE-S) showed 
the lowest molecular weight, while in case of birch that 
was observed in organosolv-treated biomass in the 
presence of acid catalyst (OS-A-B). The lignin isolated 
from SE-S, OS-S and OS-S-LF exhibited lower molecu-
lar weight than those isolated from birch. The opposite 
was observed when OS pretreatment was combined 
with an acid catalyst; OS-A-S exhibits lower molecular 
weight than OS-A-B. There was also a slight reduction 

in molecular weight of both spruce and birch lignins 
from organosolv liquid fraction when the acid catalyst 
was added. This result is also depicted in the data from 
the residual solid fractions. As expected, in the organo-
solv processes, the use of acid treatment generates much 
lower molecular weight lignins, compared to that without 
acid, both in solid and liquid fractions. The presence of a 
catalyst promotes the cleavage of lignin aryl-ether bonds, 
releasing lignin fractions with lower molecular weight 
[44]. The effect of acid treatment was more obvious on 
birch lignins (5.6 times lower molecular weight in solid 
fractions and 4.5 times lower in liquid fractions), while in 
spruce it was 1.5 and 1.7, respectively.

Quantitative assessment of lignin units was done 
by 31P NMR (Table  3) and Pyr GC/MS (Table  4) analy-
sis, with the aim to determine both the total aliphatic 
and aromatic hydroxyl groups and the individual S, G 
and H content, respectively. The quantitative results 
are presented as mmol/g lignin. The free phenolic/ali-
phatic hydroxyl groups in the lignins were phosphoryl-
ated prior to the analysis and were later identified by 31P 
NMR. The free aromatic –OH groups contribute to the 
reactivity/reducing potential of the lignins. Addition of 
acid catalyst in the organosolv treatment greatly changed 
the aromatic/aliphatic –OH groups ratio. A decrease in 
aliphatic –OH combined with a simultaneous increase 
in aromatic –OH content was observed when acid was 
added in organosolv treatment and this was more evident 
in case of birch lignins. A higher amount of aromatic –
OH groups indicates higher reactivity of lignin, while a 
lower amount of aliphatic –OH groups denotes a much 
intense pretreatment [45]. The increase in phenolic –OH 
content is a result of β-O-4 linkages cleavage and leads 
to a greater fragmentation of the lignin structure [46], as 

Table 2 Weight-average molecular weight (Mw), number-
average molecular weight (Mn) and dispersity index (PDI) 
of the lignin fractions samples from various pretreated 
biomass

Mn Mw PDI

HT-A-WS 1262 3819 3.03

SE-B 1798 13,447 7.48

SE-S 1138 2886 2.54

OS-B 3041 19,714 6.48

OS-S 2794 16,543 5.92

OS-A-B 1364 3488 2.56

OS-A-S 1987 9595 4.83

OS-B-LF 1442 8041 5.58

OS-S-LF 1017 2832 2.79

OS-A-B-LF 983 1780 1.81

OS-A-S-LF 980 1890 1.93
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verified by the molecular weight reduction in the above 
results. It was also observed that the lignins from the liq-
uid fractions of acid-catalyzed organosolv pretreatment 

(OS-A-S-LF and OS-A-B-LF) had the highest amount of 
free –OH groups (Table 4), which would make them the 
most reactive among other lignin fractions. In Pyr-GC/
MS analysis, lignin samples were decomposed due to the 
higher temperature and inert atmosphere to produce 
smaller molecules that were separated by gas chromatog-
raphy and detected in a mass spectrometer. Pyr-GC/MS 
data provided the total composition of S, G, and H units 
which comprise both the reactive (free phenolic groups) 
and the non-reactive (phenolic groups bonded to others) 
units. The total S, G, H values showed important infor-
mation about the source of lignins. Birch as a hardwood 
had both S and G units, while spruce being softwood 
had G as the main building unit. The high amount of S 
units in lignin isolated from birch indicated a more reac-
tive material as the β-Ο-ether of syringyl lignin is cleaved 
much easier than that of guaiacyl lignin [47].

Estimation of reduction potential of lignin fractions 
and LPMOs
Lignin contains 15–30 free phenolic OH groups per 100 
of  C9 units in softwoods and 10–15 groups in hardwoods 
[48]. When oxidation of this phenolic hydroxyl group 
occurs, the first step is the formation of a phenoxy radi-
cal I followed by de-methoxylation and formation of an 
o-quinone II. Phenoxy radicals can also recombine and 
form new C–C and O–O bonds leading to cross-link-
ing of the lignin structure [49]. The presence of a redox 
system assigned to lignin-derived quinone/hydroqui-
none couple can be tracked through cyclic voltammetry, 
allowing for the estimation of the lignin redox potential. 
Concerning LPMOs, the only estimation of their redox 
potentials in the literature has been done indirectly, 
by measuring the products of the action of an LPMO 
enzyme or through the use of mediators [17, 50–52].

The formal potentials of PcLPMO9D and NcLPMO9C 
were determined with FTacV. As can be seen in Fig. 2 the 
5th harmonic from the FTacV analysis of the two LPMOs 
is presented at different frequencies. The formal potentials 

Fig. 1 GPC chromatograms for (a) HT-A-WS, SE-B, SE-S lignins, (b) OS-B, OS-S, OS-A-B, OS-A-S lignins and (c) OS-A-B-LF, OS-A-S-LF, OS-S-LF, OS-B-LF 
lignins, with dotted lines indicating the elution volume for some of the polystyrene standards (500, 1000, 2000 and 4000 Da)

Table 3 Estimated aliphatic and aromatic groups content 
(mmol/g) of different lignins as evaluated from 31P NMR

Aliphatic OH Aromatic OH Arom-/
aliphatic 
OH

HT-A-WS 1.08 1.82 1.68

SE-B 3.45 1.46 0.42

SE-S 1.19 2.76 2.31

OS-B 7.26 0.97 0.13

OS-S 1.95 1.78 0.91

OS-A-B 1.02 1.58 1.76

OS-A-S 0.95 2.28 2.40

OS-B-LF 3.22 1.69 0.52

OS-S-LF 2.97 2.45 0.83

OS-A-B-LF 0.67 3.25 4.84

OS-A-S-LF 1.57 3.15 2.01

Table 4 Content of estimated total aromatic monolignols 
(S, G, H) of different lignins as determined using Pyr GC/
MS

S G H G/S H/S

HT-A-WS 26 57 18 2.19 0.69

SE-B 64 32 4 0.50 0.06

SE-S 3 88 9 29.30 3.00

OS-B 68 29 3 0.43 0.04

OS-S 2 90 9 45.00 4.50

OS-A-B 51 37 12 0.73 0.24

OS-A-S 2 87 11 43.50 5.50

OS-B-LF 61 36 3 0.59 0.06

OS-S-LF 1 91 7 69.39 5.71

OS-A-B-LF 58 36 6 0.62 0.11

OS-A-S-LF 2 89 9 54.37 5.31
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are taken as an average of the values of the middle peaks 
for each frequency. The respective potentials were esti-
mated at 154.2 ± 2.1 and 214.8 ± 2.1 mV at 50 °C and pH 
5.0, respectively. The formal potential of MtLPMO9 has 
been estimated to be equal to 119.6 ± 7.1  mV under the 
same conditions in a previous work [31].

The cyclic voltammograms of the immobilized lignins 
can be found in Additional file 1: Figure S1 for a scan rate 
of 5 mV/s. For an electrochemically reversible reaction of 
an immobilized species, the separation of the oxidation 
and the reduction peaks should be close to zero, in order 
to estimate the formal potential of the species. In the case 
of the immobilized lignins, it can be observed that even at a 
relatively low scan rate of 5 mV/s the peak separation is well 
above 100 mV, indicating a quasi-reversible reaction, thus 
not securing a safe estimation of the formal potential. What 
can be assumed safely is that the formal potential lies some-
where between the values of the oxidation and the reduc-
tion peaks for each lignin, which can be found in Table 5.

Another approach to estimate the formal potentials 
of the immobilized lignins was with the use of the FTacV 
method [28]. In (Additional file 1: Figure S2), the set of the 
first six Harmonics is presented for HT-A-WS lignin as an 
indicative example of the voltammograms resulting from 
this method. The formal potential was calculated from 
the average of the oxidation and reduction main peak for 
the odd harmonics and the mid minimum for the even 
harmonics. The 3rd through 6th harmonics were used, 
where the non-faradaic currents have been eliminated 
and the formal potential is calculated as the average of 
the calculated potentials for the aforementioned harmon-
ics. The reduction, oxidation as well as formal potentials 
estimated for each lignin along with their standard devia-
tions are presented in Table  5. Firstly, it is observed that 
the formal potentials estimated with FTacV are within the 
limits indicated by the cyclic voltammograms. It was then 
observed that HT-A-WS and all lignin samples originating 

from spruce exhibited higher potentials than the ones 
originating from birch. Moreover, the lignin isolated 
from pretreated materials upon the addition of acid cata-
lyst (OS-A-S-LF and OS-A-B-LF) appeared to have lower 
potentials. The redox potential values found for both the 
immobilized lignins [49, 53–55] and the LPMOs [17, 50–
52] are in accordance with those that have been estimated 
in the literature.

Evaluation of LPMOs activity on pretreated forest 
and agricultural residues
The activity of MtLPMO9, PcLPMO9D, NcLPMO9C 
on hydrothermally pretreated wheat straw, steam 
exploded and organosolv pretreated birch and spruce 
was evaluated with or without the addition of ascorbic 

Fig. 2 FTacV 5th Harmonic of a PcLPMO9D and b NcLPMO9C immobilized on a glassy carbon electrode with the use of Nafion for a v = 50 mV/s, 
A = 280 mV and different frequencies in de-aerated 100 mM tartrate buffer pH 5.0 at 50 °C

Table 5 Calculated values for the oxidation Eox, reduction 
Ered and formal potential Eo’ estimated with cyclic 
voltammetry and FTacV for lignins immobilized 
on a glassy carbon electrode with the use of Nafion 
in 100 mM tartrate buffer pH 5.0 at 50 °C

Cyclic 
Voltammetry

FTacV

Eox Ered Eox Ered Eo’

HT-A-WS 387 281 322.3 ± 11.2 320.2 ± 17.9 346.5 ± 21.1

SE-B 361 241 325.7 ± 7.8 306.9 ± 16.5 316.3 ± 18.2

SE-S 359 241 357.1 ± 11.7 339.3 ± 7.2 348.2 ± 13.8

OS-B 358 274 283.3 ± 3.4 337.1 ± 23.3 310.2 ± 23.6

OS-S 368 258 363.7 ± 11.1 352.7 ± 19.8 358.2 ± 22.7

OS-A-B 367 272 310.2 ± 24.1 303.9 ± 9 307.1 ± 33.1

OS-A-S 361 271 347.5 ± 21.5 315.4 ± 27.6 331.4 ± 31.9

OS-B-LF 355 218 269.9 ± 11.9 229.9 ± 19.1 249.9 ± 23.8

OS-S-LF 356 252 349.6 ± 12.5 309.1 ± 32.1 354.7 ± 34.5

OS-A-B-LF 358 223 264.6 ± 34.2 197.0 ± 18.6 230.8 ± 47.9

OS-A-S-LF 353 190 278.4 ± 20.0 209.8 ± 22.7 256.7 ± 30.2
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acid as external donor. MtLPMO9 showed the maxi-
mum release of sugars in the absence of ascorbic acid 
(Fig. 3), while PcLPMO9D (Fig. 4) and NcLPMO (Fig. 5) 
preferred ascorbic acid to the lignin that was present in 
the substrate. The activity of all three LPMOs was gen-
erally higher on spruce compared to birch and on steam 
exploded and organosolv-pretreated materials upon the 
addition of acid catalyst. The activity of LPMOs on the 
natural substrates is correlated with the pretreatment 

method and the lignin characteristics, as described 
above. Among the solid fractions after pretreatment, the 
spruce fraction had the lignin with the lowest molecular 
weight and highest aromatic content after steam explo-
sion pretreatment, and for birch it was from organosolv 
treatment in the presence of acid catalyst, justifying the 
higher sugar yield from these substrates. In the orga-
nosolv treatments, the presence of acid catalyst greatly 
reduced the molecular weight of lignins. It was also 

Fig. 3 The products of MtLPMO9 action on different substrates with (a) or without (b) the addition of ascorbic acid as an additional external 
electron donor. Products at 5–13 min correspond to neutral sugars, 13–19 min to C1 oxidized sugars, 19–25 min to C4 oxidized sugars and 
25–30 min to mixed C1/C4 oxidized sugars. Peaks at 12.3, 21.8 and 31.6 min are assigned to ascorbic acid

Fig. 4 The products of PcLPMO9D action on different substrates with (a) or without (b) the addition of ascorbic acid as an additional external 
electron donor. Products at 5–13 min correspond to neutral sugars and 13–19 min to C1 oxidized sugars

Fig. 5 The products of NcLPMO9C action on different substrates with (a) or without (b) the addition of ascorbic acid as an additional external 
electron donor. Products at 5–13 min correspond to neutral sugars, 19–25 min to C4 oxidized sugars and 25–30 min to mixed C1/C4 oxidized sugars
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observed that acid treatment increased the amount of 
aromatic and reduced the aliphatic OH groups, produc-
ing a more reactive lignin fraction that could trigger 
the LPMO activity. It was previously reported that the 
amount of aliphatic –OH groups decreases with increase 
in the intensity of pretreatment [31]. During acid-cata-
lyzed treatment, aliphatic bonds break and other com-
pounds such as HBF (hydroxybenzofuran) are formed via 
dehydro-cyclization of aliphatic –OH group, which could 
be the reason of the reduction in their number [56]. Dif-
ferent linkages between the lignin units and the various 
functional groups render this compound complex and 
with a unique structure, while primarily affecting its 
overall reactivity.

The selection of pretreatment method is crucial for the 
subsequent depolymerization and overall valorization of 
lignocellulosic biomass, as it affects the lignin properties 
by promoting chemical and structural modifications. It 
has been assumed that organosolv lignins and organo-
solv-pretreated solid fractions are not able to provide 
electrons to LPMOs, not only because the main part of 
them is cleaved and dissolved in the liquid fraction, leav-
ing a lignin-free solid pulp, but also because condensa-
tion reactions leading to lignin repolymerization occur 
[57], which is also depicted in our case in the absence of 
catalyst and verified by the GPC analysis above. Lignin 
repolymerization leads to production of lignins with 
higher molecular weight and chemical characteristics 
that affect their ability to provide electrons [14].

Evaluation of different lignin fractions as external electron 
donors to LPMOs
The ability of MtLPMO9, PcLPMO9D, NcLPMO9C to 
use lignin fractions isolated from agricultural and forest 
materials as electron donors and release oxidized sugars 
from regenerated cellulose was evaluated and compared 
with the activity in the presence of ascorbic acid. All 
three enzymes showed the maximum release of sugars in 
the presence of ascorbic acid (Fig. 6) and were able to use 
all lignin types as reducing agents for the deconstruction 

of cellulose resulting in the release of oxidized sugars. 
Isolated lignin boosts MtLPMO9 more than PcLPMO9D 
and NcLPMO9C compared to the reactions in the pres-
ence of ascorbic acid. Lignin isolated from the liquid 
fractions of acid-catalyzed organosolv pretreatment (OS-
A-S-LF and OS-A-B-LF) served as better electron donors 
for the MtLPMO9, PcLPMO9D and NcLPMO9C com-
pared to other fractions (Additional file 1: Figure S3, S4, 
S5). The results were in accordance with those observed 
for the real substrates, verifying that LPMO performance 
was greater in the presence of SE-S and OS-S compared 
to SE-B and OS-B, respectively, while they preferred 
OS-A-B, OS-B-LF and OS-B-A-LF rather than the cor-
responding lignin fractions from spruce. The lignin struc-
ture holds a key role as it determines how easy it is to 
provide electrons to the low-molecular weight phenolic 
compounds and, finally, to LPMOs. In general, the lignins 
from liquid fractions exhibited lower molecular weights 
and higher aromatic content than the ones from solid 
fractions. Three of the lignins that showed the highest 
activity were extracted from the liquid fraction of orga-
nosolv pretreatment and among them the best ones were 
from acid treatment. For spruce, pretreatment by steam 
explosion resulted in residual lignocellulose with high-
est aromatic –OH and low-molecular weight compared 
to the organosolv method. This shows the importance of 
pretreatment of biomass targeting LPMOs and LPMO 
containing cellulase cocktails. Apart from redox potential 
values and other characteristics, such as S-unit content, 
the concentration is also a key factor. As the amount of 
lignin added in these experiments is based on the total 
weight (mg/mL of reaction), lignins with lower molecu-
lar weight possess more reactive sites as they have higher 
amount of free phenolic groups, which enables them to 
interact and provide electrons more easily. The composi-
tion of the functional groups of lignin and their physical 
distribution is different, which also affects their electron-
providing capacity.

Fig. 6 The products of a MtLPMO9, b PcLPMO9D and c NcLPMO9C action on PASC in the presence of lignin isolated from the pretreated materials. 
Ascorbic acid was added to a final concentration of 1 mM and lignin to 10 mg/mL. Products at 5–13 min correspond to neutral sugars, 13–19 min 
to C1 oxidized sugars, 19–25 min to C4 oxidized sugars and 25–30 min to mixed C1/C4 oxidized sugars
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Ability of LPMOs to use low-molecular weight 
lignin-derived soluble compounds and further 
characterization of their properties
From the electrochemical results described above, it can 
be concluded that the values of lignin formal potentials 
are higher than the ones of MtLPMO9, PcLPMO9D and 
NcLPMO9C, indicating that the redox reaction between 
these species is not thermodynamically feasible. It should 
be highlighted that the formal potentials estimated for 
the lignins correspond to the charge transfer reaction of 
the lignins on the electrode surface. The lack of feasibility 
of the reaction between the lignins and the LPMOs based 
on the calculated formal potentials does not exclude the 
possibility of another oxidation path of the lignins that 
is not detectable electrochemically. Additionally, it has 
been proposed that the exchange of electrons between 
the lignin and the LPMOs is not direct but occurs 
through the use of lower molecular weight compounds 
[15]. To further verify that the LPMOs are able to utilize 
the phenolic compounds that are released in the reaction 
medium, another set of experiments was conducted. HT-
A-WS lignin was incubated either alone or in the pres-
ence of MtLPMO9 in citrate–phosphate buffer 100 mM 

pH 5.0 for 24 h at 50 °C under agitation and the reaction 
mixtures were then centrifuged. The supernatants were 
collected and analyzed with cyclic voltammetry, FTacV 
and GC–MS, while the precipitates were washed two 
times with buffer and analyzed with GPC and 31P NMR. 
All fractions were used with PASC and MtLPMO9, in 
order to evaluate their ability to provide electrons to the 
enzyme active site.

The supernatant after lignin incubation without the 
addition of the enzyme (supernatant 1) was immobilized 
on the glassy carbon electrode. Both cyclic voltammetry 
and FTacV were performed under the same conditions as 
for the immobilized lignins. In Fig. 7a, the cyclic voltam-
metry experiments are depicted at different scan rates 
and it is evident that a second redox peak couple appears 
around 20  mV apart from the one around 300  mV, that 
is the one corresponding to the redox couple observed at 
the voltammetric experiments of HT-A-WS immobilized 
on the electrode surface. Comparing the 5th harmonic of 
HT-A-WS (Fig. 7c) and supernatant 1 (Fig. 7d), a second 
set of peaks is arising at around 20  mV in the superna-
tant, reinforcing the indication of the cyclic voltammo-
gram that a second redox peak appears. The above results 

Fig. 7 Cyclic voltammograms of supernatants after a lignin and b lignin in the presence of MtLPMO9 incubation in 100 mM phosphate-citrate 
buffer pH 5.0 for 24 h at 50 °C, at 30 (black), 60 (red), 100 (green), 150 (orange) and 200 (mangeta) mV/s in de-aerated 100 mM tartrate buffer pH 5.0 
at 50 °C. FTacV 5th Harmonic of c HT-AWS and d supernatant 1 immobilized on a glassy carbon electrode with the use of Nafion for a v = 50 mV/s, 
A = 110 mV, f = 12.3 Hz in de-aerated tartrate buffer 100 mM pH 5.0 at 50 °C
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indicate that some electroactive compounds possibly 
derived from the bulk lignin structure can be released in 
the solution during the incubation and the electron trans-
fer is possible through them. The potential of the second 
redox couple is more negative than the one of the LPMOs 
indicating that their oxidation by the LPMOs is feasible. 
The supernatant of lignin incubated with MtLPMO9 
(supernatant 2) is also analyzed with cyclic voltamme-
try under the same conditions (Fig. 7b), showing that the 
second redox couple is less evident, thus indicating that 
the couple has reacted and been consumed (oxidized). 
The results indicate that LPMOs are able to oxidize the 
lignin-derived electroactive compounds that are released 
in the reaction in a thermodynamically feasible process, 
indicating that these compounds act as the initial reduc-
ing agents that trigger the action of the enzymes.

31P NMR and GPC analysis of the precipitants did 
not show any significant detectable difference of the 
HT-A-WS lignin prior and after incubation with buffer 
and MtLPMO9/buffer (Additional file  1: Figure S6 and 
Table  S1). Although 31P NMR showed a slight increase 
in the amount of aliphatic OH indicating that some aro-
matic compounds that are found on the bulk lignin sur-
face can diffuse into the liquid fraction and thus removed 
from the insoluble lignin structure, but the difference 
is very low to extract a safe conclusion. GPC also failed 
to show any significant difference. GC–MS analysis of 
the supernatant 1 was performed after extraction of the 
reaction supernatant with ethyl acetate. Results (Addi-
tional file 1: Table S2) showed the presence of a benzal-
dehyde analog (syringaldehyde) that is possible one of the 
compounds that serve as mediators to shuttle electrons 
from lignin to LPMOs. Throughout the literature, phe-
nolic compounds such as vanillic acid, p-coumaric acid, 
and ferulic acid have been identified as possible electron 
donors to LPMOs and have been studied extensively 
[13, 15, 16]. In this study, the existence of low-molecular 
weight mediators that shuttle electrons between the bulk 
insoluble lignin and the active site of the LPMOs is veri-
fied. These soluble compounds hold a key role in the ini-
tial reduction step, and, in case of insoluble reductants, it 
could be that LPMOs strictly require additional external 
intermediates for their action [12].

Both supernatants and precipitates were tested for 
their ability to promote the activity of MtLPMO9 on 
PASC acting as external electron donors. It was shown 
that the supernatant could act as a reducing agent (Fig. 8) 
and support the release of oxidized sugars from PASC. 
The sugars yield was much lower when lignin was used, 
which is attributed to the consumption (oxidation) of the 
free phenolic compounds that terminated the reaction. 
Interestingly, when the lignin precipitate was used, only 
traces of oxidized sugars are detected. One additional 

reaction where PASC and HT-A-WS lignin were pre-
incubated together for 24  h, at 50  °C also led to lower 
yield of oxidized sugars, showing that possible changes 
may have occurred either in the cellulosic substrate or 
the lignin fraction. These results combined with the rela-
tive redox potential values of the enzymes and the lignin 
fractions justify the biochemical experiments, leading to 
the assumption that LPMOs do not use directly the bulk 
lignin as an electron donor, but the small molecules that 
are possibly released in the buffer instead.

Conclusions
The aim of the present work was to obtain a better under-
standing of the interaction between the lignin remaining 
in the biomass after pretreatment and the oxidative reac-
tions of LPMO enzymes. Many studies have discussed 
about different possible electron sources for LPMOs, 
such as various enzymes and light pigments. Recently, 
it was shown that several low-molecular weight lignin-
derived compounds formed by the action of lignin-active 
enzymes that are co-expressed along with LPMOs can act 
as electron donors for LPMO action by a process of shut-
tling between insoluble bulk lignin and LPMO. In this 
current study, we verify that LPMO indeed can access 
bulk lignins as electron source for their action by initially 
reducing the phenolic compounds that are released from 
lignin in the reaction medium. MtLPMO9, PcLPMO9D 
and NcLPMO9C are able to utilize electrons from the 
phenolic compounds that are released from the insoluble 
bulk lignin fractions of varying molecular weights and 
compositional properties that have been isolated from 
different biomass sources, in order to oxidatively break 
cellulose. Among the lignins, the ones from the liquid 
fractions of acid-catalyzed organosolv pretreatment of 
spruce and birch (OS-A-S-LF and OS-A-B-LF) were the 
most successful in supporting LPMO action. Further 
evaluation of the properties of the isolated lignins using 
a series of analytical methods revealed more information 
why these two lignin fractions served as the best ones. It 
was found that these fractions had the lowest molecular 
weights and a more uniform mass distribution, as well 
as the highest amount of aromatic OH. The efficiency of 
lignins to successfully transfer electrons to low-molecular 
weight phenolic compounds and, finally, to LPMOs is not 
dependent on one factor, but on different parameters, 
such as the amount and the positioning of aromatic OH, 
the relative amount of S, G, H units, the molecular size of 
lignin, the polydispersity index and the reduction poten-
tial value. However, in a general outlook it could be con-
cluded that a low-molecular weight and high aromatic 
content are key factors that are related to the reduction 
potential of lignin fractions and their ability to provide 
electrons.
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Additional file

Additional file 1: Figure S1. Cyclic voltammograms of (A) HT-A-WS, (B) 
SE-S, (C) SE-B, (D) OS-S, (E) OS-B, (F) OS-A-S, (G) OS-A-B, (H) OS-S-LF, (I) 
OS-B-LF, (J) OS-A-S-LF and (K) OS-A-B-LF immobilized on a glassy carbon 
electrode with the use of Nafion in 100 mM tartrate buffer pH 5.0, at 50 
oC between -200 and 600 mV vs Ag/AgCl for a scan rate of 5 mV/s. Figure 
S2. FTacV  1st to  6th Harmonic of HT-A-WS lignin immobilized on a glassy 
carbon electrode with the use of Nafion for a v = 50 mV/s, A = 110 mV, f 
= 12.3 Hz in de-aerated 100 mM tartrate buffer pH 5.0 at  50οC. Figure S3. 
The products of MtLPMO9 action on PASC after addition of ascorbic acid 
1 mM or lignin isolated from pretreated materials 10 mg/mL. Products at 
5-13 min correspond to neutral sugars, 13-19 min to C1 oxidized sugars, 
19-25min to C4 oxidized sugars and 25-30 min to mixed C1/C4 oxidized 
sugars. Peaks at 12.3, 21.8 and 31.6 min are assigned to ascorbic acid. 
Figure S4. The products of PcLPMO9D action on PASC after addition of 
ascorbic acid 1 mM or lignin isolated from pretreated materials 10 mg/
mL. Products at 5-13 min correspond to neutral sugars and 13-19 min to 
C1 oxidized sugars. Figure S5. The products of NcLPMO9C action on PASC 
after addition of ascorbic acid 1 mM or lignin isolated from pretreated 
materials 10 mg/mL. Products at 5-13 min correspond to neutral sugars 
and 19-25 min to C4 oxidized sugars. Peaks at 12.3, 21.8 and 31.6 min are 
assigned to ascorbic acid. Figure S6. GPC chromatograms for HT-A-WS 
lignin before and after 24h-incubation with buffer phosphate-citrate 
100 mM pH 5.0 and buffer/MtLPMO9. Table S1. Estimated aliphatic 
and aromatic groups content (mmol/g) of HT-A-WS lignin before and 
after 24h-incubation with buffer phosphate-citrate 100 mM pH 5.0 and 
buffer/MtLPMO9, as evaluated from 31P NMR. Table S2. Identified extrac-
tives from HT-A-WS lignin in different solvents.
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Abstract 

Nanocellulose isolation from lignocellulose biomass is a tedious and expensive process with 

high energy and harsh chemical requirements, primarily due to the recalcitrance of the substrate, 

which otherwise would have been cost-effective due to its abundance. Replacing the chemical 

steps with biocatalytic processes offers opportunities to solve this bottleneck to a certain extent 

due to the substrate specificity and mild reaction chemistry of the enzymes. In the present work, 

we demonstrate the isolation of sulphate-free nanocellulose from organosolv pretreated birch 

biomass using different glycosyl-hydrolases, along with accessory oxidative enzymes including 

a lytic polysaccharide monooxygenase (LPMO). The suggested process produced sulphur-free 

colloidal nanocellulose suspensions with particles of 7-20 nm diameter and high carboxylate 

content. Nanocelluloses were subjected to post-modification using LPMOs of different 

regioselectivity. The sample obtained from chemical route was the least favorable for LPMO 

to enhance the carboxylate content, while nanocellulose obtained from the C1-specific LPMO 

treatment showed, as expected, the highest increase in carboxylate content.  
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1. Introduction  

Nanocellulose is considered as one of the key value added products in the emerging market 

of biodegradable, green polymers. The continuous striving to establish a sustainable economy 

based on cellulose as starting material led to nanocellulose as the 5th generation product, which 

is the latest in the class of cellulose derived products (Arantes et al., 2020). The global demand 

of this bio-based nanocomposite is so high that its market was estimated 284.7 million USD in 

the year 2018, expecting an annual growth of 30% till 2021 (Sharma et al., 2019). Due to its 

distinctive physical and chemical properties, this high-value product has a wide range of 

applications, ranging from polymer composites to super-capacitors, as reviewed by Trache et 

al., 2020. Furthermore, the rising environmental concerns over traditional fossil based products 

and the growing interest towards replacing them with environmentally friendly, renewable and 

sustainably produced materials also brings attention to nanocellulose and research around it.  

Nanocellulose can be referred as cellulose particles with at least one of their dimensions, 

often diameter, in nanometric scale (below 100 nm) (Nechyporchuk et al., 2016). The physical 

and chemical properties of nanocellulose such as dimensions, aspect ratios and surface charges 

as well as energy consumption of extraction are dependent on the source of cellulose and the 

process of extraction (García et al., 2016). Nanocellulose can be produced from almost any 

cellulose-rich material found in nature. Lignocellulose from plants becomes one of the most 

sustainable raw materials for nanocellulose production (Brinchi et al., 2013), though other 

cellulose sources such as tunicates are also used (Karnaouri et al., 2020). It is the high 

availability and low cost compared to other sources that render plant-based lignocellulose 

biomass a sustainable and cost-efficient raw material for nanocellulose production (Squinca  et 

al., 2020). Co-production of nanocellulose and soluble sugars is possible by exploiting the 

possibility of cellulases to achieve the most out of the enzymatic reactions and thus closing the 

valorization loop more effectively (Yarbrough et al., 2017; Lin et al., 2020). Enzyme 

immobilization and reusing is also a possible option in reducing the total cost as reported 

recently (Yassin et al., 2019).  

Once other biomass constituents including extractives, hemicellulose and lignin are removed 

to obtain cellulose, two types of nanocellulose materials can be obtained from lignocellulose, 

depending on the refining process followed. While an enzymatic and/or mechanical 

disintegration results in cellulose nanofibres (CNFs) (Panthapulakkal and Sain, 2012), a much 

harsher treatment with concentrated mineral acids, such as sulphuric acid, would enable to 

obtain highly crystalline cellulose nanocrystals (CNCs) (García et al., 2016). In cellulose 

nanofibers, both amorphous and crystalline domains exists whereas nanocrystals can be isolated 
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after removing the amorphous or disordered cellulose domains through strong mineral acid 

treatment (Dufresne, 2017). Isolation of nanofibers relies typically on mechanical treatment, 

such as sonication, homogenization and/or grinding.  Additionally, defibrillation can be 

achieved also by modifying the surface charge of cellulose by using TEMPO (2,2,6,6-

tetramethylpiperidine-1-oxyl radical)-mediated oxidation (Isogai et al., 2011) or 

carboxymethylation (Wågberg et al., 2008). Though there are several established methods for 

isolation of both CNFs and CNCs, they are not devoid of challenges and drawbacks, especially 

when utilizing lignocellulosic biomass as a starting material, due to its recalcitrance and 

heterogeneity. 

Although chemical treatments drastically drop the high energy requirements of the 

nanocellulose isolation process from lignocellulose, they have several limitations related to 

industrial production and commercialization, due to high costs and environmental impacts. In 

addition, the sulphated nanocellulose produced from the employment of sulphuric acid, has 

several drawbacks, such as lower thermal stability (Rosa et al., 2010) that might limits its 

application in reinforcement materials, as well as its potential cytotoxicity (Hanif et al., 2014; 

Harper et al., 2016) compared to pristine cellulose that dents its use in medical applications. 

Therefore alternative approaches employing milder and greener techniques including, among 

others, the use of organic acids, ultrasound cavitation, ionic liquids and enzymatic treatments 

are being explored (Xie et al., 2018). Among these, biocatalysis is an environmentally friendly 

process of outmost importance, due to its targeted and substrate-specific activity, selectivity, 

mild and non-toxic chemistry. Besides, unlike the chemical hydrolysis, the byproduct, sugar 

solution is devoid of any inhibitory components and can be used for the synthesis of other value 

added products (Rosales-Calderon and Arantes, 2019; Squinca et al., 2020).  

Cellulases constitute a class of enzymes with exceptional properties to depolymerize the 

lignocellulose. They are gradually replacing and reducing the need for harsh chemicals in 

different industrial applications, including textiles, detergents, cosmetics, food, animal feed, 

agriculture (Jayasekara and Ratnayake 2019) and, most recently CNCs and CNFs (Teixeira et 

al., 2015; Xu et al., 2013). Among them, enzymes with endo-activity, namely endoglucanses, 

are the most exploited enzymes for the production of nanocellulose, because of their potential 

to remove the less ordered amorphous regions from cellulose fibers, leaving intact the more 

organized, crystalline areas, thus facilitating the nanocellulose isolation without altering the 

cellulose surface chemistry (Teixeira et al., 2015; Xu et al., 2013; Siqueira et al., 2019). Apart 

from cellulolytic enzymes, other accessory activities, such as laccases that react with the lignin 

fraction of lignocellulosic biomass (Valls et al. 2019), and xylanases (Zhou et al., 2019; Hu et 
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al., 2018) that remove hemicelluloses, are known players for the isolation of nanocrystalline 

cellulose, in the form of either fibers or crystals. 

Lytic polysaccharide monooxygenases (LPMOs) comprise a unique class of carbohydrate-

acting enzymes that cleave cellulose by an oxidative reaction, in the presence of molecular 

oxygen or hydrogen peroxide as co-substrate, and an electron donor (Eijsink et al., 2019). The 

ability of LPMOs to act in synergy with cellulases for the liquefaction of cellulosic substrates 

is well known (Karnaouri et al., 2017; Liu et al., 2018), while they are currently gaining 

increasing attention due to their potential implication in nanocellulose production (Hu et al., 

2018; Moreau et al., 2019; Villares et al., 2017). The ability of a particular group of LPMOs to 

introduce carboxylate groups to the substrate by the oxidative reaction has been related to 

enhancement of the defibrillation of cellulose (Hu et al., 2018; Villares et al., 2017). Unlike 

cellulose-acting enzymes with hydrolytic activity, LPMOs are metalloenzymes containing 

copper in their active site and, depending on their regioselectivity, they cleave the  cellulose 

chain by oxidizing either C1 carbon (type 1 LPMO) or C4 (type 2 LPMO) carbon of the glucose 

molecule, or sometimes both (type 3 or mixed LPMO) but not on the same glucose molecule. 

Oxidation of C1 carbon is known to result in the formation of a carboxylic acid side group, 

which is shown to be beneficial in overall disintegration of cellulose fibrils and enhancement 

of the properties of the nanocellulose (Karnaouri et al., 2020; Valenzuela et al., 2019; Koskela 

et al., 2019). 

There are recent studies demonstrating that the incorporation of a cellulase-catalyzed 

treatment step in the nanocellulose isolation process led to better CNFs yield and quality and 

reduced the use of acid in case of CNCs production (Beyene et al., 2018; Beltramino et al., 

2018). Moreover, enzymes have been employed to assist TEMPO (2,2,6,6-

tetramethylpiperidine-1-oxyl radical) - mediated oxidation, which increases the carboxylate 

group content of cellulose and therefore facilitates the isolation of nanocellulose (Yuan et al., 

2019); however, the use of TEMPO compromise the thermostabilty of the product (Rossi et al., 

2021). Moreover, most of these works have been conducted with commercial cellulase 

mixtures, which exhibit a broad activity for cellulose hydrolysis and are not specific for 

nanocellulose production; their primary role is to liquefy the substrate into soluble sugars, thus 

their use may affect the yield of nanocellulose obtained. Limited attempts have been made to 

isolate nanocellulose void of acid hydrolysis (Koskela et al., 2019; Rossi et al. 2021) or without 

the use of cellulase mixtures (Hu et al., 2018; Rossi et al., 2021). 

Ιn the present study, we attempted to isolate nano-scale cellulose from forest biomass by 

using different monoenzymes with targeted action, and the outcome of the enzymatic route was 
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compared with the traditionally used chemical process. The effects of endoglucanase, xylanase, 

laccase and C1-specific LPMO activity on the yield and the properties of the final product were 

evaluated. The aim was to assess the potential of biocatalysis to progressively replace the use 

of chemicals to remove hemicellulose, lignin, and amorphous regions of cellulose and introduce 

carboxylate groups on cellulose surface, thus boosting the nanocellulose production from 

organosolv pretreated birch. Moreover, post-modification of isolated samples was evaluated 

using two LPMOs with different regioselectivity, namely the C1-specific PcLPMO9D 

from Phanerochaete chrysosporium (Westereng et al., 2011) and the mixed C1/C4-specific 

MtLPMO9H from Thermothelomyces thermophila (previously known as Myceliophthora 

thermophila) (Karnaouri et al., 2017) in order to assess their individual effect.  

 

2. Materials and Methods 

2.1 Organosolv pretreatment of wood biomass 

Organosolv (without acid) pretreated birch was used as the feedstock for the process. Bark-

free birch woodchips (Betula pendula L.) were used as raw material during the current work. 

Prior to organosolv fractionation, woodchips were milled though a 1-mm screen in a Rersch 

SM 300 knife mill (Retsch GmbH, Haan, Germany). Organosolv fractionation of milled 

woodchips took place in 2.5-L metallic cylinders that were places in an air-heated multidigester 

as previously described (Kalogiannis et al., 2018). The metallic vessels were filled with 110 g 

of dried woodchips and 1.1 L of a 50% v/v ethanol to water solution. Fractionation took place 

at 183 oC for 1 h under constant mild mixing by rotation. After the treatment time elapsed, the 

vessels were allowed to cool down to room temperature under constant mixing. After that, the 

pretreated solids were recovered from the liquor by vacuum filtration, washed with the same 

solution used during fractionation, air dried and stored until further use. The liquor was used to 

isolate lignin and hemicellulose, which were not used in the current work. The compositional 

analysis of the pretreated solids was determined following the NREL protocols (Sluiter et al., 

2010) and the results expressed in dry basis were (% w/w): cellulose, 57.1; hemicellulose, 19.3; 

lignin, 13.2. 

 

2.2 Heterologous cloning of MtLPMO9H in pGAPZαC vector 

M. thermophila MtLPMO9H (Karnaouri et al., 2017) was expressed and produced in Pichia 

pastoris X33 strain. The gene XP_003661787 encoding the predicted amino acid sequence was 

obtained from https://mycocosm.jgi.doe.gov/mycocosm/home (MYCTH_46583) and was 

inserted as a synthetic gene in pGAPZαC vector (Invitrogen, San Diego, CA), downstream of 

https://mycocosm.jgi.doe.gov/mycocosm/home
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the GAP (glyceraldehyde-3-phosphate dehydrogenase) promoter. Due to the presence of N-

terminal active site of the LPMO, the native signal peptide of the enzyme was chosen, and the 

restriction sited BstBI and XbaI were selected for the gene insert to remove the α-factor 

secretion signal of the vector. Before transforming the plasmid into the P. pastoris, the 

recombinant pGAPZαC- MtLPMO9H was amplified in One Shot™ TOP10 chemically 

competent cells (Invitrogen™) according to the product guidelines and the transformants were 

selected by plating on Luria–Bertani (LB) agar plates with 25 μg/ml ZeocinTM. Single colony 

from a re-streaked fresh plate was chosen to inoculate 5ml of LB medium with 25 μg/ml 

ZeocinTM and incubated for 12 h, at 37 οC and 200 rpm agitation. Bacterial culture was 

harvested and the amplified plasmid DNA was purified using GeneJET Plasmid Miniprep Kit 

(Thermo Scientific™). Purified plasmid DNA was linearized using FastDigest™ BglII 

restriction enzyme (Thermo Scientific™) and transformed into P. pastoris following the 

protocols of the Pichia expression vectors for constitutive expression and purification of 

recombinant proteins manual (Catalog nos. V200–20 and V205–20). Transformants with high 

cassette expression were selected by streaking on yeast-peptone medium with 2% glucose 

(YPD) agar plates with ZeocinTM concentrations from 100 μg/ml, 200 μg/ml, 300 μg/ml. Single 

colonies grown in 300 μg/ml were picked to re-streak on fresh YPD plates with 300 μg/ml 

ZeocinTM and stored in 4 οC.  

 

2.3 Production and purification of MtLPMO9H and PcLPMO9D 

The recombinant P. pastoris-MtLPMO9H and P. pastoris-PcLPMO9D strains were 

cultivated in 3L bioreactor as follows. Cells were first grown at 30 °C in 100 ml YPD medium, 

in 1 L shake flasks, buffered with 100 mM phosphate buffer at a pH of 6.0 in a shaking incubator 

(180 rpm) until the cell density reached an OD600 of 3. Cells were aseptically harvested by 

centrifugation at 2500 x g for 15 min. Pellets were resuspended to 1 L YPD to reach a starting 

OD600 of 1, in a 3L bioreactor (Applikon Biotechnology), buffered with 100 mM phosphate 

buffer pH 6.0 and controlled by 20% ammonia base solution. Temperature was set to 30 °C and 

dissolved oxygen (DO) as 20%, controlled by a constant airflow and automatic agitation 

varying from 450-850 rpm. Cells were grown for 5-6 days and glucose was pumped from a 

50% (w/v) stock using the integrated acid-pump of the bioreactor taking the advantage of the 

‘feedback mechanism’ that pH level raises when the carbon source runs out. Purification of 

MtLPMO9H and PcLPMO9D was performed as previously described (Westereng et al., 2011; 

Dimarogona et al., 2012). 
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2.4 Isolation of cellulose nanocrystals 

2.4.1 Disruption and removal of the lignin-hemicellulose matrix 

The organosolv pretreated biomass was used as a starting material for the isolation of nano-

scale cellulose. For the chemical route, as depicted in Figure 1A (Route 1), the substrate was 

first subjected to alkaline hydrolysis and bleaching treatment. Alkali treatment step involved 

boiling of the biomass with 5 wt. % KOH under stirring for 6 h to swell the fibres, facilitate the 

infiltration of the bleaching solution and lead to the removal of hemicellulose. The final 

suspension was extensively washed with distilled H2O and was subsequently bleached upon 

addition of 0.19 M sodium chlorite in 0.3 M sodium acetate buffer, at 80 °C for 6 h, under 

agitation. The samples were washed with distilled H2O and the final product was centrifuged 

for 15 min at 10000 rpm; the precipitate was collected and resuspended in distilled H2O. The 

bleaching step was repeated 4 times.  

Along with the traditional acid-catalyzed chemical process, two separate enzymatic 

pathways were designed using different combinations of hydrolases and accessory enzymes, as 

depicted in Figure 1B (Route 2 and 3). Enzymatic cocktail A contained a mixture of two 

endoglucanases, one belonging to glycoside hydrolase family 5 (EG5) from Talaromyces 

emersonii (Megazyme) and one belonging to glycoside hydrolase family 7 (EG7) from 

Trichoderma longibrachiatum (Megazyme), together with xylanase (ACCELLERASE® XY, 

Genencor) and laccase from the fungus Pycnoporus cinnabarinus (kindly provided by Beldem, 

Belgium). Enzymatic cocktail B comprised of the same mixture as cocktail A, in addition to the 

C1-specific PcLPMO9D (Westereng et al., 2011). All enzymes were added at a final 

concentration of 5 mg/g substrate in the reaction mixture. Reactions took place at 50 °C, 1000 

rpm agitation, in sodium acetate buffer pH 5.0, in the presence of 1 mM ascorbic acid for 24 h. 

Reaction was stopped by heating the mixture at 95 °C for 15 min, followed by extensive 

washing with de-ionized water until the pH stabilized at around 7.0. After enzymatic treatment, 

one single bleaching step followed in order to complete refining and attain cellulose fraction 

for further processing. 

2.4.2 Removal of cellulose amorphous regions 

For the removal of cellulose amorphous regions from the bleached samples, two approaches 

were followed, including acid hydrolysis and enzymatic treatment with endoglucanases, as 

depicted in Figure 1B. In case of the chemical process (Route 1), cellulose nanocrystals 

prepared following a modified version of the process reported by Bondeson et al. (Bondeson et 

al., 2006). The aqueous suspension of bleached biomass was mixed with H2SO4 to reach a final 

acid/H2O concentration of 61% wt. and it was incubated at 70 °C under vigorous stirring for 20 
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min. In case of Route 2a and 3a (Figure 1B), the acid concentration was reduced to 54-55% wt. 

and it was incubated at 70 °C under vigorous stirring for 15 min. In all cases, the hydrolysis 

was quenched by adding excess of distilled water and was allowed to cool down to room 

temperature. The suspension was successively centrifuged at 5000 rpm for 15 min to 

concentrate the cellulose nanocrystals and to remove the excess of aqueous acid. The isolated 

nanocrystals were rinsed and dialyzed in distilled H2O until pH 4-5 was reached. The 

suspension was sonicated using a Qsonica Q500, 500-watt Sonicator at 75% output for 5 min. 

For the enzymatic treatment with endoglucanases (Route 2b and 3b, Figure 1B), EG5 and EG7 

were used instead of acid, at an enzyme loading of 10 mg of each enzyme/g of substrate. The 

isolated nano-scale cellulose was characterised as described below. 

 

2.5 Enzymatic LPMO post-treatment of nanocellulose 

LPMO post-treatment of isolated nano-scale cellulose was conducted with two different 

LPMOs, namely the C1-specific PcLPMO9D (Westereng et al., 2011) and the mixed C1/C4-

specific MtLPMO9H (Karnaouri et al., 2017). The reaction took place at an enzyme loading of 

10 mg/mg substrate, at 50 °C, 1000 rpm agitation, in sodium acetate buffer pH 5.0, in the 

presence of 1 mM ascorbic acid and incubated for 12 h. In order to terminate the reaction, the 

mixture was heated at 95 οC for 15 min, followed by extensive washing with de-ionized water 

until the pH stabilized at around 7.0. The soluble sugars released after the post-treatment with 

LPMOs were detected with HPAEC-PAD (high-performance anion-exchange chromatography 

with pulsed amperometric detection) as previously described (Karnaouri et al., 2017) and the 

oxidized and neutral sugars were assessed based on previous data (Liu et al., 2017). The surface 

groups were identified with XPS, as described below.  

 

2.6 Characterization of nanocellulose morphology and surface chemistry  

2.6.1 Atomic force microscopy (AFM) 

Topographical surface images were captured using an atomic force microscope (AFM, 

Veeco Multimode V, USA) operating in tapping mode and of height, amplitude, and phase 

images were recorded. For analysis, a droplet of diluted suspension of the sample was deposited 

on freshly cleaved mica sheet and allowed to dry. The diameter measurements were performed 

using the Nanoscope V software from the height images.  
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 2.6.2 Scanning electron microscopy (SEM) 

 Scanning electron microscopy (SEM) of the cellulose fibers was studied using a TM3000 

microscope (Hitachi) with accelerating voltage 5kV. The samples deposited on carbon tape and 

were sputter coated with gold prior to imaging. 

2.6.3 Zeta-potential analysis 

Zeta-potential was measured assuming Smoluchowski behavior with a Zetasizer Nano ZS 

(Malvern Instruments) equipped with a universal dip cell. Dispersions of ≤0.01 wt. % in 10 mM 

NaCl were measured 10 times with each measurement composed of 12 runs. The error 

corresponds to the standard deviation. 

2.6.4 X-ray photoelectron spectroscopy (XPS) 

The surface groups of CNCs were identified and quantified via XPS. The analyses were 

performed with an Axis Ultra DLD electron spectrometer (Kratos Analytical Ltd., U.K.) using 

a monochromatized A1 Kα radiation source operating at 150 W and an energy of 20 eV for 

individual photoelectron lines. The high-resolution spectra were fitted using a series of 

Gaussian peaks. 

 

3. Results and Discussion 

3.1 Isolation of nano-scale cellulose  

For the isolation of nano-scale cellulose from organosolv pretreated birch, disruption and 

removal of the lignin-hemicellulose matrix took place through alkaline hydrolysis, as depicted 

in Figure 1A, in order to obtain a cellulose-rich pulp, which was then subjected to hydrolysis 

for the removal of amorphous regions leaving behind the highly crystalline areas. Three 

different processes were evaluated. Route 1 followed the traditional chemical isolation pathway 

using sulfuric acid hydrolysis for the removal of amorphous cellulose regions. Along with the 

traditional acid-catalyzed chemical process, two separate enzymatic pathways were designed 

using two enzymatic cocktails, A and B, with different combinations of hydrolases and 

accessory enzymes, as described in Materials and Methods section. The fractions after the 

enzymatic treatment with either cocktail A or B (Routes 2 and 3, respectively), were directly 

subjected to one single bleaching step, without any alkaline treatment. In the next step, the 

bleached biomass was subjected to either acid hydrolysis (Route 2a and 3a) or treatment with 

endoglucanases (Route 2b and 3b).  

In order to evaluate the effect of enzymatic pretreatment in the morphology and structure 

properties of the biomass, the organosolv treated sample, either without (Fraction 1-Route 1) or 

after enzymatic treatment with cocktail A and B (Fraction 2-Route 2 and Fraction 3-Route 3, 
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respectively), were studied with SEM, prior to any alkaline and/or bleaching step. The results 

are depicted in Figure S1 (Supporting Information), where it is shown that there are 

morphological differences in samples after the enzymatic treatment. The fibers in Fraction 1 

exhibit an uneven, hairy surface, while the enzyme-pretreated fractions (Fraction 2 and 3) 

showed a smoother texture, due to the removal of amorphous regions and polishing after the 

activity of enzymes. However, no significant differences could be observed between the two 

enzyme-treated fractions.  

A summary of the overall process for the production of different nano-scale celluloses is 

presented in Figure 1B, showing the samples that were isolated from different routes: (i) NcCA 

was obtained from chemical pathway (alkaline hydrolysis and 4 bleaching steps), hydrolyzed 

with acid. (ii) NcEA was obtained from enzymatic pretreatment with cocktail A and one 

bleaching step, hydrolyzed with acid. (iii) NcEE was obtained from enzymatic pretreatment 

with cocktail A and one bleaching step, hydrolyzed with endoglucanase mixture. (iv) NcELA 

was obtained from enzymatic pretreatment with cocktail B and one bleaching step, hydrolyzed 

with acid. (v)  NcELE was obtained from enzymatic pretreatment with cocktail B and one 

bleaching step, hydrolyzed with endoglucanase mixture. 

 Our results show that the enzymatic pretreatments could reduce the bleaching process down 

to 4 times lower than the chemical pathway. The use of endoglucanase-assisted treatment 

instead of acid hydrolysis to remove amorphous regions seemed feasible and enabled the 

production of sulphur-free nanocellulose. Although the use of a cellulase cocktail, such as 

Celluclast and Cellic® CTec2, would increase the pretreatment efficiency, it has certain 

drawbacks as well. These enzyme mixtures are non-specific and may not be favorable for 

removing only the amorphous cellulose regions, leaving behind the highly crystalline 

nanocellulose. Moreover, the composition of these cocktails is primarily optimized for 

achieving maximum liquefaction of lignocellulose into soluble sugars (Rodrigues et al., 2015), 

while the use of different monoenzymes allows for the optimization of hydrolysis conditions 

through controlled enzymatic treatment to avoid excessive liquefaction (Karnaouri et al., 2019; 

Rossi et al., 2021). In this work, it was shown that a combination of cellulolytic and xylanolytic 

enzymes, together with laccases and LPMOs can be used either synergistically or individually 

to tailor the removal of amorphous regions towards the isolation of nanocellulose.  

 

3.2 Morphology of isolated nanocellulose samples  

The average width of the isolated nanocellulose after three different routes was identified 

using AFM and the results are depicted in Figure 2. As it can be observed, there is no significant 
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difference in the width among samples that have been treated with acid for the removal of 

cellulose amorphous regions (NcCA, NcEA, NcELA), which correspond to Routes 1, 2a and 

3a. These samples represent cellulose nanocrystals (CNCs) and have the typical size, as 

reported in the literature. Among the strict enzyme Routes 2b and 3b, pretreatment with the 

enzyme cocktail B that contained LPMO in addition to hydrolytic enzymes, resulted in slightly 

thinner particles of 7-16 nm diameter (NcELE) compared to those obtained after treatment with 

cocktail A that exhibited a diameter of 8-20 nm diameter (NcEE). These samples represent 

nano-scale cellulose of mixed elements with various diameters, comprised mainly of long 

interconnected cellulose fibrils (CNFs) together with, to a lesser extent, CNCs, as shown in 

Figure 2. Regarding the overall structure and the diameter of the CNFs obtained from Routes 

2b and 3b, they are both comparable to those from other studies employing enzymes for 

nanocellulose isolation. Rossi et al. 2021 obtained similar results from sugarcane bagasse 

(fibrils with 1.3 – 20 nm width) after treatment with endoglucanase, xylanase and an LPMO of 

AA9 family, while treatment with endoglucanase yielded nanocellulose of 5-7 nm width from 

natural bast fibers (Xu et al., 2013), corroborating that the enzymes are very efficient to produce 

nano-scale cellulose. Valls et al. obtained thicker elements from cotton linters after treatment 

with a mixture of cellulases and an AA10 LPMO (Valls et al., 2019). 

The heterogeneity observed in the morphology of samples produced by the strict enzymatic 

routes (Routes 2b and 3b) is attributed to the activity of endoglucanases that perform a milder 

hydrolysis compared to sulphuric acid, targeting specifically to digest amorphous regions 

leaving intact the crystalline areas (Cheng et al., 2012). This mode of action results in 

heterogeneity and a wide range of size distribution in the final nano-scale product, which has 

also been reported in the work by Teixeira et al. 2015. Compared to the processes that involve 

the acid hydrolysis step and lead to the production of CNCs, the strict enzymatic routes provided 

nanoscale cellulose with properties close to CNFs. CNCs and CNFs are two products with 

different properties, so the process selection for the final product depends on the relevant 

application that is targeted. When it comes to the production of CNCs, though coming with a 

high environmental cost, sulphuric acid treatment still consists the most widely used process 

that yields crystals with targeted qualities such as excellent colloidal dispersion and high 

crystallinity (García et al., 2016). On the other side, in case of the enzyme-assisted treatment, 

the process still needs optimization to obtain CNC-grade nanocellulose, similar to that obtained 

through acid treatment; however, the process yields CNFs with high aspect ratio (Rossi et al., 

2021). Moreover, enzymatic routes provide greener processes in isolating nanoscale cellulose, 

and could replace chemicals to a great extent; however, the process still requires further 
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optimization in order to provide nanocellulose that meets the industrial-grade quality 

requirements. The highest significance of employing biocatalysis for nanocellulose isolation 

can be outlined within the frame of a biorefinery concept, where nanocellulose is produced as 

a side-product in the production of soluble fermentable sugars (Yarbrough et al., 2017; Lin et 

al., 2020; Squinca et al., 2020). The above observations make clear that that both chemical and 

enzymatic route have its own relevance, targeting at different nanocellulose products.  

 

3.3 Analysis of surface charge and evaluation of carboxylate groups  

Zeta-potential values at pH 7.0 were determined for all samples obtained from the three 

different routes as a primary indication of their net surface charge and are described in Table 1. 

The NcCA sample isolated from the chemical process (Route 1) displayed the highest absolute 

value of zeta-potential (-31.0 mV), indicating the strong repulsion of the negatively charged 

nanocrystals. Similar values of zeta-potential of LPMO-treated nano-scale cellulose have been 

reported in previous studies for different types of plant and tunicate biomass (Valls et al., 2019; 

Villares et al., 2017; Karnaouri et al., 2020; Koskela et al., 2019). Replacement of alkaline 

hydrolysis with enzymatic treatment with cocktails A or B, combined with acid hydrolysis 

(Routes 2a and 3a) resulted in well-dispersed fibers with zeta-potential values of -25.5 mV and 

-24.8 mV respectively, verifying a good colloidal stability of these samples. The surface charge 

of these samples can be attributed mainly to the sulphate groups introduced during acid 

hydrolysis, as well as, in case of Route 3a, to the carboxylate groups as a result of the C1-

specific LPMO activity. It has been reported that treatment with sulphuric acid leads to 

introduction of sulphate groups at the C6 carbon on the glucose molecule of the cellulose chain 

(Johnston et al., 2018). These charged groups probably cause the reduction in the zeta potential 

in CNCs isolated after acid hydrolysis. When acid hydrolysis was replaced by treatment with 

endoglucanases (Routes 2b and 3b), the absolute value of zeta-potential was lower (-15.6 mV 

and -19.4 mV respectively), due to the absence of sulphate groups. As both acid and enzyme-

assisted treatment are expected to remove the amorphous cellulose regions, and since the latter 

is not able to introduce any additional charged group, decrease of the zeta-potential absolute 

value could be probably attributed to the removal of amorphous regions with existing charge.  

The samples were analyzed with XPS in order to evaluate the presence of carboxylate and 

sulphate groups on the surface. The results are presented in Table 2. Presence of carboxylate 

groups was observed in all the samples. There are previous reports (Dang et al., 2007) that 

chemical bleaching leads to introduction of carboxylate groups on cellulose surface. The 

highest carboxylate content was observed for NcCA sample that was obtained from chemical 
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process (Route 1) and had been subjected to four bleaching steps, compared to other samples 

(Route 2 and 3) that were treated with one single bleaching step and displayed a lower amount 

of –COOH groups. Pretreatment with enzyme cocktail B that contained the PcLPMO9D (Route 

3) resulted in nano-scale cellulose with higher carboxylate content (sample NcELE) than the 

cocktail A without LPMO (Route 2, Sample NcEE), as expected by the C1-activtiy of the 

enzyme. Both Routes 2b and 3b resulted in samples without sulphate groups, which were more 

susceptible to the post-treatment with LPMOs, as shown below, regarding the increase of the 

carboxylate content, compared to the samples obtained from the chemical process (Route 1). 

Regarding the presence of sulphate groups, all samples obtained after acid hydrolysis showed 

a relatively high amount of these surface groups. It was also observed, as expected, that 

replacing acid hydrolysis with endoglucanase-catalyzed treatment resulted in samples without 

sulphate groups (NcEE and NcELE).  

 

3.4 Post-treatment of isolated nano-scale cellulose with different LPMOs 

Three samples, namely NcCA, NcEE and NcELE were chosen to further evaluate the effect 

of LPMO post-treatment by using two enzymes with different regioselectivity. In addition to 

PcLPMO9D that oxidizes C1 carbon with an already proved effect in introducing carboxylate 

groups, MtLPMO9H that has a double C1/C4-oxidative action was chosen. In our previous 

work, MtLPMO9H has been shown to be an efficient oxidative biocatalyst that promoted the 

production of negatively charged thin cellulose nanocrystals from organosolv pretreated 

tunicate biomass (Karnaouri et al., 2020).  

First, to confirm that both LPMOs were active on the isolated nanocellulose samples, the 

soluble fraction after LPMO treatment was analyzed with HPAEC-PAD for the presence of 

oxidized sugars. As shown in Figure S2 (Supporting Information), PcLPMO9D was active on 

all three samples, showing the highest activity on NcELE sample and the lowest on NcCA. 

MtLPMO9H also showed activity on all three samples with no significant differences, releasing 

C1, C4 and C1/C4-double oxidized products. Overall, the sample from chemical process (Route 

1, NcCA) showed the lowest amount of released soluble products after the post-treatment with 

LPMOs, which can be possibly attributed to the presence of high amount of carboxylate and 

sulphate groups that might hamper the activity of the enzymes. However, these measurements 

provide only an indication of the LPMO activity based on oxidized sugars that are present in 

the reaction medium, therefore they cannot be directly correlated to the activity of the enzyme 

on the insoluble fraction, namely the nanocellulose. Surface analysis of the nano-scale product, 

as described below, is more appropriate to evaluate the effect of each LPMO.   
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The morphology of the samples after the post-treatment is depicted at Figure 2. It is obvious 

that in all cases, the activity of the enzymes led to thinner and well dispersed nano-scale 

cellulose crystals and fibers, with relatively good colloidal stability in the aqueous solution, 

especially for NcCA and NcELE, as verified by the zeta-potential values described at Table 2. 

Since C1- acting LPMOs create nicks on the surface of the cellulose crystalline areas while 

introducing carboxylate groups (Valenzuela et al., 2019), it is expected that their activity 

promotes defibrillation. As a result, there is a decrease in the width of nanocellulose elements, 

which is more profound in case of MtLPMO9H; the activity of this LPMO yields very thin 

structures comprised of few elementary fibrils, which is in accordance with results from 

treatment of tunicate-derived nanocellulose (Karnaouri et al., 2020). As shown by the AFM 

analysis at Figure 2, the length of the fibrils is high, indicating that the produced nano-scale 

cellulose has a high aspect ratio. Nanocellulose with a high aspect ratio, especially when it is 

sulphur-free as in the case of this work, meets the requirements for numerous applications 

(Trache et al., 2020). 

The surface groups of the samples were identified with XPS and the results are presented in 

Table 2. Regarding the LPMO regioselectivity and the introduction of carboxylate groups, 

PcLPMO9D was shown as a strong candidate in enhancing the –COOH groups, as expected. 

Treatment with PcLPMO9D increased the carboxylate content from 0.59 to 1.26 for NcEE and 

0.79 to 1.55 for NcELE, but not for sample NcCA, where the enzyme indeed showed the lower 

activity, as also proved by the release of lower amount of soluble products. The amount of 

sulphate groups was reduced after LPMO treatment, which is attributed to the oxidative 

cleavage activity of the enzymes. During MtLPMO9H post-treatment, a slight reduction in 

carboxylate group was observed for NcCA and NcELE.  

Regarding the zeta-potential values that are shown in Table 1, the standard deviation of the 

measurements indicates that there are slight differences after the activity of LPMOs, even in 

case of PcLPMO9D that has a strong oxidative effect on the substrate according to the XPS 

data. In case of NcCA sample, the removal of charged sulphate groups after the post-treatment 

results in a slight increase in the zeta-potential value, while for NcEE no significant differences 

are observed despite the increase of the COOH groups from both enzymes. One possible 

explanation for this paradox could be that the LPMO activity changed the physical properties 

of the cellulose nanosuspensions by leading to the exposure of new surfaces. These new inner 

portions of the particles may have different surface chemistry than those previously exposed, 

which affects the zeta-potential value. 
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Conclusions 

Different monoenzymes with specified cellulolytic, hemicellulolytic and oxidative activities 

were successfully used for the isolation of sulphur-free nanocellulose from birch. Our results 

demonstrate that a combination of organosolv pretreatment in the absence of any acid, followed 

by two enzymatic treatment steps, and final refining with post-treatment modification with the 

C1-specific PcLPMO9D is the best strategy to produce nano-scale cellulose with high 

carboxylate content. The proposed process is novel not only from the perspective of organosolv 

pretreatment and valorization of forest biomass, but also because individual enzymes were 

employed for targeting the removal of cellulose amorphous areas, instead of commercial 

cellulase cocktails with a broad activity.  
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FIGURE CAPTIONS 

Figure 1. (A) Removal of hemicellulose and lignin by chemical and enzymatic processes. Route 

1 involves alkaline treatment of organosolv pretreated birch with KOH solution followed by 

four bleaching steps, yielding bleached Cellulose Chem. In Route 2 and 3, alkaline KOH 

treatment is replaced by enzymatic treatment with two different cocktails, followed by one 

single bleaching step, yielding bleached Cellulose E and Cellulose EL respectively. (B) 

Schematic representation of the three different processes followed for the production of nano-

scale cellulose from organosolv pretreated birch biomass. Route 1 followed the traditional 

chemical isolation pathway using sulfuric acid hydrolysis of Cellulose Chem sample for the 

removal of amorphous cellulose regions. In case of Route 2 and 3, bleached Cellulose E and 

Cellulose EL were subjected to either acid hydrolysis (Route 2a and 3a) or treatment with 

endoglucanases (Route 2b and 3b) respectively. The produced samples are NcCA: cellulose 

nanocrystals from chemical pathway (alkaline hydrolysis and 4 bleaching steps), hydrolyzed 

with acid. NcEA: cellulose nanocrystals from enzymatic pretreatment with cocktail A and one 

bleaching step, hydrolyzed with acid. NcEE: nano-scale cellulose from enzymatic pretreatment 

with cocktail A and one bleaching step, hydrolyzed with endoglucanase mixture. NcELA: 

cellulose nanocrystals from enzymatic pretreatment with cocktail B and one bleaching step, 

hydrolyzed with acid. NcELE: nano-scale cellulose from enzymatic pretreatment with cocktail 

B and one bleaching step, hydrolyzed with endoglucanase mixture. 

 

 

Figure 2. AFM images and width values of isolated nanocellulose from different routes.  
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Table 1. Zeta-potential values for the isolated nano-scale cellulose prior and after post-

treatment with different LPMOs.  

 

Sample Hydrolysis routes 
ζ-potential, 

pH 7 (mV) 

NcCA Route 1  -31.0 ± 0.6 

NcCA treated with PcLPMO (NcCA-Pc) Route 1/post-treatment -20.3 ± 2.9 

NcCA treated with MtLPMO (NcCA-Mt) Route 1/post-treatment -27.1 ± 1.5 

NcEA Route 2a -25.5  ± 2.9 

NcEE Route 2b -15.6 ± 9.0 

NcEE treated with PcLPMO (NcEE-Pc) Route 2b/post-treatment -16.5 ± 3.4 

NcEE treated with MtLPMO (NcEE-Mt) Route 2b/post-treatment -14.0 ± 3.4 

NcELA Route 3a -24.8  ± 3.1 

NcELE  Route 3b -19.4 ± 8.3 

NcELE treated with PcLPMO (NcELE -Pc) Route 3b/post-treatment -20.9 ± 7.6 

NcELE treated with MtLPMO (NcELE -Mt) Route 3b/post-treatment -16.6 ± 9.8 
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Table 2. XPS data showing the atomic percentage (%) of carboxylate and sulphate groups of 

the surface of isolated nano-scale cellulose prior and after post-treatment with different LPMOs.  

 

Sample -COOH SO42- 

NcCA 0.78 0.27 

NcCA treated with PcLPMO (NcCA-Pc) 0.74 0.12 

NcCA treated with MtLPMO (NcCA-Mt) 0.66 0.16 

NcEA 0.36 0.13 

NcEE 0.56 - 

NcEE treated with PcLPMO (NcEE-Pc) 1.26 - 

NcEE treated with MtLPMO (NcEE-Mt) 0.95 - 

NcELA 0.51 0.18 

NcELE  0.79 - 

NcELE treated with PcLPMO (NcELE -Pc) 1.55 - 

NcELE treated with MtLPMO (NcELE -Mt) 0.6 - 
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FIGURE 1 
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FIGURE 2  
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Supporting Information 
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Figure S1. SEM images of the 3 lignocellulosic biomass fractions prior and after the enzymatic pretreatment with 
cocktail A and B. Images were captured at a magnification of 140x (A), 500x (B), and 1500x (C). Fraction 1-Route 
1: organosolv pretreated birch; Fraction 2 – Route 2: organosolv pretreated birch after pretreatment with enzyme 
cocktail A; Fraction 3 – Route 3: organosolv pretreated birch after pretreatment with enzyme cocktail B. 

 

Fraction 1 Fraction 3 Fraction2 

Fraction 1 Fraction 3 Fraction 2 

Fraction 1 Fraction 2 Fraction 3 
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Figure S2. HPAEC chromatogram of soluble sugars released after the post-treatment of isolated CNCs with 
PcLPMO (A) and MtLPMO (B). The activity of LPMOs was tested on NcCA (black line), NcEE (blue line) and 
NcELE (pink line) samples. C1- and C4-oxidized sugars were observed at 13-18 min and 18-22 min in the 
chromatogram. 
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