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Our dependence of fossil resources for fuels and chemicals, is one of today’s major concerns 

worldwide, and this for several reasons. First of all, combustion of fossil fuels results in the 

emission of greenhouse gases, like carbon dioxide (CO2), methane (CH4) and nitrous oxide (NO2), 

playing a major role in global warming [1]. Apart from this environmental concern, many countries 

rely highly on fuel import, which is on its own already quite an economic and political risk [2,3]. 

And as petroleum resources are depleting over time [4,5], it is not difficult to understand the high 

demand for alternatives. It is, however, also very clear that there will not be a single solution, it 

will take a combination of actions: change in behavior, more and better public transport, 

alternative vehicle technologies and the introduction of innovative fuels and technologies [2].  

Plant biomass has the potential to replace a large fraction of fossil resources for the production 

of fuels (e.g. ethanol [6]), chemicals (e.g. glycerol, citric acid [7]) and materials (e.g. polylactic 

acid in bioplastics [8]) [2]. Lignocellulose is, however, very recalcitrant towards enzymatic 

degradation, representing one of the biggest hurdles to cost-effective bio-refining [9]. For a long 

time, it was textbook knowledge that the enzymatic degradation of cellulose involves the action 

of endoglucanases, cellobiohydrolases and β-glucosidases. In principle, these three enzyme 

types are enough to break down cellulose to glucose, but in practice, this process was found to 

proceed very slowly [10]. This made Reese and co-workers suggest, already in 1950, that there 

must be some kind of non-hydrolytic factor (referred to as C1) rendering the substrate more 

accessible to hydrolysis [11].  

It was not until 2010 that the identity of this C1-factor was finally unraveled by demonstrating 

the oxidative activity of Serratia marcescens chitin binding protein 21 (CBP21), at that time 

classified in the carbohydrate binding module family 33 (CBM33). CBP21 was shown to 

significantly boost the activity of chitinases and an analogue effect on cellulose was later shown 

for members of glycoside hydrolase family 61 (GH61). These enzymes were named lytic 

polysaccharide monooxygenases (LPMOs) and were reclassified into the family of auxiliary 

activities (AA) in the CAZy database [12]. Nowadays, the CAZy database contains already 6 AA 

families with activities towards (hemi)cellulose, chitin, starch and xylan. Most known LPMOs 

originate from bacteria, fungi and viruses, but very recently an ancient family of LPMOs was 

identified in insects, where they are believed to play a role in chitin remodeling during 

metamorphosis [13]. This shows that the function of LPMOs reaches far beyond what was 
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originally expected and further research is believed to unravel many exciting new properties of 

LPMOs. For now, despite all the progress that has already been made over the last few years, a 

lot of questions about the detailed method of action of these enzymes are still left unanswered 

[14] . It will demand action of scientists of a wide range of disciplines to gain better understanding 

of the full capabilities of LPMOs.  

One of the properties of LPMOs that is not yet well understood is their oxidative regioselectivity, 

referring to the fact that different LPMOs are known to act on the C1 and/or C4 carbon of the 

glycosidic bond. Although several hypotheses have been formulated, experimental validation is 

limited. The main reason for this is that when working with LPMOs, one inevitably runs up against 

some difficulties, like their insoluble substrates, complex pattern of reaction products and a lack 

of synthetic standards of most oxidized products. 

 

 Figure 1: Schematic overview of the research performed in this PhD thesis. (CH = chapter). 
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This PhD thesis aims at getting better insight into the determinants of oxidative regioselectivity 

through enzyme engineering. To that end, 4 fungal and 2 bacterial LPMOs were recombinantly 

produced, a qualitative indicator diagram for regioselectivity was developed and applied in an 

extensive site-directed mutagenesis study (Fig. 1). Focus is on AA9 and AA10 LPMOs, because 

these were - at the start of this study - the only two known LPMO families, are both holding 

cellulose-active enzymes and considered to be the most industrially relevant. 

A literature review in chapter 1 provides the reader with the background information related to this 

work. Research results are presented in the next 5 chapters, with chapters 2-5 focusing on AA9 and 

chapter 6 on AA10 LPMOs. In chapter 2, the expression of four fungal LPMO enzymes in P. pastoris 

is described: Phanerochaete chrysosporium LPMO9D (C1-oxidizer), Hypocrea jecorina LPMO9A 

(C1/C4) and Neurospora crassa LPMO9C (C4) and LPMO9D (C4). These regioselectivity 

representatives were then used in chapter 3 for the establishment of an indicator diagram for 

regioselectivity. By using this diagram, the effect of multiple putative determinants of 

regioselectivity and their combinations was evaluated in chapter 4. In chapter 5, additional binding 

and synergy studies were performed on a selection of LPMO variants together with a mutagenesis 

study assessing substrate specificity. 

Parallel to the work on fungal LPMOs, chapter 6 describes the expression of Streptomyces 

coelicolor LPMO10B and LPMO10C in E. coli, followed by a mutagenesis study aimed at altering 

regioselectivity (using the regioselectivity diagram developed in chapter 3) and substrate 

specificity. To conclude the work, a general discussion and some future perspectives are covered 

in chapter 7.  
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1 Biorefineries – using biomass instead of oil 

The International Energy Agency (IEA) Bioenergy Task 42 defines biorefining as  

“The sustainable processing of biomass into a spectrum of marketable products 

(food, feed, chemicals and materials) and energy (biofuels, power and heat)” [15]    

Biorefineries fit into the concept of a bio-economy aiming at competitiveness in the market and 

leading to a progressive replacement of oil refinery products by their bio-based alternative. This 

replacement of oil will require extensive collaboration between industry and biological, physical, 

chemical and technical sciences. 

Seen that transport accounts for about 60 % of the increasing oil demand [16], policies were 

established to promote the use of biofuels, for example by blending them into petrol or diesel. 

These measures led to the development of efficient production methods for transportation fuels, 

paving the way towards future biorefineries wherein co-produced biochemicals and biomaterials 

deliver extra economic and environmental benefits [17].   

1.1 Biomass 

1.1.1 First generation biomass 

The two most important sugar crops are sugar beet and sugar cane. Together with starch 

containing crops like corn and other grains and the vegetable oils like soybean and rapeseed oil, 

they are referred to as first generation biomass. These resources do not require extensive 

pretreatments and were the first to be used for the production of biofuels [18]. They were proven 

to be a good alternative to petroleum-based fuels and were a major driver for bio-based production. 

However, their impact on food prices (food-versus-fuel debate) and the environment quickly led 

to skepticism and resistance [19,20]. As a result, research is now oriented more towards 

alternative carbon sources [21,22]. 
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1.1.2 Second generation biomass (lignocellulose) 

Lignocellulosic biomass is a broad term for wood, agricultural residues, municipal solid waste and 

dedicated energy crops [21]. It is the most abundant biological material on earth and is the largest 

source of renewable energy [23–25]. Despite this abundancy, lignocellulose is very recalcitrant 

towards enzymatic hydrolysis, which is one of the biggest hurdles for many biorefining 

approaches [26]. There are 3 major causes for this.  In the plant cell wall, cellulose is embedded 

in a matrix of hemicellulose and lignin, limiting its accessibility and making pretreatment steps 

crucial [21]. Second, cellulose chains are associated in so-called microfibrils, resulting in a high 

degree of hydrogen bonding between the sugar molecules and making cellulose insoluble in water 

and most other solvents.  The final hurdle for hydrolysis can be found in the chemical nature of 

cellulose. The β-glycosidic bond is considerably more stable than its α-counterpart present in 

starch, resulting in an estimated natural half-life time of cellulose at neutral pH of several million 

years [27,28].  

As already mentioned, lignocellulose is composed of cellulose (40-50 %), hemicellulose (20-40 

%) and lignin (20-30 %), with the exact composition depending of the plant and tissue type [6,29]. 

Cellulose is a long chain of glucose molecules (up to 15.000 units [30]), linked by β-1,4-bonds 

[31]. As adjacent glucosyl units are rotated 180° to retain linearity, not glucose, but cellobiose is 

the repeating unit. Inter- and intramolecular hydrogen bonds are formed between the many 

hydroxyl groups of the sugar units, giving cellulose its very stable crystalline nature [32]. Cellulose 

regions with a lower degree of organization are known as amorphous cellulose [33]. The 

crystalline cellulose chains are further bundled with hemicellulose and lignin to form so-called 

microfibrils. On their turn, these microfibrils are associated to macrofibrils (Fig. 1.1) [34]. This 

crystalline structure results in very low accessibility for the degrading enzymes and even water 

can hardly penetrate it [25].  

In contrast to cellulose, hemicellulose and lignin are much more heterogeneous. Hemicellulose 

consists of hexoses (eg. glucose, mannose, galactose and rhamnose), pentoses (eg. xylose and 

arabinose), sugar acids (eg. glucuronic acid and galacturonic acid) and acetylated sugars [35]. 

Hemicellulose chains are shorter and more amorphous than cellulose and are therefore more 

easily degraded [36]. Lignin, a polymer composed of phenylpropanoid units, is a high molecular 
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substance increasing the hardness of the cell Lignin is very recalcitrant towards enzymatic 

degradation and is not used in fermentation processes. Instead it can be used for energy 

generation or transformed to value-added products (e.g. low cost carbon fiber) [2,37].  

 

 

 

Figure 1.1: Structural representation of lignocellulose with the hexagons in lignin representing p-

hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units. (Figure from [34]) 

1.1.3 Third generation biomass 

Algae are considered as the third generation of biomass. These marine organisms can, 

depending on the species and how they are cultivated, accumulate high amounts of oils, starch, 

carbohydrates and vitamins. Moreover, marine crops have been shown to have a higher capacity 

to absorb CO2 than most terrestrial species and they were demonstrated to remove pollutants 

from wastewater [38]. They are recognized as a potential source of feedstock for biofuels, but due 

to the high production and harvesting costs, they are not yet considered to be a viable option [15]. 
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1.2 Technological processes 

In a biorefinery, biomass needs to be depolymerized and converted into valuable products. The 

biomass conversion processes can be divided into 4 groups: biochemical, thermochemical, 

mechanical and chemical processes.   

1.2.1 Biochemical processes 

Fermentation uses microorganisms and/or enzymes to convert a substrate into products (mostly 

organic acids and alcohols). Nowadays, ethanol is the most prominent fermentation product, but 

processes for a lot of other chemicals (e.g. methanol and succinic acid) have been developed as 

well [2]. Enzyme and metabolic engineering have played a critical role by improving the 

performance of enzymes and microbial strains towards the production of the desired chemical 

[39–43].  

Anaerobic digestion is described as the bacterial degradation of organic material in the absence 

of oxygen. These type of processes are typically carried out at temperatures of 30-60°C and 

deliver biogas, a mixture composed mainly of methane and CO2. Conventional digestion is 

performed by a community of microorganisms, little is known about the actual microbes 

responsible for the digestion [44]. Quite recently, rumen microorganisms were shown to be a very 

effective inoculum in the digestion of lignocellulose [45]. 

1.2.2 Thermochemical processes 

Pyrolysis is a process of thermal (300-600°C) degradation of organic material in the absence of 

oxygen, producing charcoal, bio-oil and combustible gases. These products are now mainly used 

for heat and power generation, making pyrolysis a less attractive process for biorefineries [46].  

Another option is the gasification of biomass, which leads to the production of so-called syngas 

or synthesis gas, a mixture of H2, CO and CO2. This syngas can be further chemically processed 

to synthetic fuels (Fischer-Tropsch process), or it can be metabolized by anaerobic acetogenic 

bacteria. These bacteria convert syngas to acetate, but also ethanol, butanol, butyrate, lactate 

and 2,3-butanediol [47].  
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1.2.3 Mechanical processes 

Mechanical processes aim at size reduction and separation of feedstock components, they do 

not alter the biomass composition and for that reason they are generally applied first. As the main 

goal of the pretreatment of lignocellulose is to split the biomass into cellulose, hemicellulose and 

lignin, these processes fall also into this category [2].  

1.2.4 Chemical processes 

Processes that bring about a change in chemical structure of a molecule by reacting with other 

substances, are called chemical processes. In biomass conversion, hydrolysis and 

transesterification are the most important chemical processes [2]. In fact, transesterification is the 

most used method for the production of biodiesel. In this process, C14-C20 triglycerides are 

transesterificated to fatty acid methyl esters (FAMEs) constituting biodiesel and with glycerol as 

a valuable by-product [48].  

1.3 Platform molecules for biorefineries 

Unlike petroleum, biomass does not have a homogenous composition, which is both an 

advantage and a disadvantage. The fact that biorefineries can rely on a wider range of raw 

materials than petroleum refineries and can hence produce a wider range of product classes is a 

great advantage. On the other hand, this demands for a relatively larger range of processing 

technologies (see section 1.2) making the oil to biomass transition a great challenge [2].   

In 2004, the US department of energy (DOE) identified 12 promising sugar-derived chemicals that 

could serve as an economic driver for biorefineries. Due to their multiple functional groups, these 

platform molecules can be converted to a variety of high-value bio-based materials and chemicals 

[49]. The list of platform molecules was updated in 2010 (Fig. 1.2) [50]. 

In order to be sustainable and competitive with the petro-industry, biorefineries should upgrade 

biomass to value-added materials and chemicals. This means that each biorefinery should 

produce at least one high value chemical and one biofuel. Sustainability can be obtained by 

internally supplying heat and electricity from combustion of residues [2]. 
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Figure 1.2: Proposed platform molecules for biorefineries as defined by the US department of Energy 

(Figure from [15]). 
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2 Cellulose degradation 

Although chemical processes exist for the hydrolysis of cellulose [51], enzymatic degradation is 

most widely used in industry. Since cellulose is the most abundant source of carbon on earth [52], 

enzymatic degradation of cellulose in plant cell walls is a key step in the global carbon cycle [27]. 

Research on cellulases started already in the 1940s and was further speeded up by the growing 

interest in the use of lignocellulosic biomass as feedstock for biorefineries [53]. This section will 

give an overview of the synergetic action of cellulases in the degradation process of cellulose. 

2.1  Classification of cellulases 

In the Enzyme Commission (EC) classification of the International Union of Biochemistry and 

Molecular Biology (IUBMB), enzymes are classified based on their reaction type and substrate 

specificity [54]. Cellulases are glycoside hydrolases breaking O-glycosyl bonds and were 

assigned with the EC-numbers 3.2.1.x.  

Because it was not intended to reflect the structural features of enzymes, this classification does 

not allow for recognizing similarities between glycoside hydrolases of widely different 

microorganisms. For this reason, Henrissat and coworkers suggested to develop a classification 

for β-1,4-glycanases based on their amino acid sequence similarities [55]. Seen the direct link 

between sequence and fold, this classification was shown to aid in revealing evolutionary 

relationships and to reflect structural and mechanistic features of enzymes [56]. Soon after, the 

classification was extended to all known Carbohydrate-Active enZymes (CAZy) and the CAZy 

database was founded [57]. Currently, the CAZy database consists of 5 enzyme classes: the 

glycoside hydrolases (GH), the polysaccharide lyases (PL), the carbohydrate esterases (CE), the 

glycosyltransferases (GT) and the Auxiliary Activities (AA) [12]. Carbohydrate binding modules 

(CBM) are grouped in a separate, non-catalytic class [58].  

Within the glycoside hydrolase class, there are at least 11 cellulase families with 8 different 

protein folds. This high diversity is most likely due to the high diversity of their substrates, i.e. plant 

cell walls [27]. 
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2.2 Cellulases 

In nature, cellulose is degraded by the joined action of at least three types of cellulolytic enzymes: 

endoglucanases, cellobiohydrolases and β-glucosidases [59]. To be precise, these three cellulase 

types do not merely work together, they do so in a way that is more effective than the sum of their 

individual activities [60]. This is referred to as synergy and in order to grasp this concept, it is 

important to first understand the individual roles of these enzymes. 

2.2.1 Structural diversity of cellulases 

Cellobiohydrolases (CBH), also referred to as exocellulases, work processively on the cellulose 

chain end, liberating cellobiose and, in some cases, glucose. Some of these CBHs are active on 

the reducing end (CBHII), others on the non-reducing end (CBHI).  Endoglucanases (EG) act 

randomly and especially on the more amorphous regions of cellulose. β-glucosidases (BGL) 

liberate glucose from cellobiose [36,61–63].  

The mechanistic differences between the 3 cellulase types are reflected in the topography of 

their active site (Fig. 1.3). CBHs typically have their active site inside a tunnel, enabling an end-

on attack of the cellulose chains. [64]. On the other hand, EGs have a more cleft-like active site, 

allowing for binding with amorphous parts of cellulose. BGLs have a narrow pocket or crater 

shaped active site, better suited for binding the small oligosaccharide cellobiose [65]. 

 

Figure 1.3: The three active site topologies in cellulases: (A) cleft in EG from Thermobifida fusca (TfCel6A, 

pdb 1QK0), (B) tunnel in cellobiohydrolase from Trichoderma reesei (TrCel6A, 2BOD) and (C) 

pocket/shallow groove in BGL from Trichoderma reesei (TrCel3A, 4I8D). Figure created with Pymol. 
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2.2.2 Modular properties of cellulases 

Having an insoluble substrate, cellulolytic microorganisms need to secrete their cellulases so they 

can work at the solid-liquid interface. Fungi and actinomycete bacteria generally secrete their 

cellulases after penetrating the substrate with their hyphae. These free cellulases depend for their 

activity highly on how many catalytic units are on the cellulose surface. For this reason, a lot of 

them developed a multimodular architecture with, next to their catalytic domain, carbohydrate 

binding modules (CBM) and linkers [66]. The CBM brings the enzyme in close contact with the 

substrate and promotes activity. The binding capacity of CBMs is attributed to aromatic residues 

on their hydrophobic surface [67]. CBM removal generally results in lower activity on crystalline 

cellulose, but not so for soluble substrates [68].   

A second cellulolytic system is demonstrated mainly by anaerobic bacteria producing so-called 

cellulosomes (Fig. 1.4). These multi-enzyme complexes contain several cellulases, assembled 

on a long scaffold protein (scaffoldin) by their internal docking module (dockerin) that has high 

affinity for the complementary cohesins on the scaffoldin. The scaffoldin does also carry a CBM 

that binds the cellulosome onto the substrate [69–71]. The cellulosome itself is usually also 

attached to the cell wall, this way attaching the cell onto its feedstock.  

 

Figure 1.4: Schematic representation of a cellulosome. (Figure adapted from [72]) 

Cellulosomes were first discovered in Clostridium thermocellum, a spore-forming, thermophilic 

and anaerobic bacterium capable of converting cellulose directly into ethanol and is for that 

reason very interesting for use in consolidated bioprocessing (CBP) [73,74]. Its cellulosome is 
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very complex, containing over 20 catalytic subunits, from cellulases, hemicellulases, pectinases 

to chitinases and esterases [75].   

Attracted by the high efficiency of cellulosomes, a lot of research has focused on the creation 

of designer cellulosomes, both for industrial applications as for further expanding the knowledge 

on cellulose degradation [76–79]. 

2.3 Synergism in cellulose hydrolysis 

According to the ‘starting point generation’ hypothesis, by attacking amorphous cellulose, EGs 

create new chain ends for CBHs. This explanation is the most widely accepted, but alternatives 

have been proposed: e.g. EGs might clean the surface for the processive action of CBHs [80]. 

Either way, this endo-exo synergism is also believed to work the other way: by exposing 

neighboring cellulose chains, CBHs could weaken the packing interactions making it easier for 

the EGs to bind [81]. 

Exo-exo synergism has been demonstrated as well, in fact, by doing so, the existence of non-

reducing and reducing end CBHs was first anticipated [82]. There are two possible interpretations 

of this type of synergy. One is based on the idea that CBHs have a weak endoglucanase activity, 

making exo-exo synergism a special case of endo-exo synergism. In the alternative hypothesis, 

the synergy depends  on the target structure of their CBMs - synergy can only occur when these 

differ [83]. 

As CBHs suffer from end-product inhibition by cellobiose, it is important to remove this product 

quickly from the degradation mixtures. This is where BGLs come into the synergy picture: by 

hydrolyzing cellobiose and cello-oligosaccharides into glucose, the optimal conditions for the 

saccharification process are restored [84,85]. 

2.4 Other (non-hydrolytic) factors involved in cellulose degradation 

Seen the high recalcitrance of lignocellulose against hydrolysis, it has long been anticipated that 

factors other than hydrolytic enzymes are involved in this process. Already in 1950, Reese and 

coworkers stipulated a ‘C1-Cx theorem’ in which a non-hydrolytic C1 factor activates degradation 
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by loosening the ordered structure, whereafter the Cx factor could actually perform the hydrolysis. 

Over the years, Reese’s hypothesis has been interpreted in several ways. First, EGs and CBHs 

were identified as factor C1 and Cx, respectively [86], later the non-hydrolytic part of EGs, their 

CBM, was suggested to be the C1 factor [87].  

Since then, expansins and swollenins, proteins known to affect cellulose, were also proposed 

in this context. Expansins are cell wall proteins that are involved in the cell wall loosening needed 

throughout a plant’s life cycle and allow for growth and acclimatization of the plant [88–90]. 

Swollenins are expansin-related proteins from fungi. Unlike expansins, swollenins contain a CBM 

and are suggested not to play a role in the growth of the fungus by modifying the cell wall. Instead 

they are expected to be important in the degradation of plant biomass [91]. Swollenins have also 

been suggested to have a weak intrinsic hydrolase activity [92].  

The biggest breakthrough came only in 2010 when Vaaje-Kolstad et al. discovered the oxidative 

activity of lytic polysaccharide monooxygenases (LPMOs) [93]. These enzymes degrade Nature’s 

major polymers, cellulose and chitin, in a way that is completely different from hydrolysis i.e. 

oxidatively. By disrupting their ordered structure, LPMOs are believed to make these polymers 

better accessible for hydrolases and for that reason, they immediately got full attention of 

scientists all over the world for their possible application in biorefineries [14,39,94] . LPMOs will 

be discussed in detail in the next section. 
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3 Lytic polysaccharide monooxygenases (LPMOs) 

Lytic polysaccharide monooxygenases (LPMOs) are a recently discovered group of copper 

containing enzymes that act on recalcitrant polysaccharides by an oxidative mechanism [93,95–

97]. They are shown to have a synergistic effect with canonical cellulases and are of great 

importance in the valorization of biomass in biofuels, chemicals and materials [98]. Seen the 

strong scissile C-H bond ( ~ 95 kcal in glucose) the power of LPMOs is not to be underestimated 

[99].  

3.1 Discovery and classification of LPMOs 

With the C1-Cx theorem postulated by Reese and co-workers already in 1950 [11], and a first 

report of oxidative enzymes important for the breakdown of cellulose by Erikson et al. in 1974, it 

took until the mid-2000s before a new leap was taken towards better understanding the 

breakdown of lignocellulosic biomass.  

In 2005, Vaaje-Kolstad et al. deposited the first crystal structure of a family 33 CBM, Serratia 

marcescens chitin binding protein CBP21 [100], a bit later followed by a publication demonstrating 

a synergetic effect of this enzyme when combined with chitinases [101]. In 2008, Karkehabadi et 

al. noticed similarity with CBP21 in the solved crystal structure of Hypocrea jecorina GH61B, 

thought to be a weak endoglucanase at that time. As this structure did not reveal a binding cleft 

or pocket typical for other cellulases, nor the highly conserved carboxylate pairs, the authors 

expressed careful doubts on the hydrolytic activity of this enzyme [102]. Later, a stimulating effect 

of HjGH61B on cellulose degradation could be demonstrated [95]. In 2010, Vaaje-Kolstad et al. 

published the break-through paper on the oxidative action of CBP21 on chitin [93], providing a 

totally new view on biomass breakdown. The oxidative action was later also demonstrated on 

cellulose for both family CBM33 and GH61 [103,104]. With the increasing knowledge on these 

enzymes, GH61 and CBM33 enzymes were named LPMOs and reclassified in the CAZy 

database to the family 9 and 10 of auxiliary activities (AA), respectively [12]. 

Currently, LPMOs are present in the auxiliary activity families 9, 10, 11, 13, 14 and 15 showing 

activity on substrates ranging from cellulose and chitin, to hemicellulose, starch and soluble 
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oligosaccharides. LPMOs are produced by bacteria, fungi and viruses, but have very recently also 

been demonstrated in insects, protists and algae [13].  

3.2 Synergy of LPMOs with cellulases 

 

Figure 1.5: Schematic representation of synergetic action of cellulases and LPMOs. R = reducing end, NR 

= non-reducing end, BGL = β-glucosidase, CBH = cellobiohydrolase, EG = endoglucanase, AA = auxiliary 

activity (figure from [39]) 

Having a flat active site surface, LPMOs are able to bind directly on the cellulose or chitin 

substrate, disrupting the crystalline structure and creating new chain ends, this way facilitating 

the action of cellulases and chitinases [105–107]. This process continues in a so-called ‘onion 

peeling’ fashion, where layer after layer is systematically removed by the synergetic action of 

LPMOs and cellulases (Fig. 1.5). This explains why the LPMO boosting effect is measurable 

during the whole saccharification process [108].  

Synergy with hydrolytic enzymes was already described before the oxidative nature of their 

activity was discovered [95,101] and since then several studies have confirmed the effect [109–

114], although the extend of the synergetic cooperation was found to range extremely. It was 

shown that the improvement in saccharification caused by LPMOs depends highly on the amount 

of crystalline versus amorphous regions in cellulose, with LPMOs preferring crystalline regions 

[108]. When industrially-relevant cellulose substrates are used, like corn stover, poplar or wheat 

straw, the pretreatment does also seem to play a role, observing the highest LPMO activity for 
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hydrothermally pretreated biomass, a pretreatment leaving a relatively high amount of lignin 

[109,115,116]. This lignin is suggested to be a reservoir of electrons available for LPMO activity 

[117].  

3.3 Structural diversity of LPMOs 

3.3.1 Overall fold 

The most striking feature of LPMOs is their flat surface harboring the active site [102,106,118], 

differentiating them from cellulases in which the active site is typically present in a groove or tunnel 

(see section 2.2.1). One exception are the starch-degrading LPMO13s as they possess a shallow 

groove, probably for accommodating an amylose chain [119]. All LPMOs share a β-sandwich fold 

built by 7 to 8 β-strands forming two antiparallel and twisted β-sheets and with a catalytic histidine 

brace coordinating a copper ion [120,121]. This structural similarity but low sequence identity, 

suggest that LPMOs share an ancient ancestral protein, at least those of family AA9 and AA10 

[122].   

 

Figure 1.6: Structure of HjLPMO9A (pdb: 5O2W) with the β-strands in cyan, the L2 loop in red, the L3 loop 

in orange, the LS (short loop) loop in purple and the LC (long C-terminal) loop in green cartoon. The copper 
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ion is represented as a blue sphere, the residues coordinating the copper as yellow sticks. This color 

scheme is used throughout this work. (Figure prepared with Pymol). 

Most LPMOs exist as single domain, but in about 30 %, a CBM is present [123], with the type 

of CBM suggested to represent their substrate specificity [105]. Interestingly, in some modular 

LPMOs, modules with no clear link to carbohydrates are present, like heme-binding domains, 

phosphotyrosine-binding domains, … Their presence implies that LPMOs may have roles in 

nature other than biomass degradation [124]. Interestingly, CBM-lacking LPMOs, like CBP21, are 

known to have strong substrate binding capacities [100], whereas the catalytic domains of CBM-

appended LPMOs seem to have lost this ability [125]. CBMs are also thought to have a stabilizing 

effect on operational activity, as productive binding is expected to prevent oxidative self-

inactivation (see section 3.4.1). 

Where LPMOs all display a common fold, the loops connecting the β-strands and forming the 

substrate binding surface, bring about their structural diversity (Fig 1.6). The L2 loop is a 

prominent and structurally highly variable loop in both AA9 and AA10 LPMOs.  In general this 

loop contains at least one aromatic residue and it is believed to play an important role in substrate 

binding. A second loop on the active surface, the L3 loop, is in most LPMOs very short, but in a 

relatively small cluster of LPMO9s it is quite extensive [126]. On the opposite side of the L2 and 

L3 loop, there are two loops referred to as loop short (LS) and long C-terminal loop (LC). These 

loops are only present in AA9 and AA13 and very often harbor one or more aromatic residues, 

for that reason they are also suggested to be involved in substrate binding [118].  

3.3.2 The active site 

In the active site, a copper ion is coordinated by a so-called histidine brace, a strictly conserved 

feature in all deposited LPMO structures [127]. In this histidine brace, copper is bound by the N-

terminus, its side chain and a second histidine residue [121]. In AA9, 11 and 13, the copper active 

site is further coordinated in an octahedral geometry (Fig. 1.7), satisfied with 2 oxygen or water 

ligands and a conserved axial tyrosine residue. AA10 have a slightly different copper-site, with in 

most cases a phenylalanine at the protein-faced axial position axial and an alanine blocking the 

surface-exposed axial position [128].  
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Figure 1.7: The copper active site of an AA9 LPMO (LsAA9A) in its oxidized Cu(II) state, displaying the 

octohedral geometry. (Figure from [124]) 

The actual oxidation state of the copper ion is still under debate, hampered by X-ray-caused 

photoreduction of copper [129] and the paramagnetism of copper making a large part of the 

substrate binding surface invisible in NMR studies [130].  

3.4 The oxidative reaction 

3.4.1 Mechanism under debate 

Although it was generally believed that LPMO activity requires molecular oxygen, Bissaro et al. 

recently demonstrated that not O2 but H2O2 is the preferred co-substrate and that LPMOs use a 

catalytic strategy based on exploiting the oxidative potential of H2O2 [131].  

To fully appreciate Bissaro’s findings, it is necessary to first briefly run through the alternative 

oxygen-based scenarios. In this case, the monooxygenase reaction (R-H + O2 + 2 e- + 2 H+  R-

OH + H2O) depends highly on the delivery of 2 electrons per cycle. Although the overall 

mechanism was still under discussion, it was generally accepted that a first electron reduces Cu(II) 

to Cu(I), followed by O2 activation and the formation of a Cu(II)-superoxo species 

[14,106,132,133]. Whether this was the actual reactive oxygen species, was uncertain, but it was 
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sure that a second electron was needed to be delivered. How this second electron was stored in 

or delivered to the LPMO remained unclear, even more when cellobiose dehydrogenase (CDH), 

a known electron donor for LPMO9s, was shown to bind a region on the LPMO centered around 

the Cu-site [130], making it impossible for the LPMO to have simultaneous contact between its 

electron donor and its substrate. 

 

Figure 1.8: Schematic representation of the H2O2-based mechanism for LPMO activity as proposed by 

Bissaro et al [131]. The LPMO-Cu(II) needs first to be reduced to LPMO-Cu(I) for it to react with H2O2 (= 

priming reduction). After water elimination, the Cu(II)-oxyl radical abstracts a hydrogen atom from the 

substrate. Through a rebound mechanism the Cu(II)-hydroxide merges with the substrate radical, producing 

a hydroxylated substrate and a regenerated LPMO-Cu(I) (figure from [131]). 

In the new  scenario proposed by Bissaro et al. [131] (Fig. 1.8), only one electron is needed for 

the initial ‘priming reduction’ of the LPMO-Cu(II) to Cu(I), which will, in the presence of substrate, 

then react with H2O2, forming a Cu(II)-oxyl (or Cu(III)oxo) intermediate. On its turn, this 

intermediate can abstract a hydrogen from the substrate, eventually leading to hydroxylation of 

the substrate and regeneration of the Cu-site.  

In respect to Bissaro’s proposed mechanism it is important to be aware of the following three 

findings: (1) LPMOs are known to produce H2O2 in the absence of substrate [134], (2) this H2O2 

is known to lead to so-called oxidative self-inactivation although (3) productive substrate binding 

was shown to protect the LPMO against this oxidative damage [131]. This led to the speculation 
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that H2O2 generated by unbound enzymes may help the substrate-bound fraction in degrading 

the substrate, shedding new light on the role of CBMs in LPMO activity [135].  

In general, reported turnover rates of LPMOs are very low [93,136] and as these reactions were 

all performed without the addition of H2O2, the question is whether these rates reflect the reaction 

with O2 or the reaction where H2O2 is first generated in situ by the LPMO or by the reductant [137]. 

The fact that LPMOs are completely inhibited when a peroxidase is added to H2O2-free reaction 

mixtures, seem to support the second hypothesis [131,137].   

3.4.2 Electron donors 

 

Figure 1.9: Schematic representation of the currently identified electron donor systems for LPMOs. CDH 

= cellobiose dehydrogenase, PPO =  polyphenol oxidase, LMWL = light molecular weight lignin products, 

Chl = chlorophyllin, GMC OR = glucose-methyl-choline oxidoreductase. (cellulose and LPMO 

representation originate from [138]) 

As stated above, LPMOs need at least one electron for their activity and several electron donor 

systems have been described (Fig. 1.9). Small molecules like gallate [127], glutathione [103] and 

3-methylcatechol [139] but - above all - ascorbic acid are reported for their use in this context. 

Electrons can also be provided by enzymes with cellobiose dehydrogenase (CDH) being most 

investigated [133,140,141]. CDH contains a heme-binding cytochrome (CYT) and a flavin adenine 

dinucleotide (FAD)-binding dehydrogenase (DH). The electrons generated at DH are channeled 

to CYT, followed by a fast electron transfer to the LPMO [142]. As LPMOs and CDHs are often 
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co-expressed [10], these enzymes are considered to have a higher physiological importance than 

the in laboratory experiments generally used ascorbic acid. Remarkably, the CDH-LPMO system 

is not (yet) found in LPMO10s. 

Where CDH reduces the LPMO directly, glucose-methanol-choline oxidoreductases (GMC OR) 

use plant phenols as mediator for electron transport to LPMOs. They represent the third type of 

electron transfer systems. On their own, these phenols can reduce LPMOs as well, but they get 

depleted by LPMO activity [143,144]. In a very recent study, a similar indirect system using 

laccases and polyphenol oxidases on lignin, was shown to boost LPMO activity [145].  

In a fourth system, chlorophyllin and thylakoids are used as electron donor. These 

photosynthetic pigments are one of the most potent electron donors in nature and are shown to 

increase the catalytic activity 100-fold and broaden the substrate specificity [136]. The role of 

reactive oxygen species in light-driven LPMO activation was later excluded [146]. 
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3.5 LPMOs and regioselectivity 

Despite the conserved active site architecture, the site of oxidation is known to differ among 

LPMOs. Some LPMOs only oxidize the C1-carbon, generating lactones that are hydrated to 

aldonic acids in aqueous solutions. Other LPMOs are only active on the C4-carbon, leading to 

the formation of non-reducing end 4-ketoaldose, that will spontaneously hydrate to gemdiols. A 

third group of LPMOs are somewhat more ‘promiscuous’ and attack both carbons, generating a 

mixture of C1 and C4-oxidized sugars (Fig 1.10).  

 

Figure 1.10 Illustration of the C1/C4 regioselectivity of lytic polysaccharide monooxygenases. 

C6-oxidation has also been suggested [127,147], but as this reaction does not result in chain 

cleavage and the molecular weight of 6-hexodialdoses is the same as for 4-ketoaldoses, their 

formation was debated and finally proposed to be an artifact [97].  

3.5.1 Sequence and phylogenetic analysis of regioselectivity 

Relatively soon after family 61 glycoside hydrolases (now known as AA9) were demonstrated to 

have a similar oxidative action as CBM33 (=AA10) members [93,104], Vu et al. proposed the 

division of LPMO9s in 3 distinct regioselectivity classes based on a multiple sequence alignment 

of 497 sequences [148]. Since then, several LPMOs have been found to deviate from these 

predictions [149–151]. Bennati-Granier et al. have therefore suggested to limit the alignments to 

residues that interact directly with the substrate [149]. This proposition was followed by Lenfant 
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et al. by performing a pairwise alignment study on the N-terminal half of the sequences of family 

AA9 LPMOs [152]. This study did not perform better in predicting the site of oxidation than the 

study of Vu et al. [148], and made the authors conclude that regioselectivity is not controlled by 

the N-terminal half of LPMO9s, suggesting that except for the histidine brace conservation, very 

few evolutionary constraints apply to the hypervariable N-terminal half of LPMOs [152].    

Very recently, Forsberg et al. were able to demonstrate an effect on regioselectivity for 

mutations selected by correlated mutation analysis (CMA) of 54 sequences with predicted C1 or 

C1/C4 oxidizing LPMO10s [153]. The success of this method was most likely due to the fact that 

after the CMA, only residues close to the catalytic copper and with good structural conservation 

were selected for the mutagenesis study.  

3.5.2 Structural determinants of regioselectivity 

As stated before (section 3.3), all LPMOs share a β-sandwich conformation with a strictly 

conserved histidine brace, but with structural diversity brought about by the loops connecting the 

β-strands. 

By creating a truncation mutant, a subdomain of about 10-12 residues on the L2 loop was shown 

to be important for C4-oxidation in a Neurospora crassa C1/C4-oxidizing LPMO [148]. In fact, this 

subdomain was demonstrated to form a shallow hydrophilic groove together with an N-glycan at 

the LPMO’s substrate binding surface. This groove was suggested to be involved in oxygen 

binding and in promoting specific hydrogen atom abstraction at the glycosidic bond [132]. A 

growing amount of deposited crystal structures confirmed that C1/C4-oxidizers often have an N-

glycan at the planar active surface, while this glycosylation is absent or located elsewhere on the 

protein for strict C1 and C4-oxidizers [127,154–156].  

Aromatic surface residues are well-known for their hydrophobic stacking interactions in 

carbohydrate binding modules (CBM) of cellulases and chitinases [157]. In CBP21 and other 

LPMO10s, mutating a surface aromatic residue resulted in a lowered affinity for the polymeric 

substrate [100,125,158], expanding the relevance of aromatic residues to LPMOs. As very small 

shifts in positioning are suggested to have a profound influence on the C1/C4-oxidation ratio [159], 

aromatic residues are expected not only to play a role in binding, but also in accurately directing 
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the oxidative force of LPMOs onto the substrate. Interestingly, Moses et al. demonstrated 

independently that among all LPMOs, strict C1-oxidizers tend to have the highest degree of 

surface aromaticity, which led to the author’s believe that surface aromatic residues determine 

LPMO regioselectivity [160].  

In about 30 % of all LPMOs, a CBM module is present [123]. The role of CBMs in LPMOs seems 

to be less straightforward than in cellulases/chitinases as there was shown to be only a modest 

[79,128,153] to even absent [126] effect on catalytic activity after removing the CBM. In some 

cases, the effect was shown to depend on substrate [126]. However, deletion of the CBM was 

never shown to have an effect on regioselectivity [153,155]. In a very interesting study by Crouch 

et al., it was demonstrated that swapping CBMs between LPMOs can cause imbalance between 

C1/C4-oxidation [123]. 

A last feature of LPMOs that is often considered to have an effect on regioselectivity is the 

accessibility of the solvent facing axial position of the Cu-center.  In strict C1-oxidizers, this 

position is restricted by a tyrosine, while in strict C4-oxidizers access is much more open due to 

the presence of alanine. C1/C4-oxidizers have an intermediate conformation, with a highly 

conserved proline at that position [125,126,132]. Very recently it was shown that altering the 

accessibility of this solvent-facing axial position does not significantly change the C1/C4 oxidation 

ratio in LPMO10s [153]. For family AA9, there is no experimental data available. 

3.5.3 Other factors influencing LPMO regioselectivity and concluding remarks 

In a functional and structural study of two related AA9-family LPMOs, Lentinus similis AA9A and 

Collariella virescens AA9A, a substrate-dependent regioselectivity profile was reported: C1/C4-

oxidation on polysaccharides, while only C1-oxidation on oligosaccharides. Interestingly, LsAA9A 

appears to have a divergent copper-coordination at the active site when bound to xylan (where 

this LPMO is also active on). This leads to the believe that LPMOs may have more than one 

oxidative mechanism available. The adopted mechanism is thought to be determined by (1) the 

substrate, (2) the reducing potential of the reducing agent and (3) the positioning of the substrate 

on the LPMO [161]. The fact that light-driven LPMOs were shown to have an expanded substrate 

range [136] and LPMOs accept electrons from different donors, albeit with significant effect on 
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their activity [143], seems to support this hypothesis. This versatility is most likely of very high 

biologic importance for the breakdown of the highly variable plant cell wall [14]. 

The key towards better understanding the mechanism of LPMOs is thought to be knowledge on 

the C-H bond strengths. These bond strengths have not yet been established for polysaccharides, 

but have been estimated based on calculations for glucose [14]. Variation in bond strengths in 

polysaccharides is very likely to also have an influence on C1/C4-regioselectivity.  

Overall, despite the high interest in LPMOs and the enormous progress in recent years, there 

is hardly any experimental data addressing the determinants of LPMO regioselectivity through 

mutagenesis studies.  

3.6 The importance of LPMOs in nature and industry 

3.6.1 Biomass degradation 

It is well accepted that LPMOs facilitate the action of hydrolytic enzymes by disrupting the 

crystalline substrate and creating new accessible chain ends [105,107,114]. Their discovery has 

also shed new light on the role of lignin, light and other oxidoreductive enzymes in de 

decomposition of plant biomass and lets us appreciate the complex secretomes of biomass 

degrading fungi much better. 

Although very promising, LPMOs ask for the re-optimization of the industrial biomass 

degradation processes, as the synergistic effect of LPMOs is lost in the absence of oxygen. In 

the pre-LPMO era, simultaneous saccharification and fermentation (SSF) was predominantly 

used as it was found to give better ethanol yields compared to the alternative: separate hydrolysis 

and fermentation (SHF). The main reason why SSF outperformed SHF was that the enzymatically 

released sugars, which are known to inhibit cellulases, are continuously metabolized by the yeast. 

When LPMOs are included in cellulolytic mixtures, the anoxic conditions generated during the 

SSF process were demonstrated to result in lower yields compared to SHF. However, when 

adding LPMOs to a hydrolytic mix, one needs also to be aware of possible negative effects. As 

LPMOs have been shown to inactivate cellulases due to the generation of reactive oxygen 

species [162], it is very important to exploit the stabilizing effect of the substrate by carefully 
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balancing the LPMO-substrate ratio [131]. A second reason to not overdose the LPMOs, is to 

consider that gluconic acid cannot be metabolized by yeast and can be seen as a loss of ethanol 

[163]. The H2O2-based mechanism proposed by Bissaro et al. [131] will surely have 

consequences for industrial applications of LPMOs. Indeed, H2O2 is a very cheap and easy to 

handle bulk chemical, so supplying low amounts of H2O2 to LPMO-containing hydrolytic mixtures 

could in fact be much more convenient than aeration, only time (and further research) will tell.   

3.6.2 Other roles of LPMOs 

A quick look at the CAZy database reveals that LPMOs are produced by a wide range of plant, 

animal and human pathogens. Although research in LPMO pathogenicity is still in its infancy, 

some speculations have already been done on the underlying mechanisms.  

In plants, LPMOs are believed to be involved in penetrating the cell wall, but their role seems to 

go much further. Plants are known to exhibit a so-called ‘oxidative burst’ upon being attacked by 

a pathogen. This fast release of reactive oxygen species (ROS) will defend the plant against 

biotrophic pathogens by inducing a sensitive response leading to localized cell death. On the 

other hand, necrotrophic pathogens benefit from this response, in fact, they even seem to 

increase it by generating extra amounts of ROS with their extensive LPMO machinery [164]. 

Necrotrophic pathogens have been shown to produce up to 28 LPMOs, in some cases together 

with ROS-detoxifying enzymes [165,166] , whereas the biotrophic Blumeria graminis expresses 

only one LPMO (for cell wall penetration) [167].  

Although the mechanisms are not yet understood, it has been demonstrated by several studies 

that chitinases and LPMOs are involved in virulence of several bacterial pathogens like Listeria 

monocytogenes [168] and Vibrio cholerae [169,170]. GlcNAc-containing glycoproteins and 

glycolipids of host organisms are suggested to be their most likely target [171].    

LPMOs, have also been suggested to play a role in cell wall remodeling (fungi and algae), 

hyphal extension (fungi) and in molting (insects) [13,153,172]. As all these theories cannot yet be 

explained, future research on LPMOs promises to bring about major new insights on a high variety 

of Nature’s phenomena. It is to be expected that these insights will find applications for LPMOs 

beyond biomass degradation.
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Abstract 

Since the discovery of their oxidative activity in 2010, lytic polysaccharide monooxygenases 

(LPMOs) have shed new light on how biomass is degraded in nature. They represent a very 

promising group of enzymes for industrial biomass processing. 

Three types of regioselectivity have been demonstrated for cellulose-active LPMOs: some only 

oxidize the C1-carbon of the β-1,4 bond, some only the C4-carbon and a third group can oxidize 

both carbons, producing a mixture of C1 and C4-oxidized cello-oligosaccharides. Despite the high 

interest in LPMOs, and although several hypothesis concerning the basis of this regioselectivity 

have been formulated, very little studies have experimentally addressed this topic. This work aims 

just at that: gaining better understanding of the oxidative regioselectivity of LPMOs through 

rational engineering studies. 

This chapter describes the production of three fungal LPMOs representing each regioselectivity 

type: Phanerochaete chrysosporium LPMO9D (C1-oxidizer), Neurospora crassa LPMO9C (C4) 

and Hypocrea jecorina LPMO9A (C1/C4). For a fourth LPMO, NcLPMO9D (C4), the production 

could not be sufficiently increased, and therefore this LPMO was excluded from the mutagenesis 

experiments described in later chapters. 
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1 Introduction 

As discussed in detail in Chapter 1, LPMOs are of great importance in the breakdown of 

carbohydrate polymers like (hemi)cellulose, chitin and starch. Commercial enzyme cocktails 

containing AA9 LPMOs, like Novozymes Cellic CTec2, release up to 60% more glucose from 

pretreated lignocellulosic biomass [109]. Hence, the boosting of fungal LPMOs on lignocellulosic 

degradation may not be underestimated.  

All LPMOs share a β-sandwich fold with a flat surface harboring the histidine brace active site 

[100,102,118,120,127]. Based on the site of oxidation, three regioselectivity types can be 

distinguished: C1-, C4- and the more promiscuous C1/C4-oxidizers (ignoring non-lytic C6-

oxidation) [118,126,127,132,148,149,173]. When comparing the CAZy Auxiliary Activity families, 

only the fungal AA9 LPMOs have representatives of each regioselectivity type, making them the 

most logical choice for this works regioselectivity research.  

In this chapter the recombinant production is described of 4 fungal LPMOs, covering all 

regioselectivity types: Phanerochaete chrysosporium LPMO9D (C1-oxidizer), Neurospora crassa 

LPMO9C (C4) and LPMO9D (C4) and Hypocrea jecorina LPMO9A (C1/C4).  

NcLPMO9C/D and PcLPMO9D are well characterized and have a crystal structure available 

[118,126], the latter facilitating greatly the accuracy of future enzyme engineering strategies. At 

the start of the project, HjLPMO9A did not have a pdb file available (5O2X only available since 

September 2017 [155]), nonetheless, this enzyme was selected for its expected high industrial 

relevance, as H. jecorina (Trichoderma reesei) is well known as an exceptionally efficient 

producer of cellulases and hemicellulases, with lignocellulosic biomass conversion to biofuels as 

main application [174,175].  

As expression levels of NcLPMO9D in Pichia pastoris were very disappointing, factors 

influencing this LPMO’s expression were examined in more detail. In P. pastoris, two genes 

(AOX1 and AOX2) encode for alcohol oxidase, the enzyme catalyzing the first step in the 

methanol utilization pathway (MUT pathway). Due to its very strong promoter, AOX1 can reach 

levels up to 30% of the cell’s total soluble protein. AOX2 expression is controlled by a much 
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weaker promoter, resulting in much lower expression titers [176].  Based on methanol utilization, 

3 P. pastoris phenotypes are currently available: Mut+ strains have both AOX genes intact and 

grow rapidly on methanol, MutS strains have a disrupted AOX1 gene, resulting in slow growth on 

methanol and Mut- strains are not able to grow on methanol due to deletion of both AOX genes 

[177].  Mut+ strains grow faster and have been proven to have higher productivity [178–180], 

although other studies show just the opposite [181–183]. For this reason, expression of 

NcLPMO9D was evaluated in Mut+ and MutS strains. A second route for expression optimization 

was sought in codon usage frequencies and their role in correct protein folding. 

The LPMOs expressed in this chapter will be used for the development of a regioselectivity 

diagram in chapter 3, and as template for enzyme engineering in chapter 4.  
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2 Results and discussion 

2.1 PcLPMO9D, NcLPMO9C and HjLPMO9A, the 3 regioselectivity 

representatives 

2.1.1 Early work using episomal pBGP vectors 

Initially, HjLPMO9A was produced using constructs based on the pBGP vectors. These plasmids 

are reported to be beneficial for mutagenesis experiments for several reasons: (1) the GAP 

promoter is a very strong constitutive promoter, rendering time and cost adding induction 

manipulations redundant [184], (2) their P. pastoris autonomous replication sequence (PARS1) 

enables episomal replication, which is reported to result in less variable expression levels as 

compared to integrating vectors and does also allow for convenient plasmid recovery by 

commercial kits [185], (3) the α-mating factor (α-MF) from Saccharomyces cerevisiae generally 

results in well spliced and highly secreted enzymes [186].  

Both isolated cDNA and a codon-optimized gene sequence of HjLPMO9A were cloned into the 

pBGP1 vector and transformed into P. pastoris SMD1168, a Mut+ protease negative strain. A 

pBGP4 vector, harboring the his4 gene for selection and also containing the codon optimized 

HjLPMO9A gene was tested as well. Expression levels were, however, very low and expected 

not to be sufficient for future mutagenesis experiments, as enzyme variants tend to express at 

lower levels. As the PARS1 sequence allows for only one plasmid in each yeast cell, it may be 

(partly) responsible. Integrative expression systems allow for multiple insertions, which will in most 

cases result in an increased protein titer [187], for that reason that expression strategy was 

evaluated next.   

2.1.2 LPMO expression using pPpT4 vector 

Ir. Magali Tanghe prepared six constructs based on the pPpT4 integrative vector, evaluating the 

role of the promoter (AOX1/GAP), the signal sequence (native/α-MF) and the codon usage 

(cDNA/codon-optimized). Just like in the pBGP constructs, the GAP promoter, resulted in very 
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low expression levels, while the AOX1 promoter performed much better. Optimal expression and 

N-terminal processing was eventually obtained using the codon-optimized sequence of both the 

native secretion signal and the HjLPMO9A gene [173]. The ImageJ estimated yields for 

HjLPMO9A, PcLPMO9D and NcLPMO9C produced in 250 mL shakeflasks were 53 mg/L, 12 

mg/L and 80 mg/L, respectively (SDS-PAGE results in Fig. 2.1). All enzymes were detected at 

masses higher than their calculated molecular mass (35 kDa, 26kDa and 35kDa for HjLPMO9A, 

PcLPMO9D and NcLPMO9C, respectively).  This is due to glycosylation, which is also responsible 

for the slightly smeary bands on Coomassie-stained SDS-PAGE. After removing N-glycans by 

adding endo-N-acetyl-β-D-glucosaminidase from H. jecorina (endoT), molecular masses 

decreased (data not shown), but especially for HjLPMO9A, where the mass only decreased to 

about 50kDa, a high contribution of O-glycans is suggested. And indeed, in a recent structural 

study, HjLPMO9A was shown to contain no less than 17 O-glycosylation sites [155].  

 

Figure 2.1: SDS-PAGE analysis of the three LPMO regioselectivity representatives. All 1 to 5 dilutions of 

the ultrafiltrated shake flask culture supernatant. Lane 1: H. jecorina LPMO9A; lane 2: P. chrysosporium 

LPMO9D; lane 3: N. crassa LPMO9C; lane 4: PageRuler prestained protein ladder (Thermo Scientific) 
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2.1.3 Activity on PASC 

The soluble reaction products released upon incubation of the three LPMOs with the polymeric 

substrate phosphoric acid swollen cellulose (PASC) were analyzed by HPAEC-PAD (Fig 2.2), 

standards of cellobionic and cellotrionic acid and a cello-oligosaccharide ladder were added to 

identify the released products (Fig. S2.5). Eye-catching are the high amounts of cellobiose, 

cellotriose and cellotetraose released from PASC (visible as the 3 large peaks in the 

chromatograms). These point towards the presence of P. pastoris endogenous endoglucanase 

(GH45, GenBank id CCA40496.1) activity in the ultrafiltrated culture supernatants used in our 

analyses [188]. This hydrolytic activity results in faster release of native as well as oxidized 

oligosaccharides, and enables short incubation times for screening, as will be demonstrated in 

Chapter 3. 

  

Figure 2.2: HPAEC-PAD chromatograms of 3 LPMO representatives, covering all 3 regioselectivity types:  

Activity of HjLPMO9A (red), NcLPMO9C (green), PcLPMO9D (blue) and wildtype P. pastoris 

CBS7435_MutS broth (black) on 0.5% PASC in the presence of 1 mM ascorbic acid as reducing agent. 



Chapter 2 

 

40 

 

The HPAEC-PAD chromatograms confirm the regioselectivity of PcLPMO9D as strict C1-

oxidizer and HjLPMO9A as C1/C4-oxidizer, but signals of C1-oxidized products are also observed 

for the strict C4-oxidizer NcLPMO9C. Although this C1-oxidative activity appeared to be only 

minor, it could not be overlooked and needed further investigation.  

2.1.4 Is NcLPMO9C a strict C4-oxidizer? 

To answer this question, the C1-oxidative activity of NcLPMO9C was compared to the 

background activity in the ultrafiltrated broth of wildtype P. pastoris CBS7435_MutS (Fig 2.3 A). 

For this, enzyme tests were repeated, now with regular sampling in order to get an idea of the 

evolution of these peaks over time. The slope of the cellotrionic acid signal formation was used 

as an indicator of C1-oxidation and was shown not to be significantly different (p = 0.370, 

Student’s t-test) for NcLPMO9C when comparing to the wildtype sample (Fig 2.3 B). This is in 

accordance with NcLPMO9C being generally accepted to be a strict C4-oxidizing LPMO [189]. 

The results for the P. pastoris control strain (harboring the empty expression vector) were the 

same as for the wildtype P. pastoris CBS7435_MutS strain. 

 

Figure 2.3: Details on the C1-oxidative background activity in P. pastoris CBS7435_MutS. Panel A shows 

the HPAEC-PAD chromatograms obtained upon incubating PASC with P. pastoris CBS7436_MutS (=WT) 

and the NcLPMO9C clone. Panel B shows their maximal cellotrionic acid release rate (error = standard 

deviation, n = 3) 

2.1.5 C1-oxidative background activity in P. pastoris CBS7435 

The underlying cause for the C1-oxidative background activity in the P. pastoris broth is unclear. 

Two possible explanations are described below, but seen the great interest in P. pastoris as 



Recombinant production of fungal LPMOs in Pichia pastoris 

 

41 

 

expression host, and CBS7435 being a very important wildtype strain, ongoing and future 

research might reveal alternative views.  

Oxidative degradation of cellulose by H2O2 was demonstrated by Miller et al. [190] in 1986, an 

effect that was shown to be accelerated by ascorbic acid: ascorbic acid non-enzymatically 

reduces molecular oxygen to H2)O2 and Cu2+ to Cu+. In the presence of Cu+, H2O2 will then be 

converted to the hydroxyl radical OH˙, which is even more reactive and will cause oxidative 

scission of cellulose [191]. 

Although there is no annotation for a cdh gene in P. pastoris CBS7435 strain in CAZy, genes 

coding for alternative redox enzymes are known to be present. For example, alcohol oxidase is 

just like CDH a member of the glucose-methanol-choline (GMC) oxidoreductase superfamily and 

a member of the same AA3 family in CAZy. It would be interesting to gain insight into the substrate 

tolerance of P. pastoris alcohol oxidase and whether it can oxidize oligomers as well (to the best 

of our knowledge, no such studies have been published), but it seems unlikely that alcohol 

oxidases are responsible for the oxidative activity on cellulose, especially as it is an intracellular 

enzyme. On the other hand, the produced H2O2 can lead to OH˙ formation and oxidative scission 

of cellulose.  

It is our assumption that reactive oxygen species (either formed by ascorbic acid and/or redox 

enzymes) are responsible for the background C1-oxidative activity in the P. pastoris broth.   

2.2 Expression of NcLPMO9D 

NcLPMO9C of which production is described above, is together with Podospora anserina 

LPMO9H and Lentinus similis LPMO9A, a rather exceptional LPMO, as it is active not only on 

cellulose, but on cello-oligosaccharides as well [149,189]. This is a very promising property and 

will surely expand our understanding of LPMOs. As this activity on soluble substrates is also 

interesting to study through enzyme engineering, having a close homolog lacking this 

characteristic could be an advantage. NcLPMO9D was found to be the closest structural 

homologue of NcLPMO9C using the Dali server [192].  It is a C4-oxidizing LPMO, lacking a 

carbohydrate binding module (CBM), this in contrast to NcLPMO9C carrying a family 1 CBM.  
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Given the positive results for HjLPMO9A, PcLPMO9D and NcLPMO9C, production of 

NcLPMO9D was first attempted using an equivalent expression strategy (P. pastoris CBS7435, 

pPpT4_AOX1 vector with codon-optimized signal sequence and gene). This did, however, not 

result in measurable amounts of LPMO, indicating NcLPMO9D would ask for a re-evaluation of 

factors influencing expression.  

In this work, expression optimization of NcLPMO9D was done by focusing on (1) the P. pastoris 

strain (2) the signal sequence, (3) the expression vector and integration site and (4) the effect of 

codon-harmonization vs. codon-optimization. 

2.2.1 First screening of transformants 

Figure 2.4 gives a general overview of the strategy for NcLPMO9D expression evaluated in this 

work. In short, efforts were done to improve NcLPMO9D production by evaluating three vector 

systems (pPICZ, pPpT4, pPIC9), two signal sequences (S. cerevisiae α-mating factor, native 

secretion signal), codon usage (codon optimization/harmonization), two integration sites (aox1, 

his4) and three P. pastoris strains (SMD1168, CBS7435, KM71H). As considerable clonal 

variation is reported in P. pastoris [193], 10 transformants of each recombinant strain were 

cultivated in 96-deep-well plate experiments to identify the best-producing clone. In case no 

protein was detected, a random clone was selected for the subsequent shake flask cultivation.  

 

Figure 2.4: Schematic representation of the strategy for optimizing NcLPMO9D expression, in total 26 

strains were created. α-MF = S. cerevisiae α-mating factor; NSS = native secretion  signal; CO = codon 

optimized; CH = codon harmonized. 
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Remarkably, no protein was detected on Coomassie-stained SDS-PAGE for any of the MutS 

recombinant strains. Western Blot analysis was performed, with the same negative results. 

Although our 3 other LPMOs are produced well in a MutS genetic background, the slow growth 

rates on methanol of the MutS strains could be responsible for keeping NcLPMO9D below 

detection limits. 

Although commonly used for secreted expression, the α-MF of S. cerevisiae did not reveal 

visible recombinant protein on Coomassie-stained SDS-PAGE, neither did Western Blot analysis. 

These results are in line with those obtained for HjLPMO9A where the α-MF decreased production 

levels around 60% [173].  

After all negative results mentioned above, NcLPMO9D expression was finally observed in the 

Mut+ P. pastoris SMD1168 recombinant strains, although the expression titers remained very low. 

Considering that, for practical reason, this extensive first screening of NcLPMO9D transformants 

used the laboratory’s standard MutS cultivation protocol, a higher production level could be 

expected by better fulfilling the needs of the Mut+ phenotype.  

2.2.2 In depth analysis of Mut+ transformants 

As the integration site (his4/aox1) did not have a significant effect on expression level for the 

pPIC9 construct, the transformants of which the integration event most likely occurred at the his4 

locus (StuI-linearized) were kept out of this second test. The constructs carrying the α-MF of S. 

cerevisiae were excluded as well. The 6 remaining Mut+ transformants were re-cultivated in 

triplicate following the Mut+ cultivation protocol in the Pichia expression kit handbook from 

Invitrogen.  

While the growth results (Fig. 2.5) for the other recombinant strains were quite similar, the strain 

transformed with the commercial pPIC9 vector harboring the codon harmonized gene sequence 

of NcLPMO9D stood out by higher grow rates and reached significantly higher cell densities 

(p<0.001, Student’s t-test calculated for maximal OD600-values reached). As codon 

harmonization aims at better folding and expression through introducing translational pauses, a 

lower metabolic burden might explain the obtained improved growth results. 
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Figure 2.5: Growth curve of shake flask cultivation of recombinant P. pastoris NcLPMO9D strains grown 

on BMGY/BMMY medium, with daily methanol pulses (error = standard deviation, n = 3).  

Next, the expression levels of the different recombinant strains were evaluated and compared. 

Although expression was too low for direct visualization of LPMO in the culture broth using the 

Coomassie stain, NcLPMO9D was detected by Western Blot in all ultrafiltrated samples (Fig 2.6). 

Western Blot results did also show that codon harmonization performed best compared to the 

codon optimized versions of the same vector, with the highest expression obtained for the pPIC9-

derived strain, also when taking the higher cell density into account. 
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Figure 2.6: Western Blot analysis to (A) compare production levels of the 6 evaluated NcLPMO9D 

transformants. Lane 1: PageRuler prestained ladder;  Lane 2: pPpT4_CO (codon optimized); Lane 3: 

pPpT4_CH (codon harmonized); Lane 4: pPICZ_CO; Lane 5: pPICZ_CH, ; Lane 6: pPIC9_CO, Lane 7: 

pPICZ_CH. (B) determine the optimal induction time of the best producing strain (i.e. transformed with the 

codon harmonized NcLPMO9D gene cloned into the pPIC9 vector).  

2.2.3 Activity on PASC 

Seen the low yields of NcLPMO9D, the ultrafiltrated enzyme samples were further evaluated for 

their ability to release oxidized sugars from PASC. Only for the codon harmonized NcLPMO9D 

expressed by the pPIC9 vector derived strain, oxidized cello-oligosaccharides were detected (Fig 

2.7A), albeit at low concentrations compared to those released by our other fungal LPMOs (Fig 

2.2). Striking are the much less pronounced signals for cellobiose, -triose and –tetraose when 

comparing to the HPAEC-PAD chromatograms obtained with the 3 alternative fungal LPMOs. 

Apparently, the endoglucanase background is much lower in the SMD1168 derived culture 

supernatant, probably due to the cultivation protocol or to the different genetic background of 

SMD1168 (no annotation data available for this Invitrogen strain). By adding CBS7435 culture 

supernatant to the enzyme mixtures, oxidized sugars were released by all ultrafiltration samples 

(Fig 2.7B), although the most prominent effect was obtained for the pPIC9 derived NcLPMO9Ds, 

the enzyme obtained after codon harmonization functioning best.  
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Figure 2.7: HPAEC-PAD traces of NcLPMO9D samples incubated with PASC. (A) Results for ultrafiltrated 

NcLPMO9D samples (B) Released products obtained after addition of CBS7435 culture SN to NcLPMO9D 

PASC reaction mixtures. Tested constructs: 1 = pPpT4_CO; 2 = pPpT4_CH; 3 = pPICZ_CO; 4 = 

pPICZ_CH; 5 = pPIC9_CO; 6 = pPIC9_CH (CO = codon optimized; CH = codon harmonized) 

Although expression and activity were demonstrated, when comparing to our other fungal 

LPMOs, NcLPMO9D production remains very low. Fed-batch cultivation is an option in order to 

obtain more enzyme, but is not suitable for enzyme engineering approaches. For that reason, 

NcLPMO9D was not included in the regioselectivity mutagenesis study of fungal LPMOs (chapter 

4). 

Very recently, a structural study was published, in which NcLPMO9D was produced in P. 

pastoris X-33 and glycoengineered SuperMan5 using a codon-optimized gene with its native 

secretion signal cloned into the pPICZ vector. No yield was mentioned for X-33 expression, but 

for SuperMan5 a yield of 50 mg/L of pure NcLPMO9D was obtained after fed-batch cultivation 

using minimal medium. When comparing to other LPMOs, this titer is very low, where yields are 

mostly in the range of 150-1000 mg/L [147,151,173]. 
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3 Conclusion 

Three fungal LPMOs, one for each regioselectivity type, were successfully produced in P. pastoris 

using their codon optimized gene sequence and native secretion signal downstream of the AOX1 

promoter. HPAEC-PAD analysis was used to confirm the oxidative activity of PcLPMO9D (C1-

oxidation), NcLPMO9D (C4) and HjLPMO9A (C1/C4). These enzymes will be indispensable for 

this works regioselectivity research.  

A fourth LPMO was cloned in P. pastoris, but even after extensive effort (e.g. testing the effect 

of the Mut phenotype and codon harmonization), only minor titers could be obtained, too low to 

enable the mutagenesis studies that are the main focus of this work. As no enzyme could be 

detected inside the cells, bad secretion cannot be blamed, although misfolding and the possible 

subsequent ER-associated protein degradation (ERAD) may cause the obtained low yields [194]. 
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4 Materials and methods 

4.1 Genes and vectors 

Hypocrea jecorina LPMO9A cDNA was obtained from Trichoderma reesei QM6A (MUCL 44908) 

by total RNA extraction using the RNeasy Mini kit (Qiagen) and subsequent cDNA production 

using Superscript III first strand synthesis kit (Invitrogen). The cDNA was cloned into the pJET1.2 

vector (Thermo Fisher) and transformed into E. coli DH5α (Invitrogen) for maintenance.  

The genes for HjLPMO9A (Uniprot ID O14405), NcLPMO9C (Q7SHI8) and NcLPMO9D 

(Q1K8B6) were synthesized using the GeneArt gene synthesis service and codon optimized for 

Pichia pastoris. The gene for NcLPMO9D was codon harmonized using the %MinMax algorithm 

[195] and synthesized at GeneArt as well. See Supplementary material for further information 

about this codon harmonization.  

The pBGP1 vector was a kind gift of Charles Lee [184]. P. pastoris strain CBS7435_MutS and 

the pPpT4 plasmid [196] were provided by the Institute of Molecular Biotechnology in Graz, 

Austria. P. pastoris strains SMD1168 and KM71H are from Invitrogen. 

4.2 Creation of recombinant P. pastoris LPMO strains  

4.2.1 Early work using pBGP vectors 

The cDNA of HjLPMO9A was cloned into the pBGP1 vector, downstream of the S. cerevisiae α-

mating factor preprosequence and with a C-terminal His6 tag, by restriction ligation using EcoRI 

and BsaI. As this resulted in an incorrect N-terminus, the two residues preceding His-1, were 

removed by whole plasmid PCR using high fidelity PCR mix (Roche). See Supplementary data 

for more information,  

The codon optimized gene for HjLPMO9A preceded by the α-mating factor preprosequence, 

was cloned into the pBGP1 vector by Gibson Assembly [197]. A pBGP4 construct was prepared 

in which the zeocin resistance gene was replaced by the his4 gene coding for histidinol 
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dehydrogenase allowing for his4 selection of Pichia pastoris transformants. The his4 gene was 

retrieved from the pPIC9 vector and the construct was Gibson assembled using PfuUltra High 

Fidelity Polymerase (Agilent). The primers used for both the pBGP1 and pBGP4 construct are 

listed in Table 2.1.  

Table 2.1: Primers used for assembly of the pBGP1 and pBGP4 expression vectors harboring the codon 

optimized HjLPMO9A gene sequence (in bold) preceded by the α-MF preprosequence (underlined). The 

his4  sequence is in italic.  

template primer sequence (5’ → 3’) 

pBGP1 fwd: ACTACGCTCAGTGTTTGAACCATCATCATCATCATCATTGAGTTTGTAGCCTTAG 

 rev: AAGATGGATGGGAATCTCATCGTTTCGAAATAGTTGTTCAATTGATTGAAATAG 

pMA-T-HjLPMO9A  fwd: TGAACAACTATTTCGAAACGATGAGATTCCCATCCATCTTCAC 

 rev: CAATGATGATGATGATGATGGTTCAAACACTGAGCGTAGTAAGG 

pPIC9 fwd: ACAAGGTGAGGAACTAAACCATGACATTTCCCTTGCTACC 

 rev:  GTCGGGCCGCGTCGGACGTGTTAAATAAGTCCCAGTTTCTCCATAC 

pBGP1_HjLPMO9A_CO fwd: AGAAACTGGGACTTATTTAACACGTCCGACGCGGCCCGAC 

 rev: TGGGTAGCAAGGGAAATGTCATGGTTTAGTTCCTCACCTTGT 

4.2.2 Molecular work for HjLPMO9A, PcLPMO9D, NcLPMO9C  

These 3 LPMO genes were codon optimized for P. pastoris and integrated into the pPpT4 vector 

downstream of the methanol-inducible AOX1 promotor, preceded by their native secretion signal 

and with a His6 tag attached to their C-terminus. The cloning of HjLPMO9A gene and PcLPMO9D 

gene is described by Magali Tanghe [173]. The NcLPMO9C gene was inserted into the pPpT4 

backbone using the CLIVA method [198]. All PCR fragments were constructed using PfuUltra 

High Fidelity Polymerase (Agilent), the primers for the NcLPMO9C construct are summarized in 

Table 2.2. 
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Table 2.2: Primers used for cloning NcLPMO9C into pPpT4 expression vector. BB = backbone; fwd = 

forward primer; rev = reverse primer; * = phosporothioate modification 

template primer sequence (5’ → 3’) 

pPpT4 vector fwd: CATCAC*CATCAC*CATCACTAGGCGGCCGCTCAAGAG 

 rev: CGTTTC*GGAATT*CTTTCAATAATTAG 

NcLPMO9C vector fwd: 
AATTCC*GAAACG*ATGAAGACTGGTTCCATCTTGGCTGCTTTGGTTG 

 rev: GTGATG*GTGATG*TGGCAAACACTGGGAGTACCAGTC 

4.2.3 Molecular work for NcLPMO9D  

The pPIC9, pPICZ and pPpT4 constructs were created by cloning the codon optimized and codon 

harmonized NcLPMO9D genes immediately downstream of the pAOX1 promoter, preceded by 

their respective secretion signal (CO/CH). In the pPICZα construct, the codon optimized and 

codon harmonized genes were preceded by the α-MF preprosequence present in the vector. 

CLIVA using PfuUltra High Fidelity Polymerase was performed to create the constructs. 

4.2.4 E. coli transformation 

All constructs were transformed into E. coli BL21 (DE3) (Bioké) for plasmid maintenance, except 

for the pBGP constructs that were transformed in E. coli DH5α. 2 µL of DNA was transformed into 

40 µL of competent cells using standard electroporation conditions (2 kV, 200 Ω, 25 µF). 

Sequencing was done at LGC Genomics (Berlin) or Macrogen Europe (The Netherlands). 

4.2.5 P. pastoris transformation 

After confirming its sequence, plasmid DNA was linearized (Fig. 2.8) and transformed into freshly 

prepared electro-competent P. pastoris cells [199] using standard electroporation conditions (see 

above). The transformation mixture was plated out on appropriate plates and incubated for 3 days 

at 30°C. The obtained colonies were used for deep-well plate screening described below. 
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Figure 2.8: Representation of the 4 main Pichia pastoris expression vectors used in this work. The 

recognition sites of the restriction enzymes used for linearization are indicated by blue arrows. (SS = 

secretion signal; pGAP = GAP promoter; pAOX1 = AOX1 promoter; ZeoR = zeocin resistance gene; AmpR 

=ampicilline resistance gene; his4 = histidinol dehydrogenase gene) 

4.3 Enzyme production 

4.3.1 Media 

E. coli LPMO clones were cultivated in Lysogeny broth (5 g/L yeast extract, 10 g tryptone, 5 g/L 

NaCl), depending on the vector, supplemented with 25mg/L zeocin (Invivogen) for selection.  

P. pastoris LPMO transformants were grown on BMGY medium (10 g/L yeast extract, 20 g/L 

peptone, 13.4 g/L yeast nitrogen base without amino acids, 100 mM potassium phosphate buffer 

pH6 and 10 g/L glycerol) and induced with BMM2Y (BMGY medium without glycerol but with 2 % 

(v/v) methanol) and BMM10Y (with 10 % (v/v) methanol).  

P. pastoris strains were maintained on YPD plates (10 g/L yeast extract, 20 g/L peptone and 20 

g/L glucose), if necessary supplemented with 100 mg/L zeocin. Selection of P. pastoris SMD1168 

pPIC9 transformants is done on MD plates (13.4 g/L yeast nitrogen base without amino acids, 0.4 

mg/L biotin, 20 g/L dextrose, 20 g/L agar)  
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4.3.2 Deep-well plate screening for (high-) producing LPMO transformants 

P. pastoris LPMO clones were cultivated and produced in 96-deep-well plates (Enzyscreen) 

sealed with a low evaporation sandwich cover (Enzyscreen). Plates were tilted under an angle of 

25° and shaken at 300 rpm (growth phase) or 350 rpm (induction phase) and incubated at 28°C 

(New Brunswick Innova 40R shaker). Clones were grown in 250 µL BMGY for 60 hours to reach 

the stationary growth phase. Induction was then started by adding 250 µL BMM2Y medium and 

maintained by spiking the cultures twice a day with 50 µL BMM10Y medium. After 5 days of 

induction, cultures were harvested by centrifugation at 1500 x g for 20 minutes (4°C). Extra- 

cellular expression was analyzed by Coomassie-stained SDS-PAGE of the culture supernatant. 

4.3.3 Standard shake flask cultivation (MutS) 

The best-producing transformant was cultivated and produced in a 250 mL shake flask at 28°C 

and 300 rpm using an Innova 40R shaker (New Brunswick). Growth was started in 25 mL BMGY 

medium, induction followed 60 hours later by adding 25 mL BMM2Y medium and increasing the 

rotation speed to 350 rpm. Methanol induction was maintained by adding two shots of 1 mL 

BMM10Y a day. After 5 days of induction cultures were harvested by centrifugation at 1500 x g 

for 20 minutes (4°C). The culture supernatant was stored at 4°C until further processing.  

4.3.4 Mut+ shake flask cultivation 

A preculture of the best P. pastoris clone was grown in 25 mL BMGY medium at 28°C in a Innova 

40R incubator (300 rpm) for 18 h. The cells were then harvested by centrifuging at 1500 x g for 5 

minutes at room temperature. The cell pellet was resuspended in BMMY medium to an OD600 of 

1.0 and poured into a sterile 1L shake flask. The shake flask was further incubated in the shaking 

incubator (350 rpm). To maintain induction, 100% pure methanol was added to a final 

concentration of 0.5% every 24 hours. The volume of the culture was checked daily to determine 

evaporation losses. 1 mL samples were taken regularly to evaluate growth and expression. After 

OD600nm measurements using a V630 bio spectrophotometer (Jasco), these samples were 

centrifuged at maximum speed for 3 minutes, using a table top centrifuge (Eppendorf) at room 
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temperature. The supernatant was stored at -20°C until further analysis (SDS-PAGE and Western 

Blot). 

After 96 hours of induction, the cultures were harvested by centrifugation at 1500 x g for 20 

minutes (4˚C), and the culture supernatant was stored at 4°C until ultrafiltration. 

4.3.5 Ultrafiltration of culture supernatant 

The culture supernatant was concentrated and washed with 10mM sodium acetate buffer (pH 5) 

by ultrafiltration using 10 kDa (HjLPMO9A, PcLPMO9D, NcLPMO9C) or 5kDa (NcLPMO9D) 

Ultracel ultrafiltration disks (Millipore) in an Amicon stirred ultrafiltration cell. A final volume of 2 

mL concentrated enzyme was obtained. 

4.4 Protein technology 

4.4.1 Coomassie-stained SDS-PAGE 

Culture supernatant and ultrafiltrated samples were analyzed by sodium dodecyl sulfate – 

polyacrylamide gel electrophoresis (SDS-PAGE). Sample preparation consisted of adding 10 µL 

of Laemmli sample buffer to 20 µL of sample, and boiling at 95°C for 10 minutes. All SDS-PAGE 

gels shared a 5% stacking gel, 15% separating gels were used for NcLPMO9D, instead of the 

standardly used 12% separating gels for HjLPMO9A, PcLPMO9D, NcLPMO9C. 

Generally, 15 µL, and 3 µL of the PageRuler prestained protein ladder (Thermo Fisher Scientific) 

was loaded on gel for mass determination. Gels were run using Biorad’s Mini Protean Tetra Cell 

system, performed at 180 V for about 45-60 minutes. The gels were fixed in 20 mL fixation solution 

for 15 minutes and subsequently stained overnight, using QC Colloidal Coomassie stain (Biorad). 

Destaining was done by extensively rinsing in dH2O. 
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Table 2.3: Composition of in-house prepared SDS-PAGE gels (for 3 gels) and SDS-PAGE buffers and 

solutions. 

component 5% stacking gel 12%  separating gel 15% separating gel 

dH2O 2.85 3.4 2.35 

Acrylamide (30%) 0.85 4 5 

0.5M Tris-HCl pH 6.8 1.25   

1.5M  Tris-HCl pH 8.8  2.5 2.5 

10% (w/v) SDS 50 100 100 

10% APS 50 50 50 

TEMED 5 5 5 

SDS-PAGE 

Laemmli sample buffer: 25% (v/v) glycerol, 2% (w/v) SDS, 0.01% (w/v) bromophenol blue and 5% (v/v) 
β-mercaptoethanol in 62.5 mM Tris-HCl pH 6.8 

Running buffer: 0.30% Tris base, 1.44% (w/v) glycine and 0.1% (w/v) SDS 

Fixation solution: 10% (v/v) acetic acid and 40% ethanol in dH2O 

WESTERN BLOT 

CAPS buffer: 10 % methanol in 10 mM CAPS pH 11 

PBS: 10 mM sodium chloride in 50mM Sodium phosphate buffer pH 7.2 

NBT-BCIP solution: 90 mg/L NBT-BCIP, 100mM NaCl and 50 mM MgCl2 in 10mM Tric-HCl pH 9.5 

4.4.2 Western Blot analysis 

After SDS-PAGE, proteins were transferred to a nitrocellulose membrane (Amersham Protran 

Premium, GE Healthcare) using the Mini Protean Transblot system (Biorad) at 100 V for 1 hour 

in ice cold CAPS buffer.  Next, the membrane was blocked overnight in PBS with 1% bovine 

serum albumin (BSA). Blotting was done using anti-polyhistidine antibody (Tetrahis produced in 

mouse, H1029, Sigma Aldrich) and subsequent anti-mouse alkaline phosphatase antibody 

(produced in goat, A3562, Sigma Aldrich) each time preceded by three wash steps in PBS with 

0.2% Triton. After 3 final wash steps in PBS, detection is finally achieved by incubating the 

membrane in 10mL NBT-BCIP solution. 
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4.4.3 Determination of protein concentration 

To determine the protein concentration, a dilution series of bovine serum albumin (0.2 – 0.05 

mg/mL) was loaded on SDS-PAGE gel, together with (diluted) LPMO samples. ImageJ, a digital 

imaging software, was used to determine the intensity of the bands. Using the intensities of the 

BSA standard, a standard curve is calculated and used to estimate LPMO concentration. Where 

necessary, LPMO samples were diluted to fit in the linear range of BSA. 

4.5 Activity tests and product analysis 

4.5.1 Preparation of phosphoric acid swollen cellulose (PASC)  

PASC was prepared according to the protocol described by Walseth [200]. In short, 10 g Avicel 

PH-101 (Sigma) was slowly suspended in 250 mL of 85 % phosphoric acid (H3PO4) and kept at 

4 °C for 1 hour while regularly stirring. Next, the mixture was poured into 4L ice-cold water and 

left for 30 minutes. After decanting several times with cold water, the mixture was neutralized with 

1% (w/v) NaHCO3. The obtained thick suspension was dialyzed (cellulose membrane) at 4°C 

against water until reaching neutral dialysate. After blending the suspension and removing 

remaining lumps, the concentration of the cellulose mixture was determined using an infrared 

moist analyzer (Precisa).  

4.5.2 PASC release tests 

Reaction mixtures of 500 µL contained 0.5% Phosphoric Acid Swollen Cellulose (PASC) and 1 

mM ascorbic acid in 1mM sodium acetate (HjLPMO9A and NcLPMO9C) or 1mM MES buffer 

(PcLPMO9D) at a final pH of 4.5 and 6.1, respectively. The activity tests were performed with 100 

µL of ultrafiltrated LPMO culture supernatant and were incubated for 4 hours at 50°C (HjLPMO9A 

and PcLPMO9D) or 40°C (NcLPMO9C/D) while shaking at 1400rpm using an Eppendorf 

Thermomixer.  A 25 µL sample was taken and the reaction was stopped by heat-inactivation (10 

minutes at 95 °C). Samples were stored at -20°C until HPAEC-PAD analysis.  



Chapter 2 

 

56 

 

The experiment determining the C1-oxidation background activity for the NcLPMO9A clone 

compared to the wildtype P. pastoris strain was performed in triplicate with the same reaction 

mixture, but with regular sampling (every 30 minutes). 

4.5.3 HPAEC-PAD analysis 

Soluble products generated by LPMO activity on PASC were separated by high performance 

anion exchange chromatography (HPAEC), detection with a pulsed amperometric detector (PAD) 

using a Dionex ICS-5000 IC system equipped with a CarboPack PA20 column.   

Cello-oligosaccharides and their oxidized forms, were eluted by applying a stepwise linear 

gradient based on the method described by Forsberg et al. [103], only shorter. The method uses 

increasing amounts of NaOAc for sugar elution: from 0.1M NaOH to 0.1M NaOH/0.1M NaOAc in 

10 minutes, next to 0.1M NaOH/0.22M NaOAc in 15 minutes, then to 0.1M NaOH/1M NaOAc in 

2.5 minutes and back to initial conditions in 2.5 minutes. To recondition the column, these initial 

conditions are kept for 5 minutes. Samples were 1/10 diluted in milliQ water prior to analysis. 

Standards of cellobionic and cellotrionic acid and a cello-oligosaccharide ladder were added to 

identify the released products (Fig. S2.5), as there are no standards available for the C4-oxidized 

sugars, peak identification was performed by comparing to published HPAEC-PAD 

chromatograms (eg. [104,118,125,128]). By preparing a calibration curve, the limit of 

quantification (LOQ) of cellobionic acid (data not shown) was estimated to be 10 nmole, a value 

corroborated by the results of Westereng et al. [201]. LOQ values for the C4–oxidized sugars are 

expected to be higher due to on-column degradation and lower response on the gold-electrode.  

The obtained chromatograms are analyzed using Chromeleon software. 

4.6 Statistical analysis 

A two-sample Student’s t-test (two-tailed, unpaired) was performed to evaluate whether there is 

a significant difference in C1-oxidative background activity between the P. pastoris 

CBS7435_MutS strain and the NcLPMO9C clone. The test was also used to demonstrate a 

significant positive effect on growth of the pPIC9_CH construct compared to the other options. 
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The zero hypothesis (H0) states that there is no difference, the probability (p-value) reflects the 

probability that H0 is true. If p < 0.05, a difference is considered to be statistically significant. 
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Supplementary data 

DNA sequences 

 HjLPMO9A cDNA with C-terminal his6 tag 

CATGGACATATTAATGACATTGTCATCAACGGGGTGTGGTATCAGGCCTATGATCCTACA 

ACGTTTCCATACGAGTCAAACCCCCCCATAGTAGTGGGCTGGACGGCTGCCGACCTTGAC 

AACGGCTTCGTTTCACCCGACGCATACCAAAACCCTGACATCATCTGCCACAAGAATGCT 

ACGAATGCCAAGGGGCACGCGTCTGTCAAGGCCGGAGACACTATTCTCTTCCAGTGGGTG 

CCAGTTCCATGGCCGCACCCTGGTCCCATTGTCGACTACCTGGCCAACTGCAATGGTGAC 

TGCGAGACCGTTGACAAGACGACGCTTGAGTTCTTCAAGATCGATGGCGTTGGTCTCCTC 

AGCGGCGGGGATCCGGGCACCTGGGCCTCAGACGTGCTGATCTCCAACAACAACACCTGG 

GTCGTCAAGATCCCCGACAATCTTGCGCCAGGCAATTACGTGCTCCGCCACGAGATCATC 

GCGTTACACAGCGCCGGGCAGGCAAACGGCGCTCAGAACTACCCCCAGTGCTTCAACATT 

GCCGTCTCAGGCTCGGGTTCTCTGCAGCCCAGCGGCGTTCTAGGGACCGACCTCTATCAC 

GCGACGGACCCTGGTGTTCTCATCAACATCTACACCAGCCCGCTCAACTACATCATCCCT 

GGACCTACCGTGGTATCAGGCCTGCCAACGAGTGTTGCCCAGGGGAGCTCCGCCGCGACG 

GCCACCGCCAGCGCCACTGTTCCTGGAGGCGGTAGCGGCCCGACCAGCAGAACCACGACA 

ACGGCGAGGACGACGCAGGCCTCAAGCAGGCCCAGCTCTACGCCTCCCGCAACCACGTCG 

GCACCTGCTGGCGGCCCAACCCAGACTCTGTACGGCCAGTGTGGTGGCAGCGGTTACAGC 

GGGCCTACTCGATGCGCGCCGCCAGCCACTTGCTCTACCTTGAACCCCTACTACGCCCAG 

TGCCTTAACGACGACCATCATCATCATCATCATTGA 

 HjLPMO9A native secretion signal, codon optimized for P. pastoris 

ATGATTCAAAAATTGTCTAACTTACTTGTTACTGCTTTGGCAGTTGCTACTGGTGTTGTGGGA 

 HjLPMO9A gene sequence with C-terminal his6 tag, codon optimized for P. pastoris 

CACGGTCACATTAACGACATCGTTATCAACGGTGTTTGGTATCAGGCTTACGACCCAACT 

ACTTTCCCATACGAATCCAACCCACCAATCGTTGTTGGTTGGACTGCTGCTGATTTGGAC 

AACGGATTCGTTTCTCCAGACGCTTACCAGAACCCAGACATCATCTGTCACAAGAACGCT 

ACAAACGCTAAGGGTCACGCTTCTGTTAAGGCTGGTGACACTATTTTGTTCCAGTGGGTT 



Recombinant production of fungal LPMOs in Pichia pastoris 

 

59 

 

CCAGTTCCATGGCCACATCCAGGTCCTATCGTTGATTACTTGGCTAACTGTAACGGTGAC 

TGTGAGACTGTTGACAAGACTACTTTGGAGTTCTTCAAGATCGACGGTGTTGGTTTGTTG 

TCTGGTGGTGATCCAGGTACTTGGGCTTCCGACGTTTTGATCTCCAACAACAACACTTGG 

GTTGTTAAGATCCCAGACAACTTGGCTCCAGGTAACTACGTTTTGAGACACGAGATTATC 

GCTTTGCACTCCGCTGGTCAAGCTAACGGTGCTCAAAACTACCCACAGTGTTTCAACATT 

GCTGTTTCCGGTTCTGGTTCCTTGCAACCATCTGGTGTTTTGGGTACTGACTTGTACCAC 

GCTACTGACCCAGGTGTTTTGATCAACATCTACACTTCCCCATTGAACTACATCATCCCA 

GGTCCAACTGTTGTTTCCGGATTGCCAACTTCTGTTGCTCAAGGTTCTTCTGCTGCTACT 

GCTACAGCTTCTGCTACTGTTCCAGGTGGTGGTTCTGGTCCAACTTCCAGAACTACTACA 

ACTGCTAGAACTACTCAGGCTTCCTCTAGACCATCTTCTACTCCTCCAGCTACTACTTCT 

GCTCCTGCTGGTGGTCCTACTCAAACTTTGTACGGTCAATGTGGTGGATCCGGTTACTCT 

GGACCAACTAGATGTGCTCCACCAGCTACATGTTCCACTTTGAACCCTTACTACGCTCAG 

TGTTTGAACCATCACCATCACCATCACTAG 

 PcLPMO9D native secretion signal, codon optimized for P. pastoris 

ATGAAGGCTTTCTTTGCCGTTTTGGCAGTTGTCTCTGCTCCATTTGTCTTGGGT 

 PcLPMO9D gene sequence with C-terminal his6 tag, codon optimized for P. pastoris 

CACTACACTTTCCCAGACTTCATTGAGCCATCCGGTACTGTTACTGGTGACTGGGTTTAC 

GTTAGAGAGACTCAGAACCACTACTCCAACGGTCCAGTTACTGACGTTACTTCCCCAGAG 

TTCAGATGTTACGAGTTGGACTTGCAGAACACTGCTGGTCAAACTCAGACTGCTACTGTT 

TCTGCTGGTGACACTGTTGGTTTCAAGGCTAACTCTGCTATCTACCACCCAGGTTACTTG 

GACGTTATGATGTCTCCAGCTTCTCCTGCTGCTAACTCTCCAGAAGCTGGTACTGGACAG 

ACATGGTTCAAGATCTACGAAGAGAAGCCACAGTTCGAGAACGGTCAGTTGGTTTTCGAC 

ACTACTCAGCAAGAGGTTACTTTCACTATCCCAAAGTCCTTGCCTTCCGGTCAGTACTTG 

TTGAGAATTGAGCAGATCGCTTTGCACGTTGCTTCATCTTACGGTGGTGCTCAGTTCTAC 

ATTGGTTGTGCTCAATTGAACGTTGAGAACGGTGGTAACGGTACTCCAGGTCCATTGGTT 

TCTATCCCAGGTGTTTACACTGGTTACGAGCCAGGTATCTTGATCAACATCTACAACTTG 

CCAAAGAACTTCACTGGATACCCAGCTCCAGGACCAGCTGTTTGGCAAGGTGAACAAAAA 

CTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTGA 
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 NcLPMO9C native secretion signal, codon optimized for P. pastoris 

ATGAAGACTGGTTCCATCTTGGCTGCTTTGGTTGCTTCTGCTTCCGCT 

 NcLPMO9C gene sequence with C-terminal his6 tag, codon optimized for P. pastoris 

CACACTATCTTCCAAAAGGTTTCTGTTAACGGTGCTGACCAGGGTCAGTTGAAGGGTATT 

AGGGCTCCAGCTAACAACAACCCAGTTACTGACGTTATGTCCTCCGACATCATCTGTAAC 

GCTGTTACTATGAAGGACTCCAACGTTTTGACTGTTCCAGCTGGTGCTAAGGTTGGTCAT 

TTTTGGGGTCACGAAATTGGTGGTGCTGCTGGTCCAAACGATGCTGATAATCCAATTGCT 

GCTTCCCACAAGGGTCCAATCATGGTTTACTTGGCTAAAGTTGACAACGCTGCTACTACT 

GGTACTTCCGGTTTGAAGTGGTTCAAGGTTGCTGAAGCTGGTTTGTCCAACGGAAAGTGG 

GCTGTTGATGACTTGATCGCTAACAACGGTTGGTCCTACTTCGACATGCCAACTTGTATT 

GCTCCAGGTCAGTACTTGATGAGAGCTGAGTTGATCGCTTTGCACAACGCTGGTTCTCAG 

GCTGGTGCTCAATTCTACATTGGTTGTGCTCAGATCAACGTTACTGGTGGTGGTTCTGCT 

TCTCCATCCAACACTGTTTCTTTCCCTGGTGCTTACTCTGCTTCTGACCCAGGTATCTTG 

ATCAACATCTACGGTGGTTCCGGTAAGACTGACAACGGTGGTAAGCCATACCAAATTCCA 

GGTCCAGCTTTGTTCACTTGTCCTGCTGGTGGTTCAGGTGGATCTTCTCCAGCTCCTGCT 

ACAACTGCTTCTACTCCAAAGCCAACTTCCGCTTCTGCTCCTAAGCCTGTTTCTACTACT 

GCTTCCACACCTAAGCCTACAAACGGTTCTGGTTCTGGTACAGGTGCTGCTCACTCTACT 

AAGTGTGGTGGATCTAAGCCAGCTGCTACAACAAAGGCTTCTAACCCACAGCCTACTAAT 

GGTGGTAACTCCGCTGTTAGAGCTGCTGCTTTGTACGGTCAATGTGGTGGTAAAGGTTGG 

ACTGGTCCAACTTCTTGTGCTTCCGGTACTTGTAAGTTCTCCAACGACTGGTACTCCCAG 

TGTTTGCCACATCACCATCACCATCACTAG 

 NcLPMO9D native secretion signal, codon optimized for P. pastoris 

ATGAAAGTCTTAGCTCCCTTAGTCCTGGCTAGTGCAGCTTCTGCC 

 NcLPMO9D gene sequence with C-terminal his6 tag, codon optimized for P. pastoris 

CACACTATCTTCTCATCCTTGGAGGTTAACGGTGTTAACCAGGGTTTGGGTGAGGGTGTT 

AGAGTTCCAACTTACAACGGTCCAATCGAGGACGTTACTTCCGCTTCCATTGCTTGTAAC 

GGTTCCCCAAACACTGTTGCTTCCACTTCCAAGGTTATCACTGTTCAGGCTGGAACTAAC 

GTTACTGCTATTTGGAGATATATGTTGTCCACTACTGGTGACTCCCCAGCTGATGTTATG 
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GACTCTTCTCATAAGGGTCCAACTATCGCTTACTTGAAGAAGGTTGACAACGCTGCTACT 

GCTTCCGGTGTTGGTAACGGTTGGTTCAAGATTCAACAGGACGGTATGGACTCCTCTGGT 

GTTTGGGGTACTGAGAGAGTTATCAACGGTAAGGGTAGACACTCCATCAAGATCCCAGAG 

TGTATTGCTCCAGGTCAGTACTTGTTGAGAGCTGAGATGATTGCTTTGCACGCTGCTTCT 

AACTACCCAGGTGCTCAGTTCTACATGGAATGTGCTCAATTGAACGTTGTTGGTGGTACT 

GGTGCTAAGACTCCATCCACTGTTTCTTTCCCTGGTGCTTACTCTGGTTCTGACCCAGGT 

GTTAAGATTTCCATCTACTGGCCTCCAGTTACTTCCTACACTGTTCCAGGTCCATCCGTT 

TTCACTTGTCATCATCATCATCATCATTGA 

 NcLPMO9D native secretion signal, codon harmonized for P. pastoris 

ATGAAGGTTCTTGCTCCTCTTGTACTTGCGTCTGCGGCTTCCGCA 

 NcLPMO9D gene sequence with C-terminal his6 tag, codon harmonized for P. pastoris 

CATACTATCTTTTCTTCTCTTGAAGTTAACGGTGTTAACCAGGGTCTTGGCGAAGGTGTT 

AGAGTCCCAACTTACAACGGACCAATCGAAGATGTTACTTCAGCTTCTATTGCTTGTAAC 

GGTTCACCAAACACTGTTGCTTCTACTTCTAAGGTCATTACTGTCCAAGCGGGTACTAAC 

GTCACAGCTATTTGGAGATACATGCTTTCCACTACAGGTGATTCACCCGCAGATGTTATG 

GATTCCTCACATAAGGGACCAACTATTGCTTACCTTAAAAAGGTCGATAACGCTGCTACT 

GCTTCCGGAGTCGGGAATGGTTGGTTTAAGATTCAACAAGATGGTATGGATTCCTCCGGT 

GTTTGGGGTACTGAAAGAGTCATTAACGGTAAGGGTAGACATTCCATTAAGATTCCAGAA 

TGTATTGCACCGGGCCAATACCTCTTGCGTGCAGAAATGATCGCACTTCATGCAGCATCC 

AACTATCCCGGAGCACAGTTTTACATGGAATGCGCACAACTTAATGTTGTCGGAGGAACA 

GGAGCAAAGACTCCCTCAACGGTTTCCTTCCCCGGGGCATACTCAGGTAGTGATCCAGGC 

GTTAAGATCTCCATTTACTGGCCTCCCGTCACAAGTTATACTGTTCCCGGACCATCGGTC 

TTCACGTGTCATCACCATCACCATCACTAG 
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Construction of the N-terminal corrected pBGP1_HjLPMO9A (cDNA) 

vector 

 

Figure S2.1:  Representation of the two additional amino acids preceding the highly conserved His-1. 

Two-stage whole plasmid PCR [202] was performed to correct the N-terminus of the pBGP1 

construct harboring the HjLPMO9A cDNA. The PCR reaction that was performed using high 

fidelity PCR mix (Roche), is explained in Fig S2.2, the used primers are listed in Table S2.1. DpnI 

restriction was performed to remove methylated template DNA before transformation in E. coli.  

 

 Figure S2.2: Schematic representation of the two-stage whole plasmid PCR.   

Table S2.1: Primers for correcting N-terminus of the pBGP1_HjLPMO9A_cDNA construct. The codons 

flanking the 2 deleted codons are underlined. 

primer primer sequence (5’ → 3’) 

fwd CTCTCGAGAAAAGAGAGGCTGAAGCTCATGGACATATTAATGACATTGTCATCA
ACGGGGTGTG 

rev CCTGAGACGGCAATGTTGAAGCAC 
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Codon harmonization of NcLPMO9D 

Codon usage tables of P. pastoris and N. crassa were obtained from the codon usage database 

(http://www.kazusa.or.jp/codon/).  

 

Figure S2.3: The %MinMax algorithm was used to harmonize codon usage for heterologous expression of 

NcLPMO9D in P. pastoris. %MinMax calculates the difference between the usage frequency of the actual 

codon (Xij) and the average codon usage frequency for all synonymous codons (Xavg,i). This difference is 

divided by the difference between the maximum (Xmax,i) or minimum (Xmin,i) codon usage frequency and 

the average codon usage frequency (the output should always be positive). The %MinMax output was 

calculated for each codon seperately, no sliding window of z codons was used [203].  

Codon harmonization was performed by manually applying the %MinMax algorithm (Fig.  S2.3): 

(1) Based on the codon usage tables for N. crassa and P. pastoris, all codons coding for the 

same amino acid were grouped and ranked in order of the frequency of their occurrence; 

(2) The average, maximum and minimal frequency was determined for each amino acid (Table 

2.2); 

(3) Using the amino acid codon frequency tables (Table 2.2), %Min and %Max scores were 

determined for all 64 codons of N. crassa (Table 2.3) and P. pastoris (Table 2.4); 

(4) Each codon in the NcLPMO9D coding sequence is replaced by its closest %MinMax 

corresponding codon in P. pastoris. 
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Figure S2.4: %MinMax outputs of NcLPMO9D using the rare codon calculator [195]. The baseline 

represents the average usage frequency of all codons encoding one amino acid. Sequences that are less 

common than average produce negative %Min values, while sequences that are more common than 

average produce positive %Max values. Although the native NcLPMO9D gene contains no actual rare 

codon clusters (as only positive %Max values are observed), it does display a remarkable drop in %Max 

values at its 3’ terminus. Where this putative translational deceleration is lost after codon optimization, the 

native pattern can largely be restored by using synonymous codon alterations.  

The rare codon calculator [195] (http://www.codons.org) was used to determine the %MinMax 

plots of native, codon optimized and codon harmonized NcLPMO9D (Fig S2.4). This simple 

manual codon harmonization method performed well in matching the heterologous codon usage 

to that in the native host.  
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Table S2.2: Amino acid – codon usage frequency table of N. crassa (A) and P. pastoris (B). AA = amino 

acid; Xavg = average codon usage frequency; Xmax = maximum codon usage frequency ; Xmin = minimum 

codon usage frequency. 

(A)     (B)     

 AA Xavg Xmax Xmin  AA Xavg Xmax Xmin 

 Gly 17.95 29.02 10.94  Gly 14.60 25.52 5.76 

 Glu 32.56 42.68 22.44  Glu 33.23 37.43 29.03 

 Asp 28.27 32.55 23.99  Asp 30.77 35.66 25.87 

 Val 14.90 24.83 5.40  Val 15.99 26.91 9.89 

 Ala 21.73 35.97 12.56  Ala 16.12 28.92 3.86 

 Arg 10.31 17.64 7.05  Arg 6.99 20.10 1.94 

 Ser 13.63 19.99 8.66  Ser 13.94 24.39 7.36 

 Lys 26.04 40.39 11.69  Lys 31.87 33.80 29.93 

 Asn 18.66 27.00 10.32  Asn 25.87 26.67 25.07 

 Met 21.80 21.8 21.80  Met 18.66 18.66 18.66 

 Ile 14.86 26.48 4.09  Ile 20.57 31.14 11.14 

 Thr 15.04 24.71 10.75  Thr 14.16 22.39 6.04 

 Trp 13.11 13.11 13.11  Trp 10.26 10.26 10.26 

 end 0.65 0.78 0.54  end 0.56 0.85 0.33 

 Tyr 12.97 17.46 8.47  Tyr 17.06 18.12 15.99 

 Leu 13.82 26.79 2.73  Leu 16.04 31.51 7.63 

 Phe 16.93 22.08 11.77  Phe 22.37 24.14 20.60 

 cys 5.53 7.71 3.35  cys 6.04 7.70 4.38 

 Gln 21.50 26.05 16.95  Gln 20.86 25.45 16.27 

 His 12.12 14.78 9.45  His 10.44 11.81 9.07 

 Pro 16.11 22.42 12.36  Pro 11.36 18.94 3.94 
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Table S2.3: The %MinMax table for all 64 codons in N. crassa 

AA codon Frequency %Max %Min  AA codon Frequency %Max %Min 

Ala GCC 35.97 1.00   Leu CTT 14.25 0.03   

Ala GCT 21.13  0.07  Leu CTA 5.95  0271 

Ala GCG 17.26  0.49  Leu TTA 2.73   1.00 

Ala GCA 12.56  1.00  Lys AAG 40.39 1.00   

Arg CGC 17.64 1.00    Lys AAA 11.69   1.00 

Arg AGG 11.84 0.21   Met ATG 21.8     

Arg CGT 8.88  0.44  Phe TTC 22.08 1.00   

Arg CGG 8.54  0.54  Phe TTT 11.77   1.00 

Arg AGA 7.91  0.74  Pro CCC 22.42 1.00   

Arg CGA 7.05   1.00  Pro CCT 15.09  0.27 

Asn AAC 27.0 1.00    Pro CCG 14.56  0.41 

Asn AAT 10.32   1.00  Pro CCA 12.36   1.00 

Asp GAC 32.55 1.00    Ser TCC 19.99 1.00   

Asp GAT 23.99   1.00  Ser AGC 17.43 0.60  

Cys TGC 7.71 1.00    Ser TCG 14.51 0.14  

Cys TGT 3.35   1.00  Ser TCT 11.95  0.34 

Gln CAG 26.05 1.00    Ser TCA 9.22  0.89 

Gln CAA 16.95  1.00  Ser AGT 8.66   1.00 

Glu GAG 42.68 1.00   Thr ACC 24.71 1.00   

Glu GAA 22.44  1.00  Thr ACG 13.54  0.35 

Gly GGC 29.02 1.00    Thr ACT 11.16  0.90 

Gly GGT 18.28 0.03   Thr ACA 10.75   1.00 

Gly GGA 13.56  0.63  Trp TGG 13.11     

Gly GGG 10.94  1.00  Tyr TAC 17.46 1.00   

His CAC 14.78 1.00    Tyr TAT 8.47   1.00 

His CAT 9.45  1.00  Val GTC 24.83 1.00  

Ile ATC 26.48 1.00    Val GTG 15.51 0.06  

Ile ATT 14.00  0.08  Val GTT 13.84  0.11 

Ile ATA 4.09  1.00  Val GTA 5.40  1.00 

Leu CTC 26.79 1.00    End TGA 0.78 1.00   

Leu CTG 18.26 0.34   End TAA 0.64  0.12 

Leu TTG 14.95 0.09    End TAG 0.54   1.00 

 



Recombinant production of fungal LPMOs in Pichia pastoris 

 

67 

 

Table S2.4: The %MinMax table for all 64 codons in P. pastoris 

AA codon Frequency %Max %Min  AA codon Frequency %Max %Min 

Ala GCT 28.92 1.00   Leu CTG 14.94  0.13 

Ala GCC 16.58 0.04   Leu CTA 10.74  0.63 

Ala GCA 15.10  0.08  Leu CTC 7.63   1.00 

Ala GCG 3.86   1.00  Lys AAG 33.8 1.00   

Arg AGA 20.10 1.00    Lys AAA 29.93   1.00 

Arg CGT 6.94  0.01  Met ATG 18.66     

Arg AGG 6.63  0.07  Phe TTT 24.14 1.00   

Arg CGA 4.18  0.56  Phe TTC 20.60   1.00 

Arg CGC 2.15  0.96  Pro CCA 18.94 1.00   

Arg CGG 1.94   1.00  Pro CCT 15.77 0.58  

Asn AAC 26.67 1.00    Pro CCC 6.80  0.61 

Asn AAT 25.07   1.00  Pro CCG 3.94   1.00 

Asp GAT 35.66 1.00    Ser TCT 24.39 1.00   

Asp GAC 25.87   1.00  Ser TCC 16.53 0.25  

Cys TGT 7.70 1.00    Ser TCA 15.18 0.12  

Cys TGC 4.38   1.00  Ser AGT 12.55  0.21 

Gln CAG 16.27   1.00  Ser AGC 7.64  0.96 

Gln CAA 25.45 1.00    Ser TCG 7.36   1,00 

Glu GAA 37.43 1.00    Thr ACT 22.39 1.00   

Glu GAG 29.03   1.00  Thr ACC 14.45 0.04  

Gly GGT 25.52 1.00    Thr ACA 13.75  0.05 

Gly GGA 19.06 0.41   Thr ACG 6.04   1.00 

Gly GGC 8.06  0.74  Trp TGG 10.26     

Gly GGG 5.76   1.00  Tyr TAC 18.12 1.00   

His CAT 11.81 1.00    Tyr TAT 15.99   1.00 

His CAC 9.07   1.00  Val GTT 26.91 1.00   

Ile ATT 31.14 1.00    Val GTC 14.88  0.18 

Ile ATC 19.43  0.12  Val GTG 12.28  0.61 

Ile ATA 11.14   1.00  Val GTA 9.89   1.00 

Leu TTG 31.51 1.00    End TAA 0.85 1.00  

Leu CTT 15.85  0.02  End TAG 0.49  0.29 

Leu TTA 15.56   0.06  End TGA 0.33   1.00 
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HPAEC-PAD analysis 

 

 

Figure S2.5: These HPAEC-PAD standards were added to each run to identify products. Glcx = β-1,4-

bound glucose chain with x units,  GlcGlcA = cellobionic acid, Glc2GlcA = cellotrionic acid. 



    

  

 

 

 

 

 

 

Chapter 3 

Development of an indicator diagram 

 for LPMO regioselectivity 

 

 

 

 

 

 

 

 

Part of this chapter was published as:  

Danneels B., Tanghe M., Joosten HJ, Gundinger T., Spadiut O., Stals I., Desmet T. (2017). A 

quantitative indicator diagram for lytic polysaccharide monooxygenases reveals the role 

of aromatic surface residues in HjLPMO9A regioselectivity. PLOS One. 12(5): e0178446 



Chapter 3  

 

70 

 

Abstract 

Lytic polysaccharide monooxygenases (LPMOs) have changed our understanding of 

lignocellulosic degradation dramatically over the last years. These metalloproteins catalyze 

oxidative cleavage of recalcitrant polysaccharides and can act on the C1 and/or C4 position of 

glycosidic bonds. Structural data have led to several hypotheses, but we are still a long way from 

reaching complete understanding of the factors that determine their divergent regioselectivity. 

Site-directed mutagenesis enables the investigation of structure-function relationship in enzymes 

and will be of major importance in unraveling this intriguing matter. In this context, it is crucial to 

have an enzyme assay or screening approach with a direct correlation with the desired 

functionality. LPMOs render this search extra challenging due to their insoluble substrates, 

complex pattern of reaction products and lack of synthetic standards of most oxidized products. 

Here, we describe a regioselectivity indicator diagram based on the time-course of only 2 HPAEC-

PAD signals. The diagram was successfully used to confirm the hypothesis that aromatic surface 

residues influence the C1/C4 oxidation ratio in Hypocrea jecorina LPMO9A. Consequently, the 

diagram should become a valuable tool in the search towards better understanding and 

engineering of regioselectivity in LPMOs. 
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1 Introduction 

In chapter 2, the recombinant production of 3 fungal LPMOs in P. pastoris was described, one for 

each regioselectivity type. These LPMOs will function as a template for engineering experiments 

towards altered regioselectivity in chapter 4.  

LPMO research has tremendously increased over the last 7 years. Attracted by their capacity 

to enhance the efficiency of cellulosic-based biofuels, researchers all over the world are trying to 

expand the knowledge of these intriguing enzymes. But among all studies covering the diversity, 

mechanism, structure and industrial applications of LPMOs, mutagenesis studies remain 

extremely scarce [95,100,106,125,148,153,156,158]. The main reason for this is believed to be 

the lack of assays appropriate for screening mutants.  

Most of the present studies of LPMO activity are based on lengthy incubations with the 

polysaccharide substrates, followed by High Performance Anion Exchange with Pulsed 

Amperometric Detection (HPAEC-PAD) pattern analysis of the complex mixtures of released 

products. This complexity is due to the presence of both neutral and oxidized sugars and the 

variation in their degree of polymerization (DP). On-column decomposition of the C4-oxidized 

sugars can make it extra challenging [201] .  

Alternatives to HPAEC-PAD include (1) a fluorimetric assay based on a side reaction of LPMOs 

in the absence of substrate [134], (2) an assay based on ascorbate consumption [204], (3) a 

microplate-method based on fluorescence-labeled insoluble substrate [205] and (4) assays 

monitoring oxygen consumption rate [136,206]. However, for regioselectivity research, the above 

mentioned alternatives do not provide the necessary information on C1/C4-oxidation, 

necessitating the use of HPAEC-PAD for screening of mutants.  

In this chapter, extensive enzyme tests using both wildtype and mutant LPMOs at a wide range 

of concentrations are described that led to the establishment of an indicator diagram for LPMO 

regioselectivity. Extra effort was done in time and workload minimization as the diagram will be 

used for engineering studies on LPMOs (see chapter 4). 
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2 Results and discussion 

2.1 Six indicator signals for regioselectivity 

In chapter 2 activity tests of PcLPMO9D, NcLPMO9C and HjLPMO9A on phosphoric acid swollen 

cellulose (PASC) and subsequent HPAEC analysis of the released products, confirmed the C1-, 

C4- and C1/C4- oxidative activity of these LPMOs, respectively (Fig 2.2). This was done by simple 

endpoint measurements.  In this chapter the HPAEC traces will be evaluated in more detail, by 

performing extensive time-course monitoring of released products.  

Seen the high complexity of HPAEC-PAD chromatograms released from PASC by cellulose-

active LPMOs, only a selection of peaks was selected for time-course monitoring. Three C1-

oxidized (referred to as aldonic acid signals A1, A2 and A3) and three C4-oxidized cello-

oligosaccharides (4-ketoaldose signals K1, K2 and K3) were picked (Fig 3.1) after extensively 

studying the HPAEC-PAD traces obtained with the 3 fungal LPMO regioselectivity representatives. 

By including standards (Fig. S2.5) in every run, the A1-3 peaks could be identified as cellobionic 

acid (GlcGlcA), cellotrionic acid (Glc2GlcA) and cellotetraonic acid (Glc3GlcA). The fourth aldonic 

acid peak, A4 (cellopentaonic acid, Glc4GlcA), was not evaluated for use as indicator peak as it 

is only a prominent peak in the chromatograms obtained for PcLPMO9D, much less for 

HjLPMO9A and NcLPMO9C.     
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Figure 3.1: Activity of the 3 fungal LPMOs regioselectivity representatives on PASC. The six signals (A1-3 

and K1-3) that will be evaluated for their use as indicator signal are indicated in the top chromatogram. The 

fourth aldonic acid peak A4, was not evaluated as indicator peak as it is only a prominent signal in 

PcLPMO9D-chromatograms.  

The formation of the three aldonic acid and 4-ketoaldose signals was monitored during 4 hours. 

Although this is a relatively short time span, well measurable amounts of all reaction products 

were detected (Fig. 3.2A). 
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Figure 3.2: Time-course monitoring of HjLPMO9A activity on PASC (A) enzyme tests with culture 

supernatant, showing 2 time points (after 1h and 4h incubation) (B) enzyme test with histag purified enzyme 

showing 2 time points (after 1h and 9h incubation).  A blank sample was run containing only PASC, 1 mM 

ascorbic acid and buffer (without enzyme) to verify the enzyme preparations lost their endoglucanase 

background by purification.  A cello-oligoladder, cellobionic acid and cellotrionic acid were used as 

standards.  

2.1.1 Effect of endogenous endoglucanase on HPAEC-PAD trace 

As was already demonstrated in section 2.1.3 of chapter 2, a background endoglucanase activity 

present in P. pastoris CBS7435 is responsible for the large peaks of neutral oligo-saccharides 

obtained after incubating PASC with HjLPMO9A (Fig. 3.2A). To evaluate its full influence on the 
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HPAEC-PAD trace, HjLPMO9A was histag purified and activity tests were repeated (Fig. 3.2B). 

Considering the drastically diminished signals of the neutral cello-oligosaccharides, it is safe to 

conclude that the purification step succeeded in removing the endoglucanase background activity 

in the enzyme preparation.  

A striking observation is the increased complexity of the HPAEC-PAD chromatograms, 

especially in the regions eluting oxidized sugars. There is a clear shift towards neutral and 

oxidized products with higher degree of polymerization (DP). This implies the endogenous 

endoglucanase does not only account for the extra release of neutral sugars, but is active on 

oxidized cello-oligosaccharides with a DP of 6 and higher as well. As no traces of cellobionic and 

cellotrionic acid can be observed in the chromatograms using pure enzyme, HjLPMO9A does not 

appear to be active on short soluble cello-oligosaccharides, in contrast to what had been assumed 

before [207].  

As LPMO activity does not necessarily result in release of (oxidized) oligosaccharides, a 

significant amount of LPMO activity on polysaccharides goes unnoticed [205]. The 

endoglucanase is believed to result in a much faster release of oligosaccharides, not only the 

neutral, but the oxidized types as well, speeding up the noticeable LPMO activity considerably.  

By losing the endoglucanase, oligosaccharides are released much slower and with a broader DP 

range. As a consequence, especially the signals for C4-oxidized sugars are close to detection 

limits, necessitating longer incubation times (9 hours instead of 4 hours, see Fig. 3.2). The 

explanation: HPAEC-PAD is an excellent method for the detection of C1-oxidized and neutral 

sugars, however, for C4-oxidized sugars, the detection is limited. Indeed, the latter require a 

higher gradient of sodium acetate for their elution, resulting in a lower pH and weaker response 

on the gold electrode [208]. Next to this, the detection of C4-oxidized oligosaccharides is further 

hampered by tautomerization and chemical modification under alkaline conditions [189]. 

2.1.2 Release speed – enzyme load linearity 

Next, the evolution of the 6 indicator signals was analyzed in more detail by using a dilution series 

of HjLPMO9A culture supernatant. For each enzyme load, the peak areas were determined and 

plotted against the time of incubation. In Fig. 3.3 the results for a medium enzyme load of 100 µg 

LPMO are shown (see Fig. S3.1 for the time courses of all enzyme loads).  
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Figure 3.3: Time course monitoring the 6 indicator signals released upon incubation of PASC with 100 µg 

HjLPMO9A. The listed slope is the average slope of 3 replications.  

The rate of formation was calculated for each product and was found to correlate linearly with 

the enzyme load (Fig 3.4). It is noteworthy that not only the C1-oxidized sugars, but also the 4-

ketoaldose peaks, for which HPAEC-PAD is much less straightforward (see above), are 

proportional to the enzyme concentration. Having no standards available for the C4-oxidized 

products, our method does not offer absolute quantification. However, the linear correlation with 

the enzyme concentration does imply applicability of the selected peaks for regioselectivity 

mutagenesis studies.  
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Figure 3.4: Correlation between release speeds of aldonic acid / 4-ketoaldose peaks and the HjLPMO9A 

LPMO load in 500 µL reaction mixture. Graph A represents the aldonic acid peaks (● = A1, ○ = A2, � = 

A3); Graph B represents the 4-ketoaldose peaks ( = K1,  = K2, � = K3). Error bars represent standard 

deviations (n = 3). 

2.2 Establishing of the indicator diagram 

The correlation between the aldonic acid and the 4-ketoaldose release rates was determined and 

confirmed to be linear for all product combinations. However, as working with fungal LPMOs is 

already quite time-consuming and labor-intensive, analysis of mutant enzymes should be made 

as fast and simple as possible. Therefore, we aimed at developing an indicator diagram with just 

one signal for C1- and one for C4-oxidized sugars.  

After carefully examining the HPAEC-PAD chromatograms obtained with the different LPMO 

representatives, it became clear that both the A1 and A3 peak suffer from very small partially 

overlapping neighboring peaks. Re-integration of these A-peaks did result in good correlation 

between concentration and release speed as demonstrated above. This does, however, result in 

extra data processing time, which is undesirable in future mutagenesis experiments. The A2 

signal, in contrast, does not suffer from overlapping peaks or from background noise, making it 

the best C1-oxidized sugar indicator. In turn, the K1 and K2 peaks overlap partially, while the K3 

peak is the highest and always the first to pass the detection threshold. Therefore, the latter will 

be selected as second indicator signal. An indicator diagram was then established using the 

values of the A2 and K3 release rates as ordinate and abscissa, respectively (Fig. 3.5). The slope 

of the regression line is considered to be a measure of the C4/C1-oxidation ratio.  
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Figure 3.5: Indicator diagram applied to the three LPMO regioselectivity types. Preliminary evaluation of 

the indicator diagram was done by incubating a member of each LPMO regioselectivity type on PASC.  

Slopes, which are a measure of the ratio of C1/C4-oxidation, are listed next to the regression line, together 

with their error (standard deviation, n =  3). ● = HjLPMO9A (C1/C4-oxidizer, 1.2 – 12 µM), � = PcLPMO9D 

(C1-oxidizer, 1 -10 µM), ○ = NcLPMO9C (C4-oxidizer, 0.9 – 2.8 µM) 

Preliminary validation of the proposed regioselectivity indicator diagram was done using the C1-

oxidizing PcLPMO9D and C4-oxidizing NcLPMO9C enzyme. As no 4-ketoaldose peaks were 

detected, all PcLPMO9D measurements lie on the X-axis, confirming its C1-oxidizing activity. As 

a result of C1-oxidative background activity in wildtype P. pastoris CBS7435_MutS (see chapter 

2), NcLPMO9C measurements do not line up with the Y-axis. However, this does not hamper the 

screening of variants for relative changes in product profile and only needs to be taken into 

account when determining the absolute regioselectivity of the wildtype enzyme. 
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2.3 Proof of concept: Effect of removing surface aromatic residues 

on regioselectivity 

Just like in cellulases and chitinases, aromatic residues were shown to be important in binding 

the substrate on the LPMO’s active surface [100,157]. Their role is believed to go further than 

mere binding, influencing also the exact positioning of the enzyme onto the substrate, and 

consequently, regioselectivity too. As no crystal structure was available at the time this 

engineering strategy was developed, a homology model, based on 3ZUD as a template, was used 

to identify all surface exposed aromatic residues in HjLPMO9A (Fig. 3.6).  

 

 

Figure 3.6: Homology model of HjLPMO9A (based on 3ZUD as a template) with the aromatic surface 

residues selected for alanine scanning in pink stick representation.  

Through site-directed mutagenesis, Y24, F43, W84 and Y211 were then substituted by alanine. 

For the evaluation of the resulting variants, the formation rates of the A2 and K3 peaks (Fig. 3.7) 

were determined at three different enzyme concentrations. In all cases, the A2 and K3 rates 

demonstrate good correlation with each other, although the slopes of the indicator lines differ from 

that of the wildtype. In particular, a significant effect on regioselectivity (based on the slope in the 

indicator diagram) could be demonstrated for the Y24A (p = 0.0005, one-way Ancova) and Y211A 

(p < 0.0001, one-way Ancova), while the effect of F43A has only a minor effect and W84A no 

effect at all. For the two mutations with the highest effect on regioselectivity, three more 

(intermediate) enzyme concentrations were examined and included in the indicator diagram (Fig. 
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3.8). A more detailed analysis of this data is given in chapter 4, for now it is only important to 

evaluate the applicability of the regioselectivity indicator diagram.  

 

 

Figure 3.7: HPAEC-PAD traces of HjLPMO9A wildtype (panel A) and its variants Y24A (panel B) and 

Y211A (panel C) using culture supernatant. 
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Figure 3.8: Indicator diagram demonstrates role of aromatic residues in HjLPMO9A regioselectivity. The 

slopes of the regression lines, which are a measure of the ratio of C4/C1-oxidation, are listed on the 

regression line, together with their standard error. ● = HjLPMO9A wildtype, ○ = Y24A variant, �= Y211A 

variant.  
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2.4 Indicator diagram with pure enzymes 

As the endoglucanase background modifies the LPMO product profile, it could alter the C1/C4-

oxidation ratio and hence limit the reliability of the proposed indicator diagram. Therefore, wildtype 

HjLPMO9A and its variants Y24A and Y211A were his6-tag purified and their HPAEC-PAD traces 

were evaluated (Fig. 3.10).  

The general trend after losing endoglucanase is the same for the variants as for the wildtype 

(see section 2.1.1): a shift to higher DP values and less neutral cello-oligosaccharides. The 

altered C1/C4-oxidative ratio can also be observed for the pure enzymes, where the more efficient 

detection of C1-oxidation products results in a more pronounced effect for the Y24A variant. Due 

to the shift to higher DP values, the signal for the A2 peak was too low to use. Instead, the A3 

peak was selected as indicator peak for C1-oxidation. The alternative version of the indicator 

diagram,  based on the A3 (instead of A2) and K3 signals, confirmed the effect on C1/C4-

selectivity for both mutations (Fig. 3.9). 

  

Figure 3.9: The alternative indicator diagram for purified enzymes obtained for wildtype HjLPMO9A ( ●) 

and mutants Y24A (○, with higher C1-oxidative capacity) and Y211A (�, with higher C4-oxidative capacity). 

The diagram uses the values of the A3 and K3 release rates as ordinate and abscissa, respectively. The 

slopes of the regression lines, which are a measure of the ratio of C4/C1-oxidation, are listed on the 

regression line, together with their standard error. 
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Figure 3.10: HPAEC-PAD chromatograms obtained using pure HjLPMO9A (panel A) and its variants Y24A 

(panel B)  and Y211A (panel  C). 
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3 Conclusion 

As LPMOs are known to range from strict C1- to strict C4-oxidizers, with all promiscuous states 

in between, a method to determine subtle changes in oxidative regioselectivity is indispensable 

when performing mutagenesis studies. Here, time-course monitoring of cellulose cleavage by our 

3 wildtype LPMOs led to the establishment of an indicator diagram enabling quantitative 

determination of their regioselectivity. As proof of concept, the effect of four point mutations was 

examined in detail by performing activity tests at different enzyme concentrations. By using this 

diagram, aromatic surface residues were demonstrated to be important for regioselectivity in 

Hypocrea jecorina LPMO9A. 

The very few published enzyme engineering experiments of LPMOs all rely on purification for 

screening. The method described here is much less time-consuming as it uses ultrafiltrated 

culture broth. The effect of the endoglucanase and C1 oxidative background was proven not to 

interfere. On the contrary, the faster release of oxidized oligosaccharides by the endoglucanase 

enables short incubation times (only 4 hours), increasing the throughput potential of the screening 

effort in chapter 4 considerably. As the interpretation of the HPAEC-PAD traces is based on only 

2 signals, mutant analysis should also be quite straightforward and quick.  

Before our indicator diagram was published, the little mutagenesis studies available based their 

findings on the ratio of C1/C4-oxidized sugars at a certain timepoint. This way, important 

information on operational stability can be easily overlooked (for details, see chapter 4), risking 

incomplete and/or wrong conclusions. Therefore, our indicator diagram is considered to be an 

improvement to the state-of-the-art.  
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4 Materials and methods 

The experimental procedures for Pichia pastoris transformation, growth, protein production, 

ultrafiltration, PASC preparation, HPAEC-PAD, SDS-PAGE, Western blot and protein 

concentration determination can be found in the ‘Materials and methods’ section of chapter 2. 

4.1 Molecular modeling 

Because (until September 2017) no crystal structure was available for the catalytic domain of 

HjLPMO9A, a homology model was generated using the molecular modeling program YASARA 

[209]. The crystal structure of Thermoascus aurantiacus LPMO9A (recombinantly produced in A. 

oryzae, 3ZUD.pdb [127]) was found to be the best template. 

4.2 Site-directed mutagenesis of HjLPMO9A 

Enzyme variants were obtained by site-directed mutagenesis of the HjLPMO9A sequence using 

a two-stage PCR reaction based on the Sanchis method using Q5 High-Fidelity DNA Polymerase 

(Bioke) [210]. Together with the variable mutagenic primers, the rev1 primer was used for the 

Y24A, F43A and W84A mutation, the rev2 primer for the Y211A mutation (primers in Table 3.1). 

After digestion of methylated template DNA with DpnI, the mutagenized plasmid was transformed 

in E. coli BL21 (DE3) cells by electroporation. 
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Table 3.1: Primers used for the creation of mutants of the C1/C4 oxidizing LPMO HjLPMO9A. The codon 

subjected to mutagenesis is underlined. fwd = forward primer; rev = reverse primer. 

primer primer sequence (5’ → 3’) 

Y24A_fwd CAACTACTTTCCCAGCTGAATCCAACCCACCAATC 

F43A_fwd TTGGACAACGGAGCTGTTTCTCCAGACGCTTACC 

W84A_fwd TGGGTTCCAGTTCCAGCTCCACATCCAGGTCCTATC 

Y211A_fwd GGTGTTTTGATCAACATCGCTACTTCCCCATTGAAC 

rev1 ACCACCAGCAGGAGCAGAAG 

rev2 GAAGAGGAGTGGGAAATACC 

4.3 Protein purification 

For protein purification, culture supernatant was first ultrafiltrated (see chapter 2) using PBS buffer 

(50 mM sodium phosphate and 300 mM sodium chloride at pH 7.4), to a final volume of about 5 

mL. After adding imidazole to a concentration of 10 mM, the ultrafiltrated samples were applied 

to 1.5 mL equilibrated Ni-NTA agarose slurry (MC-lab) in 10 mL purification columns. The columns 

were incubated for 1 h at 4˚C while gently rotating to allow binding to the resin. Next, the columns 

were washed with 3 x 8 mL of 20 mM imidazole in PBS-buffer and the protein was finally eluted 

in 10 mL of 250 mM imidazole solution. As the LPMOs were always saturated with copper(II) after 

purification, the buffer was exchanged for 20mM Tris-HCl (pH 8) and the sample was 

concentrated to 2 mL using Vivaspin 20 columns with 10 K PES membrane (Sartorius). 

The concentration of purified enzyme was measured using a Nanodrop device with extinction 

coefficients of 54360 M-1.cm-1, 52870  M-1.cm-1 and 52870 M-1.cm-1 for HjLPMO9A wildtype, 

variant Y24A and variant Y211A, respectively. These extinction coefficients were calculated using 

the ProtParam tool on the ExPASy website (https://web.expasy.org/protparam/ [211]) . 

4.4 Copper(II) saturation of purified enzymes 

Purified LPMOs were always saturated with copper(II) before performing activity tests.  This was 

done by adding a 3-fold molar excess of Cu (CuSO4) and incubating at room temperature for 30 
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minutes.  Excess copper was removed and the buffer was exchanged by washing the enzyme 

solution with 10 volumes of 10mM sodium acetate buffer (pH 5) using Vivaspin 20 columns with 

10 K PES membrane (Sartorius). Samples were concentrated to an end volume of 2 mL and 

stored at -20°C until further use.  

4.5 Activity tests and product analysis 

Reaction mixtures of 500 µL contained 0.5% PASC and 1 mM ascorbic acid in 1 mM sodium 

acetate (HjLPMO9A and NcLPMO9C) or 1mM MES buffer (PcLPMO9D) at a final pH of 4.5 and 

6.1, respectively. The regioselectivity indicator diagram was developed by using a HjLPMO9A 

dilution series of 20-250 µg enzyme. All measurements and calculations for the development of 

the indicator diagram were done independently in triplicate. In the final indicator diagram the slope 

of the wildtype line is calculated as the average of the independently calculated lines. The activity 

tests with PcLPMO9D and NcLPMO9C were carried out using 12.5-125 µg and 15-50 µg 

respectively.  

Mutant assays were performed using 65, 32 and 12.5 µL of concentrated culture supernatant 

per 500 µL, corresponding to an enzyme load between 20-200 µg. Reactions with purified 

HjLPMO9A and its variants Y24A and Y211A were performed using 20–200 µg LPMO. Reactions 

were incubated for 4 hours (9 h for the purified enzymes) at 50˚C (HjLPMO9A and PcLPMO9D) 

or 40˚C (NcLPMO9C) while shaking at 1400 rpm using an Eppendorf Thermomixer.  

4.6 Statistical analysis 

One-way Ancova (analysis of covariance) was used to determine whether there is a significant 

difference between the slope of 2 regression lines. Here the slopes in the indicator diagram were 

compared between the wildtype HjLPMO9A and its variants Y24A and Y211A. The zero 

hypothesis (H0) states that there is no difference. Probabilities (p-values) lower than 0.05 are 

considered to imply a statistical significant difference. 
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Supplementary data 

Time course monitoring of aldonic acid and 4-ketoaldose peaks 

   

Figure S3.1A: Time course of the three aldonic acid (A1, A2 and A3) and three 4-ketoaldose (K1, K2, K3) 

peaks released upon incubation of 0.5% PASC with a 250 µg HjLPMO9A in 500 µL enzyme tests. 
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Figure S3.1B: Time course of the three aldonic acid (A1, A2 and A3) and three 4-ketoaldose (K1, K2, K3) 

peaks released upon incubation of 0.5% PASC with a 190 µg HjLPMO9A in 500 µL enzyme tests. 



Chapter 3  

 

90 

 

 

Figure S3.1C: Time course of the three aldonic acid (A1, A2 and A3) and three 4-ketoaldose (K1, K2, K3) 

peaks released upon incubation of 0.5% PASC with a 140 µg HjLPMO9A in 500 µL enzyme tests. 
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Figure S3.1D: Time course of the three aldonic acid (A1, A2 and A3) and three 4-ketoaldose (K1, K2, K3) 

peaks released upon incubation of 0.5% PASC with a 70 µg HjLPMO9A in 500 µL enzyme tests. 
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Figure S3.1E: Time course of the three aldonic acid (A1, A2 and A3) and three 4-ketoaldose (K1, K2, K3) 

peaks released upon incubation of 0.5% PASC with a 40 µg HjLPMO9A in 500 µL enzyme tests. 
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Figure S3.1F: Time course of the three aldonic acid (A1, A2 and A3) and three 4-ketoaldose (K1, K2, K3) 

peaks released upon incubation of 0.5% PASC with a 25 µg HjLPMO9A in 500 µL enzyme tests. 
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Abstract 

Despite the highly conserved histidine brace forming the active site, the target of their oxidative 

activity is known to differ amongst LPMOs. The mechanism behind this oxidative regioselectivity 

is still poorly understood. This chapter reports about the extensive mutagenesis study that was 

performed, aiming at better understanding the traits determining regioselectivity in family AA9 

LPMOs.  

Using 3DM, a tool for performing structure based sequence alignments, no link between 

regioselectivity and correlated positions was discerned. However, this alignment study did reveal 

some sequence conservation likely involved in regulating the C1/C4 oxidation ratio. Unfortunately, 

possibly due to the high sequence variability at the N-terminus and incorrect regioselectivity 

predictions, all mutations ended in poor expression levels and/or inactivity.  

 Therefore the next series of mutational experiments were based on structural data, evaluating 

the effect on regioselectivity of several structural characteristics. These experiments showed that 

N-glycans and aromatic residues on the substrate binding surface have the highest effect on 

regioselectivity. However, as a high variability in C1/C4-oxidation ratios was observed for these 

mutants, these findings indicate that regioselectivity is determined by a whole range of 

interactions on the substrate surface.       

 

 

 

 

 

Keywords: enzyme engineering, mutagenesis, determinants of LPMO regioselectivity, HPAEC-

PAD, structure-based multiple sequence alignment, aromatic amino acids (AAA), N-glycans, 

HjLPMO9A, PcLPMO9D, NcLPMO9C 
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1 Introduction 

Since their boosting effect on biomass degradation was discovered in 2010 [93], insight in the 

mode of action of lytic polysaccharide monooxygenases (LPMOs) has gradually increased. These 

copper-dependent enzymes oxidatively cleave the glycosidic bonds of polysaccharides using 

molecular oxygen (or hydrogen peroxide [131]) and an electron donor. LPMOs all share a beta-

sandwich fold with a planar surface with several aromatic and polar residues forming a 

polysaccharide binding, CBM-like structure [95,100,118,130,159]. On this planar surface, a 

copper ion ligated by a ‘histidine brace’ is responsible for the oxidative action [121,127]. Although 

the conserved active site architecture suggests a similar reaction mechanism, different LPMOs 

can oxidize the C1 and/or C4 position, generating aldonic acids and 4-ketoaldoses respectively 

(Fig. 4.1). C6-oxidation has also been suggested for TaLPMO9A [127] and PaLPMO9B [147] , 

but the formation of 6-hexodialdoses is under debate as their molecular weight is the same as for 

4-ketoaldoses and C6-oxidation does not actually result in chain cleavage [212].  

 

Figure 4.1: LPMO regioselectivity. Oxidation of the C1 position generates a generates a lactone, which is 

hydrated to a reducing-end aldonic acid. C4-oxidation leads to non-reducing-end 4-ketoaldose formation, 

which will spontaneously hydrate to gemdiols in aqueous conditions. 

Several hypotheses have been formulated on the underlying causes for these differences in 

regioselectivity. Based on the accumulating structural data, the accessibility of the solvent-facing 

axial position of the catalytic copper site is believed to determine the C1/C4-oxidation ratio 
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[126,128]. Structural features of the planar surface have also been investigated. A subdomain of 

about 14 residues was shown to be important for C4-oxidation in Neurospora crassa LPMOs [148]. 

The positioning of N-glycans and aromatic residues has also been suggested to be distinctive 

[118,130,132,159,160]. And very recently, a shift in released products was observed after 

carbohydrate binding module (CBM) removal and fusion, implying that in LPMOs, CBMs might 

not only play a role in substrate binding but also in regioselectivity [123]. It is clear that 

mutagenesis studies are needed to further elucidate the structural features contributing to 

regioselectivity.  

In general, enzyme engineering can be achieved by two main routes: directed evolution and 

(semi-)rational design [213–216]. As directed evolution often requires several rounds of mutations, 

a large number of mutants needs to be screened, making it very time and labor intensive and 

dependent on fast and cheap screening assays [215,217–219]. Although extra attention was paid 

to time and work reduction, our regioselectivity indicator diagram cannot be applied in a random 

engineering setup, making rational design the way to go.  

Without structural information rational design is simply not possible, luckily LPMOs have 

attracted the attention of structural biologists, resulting in a relatively fast growing number of 

available crystal structures.  PcLPMO9D and NcLPMO9C both had a crystal structure available, 

HjLPMO9A did not (yet), but a homology model was constructed.  

In this chapter, several strategies developed based on a combination of structural data and 

multiple sequence alignments are described and evaluated for their effect on C1/C4-oxidative 

capacity of the 3 fungal LPMO representatives.  
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2 Results and discussion 

2.1 Structure-sequence variability (3DM) and regioselectivity 

2.1.1 LPMOs in the 3DM database 

In 3DM, a structure-based multiple sequence alignment is generated containing all sequence 

positions that are structurally conserved throughout a superfamily. For fungal LPMOs, the 3DM 

database of superfamily AA9 is composed of 2403 aligned sequences, classified in 6 subfamilies, 

each named after the pdb identifier of a representative structure: 4VTCA, 3ZUDA, 4EISA, 4EIRA, 

3EJA and 4B5QA.   

A first task was to evaluate whether these subfamilies reflect regioselectivity, in other words: 

are all members of a subfamily confined to a single regioselectivity type? Biochemical data being 

scarce at the time (May 2015), this evaluation was done based on a phylogenetic study done by 

Vu et al. [148]. This confirmed the subfamily-regioselectivity relationship for all subfamilies, except 

for the 4EIRA subfamily, which was shown to hold all regioselectivity types.  

Based on these results, 3 subsets were created in the 3DM database: (1) strict C1-oxidizing 

LPMOs (containing subfamilies 3EJAA and 4B5QA), (2) C1/C4-oxidizers (subfamilies 2VTCA, 

3ZUDA and 4EISA) and (3) a selection of strict C4-oxidizing LPMOs from subfamily 4EIRA 

(according to Vu et al. [148]). The main idea is that, by creating subsets based on regioselectivity 

type, the subset-specific conservation and/or correlation will reflect on the regioselectivity type. 

2.1.2 Correlated positions 

Several studies have shown that knowledge about correlated positions can have a great influence 

on the success of an enzyme engineering approach.  Correlated positions are positions that have 

co-evolved, in order to maintain the protein’s functional or structural integrity. This implies that 

when mutating a residue, all correlated positions need to be mutated as well. When clusters of 

correlated positions are conserved within one, but mutated across the subfamily/subset border, 

they are believed to determine functional specificity, e.g. ligand binding or what we are aiming at: 
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regioselectivity. In cases the correlation is less bound to a subfamily/subset, they probably are 

involved in protein folding and/or stability [220].  

Correlated positions for the complete AA9 family and the subsets were determined and 

combined in Fig 4.2A. Next to the well conserved C-terminal half, two correlation clusters are 

observed of which the location was checked in the structure (Fig 4.2B): (1) a cluster of co-evolved 

positions probably involved in protein stability and/or folding. This cluster could also be part of an 

internal electron channel of which the existence has been proposed [132,221] and (2) a disulfide 

bridge which is expected to be important for folding and stability. Based on their location in the 

structures and because the co-evolved positions are not strictly confined to subfamilies/subsets, 

these correlation networks are not believed to play a role in regioselectivity. They are, however, 

important to consider in mutagenesis experiments. 

  

Figure 4.2: Correlated positions in the AA9  superfamily. (A) An overview of the most conserved positions 

of the entire AA9 superfamily, combined with information on correlated positions (determined using 3DM, 

May 2015). * the 4EIRA subfamily is confined to the selection of Vu et al. [148]; (B) Location of the fully 
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conserved residues (purple sticks), correlation cluster 1 (red sticks) and correlation cluster 2 (green sticks) 

in the crystal structures of TaLPMO9A (C1/C4-oxidizer) and PcLPMO9D (C1-oxidizer). The higly conserved 

second histidine of the Cu-binding center is not part of the 3DM-core and is for that reason not represented 

as a purple stick (yellow instead). 

2.1.3 Subset-specific conservation 

Although the analysis was done for the full sequence, the subset-specific conservation in AA9 

LPMOs, as represented in Fig. 4.3, shows most differences in the N-terminal part.  This is not 

surprising, as it is mainly the N-terminal half that is involved in substrate binding.  

 

Figure 4.3: Sequence logo’s of the 3 regioselectivity subsets, representing the frequency of each residue 

based on the 3DM multiple sequence alignment. The black arrows at the top indicate the residues that were 

picked for the first round of mutations.  

Initial engineering approaches aimed at pushing the regioselectiviy of HjLPMO9A towards more 

C1-oxidation. Highly conserved positions in the subset of C1/C4-oxidizers were compared to 

those of the strict C1-oxidizers. Based on this analysis, two 3DM-positions were selected for 

engineering: 3DM-2 and 3DM-78. 3DM-position 2 displays high conservation levels, but with a 

apparent link to the site of oxidation. 3DM-position 78 holds a highly conserved tryptophane in 

C1/C4-oxidizers, while strict C1-oxidizers show no conservation. 
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2.1.4 Point mutation at 3DM position 2 

The most explicit difference in conservation between the regioselectivity subsets is found right 

after the highly conserved histidine-1. This position is occupied by a glycine, tyrosine or threonine 

in C1/C4, C1 and C4-oxidizers, respectively. A G2Y mutant created using the Sanchis method, 

showed reasonable yields (± 60 % of WT) on Coomassie-stained SDS-PAGE, but no activity on 

PASC could be detected (Fig. S4.2A). Therefore, a second mutant, a double mutant G2Y_I4F, 

was created as 3DM showed a correlation score of 0.71 for these two positions (based on the full 

database), with the Y-F combination present in 490 proteins within the C1-oxidizing subset. At 

this point, a third mutant was created as well, harboring the highly conserved HYTF-motif of C1-

oxidizing LPMOs.   

Unfortunately, a 3-fold lower and no yield were observed for the HYTF and G2Y_I4F mutant, 

respectively. No activity was observed on PASC either, implying that the HYTF mutation severely 

disrupts the Cu-active site, resulting in an inactive and/or unstable LPMO. As no G2Y_I4F variant 

was obtained it is not possible to draw conclusions on its activity. 

Although the lowered yields were not further experimentally investigated, there are some 

possible explanations for this difficult expression. In general, mutations aimed at altering protein 

functions (e.g. by altering the catalytic site), are particularly destabilizing [222]. Moreover, by 

modifying the sequence so close to the cleavage site, the secretion signal could be badly 

processed, which could leave the LPMO inside the cell or degraded by the ER-associated protein 

degradation.  

2.1.5 Point mutation at 3DM-position 78 

3DM-position 78 was the second to be selected for rational design. Indeed, just like in the subset 

of strict C4-oxidizers, C1/C4-oxidizing LPMOs have a highly conserved tryptophan at this position, 

whereas the C1-oxidizers show much less conservation. Two constructs were created: in the first 

Trp-79 (= 3DM position 78) of the HjLPMO9A gene was substituted with alanine (being the 

corresponding amino acid in PcLPMO9D), in the second construct with aspartic acid (the 

consensus amino acid in the subset of C1-oxidizers).  Although effort was done in screening for 
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the best producing P. pastoris clone, no expression could be observed for these two mutants (Fig 

S4.2A).  

Inspection of LPMO crystal structures suggests a possible incompatibility of mutation G2Y with 

the native Trp-79 (see Fig. 4.4). Two bulky side chains this close together could actually disrupt 

the active site, giving a possible explanation for the inactivity of the G2Y mutant. Furthermore, the 

positioning of Trp-79 insinuates a role in electron transfer towards Tyr-174 of the histidine brace. 

Placing a tyrosine in between, could interfere with this. Hence, a logical next step was to combine 

the two mutations. Double mutant G2Y_W79A was successfully produced in P. pastoris, although 

at 3-fold lower level when compared to the wildtype HjLPMO9A. Unfortunately, these mutations 

were also shown to have a detrimental effect on activity, as no activity on PASC was detected. It 

is clear that, seen the high variability of the residues in close proximity of the Cu-site, it is very 

difficult to adjust oxidative activity at this hotspot.  

 

 

Figure 4.4: Structural comparison of the Cu-binding site of PcLPMO9D (C1-oxidizer) and HjLPMO9C 

(C1/C4-oxidizer). 
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2.1.6 Conclusive remarks on the use of 3DM for LPMO engineering 

Seen the disappointing results of the engineering approaches founded on the AA9 3DM database, 

it was decided to examine other strategies. Since then, several LPMOs have been found to 

deviate from the 3DM-predicted regioselectivity subsets [149,156]. 

In a recent study performed by Lenfant et al. [152], it was stated that when multiple sequence 

alignments are built based on the complete LPMO sequences (like 3DM), the alignment is mostly 

based on the relatively well aligning C-terminal half. As the active site is built mainly by residues 

of the N-terminal half, these alignments cannot properly address the oxidative machinery that 

comes in direct contact with the substrate. In the same study, an alternative approach based on 

pairwise alignments was used to understand the evolutionary history of LPMOs. The defined 

clusters were again not able to accurately predict the site of oxidation, implying that, apart from 

the conservation of the histidine brace, few evolutionary constraints apply to the hypervariable N-

terminal half of LPMOs [152].  
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2.2 Structural determinants of regioselectivity 

As multiple sequence alignments were proven not to be ideal for building engineering strategies 

for LPMOs (see section 2.1), alternative strategies were designed using structural data. Before 

going into details, a short recapitulation of the general structural properties of LPMOs is given 

(see literature review for more details).  

In short, LPMOs share a β-sandwich core and a catalytic histidine brace coordinating the copper 

ion. Structural diversity is found in the loops and helices that connect the β-strands, with loop L2, 

L3, LS and LC forming the substrate binding surface. The use of a fixed coloring scheme 

throughout this work, is aimed at acquiring a more comprehensive view on these structural 

differences: β-strands (cyan), copper-ion (blue sphere), L2 loop (red), L3 loop (orange), LS loop 

(purple) and LC loop (green). 

In this section, the effect on regioselectivity of 5 structural features will be evaluated: (1) a small 

helix in the L2 loop, (2) N- glycosylation near the active site, (3) aromatic residues on the planar 

surface, (4) the solvent-facing axial position of the catalytic copper site and (5) the carbohydrate 

binding module (CBM). First a short description of these strategies will be given, followed by a 

discussion of the obtained results. 

2.2.1 Structure-based strategy I: small helix on L2 loop 

A distinct feature of C1/C4-oxidizing LPMO9s is the insert of about 10-12 residues on the L2 loop 

(Fig. 4.5). In the homology model of HjLPMO9A, this insert forms a loop with a helix parallel to 

the flat surface, which is consistent with crystal structures of other C1/C4-oxidizing LPMOs 

[127,132]. Previous mutagenesis studies performed by Vu et al. [148], showed that removing this 

helix in NCU07760 (a N. crassa LPMO with C1/C4-oxidative activity) compromises its C4-

oxidizing capacity, resulting in a predominantly C1-oxidizing LPMO.  

Here, the same strategy is evaluated for HjLPMO9A. Based on the 3DM structure based 

alignment of HjLPMO9A and NCU07760, 11 residues were selected for deletion (Fig. 4.5), with 

the deletion itself performed using CLIVA assembly [198]. 
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Figure 4.5: (A) Cartoon representation of the homology model of HjLPMO9A with indication of the to be 

removed helix. The helix termini are represented in magenta sticks. (B) 3DM structure-based multiple 

sequence alignment of AA9 characterized LPMOs with known regioselectivity. The helix that was removed 

from NCU07760 by Vu et al. [148] and the aligned sequence of HjLPMO9A are marked in magenta. 

2.2.2 Structure-based strategy II: glycosylation 

Structural data of fungal C1/C4-oxidizing LPMOs reveal N-glycosylation in the planar surface 

which is suggested to play a role in substrate binding and positioning, in strict C1 and C4-oxidizers 

this glycosylation is absent or situated elsewhere on the protein [132,223] (Fig 4.6A-C).  
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Figure 4.6: Structural comparison of the three LPMO regioselectivity types. (A) strict C1-oxidizer 
PcLPMO9D (pdb: 4B5Q); (B) strict C4-oxidizer NcLPMO9D (4EIR); (C) C1/C4-oxidizer TaLPMO9A 
(3ZUD); (D) homology model of HjLPMO9A (3ZUD as template) with the asparagine residue carrying the 
N-glycan shown in magenta stick representation. All glycans are shown as magenta spheres. 

By scanning the HjLPMO9A sequence for the consensus NXS/T-motif, two putative N-

glycosylation sites were identified: N59 and N137.  As N137 is located near the planar surface in 

the homology model of HjLPMO9A (Fig. 4.6D), this residue was picked as a hotspot for 

mutagenesis. Two constructs were created that substituted the asparagine at position 137 by 

alanine (N137A) or glutamine (N137Q). The first mutation (N137A) results in a loss of 

glycosylation, but the small and flexible residue is believed to preserve the native protein structure. 

The second mutation (N137Q) replaces the asparagine by a very similar residue that was shown 

to be the 2nd most prevalent amino acid at this position (after asparagine) in the C1-oxidizing 

subset of the 3DM database. 



Chapter 4 

 

108 

 

2.2.3 Structure-based strategy III: surface oriented aromatic amino acids (AAA) 

Surface-exposed aromatic amino acids (AAA) are known to play an important role in 

carbohydrate-binding structures of cellulases and chitinases [157]. In CBP21, the single point 

mutation Y54A resulted in a lowered affinity for β-chitin, expanding the relevance of aromatic 

surface exposed residues to LPMOs [100]. An observation confirmed for several other LPMO10s 

since then [125,158]. Such residues are not only believed to play a role in binding of the substrate, 

but also in its exact positioning. Based on the structure of an LPMO in complex with an 

oligosaccharide ligand, it was suggested that very small shifts in substrate orientation could have 

a profound influence on the C1/C4-oxidation balance [159]. Using various bio-informatics 

approaches, Moses et al. independently suggested that the composition of surface aromatic 

residues determines LPMO regioselectivity, with C1-oxidizing LPMOs having the highest surface 

aromaticity [160].  

Using the crystal structures of PcLPMO9D (pdb 4B5Q), NcLPMO9C (4D7U) and the homology 

model of HjLPMO9A (based on 3ZUD as template), aromatic residues positioned on these 

LPMO’s active surfaces, were identified (Fig. 4.7). These residues were substituted by alanine 

and by the 2 alternative aromatic amino acids. Aromatic amino acid substitutions have been 

shown to have an effect on catalytic efficiency in cellulases, due to their differences in binding 

affinity [224,225]. An interesting topic and certainly worth investigation in the context of LPMOs. 
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Figure 4.7:  (A) Structural comparison of the three fungal LPMO representatives in this study with their 

aromatic surface residues shown in magenta stick representation. The L2 loop is represented as red, L3 

loop as orange and LC loop as green cartoon;  (B) 3DM structure-based multiple sequence alignment of 

AA9 characterized LPMOs with known regioselectivity. Residues in the 3DM core alignment are 

represented by capitals, the alignment of structurally variable regions are in lower case.The aromatic 

surface residues are highlighted in magenta. 

2.2.4 Structure-based strategy IV: solvent-facing axial position of Cu-site 

The growing amount of available LPMO structures revealed a potentially important correlation 

between the accessibility of the solvent-facing axial position of the copper site and regioselectivity 

in family AA9 (Fig. 4.8) where in strict C1-oxidizers this position is restricted by a tyrosine, in strict 

C4-oxidizers this access is much more open due to the presence of alanine. C1/C4-oxidizers 

display, with proline at that location, an intermediate form [125,126,132]. 
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Figure 4.8: Differences in accessibility of the solvent-facing axial position of the copper site between the 

regioselectivity respresentatives (A) PcLPMO9D (pdb: 4B5Q), (B) NcLPMO9C (5D7U) and (C) HjLPMO9A 

(5O2W). 

Here, the effect of altering the accessibility of the solvent-facing axial position of the copper site 

will be evaluated by substituting the copper-blocking tyrosine Y75 in the C1-oxidizing PcLPMO9D 

with alanine. 

2.2.5 Structure-based strategy V: carbohydrate binding module (CBM) 

About 34% of AA9 LPMOs contain a CBM, and although these modules clearly play a role in 

substrate binding, their effect on activity seems much smaller in LPMOs compared to 

(hemi)cellulases. As Crouch et al. were able to demonstrate that swapping CBM between LPMOs 

resulted in an altered C1/C4-oxidative ratio [123], the effect of removing the CBM from HjLPMO9A 

will be evaluated. This truncation mutant will also serve as template for further mutagenesis 

experiments. 

In the context of her stability research, a CBM-truncated variant of HjLPMO9A was created by 

ir. Magali Tanghe, composed of the catalytic domain, the native linker and a his6-tag. The linker 

was shown to be essential for expression, although it could not be explained why. Understanding 

came only recently, with the deposition of the crystal structure of HjLPMO9A, which revealed that 

the linker forms an integral part of the structure of the catalytic domain [155].  
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2.2.6 Effect on level of expression 

Although the effect on expression level of all mutations was shown to be quite variable, most 

enzyme variants were produced at reasonable levels (Fig. S4.2A-G). It appears that mutations 

have the highest effect on HjLPMO9A production level, as most variants have an yields between 

50-125 % of the wildtype, while the NcLPMO9C and PcLPMO9D variants all produced at levels 

similar to the wildtype. However, exceptions were observed and are discussed below. 

The helix-deletion mutant (referred to as d21-31, strategy-I) showed a 5-fold lower expression 

level compared to the WT. Most likely, truncation of this loop destabilizes the gene product in 

such a way that most of it ends up in ER-associated protein degradation.  Presumably, the degree 

of success depends a lot on how well the ‘hinge points’ are chosen. Seen the variant is produced, 

albeit at a low titer, optimization might further increase the yield and activity. However, the 

structural variation at this position being very high, and relying on a homology model at the time, 

this was not further pursued in this work.  

Also the N-glycan mutants (strategy-II) expressed poorly. Mutant N137A and N137Q expressed 

at, respectively, 5 and 10-fold lower level than the WT. As glycosylation is known for its surface 

stabilization, a lower expression level was not surprising. In fact, the effect on thermodynamic 

stability was evaluated by ir. Magali Tanghe and showed a decrease in Tm (compared to wildtype) 

of 3°C [226].  

Mutating the aromatic residue blocking the axial position of PcLPMO9D’s Cu-site resulted in a 

lowered yield as well. PcLPMO9D variants Y75W/F were produced at a titer of, respectively, 20% 

and 60%. The SDS-PAGE bands of PcLPMO9D WT and variants were all very diffuse, so the 

calculated enzyme concentrations can only be seen as a very rough estimation. 

2.2.7 Effect on regioselectivity/activity 

Table 4.1 gives an overview of all the mutants created in this study. The effect on oxidative 

regioselectivity was determined by calculating the slope in the indicator diagram, which was 

demonstrated in chapter 3 to be a measure of C1/C4 oxidative capacity.   The overall activity was 
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evaluated by comparing the total amount of oxidized cello-oligosaccharides (based on their 

HPAEC-PAD peak areas) released by equal amounts of LPMO (also see Fig. S4.3A-C) 

No oxidative activity could be observed for the helix-deletion mutant (d21-31). Loops are known 

to play a significant role in enzyme catalysis and stability [227–229], but in general, surface loops 

are believed to manage variation quite well [230]. In our case, however, the altered loop is in close 

proximity of the catalytic histidine brace. For this reason, perturbation of the active site is the most 

likely explanation for the activity loss. 

All other mutants were shown to release oxidized sugars from PASC, enabling regioselectivity 

evaluation. A wide range of C1/C4 oxidative capacities were observed, and although this makes 

it hard to grasp the underlying mechanisms, some interesting insights into LPMO activity were 

gained.  

Many surface features affect regioselectivity 

This appears to be the most important conclusion to be drawn from our findings. Indeed, removal 

of aromatic residues and surface N-glycan has an important effect on the C1/C4-oxidation ratio 

of the promiscuous C1/C4 oxidizing HjLPMO9A. Most aromatic substitutions give intermediate 

effects on regioselectivity and especially HjLPMO9A and NcLPMO9C (CBM-appended LPMOs) 

seem to suffer not or only slightly from these mutagenic alterations. This implies that the traits 

determining regioselectivity only have minor functional constraints.  

As most mutations have an effect on regioselectivity and the extend of this effect is quite variable, 

this leads to the believe that regioselectivity is not determined by one, but possibly by a high 

number of residues forming a complex network of interactions on the substrate binding surface. 

However, despite the complicated nature of the regioselectivity-driving structural determinants, 

some interesting observations were done. They are described in the paragraphs below. 
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Binding capacity reflects regioselectivity  

In a study evaluating the effect of aromatic amino acid manipulations in family GH12, the binding 

capacities of aromatic residues were determined in the following order: Y>W>F [224]. Interestingly, 

these binding capacities are reflected in the order of C4-oxidative capacity of HjLPMO9A’s Y24 

variants: Y24(WT)>Y24W>Y24F>Y24A. These findings may imply that by loosening binding at 

position 24, C4-oxidation decreases and C1-oxidation becomes more prominent. These results 

point to an important contribution of this position to HjLPM9A’s C4-oxidative capacity. 

The opposite effect is observed when comparing the C1-oxidative capacity of PcLPMO9D’s Y28 

variants, also positioned on the L2 loop, but not aligned with HjLPMO9A’s Y24.  In the context of 

PcLPMO9D, this position seems to be very important in directing the oxidative force towards the 

C1 carbon of the substrate. As C1 oxidation is this enzymes sole activity, interfering in C1-

oxidation has direct consequences for its general activity.    

As the above mentioned statement is not reflected in all obtained results, it is clear that we are 

not seeing the full picture and that further experimental exploration is needed. 
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Table 4.1: Overview of this section’s wildtype and mutant LPMO9s estimated oxidative activities and 

regioselectivities. Error = the standard  error on slope, calculated from 3 datapoints in the indicator diagram. 

For PcLPMO9D and most of its variants no C4-oxidation signals were observed, which is noted as ‘-‘. (AAA 

= aromatic amino acid, BDL = below detection limit, ND = not determined). 

Enzyme Mutation(s) Determinant(s) Estimated oxidative activity (%) Indicator diagram 

C1 C4 total slope error 

HjLPMO9A WT  100.0 100.0 100.0 2.064 0.135 

 d21-31 L2 helix BDL BDL BDL   

 N137A N-glycan 123.7 126.0 125.0 1.587 0.29 

 N137Q N-glycan 135.9 113.0 126.0 1.443 0.348 

 Y24W AAA (L2) 148.3 96.4 126.2 1.625 0.016 

 Y24F AAA (L2) 124.7 100.7 114.5 1.251 0.145 

 Y24A AAA (L2) 152.0 108.3 133.4 1.274 0.096 

 F43Y AAA (L2) 130.8 135.8 132.9 2.302 0.024 

 F43W AAA (L2) 113.2 72.1 95.7 1.654 0.01 

 F43A AAA (L2) 130.1 94.1 114.8 1.599 0.073 

 W84Y AAA (L3) 119.8 110.2 115.7 1.924 0.03 

 W84F AAA (L3) 114.0 77.3 98.4 1.356 0.074 

 W84A AAA (L3) 96.6 95.0 95.9 1.988 0.092 

 Y211W AAA (LC) 102.0 146.1 120.8 3.838 0.371 

 Y211F AAA (LC) 66.3 70.7 68.2 3.146 0.095 

 Y211A AAA (LC) 84.9 163.0 118.2 4.825 0.376 

 ΔCBM CBM 110.6 94,7 103.8 1.672 0.086 

 ΔCBM_Y24A CBM + AAA 202.2 74,3 147.8 0.639 0.100 

 ΔCBM_Y211A CBM + AAA 78.5 121,9 97.0 5.149 0.573 

  ΔCBM_Y24A_Y211A CBM + AAA 43.2 BDL 24.8 ND ND 

PcLPMO9D WT  100.0 - 100.0 0.000 0.000 

 Y28W AAA (L2) 73.9 - 73.9 0.000 0.000 

 Y28F AAA (L2) 59.1 - 59.1 0.000 0.000 

 Y28A AAA (L2) 33.2 - 33.2 0.000 0.000 

 Y75W AAA(L3) / axial Cu 58.1 - 58.1 0.000 0.000 

 Y75F AAA (L3) / axial Cu 0.9 - 0.9 0.000 0.000 

 Y75A AAA (L3) / axial Cu 37.5 - 37.5 0.000 0.000 

 Y198W AAA (LC) 114.0 C4 detected 118.3 0.014 0.002 

 Y198F AAA (LC) 66.4 C4 detected 68.6 < 0.010 ND 

  Y198A AAA (LC) 18.9 C4 detected 18.9 < 0.010 ND 

NcLPMO9C WT  100.0 100.0 100.0 21.03 2.853 

 Y204W AAA (LC) 116.4 84.1 89.9 9.517 0.124 

 Y204F AAA (LC) 110.5 78.1 83.9 12.367 3.81 

  Y204A AAA (LC) 107.5 89.2 92.5 9.066 2.122 
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Mutating the highly conserved AAA on LC loop, equips PcLPMO9D with C4 oxidation 

capacity 

As the aromatic surface residue located on the long C-terminal (LC) loop is highly conserved in 

all LPMO9s (see Fig. 4.7), independent of their oxidative preference, it was considered to be 

unlikely that this residue could influence regioselectivity. Surprisingly, C4-oxidation was observed 

for all Y198 variants, with the Y198W mutant showing the most convincing peaks (Fig. 4.9), 

probably due to its highest general activity.  

 

Figure 4.9: C4-oxidation observed for PcLPMO9D variant Y198W. Reactions were performed with 33 µg 

of ultrafiltrated LPMO sample containing 33 µg LPMO in the presence of 1 mM ascorbic acid. HPAEC-PAD 

chromatograms after 0.5h (bottom) and 3h (top) of incubation are shown. 

The endowed C4-oxidation in PcLPMO9D, offered a new perspective in evaluating the results 

obtained upon mutating our other LPMO representatives. Indeed, mutating Y211 in HjLPMO9A 

was also shown to enhance its C4-oxidative capacity. In NcLPMO9C, mutating Y204, the sole 

aromatic residue on its surface, did not have implications for the enzyme’s regioselectivity (C1 

oxidation is attributed to the P. pastoris background activity) nor on its general activity. Although 

the role of Y204 in substrate binding was demonstrated using NMR studies [130],  the high amount 

of polar residues on the surface of NcLPMO9C [126,130] likely dominates the substrate-LPMO 
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binding interactions. In this respect, the CBM of NcLPMO9C could also play role, although further 

elucidation of the role of CBMs in LPMO activity is needed to gain better understanding. 

Access to the solvent-exposed axial copper is not a decisive regioselectivity determinant 

As no C4-oxidized sugars are released from PASC by the PcLPMO9D_Y75A variant, this position 

is not believed to play a crucial role in determining this enzyme’s oxidative regioselectivity.  

All mutants at this position showed reduced activity on PASC: 60 %, 40 % to almost no retained 

activity for the Y75W, Y75A and Y75F mutant, respectively.  However, time-course monitoring of 

their activity on PASC revealed some interesting differences between the mutants. Mutant Y75A 

was shown to quickly release considerable amounts of C1-oxidized products, but then quickly lost 

further activity. Oxidative self-inactivation was demonstrated very convincingly for the Y75A 

mutant, and to a lesser extend also for Y75W. As the Y75F mutant did not benefit from adding 

catalase, self-inactivation is not considered to be the main reason for this enzymes decreased 

activity. More likely, the activity is hampered by (a) a disrupted active site or (b) unproductive 

positioning of the substrate onto the oxidative machinery 

This points to the high importance of the residue blocking the solvent-exposed axial position of 

the Cu-site in both the architecture of the active site and in substrate positioning and binding. It is 

however not believed to be a key determinant of regioselectivity, as was recently confirmed in the 

context of LPMO10s by Forsberg et al. [153]. 

Changes to the binding surface have highest implications for CBM-free LPMO 

Whereas most mutational changes to the surface of HjLPMO9A and NcLPMO9C, seem to only 

have a minor effect on activity, mutating the aromatic amino acids on the surface of PcLPMO9D 

did generally result in strongly reduced activities. The absence of a CBM in PcLPMO9D can 

probably be accounted for this. Indeed, it was already shown that CBM-lacking LPMOs have 

strong substrate binding capacities, while CBM-appended LPMOs seem to have lost this capacity 

[100,125]. It seems logical that interfering with important contributors to this binding affinity has 

serious consequences on the enzymes catalytic abilities. 
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Interestingly, it was also in this CBM-free context that a single mutation was shown to endow a 

new oxidative capacity (referring to the results for the Y198 mutations in PcLPMO9D). Intrigued 

by these findings, the combinatorial effect of removing aromatic residues and CBM-truncation 

was further assessed for HjLPMO9A. For this, 3 extra constructs were prepared combining the 

CBM-truncation with the mutations Y24A and Y211A, alone or in combination. 

Mutant HjLPMO9A_ ΔCBM_Y24A displayed better overall activity on PASC and was shown to 

have an equivalent to, but more prominent effect on regioselectivity than the Y24A variant of the 

full length enzyme (see Table 4.1). For mutant HjLPMO9A_ ΔCBM_Y211A the effect is somewhat 

more complex. Although high amounts of C4-oxidized sugars are released from PASC, 

suggesting increased C4-oxidation, the enzyme seems to quickly lose its activity. Apparently, 

losing the highly conserved Y211 together with the CBM, results in seriously hampered cellulose 

binding and consequent oxidative self-inactivation.  The protective activity of catalase could be 

demonstrated, confirming our hypothesis and allowing for regioselectivity quantification based on 

the slope in the indicator diagram (Table 4.1). 

The double mutant HjLPMO9A_ ΔCBM_Y24A_Y211A demonstrated only background C1-

oxidation and no C4-oxidation. The catalytic competence of the CBM mutants was evaluated 

using the H2O2 assay, which showed that mutating Y24 does not alter the catalytic competence, 

while the Y211A mutation results in a 30 % decrease (Fig 4.10). This indicates that, although a 

decrease in catalytic competence is observed for the ΔCBM_Y24A_Y211A variant, this does not 

account for the mutant’s inactivity on PASC. In fact, the ΔCBM_Y211A suffers from an equally 

diminished H2O2 productivity, without destroying its cellulose oxidative capacity. This suggests 

that the observed inactivity on PASC is due to improper binding and positioning on the substrate.  
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Figure 4.10: Comparing the catalytic competence of the HjLPMO9A CBM truncation mutants using the 

H2O2 assay. The experiments were conducted with 6.5 µg of LPMO per 200 µL of reaction mixture (error = 

standard deviation, n= 3). 

These findings suggest that the role of the CBM goes further than simply binding the LPMO to 

the substrate. It seems as if an LPMO has more freedom of movement and gives higher 

responses to mutational changes without a CBM attached to its catalytic domain. 
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2.3 Further mutagenesis experiments 

In this section further insight in regioselectivity determinants will be assessed by (a) combining 

the mutational approaches described in section 2.2 and (b) introducing extra regioselectivity-

influencing features into a native LPMO template. The estimated oxidative activity and 

regioselectivity of all mutants in this section is listed in Table 4.2 (see also Fig. S4.3A-B).   

2.3.1 Combinatorial effect of removing 2 aromatic residues at the surface of 

HjLPMO9A 

In order to evaluate possible cooperative effects on regioselectivity, the alanine mutations Y24A, 

Y211A and F43A were pairwise combined in three double mutants. Please note that the W84A 

mutant was kept out of this second round of mutations because no effect on regioselectivity could 

be observed for the single mutant. 

Expression levels of these mutants are compared in Fig. S4.2G and show considerable variation, 

in fact, the Y24A_Y211A mutant was the only mutant of this round reaching higher expression 

levels than the wildtype. All mutants demonstrated activity in the range of the WT or higher. 

The effect on regioselectivity was determined using the regioselectivity diagram and is 

compared to the WT and single mutants Y24A and Y211A (Table 4.2).  When comparing the 3 

mutants, combining mutation Y24A and F43A had the highest cooperative effect. As both 

mutations had both shown to stimulate C1-oxidation, this is not surprising, but still an interesting 

observation, as it strengthens the hypothesis that the regioselectivity is influenced by a network 

of interactions on the substrate binding surface. Intermediate regioselectivities were obtained 

when combining mutations with opposite effects on regioselectivity as demonstrated for 

Y24A_Y211A and F43A_Y211A. 
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Table 4.2: Overview of this section’s wildtype and mutant LPMO9s estimated oxidative activities and 

regioselectivities. Error = standard error on slope, calculated from 3 datapoints in the indicator diagram. 

(AAA = aromatic amino acid, BDL = below detection limit, ND = not determined). 

Enzyme Mutation(s) Determinant(s) Estimated oxidative activity (%) Indicator diagram 

C1 C4 total slope error 

HjLPMO9A WT   100.0 100.0 100.0 2.064 0.135 

 N137A N-glycan 123.7 126.0 129.0 1.587 0.290 

 N137Q N-glycan 135.9 113.0 126.0 1.443 0.348 

 Y24A AAA (L2) 152.0 108.3 140.4 1.274 0.096 

 F43A AAA (L2) 130.1 94.1 114.8 1.599 0.073 

 Y211A AAA (LC) 84.9 163.0 118.2 4.825 0.376 

 Y24A_F43A AAA (L2) 268.4 52.4 176.5 0.426 0.004 

 Y24A_Y211A AAA (L2/LC) 128.2 69.7 103.3 1.431 0.037 

 Y211A_F43A AAA (L2/LC) 128.5 144.6 135.4 1.556 0.171 

 Y24A_N137A AAA + N-glycan 110.0 39.7 80.1 0.703 0.082 

 Y24A_N137Q AAA + N-glycan 227.9 81.3 165.5 0.517 0.105 

 F43A_N137A AAA + N-glycan 86.2 172.4 122.9 4.580 0.386 

 F43A_N137Q AAA + N-glycan 170.2 57.8 122.4 1,119 0.075 

 Y211A_N137A AAA + N-glycan 137.0 117.9 128.8 ND ND 

 Y211A_N137Q AAA + N-glycan 137.9 174.0 153.3 ND ND 

 V32Y AAA insertion BDL BDL BDL ND ND 

  Y24A_V32Y AAA insertion BDL BDL BDL   ND  ND 

NcLPMO9C WT   100.0 100.0 100.0 21.031 2.853 

  N25N26insY AAA insertion 120.7 49.6 61.9 3.362 0.034 

 

2.3.2 Combinatorial effect of removing aromatic surface residues and N-

glycosylation at the surface of HjLPMO9A 

Just like aromatic residues, N-glycans located on the binding surface of LPMOs were shown to 

influence regioselectivity (see Table 4.1). Here, the effect of a pairwise combination of these two 

regioselectivity determinants will be evaluated using in total 6 enzyme variants of HjLPMO9A.  

All enzyme variants were produced at lowered levels compared to the WT (Fig. S4.2G). Highest 

expression was obtained for the Y24A_N137A/Q mutants (70% and 60% of WT titer, resp.), the 

lowest for the F43A_N137A/Q mutants (10 and 20% of WT titer, resp.). 
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Removal of the surface oriented N-glycan together with the highly conserved Y211, results in 

oxidative self-inactivation, as demonstrated by adding catalase (Fig. 4.11). For this reason the 

effect on regioselectivity was not quantitatively determined for these two variants.  

 

Figure 4.11: Protective effect of catalase (1000 U/mL) demonstrated for HjLPMO9A variant N137A_Y211A. 

(● A2 signal without catalase, � A2 signal with catalase, ○ K3 signal without catalase, Δ K3 signal with 

catalase). 

Combining the Y24A mutation with N-glycan removal, results in a high cooperative effect on 

regioselectivity, and in the case of the Y24A_N137Q mutant in an increased overall activity. As 

the estimation of activity is done based on peak areas and not on actual product concentrations, 

and seen the difficult detection of C4-oxidized sugars, it is not possible to make general 

declarations on the degree of activity increase.  

Interestingly, combining the F43A mutation with N-glycan removal, results in considerable 

effects on regioselectivity, although in opposite directions: C1-oxidation is stimulated in the 

F43A_N137Q mutant, while C4-oxidation is increased in the F43A_N137A mutant. These results 

show that subtle differences in substrate positioning can influence the oxidation target, which 

confirms the complex nature of the network of interactions determining regioselectivity. 
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2.3.3 Regioselectivity effect of aromatic amino acid (AAA) insertion on LPMO 

binding surface 

Extra AAA on the L2 loop of HjLPMO9A 

Since HjLPMO9A shows increased C1-oxidative capacity after losing its Tyr-24, this aromatic 

residue on the L2 loop is suggested to play a role in C4-oxidation. On the other hand, PcLPMO9D 

displayed lowered C1-oxidative activity by mutating Tyr-28 to alanine.  These are conflicting 

results for structurally similar positions, and possibly interesting for mutagenesis studies. 

A 3DM structure-based alignment of LPMOs with known regioselectivity was used to identify 

the structural homolog of PcLPMO9D’s Y28 in HjLPMO9A (Fig. 4.8): the valine at position 32 was 

then substituted by tyrosine using the Sanchis protocol. In fact, two constructs were prepared:  

one carrying only the V32Y mutation, and one combining mutations Y24A and V32Y, the latter 

enabling the evaluation of the stand-alone effect of the V32Y mutation. 

Both mutants expressed at a 10-fold lower level than the wildtype. Expression tests were 

performed, but showed no activity on PASC. The recently deposited crystal structure of 

HjLPMO9A, revealed that Val-32 is not located on the surface, but located in inside the enzyme, 

therefore it is not surprising that inserting a hydrophobic residue at this position has these negative 

implications on expression and activity levels. These negative results show that building 

engineering strategies solely on multiple sequence alignment data, is not a good idea. The highly 

variable N-terminus of LPMOs makes it extra challenging. 

Extra AAA on the surface of NcLPMO9C 

Although its substrate-binding surface is quite extended and highly polar, NcLPMO9C only has 

one aromatic residue on its surface [126]. This surface displays high sequence variation, which 

was demonstrated to be responsible for the broad substrate specificity of NcLPMO9C [130]. 

Possibly, the low stacking capacity of the substrate by the single aromatic residue does also play 

a role in its substrate promiscuity.  
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In this section, the C1/C4-oxidative capacity of an NcLPMO9C variant, equipped with an extra 

surface aromatic residue, will be evaluated.  The position of the insert was based on a 3DM 

structure-based multiple sequence alignment of characterized LPMO9s (see Fig. 4.12) and 

confirmed for its location on the substrate-binding surface using the crystal structure (5D7U.pdb). 

 

Figure 4.12: 3DM alignment demonstrating the N25N26insY insert for NcLPMO9C. Residues in the 3DM 

core alignment are represented by capitals, the alignment of structurally variable regions are in lower case. 

The N25N26insY variant expressed well in P. pastoris with titers comparable to the wildtype. Its 

activity on PASC was evaluated using HPAEC-PAD and showed a 3-fold lower overall activity, 

with C1-oxidation not reaching higher levels than the C1-oxidative background of P. pastoris. 

Hence, no effect on regioselectivity could be demonstrated.  
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3 Conclusions 

In this the chapter, extensive rational design experiments revealed that by subtle changes on the 

substrate-binding surface, the C1/C4-oxidative capacity or regioselectivity of LPMOs can be 

influenced. The ‘promiscuous’ C1/C4-oxidizing HjLPMO9A was shown to be the most valuable 

template, its variants displaying a wide range of C1/C4-oxidation ratios. The strict C1 or C4-

oxidizing LPMOs put up more resistance to regioselectivity changes and most variants did only 

display a decreased activity. However, mutating the structurally conserved tyrosine Y198 on the 

LC loop of PcLPMO9D, introduced subtle C4-oxidation to this native strict C1-oxidizer. 

The mutagenesis study described here, has revealed several determinants for oxidative 

regioselectivity, with N-glycans and aromatic residues at the substrate binding surface shown 

to be the most important. It was also demonstrated that the solvent-exposed axial position of 

the copper site is not a major determinant of PcLPMO9D regioselectivity. These results, 

together with the corroborating results obtained for LPMO10s by Forsberg et al. [153], contradict 

the relatively widespread hypothesis on the importance of this axial position in regioselectivity.  

In conclusion, although our findings demonstrate the effect of structural features on 

regioselectivity, it is also clear that we are far from fully understanding how LPMOs work. Our 

results for LPMO9s and the recently obtained results for LPMO10s [153] support the hypothesis 

that regioselectivity is a matter of fine-tuning the oxidative force to the C1 or C4 carbon, 

determined by a complex network of interactions on the substrate binding surface. 
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4  Materials and methods 

The experimental procedure for SDS-PAGE, Western Blot and HPAEC-PAD analysis is described 

in detail in chapter 2. Molecular modeling is described in chapter 3. 

4.1 Procedure for mutant strain creation 

All PCR reactions were performed using PfuUltra High-Fidelity DNA Polymerase (Agilent). 

Escherichia coli strain BL21 (DE3) was used for plasmid construction and was transformed by 

electroporation. After confirming the sequence (LGC Genomics or Macrogen), plasmid DNA was 

SwaI-linearized and transformed into freshly prepared electro-competent P. pastoris 

CBS7435_MutS cells [199] . For each mutant, 10 transformants were cultivated in 96-deep-well 

plates (Enzyscreen) for selection of the highest producing clone. The selected strain was 

cultivated in 250 mL shake flasks, harvested after 5 days of methanol induction with subsequent 

ultrafiltration of the culture supernatant prior to the actual activity tests.  

All details about these procedures and media can be found in the materials and methods section 

of chapter 2. 

4.2 Analysis of mutants 

4.2.1 Activity tests - regioselectivity 

Reaction mixtures of 500 µL contained 0.5 % PASC and 1 mM ascorbic acid in 10 mM sodium 

acetate (HjLPMO9A and NcLPMO9C) or 10 mM MES buffer (PcLPMO9D) at a final pH of 4.5 and 

6.1 respectively. For each (active) mutant, activity tests with 3 LPMO concentrations were 

performed at 40°C (NcLPMO9C) or 50°C (HjLPMO9A, PcLPMO9D), over a time span of 4 hours, 

while sampling every 30 minutes. The release rates of the A2 and K3 signals were determined (in 

the region of linear increase of products) and were plotted in the indicator diagram as ordinate 

and abscissa, respectively.  For each LPMO variant, the experimental data was fitted in a linear 

curve of which the slope and its standard error was estimated using the least squares principle. 
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4.2.2 Activity tests – estimation of general activity 

Using the experimental data obtained for the activity tests, calculations were performed to get an 

estimation of general activity. As all products were still shown to have linearly increasing peak 

areas after 2 hours (for all LPMO variants), peak areas of all oxidized sugar peaks (A1-4 and K1-

3, see Fig. 3.1) were determined at this timing and normalized to a fixed LPMO concentration of 

75 µg per reaction mixture.  

4.2.3 H2O2 assay 

Assays were performed in 96-well black polystyrene plates (Greiner) using a Fluostar Optima 

plate reader (BMG Labtech) using filters 550_10 and 600_10 for excitation and emission, 

respectively. A dilution series of H2O2 (0-200 µM) was included on each microtiter plate as a 

calibration standard. 

The assay solution contained 30 µM ascorbic acid, 50 µM Amplex red (10-acetyl-3,7-

dihydroxyphenoxazine, Cayman Chemicals) and 7.1 U/mL HRP in 100 mM potassium phosphate 

buffer (pH 6), and was preheated to 30°C  before use. Reactions were started by adding 180 µL 

of assay solution to 20 µL of sample or standard. 

4.3 Structural analysis and multiple sequence alignments 

Structural comparisons were performed using the program PyMol [231] and the deposited 

structures of the following enzymes: PcLPMO9D (recombinantly produced in P. pastoris, 

4B5Q.pdb [118]), NcLPMO9C (recombinantly produced in P. pastoris, 4D7U.pdb [126]), 

NcLPMO9D (from N. crassa secretome, 4EIR.pdb, [132]), Thermoascus aurantiacus LPMO9A 

(recombinantly produced in A. oryzae, 3ZUD.pdb [127]) and HjLPMO9A (obtained from H. 

jecorina secretome, 5O2W.pdb [155]). 

Multiple sequence alignments were extracted from the 3DM database (last update March 2015). 

The strategy for the L3 loop-swap asked for an alternative multiple sequence alignment method. 

The amino acid sequences of LPMOs with known regioselectivity were aligned using the web 
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form of the MUSCLE alignment tool [232]. ESPript (http://espript.ibcp.fr) was used for analysis of 

sequence similarities and secondary structures [233]. Before the hinge points were selected, the 

secondary structure assignment was checked using the DSSP algorithm [234,235].  

4.4 Molecular work 

4.4.1 Site-directed mutagenesis of HjLPMO9A, PcLPMO9D and NcLPMO9C 

Variants of fungal LPMOs were created in the pPpT4 vector construct, harboring the codon 

optimized gene sequence preceded by its native secretion signal and a C-terminal his6-tag. 

The Sanchis method was applied to create the single point mutations, using the primers listed 

in Table 4.3 and 4.4.  

Table 4.3:  Reverse primers used for site-directed mutations of fungal LPMOs 

primer primer sequence (5'  3’) 

rev1 ACCACCAGCAGGAGCAGAAG 

rev2 GAAGAGGAGTGGGAAATACC 

rev3 TTCATCTGCTGCGAGATAGG 

rev4 CGAATGCGAAGGTTAGTAGG 

rev5 GAAGAGGAGTGGGAAATACC 
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Table 4.4: Primers for site-directed mutations of fungal LPMOs. fwd : forward, rev : reverse. The codon 

subjected to mutagenesis is represented in bold. 

LPMO mutation fwd (mutagenic) primer sequence (5'  3') rev primer 

HjLPMO9A subset conservation (3DM) 

 G2Y GGTGTTGTGGGACACTACCACATTAACGACATC rev1 

 G2Y_I4F TGTGGGACACTACCACTTTAACGACATCGTTATC rev1 

 HYTF CTACTGGTGTTGTGGGACACTACACTTTTAACGACATCGTTATC rev1 

 W79A  GTGACACTATTTTGTTCCAGGCTGTTCCAGTTCCATGGCCACATCC rev1 

 W79D GTGACACTATTTTGTTCCAGGACGTTCCAGTTCCATGGCCACATCC rev1 

 N-glycosylation 

 N137A CCGACGTTTTGATCTCCAACGCTAACACTTGGGTTGTTAAGATC rev1 

 N137Q CCGACGTTTTGATCTCCAACCAAAACACTTGGGTTGTTAAGATC rev1 

 Aromatic residues 

 Y24A CAACTACTTTCCCAGCTGAATCCAACCCACCAATC rev1 

 Y24W CAACTACTTTCCCATGGGAATCCAACCCACCAATC rev1 

 Y24F CAACTACTTTCCCATTTGAATCCAACCCACCAATC rev1 

 F43A TTGGACAACGGAGCTGTTTCTCCAGACGCTTACC rev1 

 F43Y TTGGACAACGGATACGTTTCTCCAGACGCTTACC rev1 

 F43W TTGGACAACGGATGGGTTTCTCCAGACGCTTACC rev1 

 W84A TGGGTTCCAGTTCCAGCTCCACATCCAGGTCCTATC rev1 

 W84Y TGGGTTCCAGTTCCATACCCACATCCAGGTCCTATC rev1 

 W84F TGGGTTCCAGTTCCATTCCCACATCCAGGTCCTATC rev1 

 Y211A  GGTGTTTTGATCAACATCGCTACTTCCCCATTGAAC rev2 

 Y211W GGTGTTTTGATCAACATCTGGACTTCCCCATTGAAC rev2 

 Y211F GGTGTTTTGATCAACATCTTTACTTCCCCATTGAAC rev2 

PcLPMO9D Aromatic residues 

 
Y28A CTCAGAACCACGCTTCCAACGGTCCAGTTAC rev3 

 
Y28W CTCAGAACCACTGGTCCAACGGTCCAGTTAC rev3 

 
Y28F CTCAGAACCACTTCTCCAACGGTCCAGTTAC rev3 

 
Y75A GGCTAACTCTGCTATCGCTCACCCAGGTTACTTG rev3 

 
Y75W GGCTAACTCTGCTATCTGGCACCCAGGTTACTTG rev3 

 
Y75F GGCTAACTCTGCTATCTTCCACCCAGGTTACTTG rev3 

 
Y198A TCTTGATCAACATCGCTAACTTGCCAAAG rev4 

 
Y198W TCTTGATCAACATCTGGAACTTGCCAAAG rev4 

 
Y198F TCTTGATCAACATCTTCAACTTGCCAAAG rev4 

NcLPMO9C Aromatic residues 

 Y204A GATCAACATCGCTGGTGGTTCCGGTAAGACTG rev5 

 Y204W GATCAACATCTGGGGTGGTTCCGGTAAGACTG rev5 
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  Y204F GATCAACATCTTCGGTGGTTCCGGTAAGACTG rev5 

4.4.2 Molecular cloning for loop deletion mutant 

The CLIVA method [198] was used to remove the 11 codons coding for the helix typical for C1/C4-

oxidizing LPMO9s from the HjLPMO9A gene sequence. The primer sequences are listed in Table 

4.5. The pPpT4 expression vector of the HjLPMO9A was used as template. 

Table 4.5: Primers used for the CLIVA assembly of the helix truncation mutant (section 2.2.1) the sequence 

downstream of the deleted helix is represented in bold. fwd = forward primer, rev = reverse primer, * = 

phosphorothioate modification. 

primer sequence (5’  3’) 

fwd GTTGGT*TGGACT*GCTGCTGATTTGG 

rev AGTCCA*ACCAAC*AGTTGGGTCGTAAGCCTGATACCAAACAC 
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Supplementary data 

Estimation of production yield of mutants 

colony Area rel. % 

1 2530.20 10.3% 

2 3079.44 12.6% 

3 5170.09 21.1% 

4 4483.41 18.3% 

5 4286.36 17.5% 

6 3410.34 13.9% 

7 4219.27 17.2% 

8 3506.58 14.3% 

9 4879.55 19.9% 

10 4765.79 19.4% 

11 4196.51 17.1% 

average  16.5% 

WT 24505.98 100.0% 

Figure S4.1: Example of an SDS-PAGE gel (obtained after 96-well deep-well plate screening) used for 

estimation of the production yield of the HjLPMO9A_N137A  variant. 

The yield of all LPMO9 variants was estimated by comparing the intensity of their bands on 

Coomassie-stained gels with that of their wildtype. An example of these calculations is given for 

the N137A mutant of HjLPMO9A in Fig. S4.1. These calculations were done for all variants, the 

results are given in Fig. S4.2 A-G. 
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Figure S4.2A: Production levels of section 2.1 site-directed variants of HjLPMO9A based on analysis of 

correlated and conserved positions in LPMO regioselectivity subsets. (error = standard deviation, n= 10) 

 

Figure S4.2B: Production levels of section 2.2.1 and section 2.2.2 - HjLPMO9A LPMO variants with deleted 

helix on the L2 loop (d21-31) and removed N-glycans on the substrate binding surface (N137A/Q). (error = 

standard deviation, n= 10, except for the N137Q variant of which only clone was obtained after 

transformation) 
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Figure S4.2C: Production levels of section 2.2.3 - HjLPMO9A variants with aromatic surface residue 

substitutions. (error = standard deviation, n= 10) 

 

Figure S4.2D: Production levels of section 2.2.3 - PcLPMO9D variants with aromatic surface residue 

substitutions. As PcLPMO9D displays much lower yields compared to the other LPMO9 WTs, it was not 

possible to accurately determine the intensity of these bands by ImageJ analysis of the 96-deep-well plate 

culture supernatants. Therefore, these results are based on the samples obtained after shake flask 

experiments. 
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Figure S4.2E: Production levels of section 2.2.3. - NcLPMO9C variants with aromatic surface residue 

substitutions. (error = standard deviation, n= 10) 

 

Figure S4.2F: Production levels of variants of section 2.2.5 - HjLPMO9A carbohydrate binding module 

(CBM) truncantion variants. (error = standard deviation, n= 10) 
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Figure S4.2G: Production levels of variants of section 2.3 comprising (1) the HjLPMO9A variants with 2 

removed aromatic surface residues, (2) HjLPMO9A variants with combined removal of aromatic surface 

residue and surface N-glycan and (3) HjLPMO9A and NcLPMO9C variants with engineered surface 

aromatic residues.  
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Figure S4.3A: General activity of HjLPMO9A and all its active mutants. Signals A1-4 and K1-3 are indicated in Fig. 3.1. The values are means of 

three replicates, error bars correspond to a cumulated total standard deviation. (error bar = ± total Stdev, with total Stdev =√( StdevA1² + StdevA2
2 + 

StdevA3
2 + StdevA4

2 + StdevK1
2 + StdevK2

2 + StdevK3
2) 
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Figure S4.3B: General activity of PcLPMO9D and all its mutants. Signals A1-4 and K1-3 are indicated in Fig. 3.1. The values are means of three 

replicates, error bars correspond to a cumulated total standard deviation (error bar = ± total Stdev, with total Stdev =√( StdevA1² + StdevA2
2 + StdevA3

2 

+ StdevA4
2 + StdevK1

2 + StdevK2
2 + StdevK3

2). 



    

  

 

 

 

Figure S4.3C: General activity of NcLPMO9C and all its mutants. Signals A1-4 and K1-3 are indicated in 

Fig. 3.1. The values are means of three replicates, error bars correspond to a cumulated total standard 

deviation (error bar = ± total Stdev, with total Stdev =√( StdevA1² + StdevA2
2 + StdevA3

2 + StdevA4
2 + StdevK1

2 

+ StdevK2
2 + StdevK3

2). 
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Abstract 

Where the previous chapters focused mainly on regioselectivity, this chapter will be exploring 

some other aspects of LPMOs, accentuating on binding affinity, substrate specificity and synergy.  

When tackling binding affinity, a whole range of experimental approaches can be found in 

literature. Here, the widely applied A280 method was found to confirm the results obtained by an 

LPMO-specific continuous H2O2 assay, the latter taking only a fraction of the time needed for the 

first. The binding studies showed that losing aromatic surface residues decreases the affinity of 

LPMOs for their cellulosic substrate.    

Just like for regioselectivity, there is only little experimental data addressing substrate specificity. 

In this chapter, the L3 loop typical for broad-specificity LPMOs, was inserted into HjLPMO9A. 

Although no increase in substrate range was observed, this mutant is expected to be very valuable 

in future mutational experiments. 

In the last section of this chapter, the aromatic amino acid (AAA) mutants were evaluated for 

their synergetic interaction with Accellerase, a commercial cellulase mixture. A high synergetic 

effect was observed for the double mutant Y24A_Y211A. The balance between oxidative and 

binding capacity is suggested to play an important role in this context.  

This chapter places this works main topic, regioselectivity, in a wider context and aims at giving 

more insight into how LPMOs work. 

 

 

 

 

Keywords: fermentation, synergy, binding assay, substrate promiscuity 
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1 Introduction 

In the previous chapters, the recombinant production and regioselectivity of three fungal LPMOs 

(HjLPMO9A, PcLPMO9D and NcLPMO9C) was evaluated and engineered. Mutational changes 

to the aromatic residues and N-glucans on the substrate binding surface were shown to result in 

altered C1/C4-oxidation balances, albeit to very variable extends. Based on these findings, 

regioselectivity is assumed to be determined by a complex network of interactions on the 

substrate binding surface. The low sequence-regioselectivity correlation indicates that 

regioselectivity is not a strong functional constraint. On the contrary, substrate specificity seems 

to show a better sequence-function relationship, but experimental data is lacking. Intrigued by this 

information, this chapter will focus on HjLPMO9A’s substrate specificity and the possibility to 

broaden its range by creating loop-swap mutants. 

For a long time, cellulose degradation was described by the classical endo-exo synergy model: 

endoglucanases attack the bulk cellulose, creating new chain ends that can be further processed 

by exoglucanases. On their turn, exoglucanases disrupt the crystalline regions and/or expose 

amorphous regions, thus creating more substrate susceptible to endoglucanases. The discovery 

of LPMOs brought a completely new, although already long anticipated, understanding in this 

matter. Their flat surface harboring a catalytic copper, enables them to interact with and aim their 

oxidative force towards cellulose, causing oxidative chain cleavage and disruption of the ordered 

cellulose structures. This disruption is believed to make the substrate better accessible for 

hydrolytic enzymes and results in a higher efficiency of biomass conversion as demonstrated by 

several LPMO-cellulose synergy studies [95,103,110,236–238]. 

Except for one [95], these synergy studies are all based on wildtype LPMOs. Focusing a study 

on LPMO variants with known effect on regioselectivity, can provide new insight in this complex 

process that is still not completely understood. As binding properties of LPMOs are believed to 

play a major role in LPMO activity (e.g. oxidative self-inactivation, substrate specificity and 

regioselectivity), the cellulose binding affinity was first evaluated for a small selection of the 

mutants created and described in chapter 4.  
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2 Results and discussions 

2.1 Fermentation of HjLPMO9A 

In order to obtain a larger enzyme stock, production of wildtype HjLPMO9A was scaled-up from 

the 50 mL shake flask cultivations to 2.5 L fed-batch fermentation in a 5L bioreactor.  

 

Figure 5.1: Fed-batch cultivation of wildtype HjLPMO9A in a 2.5 L high-cell-density P. pastoris 

fermentation. The cell wet weight (●), dissolved oxygen (○) and protein concentration (Δ) were monitored 

during 4 days. The glycerol feed was started after 19 hours (first vertical line), the methanol induction was 

initiated after 26 hours (second vertical line).  

The cultivation was monitored for wet biomass, OD600 and extracellular protein concentration 

by quantitative SDS-PAGE (Fig 5.1, see Fig. S5.1 for SDS-PAGE results of fermentation samples). 

After 19 hours of glycerol batch cultivation, a glycerol feed was started at 9 g/L/h and gradually 

increased to 14 g/L/h to maintain exponential growth. After 26 hours, the glycerol feed was 

stopped and induction with methanol was started. This was done slowly, as too high 
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concentrations of methanol will kill the cells. The methanol feed was gradually increased from 1 

to 9 mL/L/h, while keeping the dissolved oxygen level to about 40 %.  

After an induction phase of 68 hours, a protein concentration was obtained of 297 mg/L, a very 

reasonable yield when comparing to published fermentation results, generally reaching 150-500 

mg/L after 96 hours of induction. 

2.2 Effect of losing aromatic surface residues on binding capacity of 

HjLPMO9A 

How well does HjLPMO9A bind to cellulose and does losing aromatic surface residues influence 

its binding capacity? Although these seem simple scientific questions, great variation in 

experimental approaches is found in literature. Here, 3 strategies for LPMO detection were 

evaluated for their applicability in binding assays: (1) SDS-PAGE, (2) H2O2 assay and (3) A280 

method. To avoid interference of the endoglucanase background in P. pastoris, all preparatory 

experiments were performed with copper saturated his6-tag purified HjLPMO9A obtained from the 

bio-reactor fed-batch cultivation. The final binding assays were performed with pure Cu-saturated 

LPMOs obtained from 50 mL shake flask cultivations. 

2.2.1 SDS-PAGE for LPMO detection  

Coomassie-stained SDS-PAGE is a widely used technique in binding assays. This method 

enables to actually visualize the bound protein, whereas all other methods rely on measuring the 

unbound protein.   

The principle for the binding assay is simple: after mixing 80 µg of HjLPMO9A and its variants 

with 5 % (w/v) Avicel in 100 mM sodium acetate buffer (pH 5) with addition of 10 mM EDTA to 

avoid any catalytic activity, the mixture was incubated for 1 hour. As a control, the same amount 

of LPMO was used in a second binding test, this time without adding the polysaccharide. Hereafter, 

the suspension was centrifuged (13.000 rpm for 2 minutes) to separate the unbound from the 

bound fraction. The pellet was washed twice with buffer in order to remove all unbound protein 

before analyzing all fractions on Coomassie-stained SDS-PAGE (Fig. 5.2). 
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Figure 5.2: Binding of HjLPMO9A and its AAA mutants to 5% Avicel measured by Coomassie-stained 

SDS-PAGE. The same amount of LPMO used in the binding assay, but without Avicel was included as 

control. After centrifugation, unbound LPMO in the supernatant, the second wash fraction of the pellet and 

the pellet itself (= bound fraction) were analyzed with SDS-PAGE. 

The SDS-PAGE results show that HjLPMO9A and all aromatic amino acid mutants bind well to 

Avicel and that after only 1 hour of incubation most of the protein is bound to the substrate. 

Although there does seem to be a slightly higher amount of unbound protein for the AAA variants, 

the difference is not enough to base conclusions on. SDS-PAGE is shown here to demonstrate 

binding very well, it is however not considered to be a practical method for comparative studies, 

due to the many pipetting steps, the high work load involving polyacrylamide gel and sample 

preparation and the time-consuming staining/destaining procedure. 
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2.2.2 H2O2 assay for LPMO detection  

Most published binding assays are based on measuring the reduction of unbound protein in 

function of time or substrate concentration, therefore, a microplate based assay would be of great 

use. As fluorimetric are in general more sensitive than colorimetric assays, and a fluorimetric 

assay has already been described for LPMOs, the applicability of this assay in binding tests was 

the next logical step.  

Indeed, already in 2012, Kittl et al. described an easy-to-use enzyme assay based on measuring 

H2O2 production as a side reaction of LPMOs in the absence of substrate. In this assay, Amplex 

red is used as substrate for the fluorimetric detection of hydrogen peroxide in a LPMO/horse 

radish peroxidase coupled reaction (Fig. 5.3) [134]. 

 

Figure 5.3: Schematic representation of the fluorimetric assay as developed by Kittl et al: after initial 

reduction of the LPMO by an electron donor (generally ascorbic aid or CDH), molecular oxygen is reduced 

to H2O2, which is then detected by the horse radish peroxidase (HRP) conversion of Amplex red to resorufin 

(Figure adapted from [134]). 

A standard curve created for a dilution series of HjLPMO9A WT, demonstrates the linear 

correlation between the LPMO load and the H2O2 production speed (Fig. 5.4), and this for a 

relatively wide range of LPMO loads. Next, the actual binding tests were performed in (a) 

continuous and (b) discontinuous mode. 
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Figure 5.4: H2O2 assay linearity with time of reaction and LPMO load. Panel A shows fluorescence intensity 

versus reaction time for the dilution series of HjLPMO9A (µg/well). Panel B shows the H2O2 production 

speed (calculated with a H2O2 standard curve) versus the LPMO load (µg/well) (error =  standard deviation, 

n = 2). 

Continuous mode 

Continuous assays are very convenient as they do not necessitate sampling during the time-

course monitoring of the reaction. The main idea is to measure H2O2 production in presence and 

absence of cellulose (Avicel) and compare the reaction rates. A diminished H2O2 production is 

indicative of productive binding to the substrate. This method was applied earlier by Isaksen et al. 

for the study of NcLPMO9C using soluble cello-oligosaccharides [189]. Whether or not the 

procedure can also be used for the insoluble substrate cellulose, will be evaluated here.   

As cellulose was found to greatly interfere with the detection at higher concentrations, the Avicel 

concentration was kept at 1 % (w/v) in the microplate wells. The fluorescence curves show a 

diminished H2O2 productivity in the presence of substrate, with the wildtype, single mutants and 

double mutants displaying, respectively, lowest, intermediate and highest retained H2O2 

productivity (Fig. 5.5A-E). These findings suggest a promising application of the continuous H2O2 

assay for binding tests of LPMOs on insoluble substrates.  
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Figure 5.5: Results for the continuous H2O2 assay for HjLPMO9A (panel A), variant Y24A (panel B), Y211A 

(panel C) and Y24A-Y211A (panel D). Results in the absence (○) and presence (●) of Avicel are shown. 

Panel E shows the diminished H2O2 production speed in the presence of Avicel (error = standard deviation, 

n = 2). 

It is also worth mentioning that the single AAA mutations do not influence the catalytic capacity, 

as is shown by the comparable fluorescence curves obtained for the samples without substrate. 

A slightly lower H2O2 productivity was demonstrated for the double mutant (Y24A_Y211A). 

Discontinuous mode 

Discontinuous binding tests were basically performed in three steps: (1) 1h incubation of the 

LPMO with Avicel (using a rotator at 4°C), (2) centrifugation to separate the bound from the 

unbound fraction and (3) measuring the activity of the remaining unbound LPMO fraction using 

the H2O2 assay.   The composition of the actual binding mixtures (of step 1) was similar to those 

in section 2.2.1, only without adding the EDTA, as this was shown to prevent LPMO activity in the 

3rd enzymatic step. However, as no ascorbic acid was added to the binding mixtures, LPMO 

activity is prevented anyhow. 
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Although considerable effort was put in these tests, the obtained results were ambiguous, due 

to several technical issues. It became clear that when analyzing binding affinity, it is of utmost 

importance that the conditions are kept identical in order to obtain reliable results. For example, 

using another rotator (when the standard rotator was in for repair), resulted in completely different 

binding properties, necessitating to repeat all previous tests and re-optimize the conditions. 

Second, as binding is a kinetic process, taking regular samples is inevitable. In this context, the 

discontinuous H2O2 assay is also less attractive than for example the much more straightforward 

A280 method described in the next section. For all above reasons, the use of a discontinuous 

H2O2 assay for binding was not further pursued.  

2.2.3 A280 method for LPMO detection 

The A280 method is most widely used in binding studies and was therefore also evaluated in the 

context of HjLPMO9A and its mutants. This method is fast and convenient and does not consume 

the protein. It is based on UV absorption by predominantly the aromatic amino acids tyrosine and 

tryptophan in the protein’s sequence [239].  

To test the method, the linearity of the absorbance at 280 nm with the concentration of 

HjLPMO9A was first confirmed (Fig. S5.2). Binding assays were performed with 1 % (w/v) Avicel 

and followed up until reaching equilibrium (after 12 hours). The results shown in Fig. 5.6 clearly 

demonstrate a decreased binding affinity for the alanine mutants when compared to the WT. The 

results are most outspoken for the Y24A-Y211A double mutant.  

The results obtained here confirm those obtained by using the continuous H2O2 assay adapted 

to insoluble substrates (see Fig. 5.5). Although the A280 method gives more information about 

the binding kinetics, the H2O2 method is believed to be a handy tool to gain quick insight into the 

binding properties of an LPMO.     
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Figure 5.6: Adsorption curves to cellulose (Avicel) of HjLPMO9A wildtype (●) and variants Y24A (○), Y211A 

(�), Y24A-Y211A (Δ) and the ΔCBM variant (). 

2.3 Effect of losing the CBM on binding capacity of HjLPMO9A 

Seen that deleting the CBM is known to reduce the binding affinity for cellulases [68,240] and 

LPMOs [123,155], the binding capacity was evaluated for our HjLPMO9A_ΔCBM truncation 

variant as well (Fig. 5.6). When comparing to the surface AAA mutants, the binding curve of the 

ΔCBM variant shows a more explicit decrease in binding affinity. This was to be expected, as 

CBM1 modules, typically present in LPMO9s, are known to have 2-3 aromatic residues binding 

tightly to the crystalline cellulose.  

In section 2.2.2 it was demonstrated that losing one or more aromatic residues on the binding 

surface does not influence the catalytic competence of HjLPMO9A. For the sake of completeness, 

the same test was performed for the ΔCBM truncation mutant, arriving at the same conclusion 

(Fig. S5.3). This is in accordance with earlier published findings [123]. 
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2.4 Substrate specificity of HjLPMO9A 

Since they were first discovered to be active on chitin [93], LPMOs have been demonstrated to 

hold oxidative activity towards various plant polysaccharides like cellulose [95], soluble oligo-

saccharides [126,149,159], starch [241], xylan [150,242], xyloglucan and alternative β-glucans 

[149,243–246]. With the deposition of crystal structures of LPMO9s in complex with cello-

oligosaccharides, new light was shed on the interactions on the substrate binding surface 

[130,159], but despite that, scientists still are in the dark when it concerns the determinants of 

substrate specificity.   

After a first evaluation of the substrate specificity of HjLPMO9A, this section describes a 

structural analysis of two broad-specificity LPMO9s and a mutagenesis approach aiming at 

expanding the substrate range of HjLPMO9A.   

2.4.1 Substrate specificity of HjLPMO9A 

The C1 and C4 oxidative activity on phosphoric acid swollen cellulose of HjLPMO9A was 

demonstrated in chapter 2. The substrate range of HjLPMO9A was further assayed towards a 

wider range of plant polysaccharides and chitin (Table 5.1). The activity was determined by 

HPAEC-PAD (plant polysaccharides) and UPLC (chitins) analysis of the reaction products 

released after 16 hours of incubation at 50°C. For all substrates a blank was included in which 

the LPMO was replaced by buffer.  

HPAEC-PAD analysis demonstrated that HjLPMO9A displays good activity on the cellulosic 

substrates PASC and Avicel, with formation of C1 and C4-oxidized sugars. No oxidative activity 

on carboxymethyl cellulose (CMC) and oligosaccharides was detected. The results were also 

negative for chitin, which was to be expected, since no chitin-activity has ever been demonstrated 

in family AA9  LPMOs. And although activity on alternative plant polysaccharides (like β-glucans, 

starch, xylans and mannans) has been shown for certain LPMO9s, this was shown not to be the 

case for HjLPMO9A, making  it an interesting template for engineering substrate specificity. 
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Table 5.1:  Substrate specificity of HjLPMO9A and the loop-swap mutant HjLPMO9A_WG_L3. (- = no 

activity observed; + = weak activty; ++ =  low activity; +++ = moderate activity, ++++ = strong activity) 

Substrate HjLPMO9A HjLPMO9A_WG_L3 

Cellulose  

 PASC ++++ + 

 Avicel +++ + 

 CMC - - 

 cellotriose - - 

 cellotetraose - - 

 cellopentaose - - 

 cellohexaose - - 

 celloheptaose - - 

β-glucans  

 lichenan - - 

 tamarind xyloglucan - - 

Starch -   

Mannan  

 bakers yeast mannan - - 

 ivory nut mannan - - 

 glucomannan (Konjak) - - 

 galactomannan - - 

Xylan  

 xylan from birchwood - - 

 xylan from larchwood - - 

 arabinoxylan (high viscosity) - - 

 arabinoxylan (insoluble) - - 

 xylotriose - - 

 xylotetraose - - 

Chitin  

 α-chitin - - 

 β-chitin - - 

  chitosan - - 
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2.4.2 Sequence analysis of two LPMO9s with broad substrate range 

With Neurospora crassa LPMO9C and Podospora anserina LPMO9H active on cellulose, soluble 

oligosaccharides, xyloglucan, lichenan and glucomannan, these LPMOs are the most 

promiscuous LPMOs that have been discovered up to now. The major prerequisite to substrates 

is having some degree of β-(1,4) bound glucose units in the polysaccharide backbone. 

Interestingly, together with their broad substrate range, these LPMOs share a very similar 

extended L3 loop on their substrate binding surface (Fig. 5.7). Courtade et al. could demonstrate 

that this loop is involved in binding xyloglucan in NcLPMO9C [130]. Seen the sequences of the 

L3 loops of NcLPM9C and PaLPMO9H are almost identical, the effect of inserting this loop into 

an LPMO with a more narrow substrate range, like HjLPMO9A, will be evaluated.   

 

Figure 5.7: Structural comparison of NcLPMO9C (panel A) and HjLPMO9A (panel B) with the L3 loop in 

orange cartoon. Panel C shows the 3DM alignment of characterized LPMOs. Residues in the 3DM core 

alignment are represented by capitals, the alignment of structurally variable regions are in lower case. The 

extended L3 loop is highlighted in magenta. 
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2.4.3 Creation of L3 loop swap mutants and its effect on substrate specificity 

A structure-based multiple sequence alignment of LPMOs with known regioselectivity (Fig. 5.8) 

was used to determine how the L3 loop of HjLPMO9A can be exchanged with that of the 

promiscuous NcLPMO9C. Structurally conserved residues flanking the loops are considered to 

be the best option for fitting in an alternative loop.  Two constructs were prepared: one construct 

exchanged the loop between two well aligned, highly conserved glycine residues (G72-G88), in 

the other construct the loop exchange started a bit further at a tryptophan (W79-G88) (Fig. 5.8). 

Only variant HjLPMO9A_WG was successfully produced in P. pastoris. Production levels were 

comparable to wildtype HjLPMO9A, but HPAEC-PAD analysis displayed only minor activity on 

PASC, very close to detection limits. For the HjLPMO9A_GG variant, no bands were observed 

on Coomassie-stained SDS-PAGE, most probably caused by improper folding (but this was not 

experimentally validated). 

Before proceeding to the activity tests on alternative substrates, the catalytic competence of the 

loop swap mutant was evaluated using the H2O2 assay. This showed that although variant 

HjLPMO9A_WG has very low oxidative activity on PASC, it is still capable of activating oxygen 

and producing H2O2 at levels comparable to the wildtype. This indicates that, despite mutating its 

actual Cu-active site, this LPMO has retained its oxidative capacities, which is on its own already 

a promising observation. However, the introduced loop is believed to seriously alter the substrate 

interactions on the LPMO’s surface, leading to unproductive binding and lower activity on PASC 

and Avicel.  

As the L3 loop of NcLPMO9C is considered to be responsible for its high promiscuity, it was 

evaluated whether the L3 loop mutant of HjLPMO9A displays an increased substrate range. The 

activity of the HjLPMO9A_WG variant was assayed towards alternative plant polysaccharides 

and chitin (Table 5.1), but unfortunately, as no extra activity could be detected, the results were 

disappointing. As NcLPMO9C does only have one aromatic residue and no N-glycans on its 

surface, these HjLPMO9A traits probably prevent adequate substrate binding. This suggests that 

substrate specificity is, just like regioselectivity, determined by a complex pattern of residue 
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Figure 5.8: Structure based sequence alignment of LPMOs with known structure and regioselectivity. The 

secondary structures are indicated on top. The residues involved in the histidine brace are pointed out by 

a blue ‘Cu’. Fully conserved residues are shown in white on a red backgroud. Blue frames indicate that 

more than 70% of the residues in the corresponding columns exhibit similar physico-chemical properties 

(indicated as red residues on a white background). The loop regions that are believed to deliver the 

structural diversity of the substrate binding surface are marked by horizontal lines below the sequence, 

using the coloring sheme applied througout this work. The selected hinge points for the L3 loop-swap 

mutants are indicated by pink asterisks.  
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interactions on the LPMO’s surface. However, the retained oxidative capacity is on itself already 

quite an achievement as it involved the conserved 2nd histidine residue of the histidine brace. For 

that reason, this mutant is believed to be a very worthy starting point for future rounds of 

mutagenesis aiming at other structural determinants of substrate specificity (e.g. aromatic surface 

residues, N-glycans, CBM).  

2.5 Synergy of HjLPMO9A and its mutants with cellulases 

Even before their oxidative activity was first reported in 2010 [93], LPMOs had already been 

demonstrated to have a synergistic effect with classical chitinase and cellulase cocktails [95,101]. 

Nowadays, these oxidative enzymes are added to the commercial cellulase cocktails for 

lignocellulosic saccharification, like Cellic CTec2, CTec3 and HTec3 of Novozymes [247] and the 

commercial production of lignocellulosic bio-ethanol made with LPMO-including enzyme cocktails 

has found its way to the market [98]. 

Drawn by their industrial importance, several studies on LPMO-cellulase synergy have been 

published [79,108–110,113,248–251]. Worth to note that in such a study, HjLPMO9A was found 

to increase the glucose release from soybean polysaccharides with more than 75 %, the best 

result out of 24 fungal LPMOs [113]. However, except for the study published by Harris et al. [95], 

all other synergy studies involve wildtype LPMOs. Here, the synergetic effect of HjLPMO9A and 

its aromatic surface residue mutants will be evaluated, using the commercial cellulase cocktail 

Accellerase (Genencor, DuPont). Accellerase is, just like Novozymes’ Celluclast, a cellulase 

cocktail produced by a genetically modified strain of Trichoderma reesei (Hypocrea jecorina) and 

is considered to be LPMO-free.  

To assess the possible synergetic interaction of HjLPMO9A and its AAA mutants, 10 % of the 

protein present in the cellulase reaction mixture was replaced by an equivalent amount of LPMO. 

The hydrolytic yield was evaluated based on the amount of glucose released from Avicel, 

measured using the GOD-POD assay.  

Figure 5.9 shows the glucose release from Avicel by Accellerase alone or in combination with 

HjLPMO9A or one of its 3 aromatic amino acid variants. After 100 hours of incubation, the 
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HjLPMO9A wildtype shows a boosting effect on cellulose hydrolysis. This boosting capacity is 

retained by the Y211A mutant, but seems to be lost after the Y24A mutation. Interestingly, already 

from early on in the reaction, the combination with the double mutant Y24A_Y211A releases much 

higher amounts of glucose. Indeed, its addition resulted in an increased hydrolytic yield of 22 % 

and 16.5 %, when compared to the enzymatic treatment with Accellerase alone or in combination 

with HjLPMO9A WT, respectively. 

Although it is difficult to grasp all underlying mechanisms, the synergetic interplay is most likely 

influenced both by the LPMO as by the cellulase itself. As T. reesei CBHI acts mainly on crystalline 

regions of cellulose, this cellulase was shown to benefit most from LPMO treatment [110], but 

whether the oxidative regioselectivity of the LPMO plays a role as well, is still unclear. On the 

other hand, it was recently shown by Eibinger et al. that LPMOs stay adsorbed to the substrate 

much longer than the processively active CBHI (minutes to seconds range, respectively) allowing 

up to 6 catalytic events per retention time [248]. As these two enzymes are suggested to have 

overlapping specificity for crystalline regions, it seems likely that the boosting effect of LPMOs 

could be further enhanced by optimizing the frequency of adsorption and desorption by carefully 

balancing out the oxidative and binding capacity. 

When considering mutant Y24A and Y211A, the decreased binding capacity does most likely 

result in higher frequencies of adsorption-desorption and oxidative activities. As oxidized sugars 

are not detected by the GOD-POD assay, this might explain why the Y211A mutant demonstrates 

a synergetic effect similar to the wildtype, while mutant Y24A, showing higher oxidative activity 

on PASC (Table 4.1), demonstrates no synergetic effect.  

On the other hand, the balance between binding affinity and oxidative capacity seems to be 

optimal for the double mutant Y24A_Y211A displaying a significant boosting effect on hydrolytic 

efficiency (p = 0.046, Student’s t-test). The relatively high proportion of unbound LPMO may even 

help to increase the activity of the bound fraction by supplying H2O2. The lowered oxidative 

capacity of this mutant probably prevents oxidative inactivation. 
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Figure 5.9: Glucose release from Avicel after incubation with Accellerase® and HjLPMO9A or its aromatic 

surface residue alanine mutants determined with the GOD-POD assay. (error bar =  standard deviation, n 

= 2). 
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3 Conclusion 

Here we showed that a continuous H2O2 assay, based on measuring the difference in H2O2 

productivity in the presence and absence of the insoluble substrate cellulose, can be used to get 

a quick estimation of binding capacity of LPMOs.  We were able to demonstrate that AAA removal 

and CBM-truncation, causes a significant decrease in binding affinity. 

As it is such a complex process, it is not easy to gain insight into the effect of changes to the 

C1/C4 oxidative capacity of LPMOs on the synergetic interactions with hydrolytic enzymes. To 

the best of our knowledge, no study has ever addressed the differentiating synergetic effect 

between strict C1 or C4-oxidizers and mixed C1/C4-oxidizers. By removing aromatic surface 

residues, we were able to create LPMO variants with a significantly altered C1/C4-oxidation ratio. 

However, as the regioselectivity determining properties were shown to be interconnected with 

several other LPMO properties like substrate binding and stability, is seems impossible to 

determine the separate effect of regioselectivity on synergy. Nevertheless, a significant boosting 

effect on cellulose hydrolysis could be demonstrated for the Y24A_Y211A double mutant, which 

could be caused by an improved balance between binding and oxidative capacity. 

As the catalytic competence, i.e. the ability to oxidize oxygen to hydrogen peroxide, was shown 

not to suffer from aromatic amino acid removal, the boosting effect of LPMOs was suggested to 

be determined by the balance between catalytic and binding capacity.  
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4 Materials and methods 

The experimental procedures for SDS-PAGE, Western blot and HPAEC-PAD analysis can be 

found in chapter 2. The procedure for his6-tag purification, copper saturation of fungal LPMOs, 

mutant strain creation (e.g. transformation) and the H2O2 assay is described in chapter 4.  

4.1 Fed-batch fermentation and purification 

A bioreactor cultivation of wildtype HjLPMO9A was performed in a 5L fermenter vessel (B. Braun 

Biotech Biostat B) following the Pichia fermentation guidelines (Invitrogen). In short, 2.5 L DSM 

medium with 4% glycerol was inoculated with 125 mL of an overnight preculture (OD600 = 4.6). 

Methanol induction was started after 26 hours of glycerol batch phase at a cell wet weight of 170 

g/L and gradually increased to 3 mL/h per liter of fermentation volume. The cultivation temperature 

was kept at 30°C, stirrer speed at 1800 rpm and airflow at 3L/min. Throughout the methanol 

induction phase, the dissolved oxygen percentage was kept around 30-45%. Samples were taken 

regularly and checked for pH, OD600 and cell wet weight. 

After 69 hours of induction, the protein was harvested by centrifugation of the fermentation broth 

for 10 minutes at 10.000 rpm using a Sorvall centrifuge (Thermo Scientific). The supernatant was 

filtered using depth filtration to remove all cell debris, followed by cross-flow filtration and buffer 

exchange for 10 mM sodium acetate buffer (pH 5).   

4.2 Preparation of nano-whiskers of β-chitin 

Nano-whiskers of β-chitin (Seikagaku Biobusiness) were prepared according to the protocol 

described by Fan et al. [252] by sonicating 15 mL of a 3 mg/mL beta-chitin suspension (in 0.2 M 

acetic acid) using a Branson sonifier for 3 times 2 minutes at 200 W and 20 kHz (duty cycle 100%). 

Afterwards, the buffer was changed to 10 mM sodium acetate pH 5 by dialysis. 
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4.3 Binding assays 

A 10% (w/v) stock suspension of crystalline cellulose (Avicel PH-101 – 50 µm, Sigma Aldrich) 

was prepared in 100 mM sodium acetate buffer (pH 5) and thoroughly stirred before every 

pipetting step in order to obtain consistent amounts. This suspension was freshly prepared before 

each test and kept on ice. 

The reaction mixtures (750 µL) contained 1% (A280/H2O2 detection) or 5% (SDS-PAGE 

detection) Avicel and 100 µg/mL his6-tag purified and copper saturated LPMOs in 100 mM sodium 

acetate buffer (pH 5). In early tests, 10mM EDTA was added to prevent enzymatic background 

activity, but this was found to be unnecessary as the pure enzymes lack oxidative activity in 

absence of ascorbic acid.  

The reaction mixtures were rotated vertically (laboratory rotator 34528, Led Techno) at room 

temperature.   

4.4 A280 method 

After spinning down the substrate using a table top centrifuge (Eppendorf) at 13.000 rpm for  3 

minutes, the absorbance at 280 nm was measured using a V630 bio spectrophotometer (Jasco). 

The absorbance of a sample in which the LPMO was replaced by buffer, was used as blank. All 

measurements were performed at least in triplicate. 

4.5 Molecular cloning for L3 loop swap mutants 

The CLIVA method [198] was used to swap the L3 loop region in HjLPMO9A for that of 

NcLPMO9C. All primers are summarized in Table 5.2. The pPpT4 expression vector of the 

HjLPMO9A was used as template. 
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Table 5.2: Primers used for the CLIVA assembly of the L3 loop swap mutants. The NcLPMO9C sequence 

is shown in bold. fwd = forward primer, rev = reverse primer, * = phosphorothioate modification 

construct primer sequence (5’  3’) 

HjLPMO9A_L3 (G-G) fwd GTGCTG*CTGGTC*CAAACGATGCTGATAATCCAATTGCTGCTTCCCACAAGGGTCCTAT

CGTTGATTACTTGGCTAACTG 

  rev GACCAG*CAGCAC*CACCAATTTCGTGACCCCAAAAATGACCAACCTTAGCACCAGCCTT

AACAGAAGCGTGACCCTTAGC 

HjLPMO9A_L3 (W-G) fwd GTGCTG*CTGGTC*CAAACGATGCTGATAATCCAATTGCTGCTTCCCACAAGGGTCCTAT

CGTTGATTACTTGGCTAACTG 

  rev GACCAG*CAGCAC*CACCAATTTCGTGACCCCACTGGAACAAAATAGTGTCACCAGCCTT

AAC 

4.6 Synergy tests 

The protein content of Accellerase (Genencor, DuPont) was determined using the Pierce BCA 

Protein Assay kit (Thermo Scientific).  Synergy tests were performed in 100 mL shakeflasks with 

a working volume of 10 mL.  Reaction mixtures contained 5 % (w/v) Avicel, 1 mM ascorbic acid 

and 0.02% (w/v) sodium azide in 100 mM sodium acetate buffer (pH 5). In the control reaction 

without LPMOs, Accellerase was dosed at a protein content of 5 mg per gram cellulose. The 

LPMOs were added following the replacement strategy: 10% of the cellulase content was 

replaced by an equal amount of LPMO in order to maintain the total protein load at the same level. 

Hydrolysis experiments were carried out for 100 hours at 50°C, while shaken in a rotary shaker 

at 100 rpm. Samples (100 µl) were taken regularly and were heated for 10 minutes at 95°C for 

deactivation, were then centrifuged full speed for 5 minutes in a table top centrifuge (Eppendorf) 

and the supernatant was stored at -20°C until further analysis. All experiments were conducted 

in duplicate. The glucose concentration in the samples was determined using the GOD-POD 

assay. The experimentally obtained glucose concentrations (in µM) were converted to percentage 

glucose released by performing the calculation below. Factor 0.9 is the anhydro correction for 

glucose (162/180): 

������� 	���
��� �%� =  
�	
�� ������� 	���
��� × 0.9

�	
�� ��������� 
 × 100 
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4.7 GOD-POD assay 

The GOD-POD assay is a colorimetric method used for the quantification of glucose [253]. This 

assay is based on the coupled activity of glucose oxidase (GOD) converting glucose and oxygen 

in gluconolacton and hydrogen peroxide, and peroxidase (POD), reducing hydrogen peroxide to 

water, using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) as electron donor. 

The oxidized ABTS has a green color.   

Assay solutions contained 69.2 µg/mL POD, 50 µg/mL ABTS and 452.6 µg/mL GOD in 0.2M 

sodium acetate buffer (pH 4.5). 100 µL of this solution was added to 25 µL of sample or standard 

(0-200 µM glucose) and incubated for 30 minutes at 37°C. Absorbance was measured at 405 nm. 

4.8 Statistical analysis 

Two-sample Student’s t-test (one-tailed, unpaired) was used to determine whether there was a 

significant boosting effect of the double mutant Y24A_Y211A compared to using Accellerase only. 

The t-test is explained in chapter 2. 
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Supplementary data 

Fermentation of HjLPMO9A 

 

Figure S5.1: SDS-PAGE of HjLPMO9A fermentation samples after methanol induction (time of methanol 

induction = 0h). 
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Standard curve of HjLPMO9A (A280 method) 

 

Figure S5.2: Linear correlation between HjLPMO9A concentration and 280 nm absorbance. 
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Standard curve of HjLPMO9A and HjLPMO9A_ΔCBM (H2O2 assay) 

 

Figure S5.3: H2O2 production speed (calculated with a H2O2 standard curve) versus the LPMO load 

(µg/well) for HjLPMO9A (●) and the ΔCBM variant (○). The points represent the average value of two 

repeats. 
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Abstract 

In this chapter, the recombinant production of bacterial AA10 LPMOs in  E. coli is described. This 

side-project was set up parallel to the work on fungal LPMO9s for two main reasons. First, 

although P. pastoris heterologous expression has some major advantages, its use in mutagenesis 

studies has some drawbacks (e.g. long induction times and intermediate cloning host). Second, 

as bacterial LPMOs are classified in a separate family of auxiliary activities (AA10), this suggests 

interesting differences in the way these LPMOs work, despite the high structural similarity with 

their fungal allies.  

Streptomyces coelicolor LPMO10B (C1/C4) and LPMO10C (C1) were successfully produced in 

E. coli and their oxidative activity was confirmed on PASC using HPAEC-PAD analysis. Binding 

studies on cellulose, α- and β-chitin displayed good binding capacities of ScLPMO10B on chitin, 

but not on cellulose.  

Mutagenesis studies demonstrated the importance of the single aromatic surface residue on the 

activity of ScLPMO10B, where the CBM-appended ScLPMO10C suffered less of its removal. By 

mimicking the cavity close to the Cu-site of chitin-active LPMOs, ScLPMO10B was shown to 

release a different product pattern from chitin. Overall, the results described in this chapter are 

very encouraging for further investigation. 

 

 

 

 

 

Keywords: Escherichia coli, inducible/constitutive expression, AA10, Streptomyces coelicolor 

LPMO10B/C, HPAEC-PAD, enzyme engineering 
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1 Introduction 

P. pastoris is a very suitable expression host for both laboratory research and industrial production. 

This yeast can grow to very high cell densities (200 g/L cell dry weight) while reaching high protein 

titers (>5 g/L). Due to the low levels of native secreted proteins, the purification of secreted 

recombinant proteins is relatively simple. This, together with its easy genetic manipulations and 

the ability to perform higher eukaryotic protein modifications (such as glycosylation, disulfide 

bridge formation and proteolytic processing), makes P. pastoris a very valuable expression host.  

Unfortunately, for mutagenesis studies, P. pastoris has some drawbacks. Reliable high 

throughput cultivation protocols have been developed [254], but when comparing to E. coli, it still 

takes much longer to produce enzymes (and their variants) in P. pastoris, as it requires an 

intermediate step in E. coli (although direct methods have been published [255]). Moreover, 

maximum protein levels are produced within hours in E. coli, whereas induction times of P. 

pastoris are usually in the order of days. To circumvent these time-consuming protocols, a second 

mutagenesis study was set up, parallel to the fungal LPMOs, focusing on bacterial LPMOs 

produced in E. coli.  

In the CAZy database, auxiliary activity family 10 (AA10) currently counts roughly 3000 entries 

of which about 2900 are from bacterial origin. Some of these enzymes are shown to be active on 

chitin [120,170,256–259], others on cellulose [125,260]. Strict C1-oxidizers and C1/C4-oxidizers 

have been characterized, but no strict C4-oxidizers have been demonstrated yet. Streptomyces 

coelicolor LPMO10B (C1/C4-oxidizer) and LPMO10C (C1-oxidizer) were selected for this works 

rational design approach as they represent the two regioselectivity types present in this family, 

have crystal structures available and are active on cellulose.  

In this chapter the use of E. coli as expression host for ScLPMO10C (also known as ScCelS2) 

and ScLPMO10B is evaluated. The chromatograms obtained after PASC incubation are analyzed 

and the applicability of the regioselectivity diagram, developed for fungal LPMOs, will be 

evaluated in the context of bacterial LPMOs. The chapter is completed with two rational 

approaches towards engineering the substrate specificity and regioselectivity.  
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2 Results and discussion 

2.1 Evaluation of E. coli as expression host for ScLPMO10B/C 

As mutations tend to lower expression levels, it is very important to start with a powerful 

expression system for the gene under investigation. In this section the recombinant production of 

ScLPMO10B and ScLPMO10C will be optimized towards both higher yields and correct N-

terminal processing. Although inducible expression systems are widely used because they tend 

to have the highest yields, it has been shown that LPMO production using pET vector systems 

results in a considerable amount of incorrectly cleaved LPMOs [261]. For that reason a set of in-

house developed constitutive expression vectors will be evaluated for their applicability in LPMO 

production, in addition to the standard pET vectors. 

As previously stated, histidine as first amino acid at the N-terminus is essential for a catalytic 

site at full functionality. This demands a correct processing of the signal sequence during 

translocation to the periplasmic space. As S. coelicolor is a gram positive bacterium lacking this 

periplasmic space, the use of its native signal sequence could possibly not match the secretion 

machinery of E. coli. Therefore, a constructs carrying the factor-Xa cleavage site was prepared, 

enabling post-expression proteolytical removal of the short peptide sequence MIDGR preceding 

His-1.  

2.1.1 Expression of ScLPMO10C 

As it was expected to hold the highest chance of a correctly processed N-terminus, the Xa-factor 

construct was prepared first. At that time, recombinant production of fungal LPMOs was still 

unsuccessful, so there was a high need for an active LPMO. As native ScLPMO10C has two 

disulfide bridges involved in fixating the large L2 loop region to the four-stranded β-sheet [128], 

these bonds were anticipated to play an important role in stability of ScLPMO10C. For that reason, 

E. coli Origami 2 (DE3) cells were selected as expression host for their ability to form disulfide 

bridges in the cytoplasm. After a first expression test at 37°C (using 1 mM IPTG) all enzyme was 

recovered in the insoluble fraction. Incubating at 20°C produced soluble enzyme, with a maximum 

yield obtained after 70 h. In order to lose all contaminating proteins, the soluble cytoplasm fraction 
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was his6-tag purified before the factor-Xa cleavage.  Next, the activity of the Xa-cleaved LPMO 

on PASC was determined by HPAEC-PAD analysis. As only activity could be observed for the 

Xa-cleaved enzyme, the absolute importance of His-1 for LPMO activity is confirmed. The 

chromatograms did also demonstrate the strict C1-oxidizing capacity of ScLPMO10C (Fig. 6.1).  

 

Figure 6.1: HPAEC-PAD trace released from PASC in an activity test using the ScLPMO10C constructs 

with native secretion signal (NSS) and factor Xa sequence. 

As the factor-Xa construct requires a purification and cleavage step before the actual activity 

tests can be performed, this construct was considered not to be the most practical option for 

mutagenesis experiments. Therefore, the possibility of using the native secretion signal (NSS) 

was evaluated next, at the same time also comparing inducible and constitutive expression. The 

constitutive expression vector pCXhP34_NSS_ScLPMO10C was provided by ir. Magali Tanghe 

and an IPTG-inducible expression vector pET22b_NSS_ScLPMO10C was created, both 

constructs having a C-terminal his6-tag. To compare expression levels, SDS-PAGE was 

performed on the periplasmic fractions of both recombinant strains. Just like for the factor-Xa 

construct, the inducible expression system required a lowered incubation temperature (20°C) for 

soluble expression and consequentially a longer incubation time (70 h) for maximum yield. On 

the other hand, constitutive expression tolerated higher temperatures (30°C), this way also 

enabling shorter incubation times (20-24 h). The eventually obtained expression levels were, 

however, comparable. Next, the periplasmic fractions were tested for their activity on PASC, 

which revealed a noticeably higher activity in the pCXhP34 than in the pET22b isolate (Fig. 6.1). 
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Overall, seen the higher activity, shorter production times and by bypassing the time-consuming 

induction step, the constitutive expression system was demonstrated to be the best option for this 

works further elaboration of ScLPMO10C’s activity and rational design. Ir.  Magali Tanghe was 

able to further optimize expression yields by using terrific broth (TB), a buffered, enriched medium 

allowing for an extended growth phase [262]. 

2.1.2 Expression of ScLPMO10B 

As the native secretion signal was demonstrated to result in accurate N-terminal processing for 

ScLPMO10C, this strategy was applied to ScLPMO10B as well. And since constitutive expression 

was shown to be the best option for ScLPMO10C, extra effort was done to further investigate the 

effect of promoter strength on ScLPMO10B expression level. For that, a set of 4 constitutive 

expression vectors comprising promoters of varying strength, was available at the lab. For the 

inducible systems, the effect of varying IPTG concentrations was evaluated as this can also 

influence expression level (pET system manual, Novagen, 2003). 

 LPMO production was evaluated after 18 – 20 h growth/induction at 30°C using terrific broth. 

For the pET22b construct, induction was performed with IPTG concentrations of 0.1 – 1 mM, the 

latter being the recommended IPTG concentration for full induction of the T7lac promoter present 

in the vector (according to the Novagen protocol). The expression levels in the periplasmic fraction 

were analyzed using Coomassie-stained SDS-PAGE, but as there were three important recurrent 

bands, Western blot was needed to identify the his6-tagged target protein. (Fig. 6.2). It was 

demonstrated that, while all recombinant strains clearly show expression, the expression level is 

considerably higher in the IPTG-induced strains. Based on the bands of the PageRuler protein 

ladder, the apparent mass of this enzyme on SDS-PAGE was calculated to be around 20.4kDa. 

Since the mature protein has a theoretical mass of 21.6 kDa, while this is 26.0 kDa for the 

uncleaved NSS-ScLPMO10B, these results suggest correct processing of the N-terminus.  

 

 



Recombinant production and rational design of bacterial LPMOs 

 

173 

 

 

Figure 6.2: (A) Coomassie-stained SDS-PAGE and (B) Western Blot of ScLPMO10B and ScLPMO10C 

production strains (for each sample, 10µL periplasmic fraction was loaded on gel). pCXhPXX represents 

the constructs based on a constitutive expression vector with varying promoter strengths (P14 > P34 > P22 

> P78); L = PageRuler prestained protein ladder. 

HPAEC-PAD analysis of the products released from PASC by equal amounts of periplasmic 

fraction, revealed that the highest producers (i.e. the induced strains) did also demonstrate 

highest catalytic activity (Fig. 6.3). High expression rates can lead to less accurate folding, but 

these HPAEC results prove that this was not (or at least not a major) issue here.  By the presence 

of both C1 and C4-oxidized cello-oligosaccharides, the chromatograms did also confirm the 

regioselectivity type of ScLPMO10B. The signals of the C4-oxidized products are noticeably 

smaller than those of the neutral sugars and aldonic acids, but seen the on-column degradation 

and less sensitive detection, this is without any doubt an underestimation.  
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Figure 6.3: HPAEC-PAD chromatograms obtained after incubating the ScLPMO10B periplasm fractions 

with 0.75% PASC. In panel A the traces obtained for the constitutive expression system (promoter strength 

P14 > P34 > P22 > P78), in panel B the effect of the IPTG concentration for the pET22b construct. 

2.2 Optimizing the reaction conditions 

First things first, when planning engineering experiments it is important to start by addressing 

some basic enzymatic properties.  When testing the activity of enzyme variants, it can often be 

necessary to repeat activity tests, for example when the catalytic efficiency of the variant demands 

for a higher or lower concentration. It is often also impractical or impossible to perform all these 

time-consuming activity tests at the same time. To avoid the need to repeat cultivations as much 

as possible, it is important to prepare and store the enzyme solutions at optimal conditions. As 

long-time storage at 4°C might lead to activity loss, due to instability or protease activity, the effect 

of freezing and thawing on LPMO-activity was determined. In the context of LPMOs, saturating 

the enzyme with copper is an often described, although not generally used procedure. Therefore, 

its effect on ScLPMO10B/C activity was evaluated. And, seen the low degree of detection of 
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oxidized sugars (compared to fungal LPMOs), it was checked whether the bacterial LPMOs 

display higher activity on an alternative standard cellulosic substrate, Avicel. 

2.2.1 Effect of freezing and thawing 

To compare the effect of freezing and thawing to that of storage at 4°C, a small aliquot of 

periplasmic fraction was frozen and stored at -20°C for 1 day. The rest of the periplasmic fraction 

was kept at 4°C and was used as a reference sample in activity tests, a 1-day storage at 4°C not 

expected to influence activity.  Right before the activity tests, the frozen samples were quickly, 

though gently thawed in ice-cold water. While taking regular samples, activity tests were 

performed at 37°C, over a time span of 24 hours. As all enzyme mixtures displayed linearly 

increasing peak areas in the HPAEC-PAD chromatograms for the first 7h of incubation, the peaks 

areas of C1-oxidized cello-oligosaccharides after 6h of incubation were used to evaluate the effect 

of freeze-thawing (Fig. 6.4). Although the results for ScLPMO10C seem to speak in favor of -20°C 

storage, the effect was not shown to be significant (results Student’s t-test in Table S6.1). As it 

was expected to be better suited for long-time storage, and there was shown not to be a significant 

negative effect on activitity, it was decided to store bacterial LPMOs at -20°C.  

 

Figure 6.4:  Effect of a freeze-thaw cycle on activity of ScLPMO10B (panel A) and ScLPMO10C (panel B) 

on PASC. The peak areas of C1-oxidized sugars obtained after 6 hours of incubation at 37°C, are used for 

comparison. (error =  standard deviation, n = 2). 
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2.2.2 Effect of copper (II) saturation 

Since LPMOs are copper-dependent enzymes, enzyme preparations will have the highest 

activity when all LPMOs are present in their holo-conformation. As they tend to gradually lose 

their copper, copper saturation is a widely used technique for ‘recharging’ LPMOs.  

As Cu-depletion is a possible explanation for ScLPMO10B losing its activity relatively quickly 

when kept at 4°C (see section 2.2.1), the effect of Cu-saturation was evaluated for this enzyme 

first.  When comparing the C1-oxidative activity before and after Cu-saturation, the results are 

stunning (Fig. 6.5). As the results for ScLPMO10B were so convincing, the effect was not further 

assessed for ScLPMO10C, but it was decided to always include a Cu-saturation step in the 

bacterial LPMO production protocol.  

 

Figure 6.5: Effect of copper saturation on the HPAEC-PAD trace of ScLPMO10B obtained after 2h of PASC 

incubation at 37°C (ASC = ascorbic acid). 

2.2.3 Alternative cellulose substrate: Avicel 

PASC is one of the most common substrates used for monitoring LPMO activity. It is prepared by 

swelling cellulose in phosphoric acid and results in a highly amorphous substrate with better 

accessibility towards LPMOs [263]. PASC does, however, have some disadvantages. The 

heterogeneous swelling process results in considerable differences between batches (e.g. 

depending on swelling time and temperature).  The lumpiness and high viscosity can cause 

pipetting errors and measuring the concentration of the PASC can be quite inaccurate [264]. For 
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that reason a second pure cellulose substrate was tested: Avicel. Avicel can be readily purchased 

as a microcrystalline powder and is much easier to handle than PASC. 

Even after 24 hours of incubation, HPAEC-PAD chromatograms revealed only minor peaks, 

suggesting a much lower activity of ScLPMO10B and ScLPMO10C on Avicel (Fig. 6.6). Although 

working with Avicel would be more practical, the substrate was found to be too crystalline to 

enable short enough incubation times for screening mutants.   

 

 

Figure 6.6: Activity of ScLPMO10B and ScLPMO10C on Avicel with 2mM  ascorbic acid (ASC) as electron 

donor after 24 hours of incubation at 37°C. A reaction with LPMO but without ascorbic acid (ASC) was used 

as blank. 

2.3 Applicability of the indicator diagram 

Seen the close-to-detection-limit signals of the C4-oxidized cello-oligosaccharides released from 

PASC (see Figs. 6.3 and 6.5), enzyme tests clearly needed further optimization to make them 

ready for screening. 

To measure the total activity of chitin active LPMOs, chitobiase is often added to further degrade 

the soluble oxidized chito-oligosaccharides yielding chitobionic acid as sole oxidized reaction 

product [131,169,257]. Our regioselectivity diagram for fungal LPMOs (chapter 3) is also based 

on accelerated release of (oxidized) cello-oligosaccharides by the background endoglucanase 
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activity in P. pastoris. As E. coli does not have an endoglucanase background activity, a strategy 

was developed based on adding endoglucanase to the LPMO10 reaction mixtures. 

2.3.1 Effect of adding Thermobifida fusca Cel6A 

The thermophilic soil bacterium Thermobifida fusca is known for its great cellulolytic properties 

(thermostability, broad pH range and high activity). Its endoglucanase Cel6A (previously known 

as E2) has been extensively studied and displays a high activity on crystalline cellulose [265]. 

  An E. coli strain producing TfCel6A was created and 100 µL of its periplasmic fraction was added 

to the ScLPMO10B/C reaction mixtures. Reactions were sampled every 30 min for the first 5 

hours, with a final sample taken after 24h.  

Next to the spectacular increase of neutral sugars, a clear shift to oxidized cello-

oligosaccharides with a lower DP is demonstrated. This leads to a much less complex HPAEC-

PAD trace with fewer, albeit more prominent peaks. The effect is most noticeable for the C1-

oxidized oligo’s, but an effect can also be observed for the C4-oxidized peaks (Fig. 6.7). 
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Figure 6.7: Effect of adding TfCel6A on HPAEC-PAD chromatograms of ScLPMO10B (panel B) and 

ScLPMO10C (panel C). The increase of neutral cello-oligosaccharides is shown in panel A. 
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2.3.2 Effect of adding P. pastoris culture broth 

Seen its beneficial use in the mutagenesis study of fungal LPMOs, the applicability of P. pastoris 

endogenous endoglucanase was evaluated in the context of bacterial LPMOs. P. pastoris 

CBS7435_MutS ultrafiltrated culture supernatant was added to ScLPMO10 PASC reaction 

mixtures and its effect was evaluated by HPAEC-PAD analysis  (Fig. 6.8).  

 

 

Figure 6.8: Effect of adding P. pastoris CBS7435_MutS ultrafiltrated supernatant on HPAEC-PAD traces 

of ScLPMO10B (panel A) and ScLPMO10C (panel B) released from PASC. Blue chromatograms were 

obtained for the native LPMOs, black chromatograms after addition of P. pastoris supernatant. C4-oxidized 

products are identical to the peaks observed for fungal LPMOs and are labeled as such (K1-3). 

The effect of adding P. pastoris culture supernatant is similar to what was obtained for TfCel6A 

addition, although more outspoken. Especially the signals for the C4-oxidized cello-

oligosaccharides seem better suitable for use in the regioselectivity diagram, as their separation 

is much improved. TfCel6A is known to release mostly cellobiose and cellotriose from cellulose, 

whereas P. pastoris endoglucanase does also release high amounts of cellotetraose. This 
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difference in mode of action between the two cellulases is most likely to cause these differences 

in HPAEC-PAD traces. 

2.3.3 Indicator diagram for bacterial LPMOs 

Seen the high resemblance between the HPAEC-PAD traces of the bacterial and fungal LPMOs, 

it was evaluated whether the same signals could be used for quantitative evaluation of 

regioselectivity for bacterial LPMOs.  

Using 3 enzyme concentrations, the linear release rates of the A2 and K3 peak was calculated 

for ScLPMO10B. As their correlation was confirmed to be linear as well, the regioselectivity 

diagram was shown to be applicable to cellulose-active AA10 LPMOs too (Fig. 6.9). 

 

Figure 6.9: Indicator diagram applied to the bacterial C1/C4-oxidizing Streptomyces coelicolor LPMO10B. 

(Error = standard error on slope, obtained from 3 datapoints).  

The slope for ScLPMO10B suggest only minor C4-oxidative activity, a property that seriously 

hampered HPAEC-PAD analysis for this LPMO in the first place. By adding endoglucanase to the 

reaction mixture, the accelerated release of oxidized oligosaccharides and a shift to higher DPs 

alleviated this burden enough to enable a reliable determination of peak areas. In the next 
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sections, this indicator diagram will be used for evaluation of regioselectivity mutants of bacterial 

LPMOs. 

2.4 Structural exploration of ScLPMO10B and ScLPMO10C 

Just like fungal LPMOs, bacterial LPMOs have a β-sandwich fold with a highly conserved histidine 

brace coordinating the copper ion. Just like in LPMO9s, the accessibility of the axial coordination 

site of the copper seems to show correlation with the regioselectivity type, although the difference 

is less pronounced compared to LPMO9s. In a recent study by Forsberg et al. it was shown that 

this position is not a key determinant of LPMO10 regioselectivity [153], which is confirmed by this 

works’ mutagenic study of LPMO9s. 

Variability of the substrate binding surface is brought about mainly by the L2 loop region, which 

is, especially for AA10 LPMOs active on cellulose, much more extended than for AA9 LPMOs. 

Whereas most AA9 LPMOs have more than one aromatic residue on their substrate binding 

surface, AA10 LPMOs only have one. Interestingly, this aromatic surface residue is highly 

conserved and has an almost identical position in all LPMO10s with known structures (Fig. 6.10).  

Analysis of binding surfaces have revealed that a cavity in close proximity of the active site is 

typical for chitin-active, but absent or much reduced in cellulose-oxidizing LPMO10s [128], 

although one exception was found in CjLPMO10A, a chitin active LPMO without this cavity, but 

with an, for chitin-active LPMO10s unusual, active site architecture [257]. 

In the next sections, a mutational study of ScLPMO10B and ScLPMO10C will be performed to 

investigate the effect of (1) mutating the aromatic surface residue on regioselectivity and (2) 

introducing a chitin-active LPMO-like cavity on substrate specificity.  
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Figure 6.10: Multiple sequence alignment (MSA) of bacterial AA10 members with known crystal structure. 

The secondary structure is indicated on top, the residues involved in the histidine brace are pointed out by 

a blue ‘Cu’. Fully conserved residues are shown in white on a red backgroud. Blue frames indicate that 

more than 70% of the residues in the corresponding columns exhibit similar physico-chemical properties 

(indicated as red residues on a white background). The highly conserved surface aromatic residue is 

marked with a magenta asterisk. Figure prepared (and adapted) with ESPript [266]. 

  



Chapter 6 

 

184 

 

2.5 Effect of mutating the aromatic surface residue on regioselec-

tivity 

In accordance to the mutagenesis studies performed on fungal LPMOs described in chapter 4, 

variants of the two S. coelicolor LPMO10s were created that substituted their aromatic surface 

residue with alanine (Fig. 6.11). The corresponding mutation Y54A lowered the binding affinity of 

Serratia marcescens CBP21 for β-chitin considerably, although an effect on regioselectivity was 

not mentioned [100].   

 

Figure 6.11: Structural comparison ScLPMO10B (panel A) and ScLPMO10C (panel B) with their aromatic 

surface residues shown in magenta stick representation. The L2 loop carrying the aromatic amino acid is 

shown in red cartoon. 

As expression of ScLPMO10C is difficult to demonstrate using SDS-PAGE (see Fig. S6.1), the 

expression level of ScLPMO10C and its mutants cannot be determined. However, when using 

equal amounts of periplasmic fraction, HPAEC-PAD analysis of released products revealed good 

oxidative activity of the ScLPMO10C_W88A variant, comparable to its wildtype. However, as no 

C4-oxidized sugars were detected, no effect on regioselectivity could be demonstrated.  

Of all ScLPMO10B variants in this study, the AAA mutant W88A was the only one to be 

produced at considerably lower levels compared to its WT (see Fig. S6.1). This mutant did also 

demonstrate strong reduced activity on PASC, with C4-oxidized sugars close to detection limits, 
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making it impossible to quantify the effect on regioselectivity using the indicator diagram (Fig. 

6.12). 

Figure 6.12: HPAEC-PAD chromatograms of ScLPMO10C (panel A) and ScLPMO10C (panel B) and their 

AAA variant 

In a recent study, Forsberg et al. demonstrated that mutant Y79W and W88Y_N91F resulted in 

retained and strong decreased activity for ScLPMO10C and ScLPMO10B, respectively [153]. This 

corroborates our results. The rule, formulated in chapter 4, stating that changes to the substrate 

binding surface tend to have higher implications in a CBM-free LPMO, seems to apply here as 

well. Indeed, where the CBM-appended ScLPMO10C does not suffer from losing its only surface 

AAA, the ScLPMO10B_W88A variant appears to have seriously hampered catalytic competences.  

A binding study of ScLPMO10B and its variants (Fig. 6.13) showed that WT ScLPMO10B does 

hardly bind to cellulose, while it does show relatively good affinity for both α- and β-chitin. This is 

in accordance to the results obtained for ScLPMO10C, as this LPMO was shown to retain almost 

none of its binding affinity for cellulose after CBM truncation, while its chitin-binding remained high 

[125]. As cellulose affinity was already too low to start with, our binding study was not able to 

differentiate between the binding capacities of ScLPMO10B and its variants. 

The low binding affinity of ScLPMO10B gives a possible explanation for the low general activity 

of ScLPMO10B on PASC. Most likely, the activity of ScLPMO10B_W88A on cellulose is 

hampered not only by bad binding, but also by a less effective positioning of the LPMO onto the 

substrate due to the mutation.  
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Figure 6.13: Binding study of ScLPMO10B and its variants on cellulose (panel A), α-chitin (panel B) and β-

chitin (panel C). (values are the average of 3 measurements, error bars were not included) .  
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2.6 Introducing a cavity on the substrate binding surface 

A cavity in close proximity of the copper active site, is a typical property of LPMO10s active on 

chitin, possibly accommodating an N-acetyl group of the substrate (Fig. 6.14). Interestingly, the 

much reduced cavity on the surface of ScLPMO10B, is accompanied by an activity on β-chitin, 

although apparently mostly on the deacetylated regions of this substrate, which share high 

resemblance with cellulose [128]. 

Figure 6.14: Structural comparison of the substrate binding surface of chitin-active S. marcescens CBP21 

(panel A) and cellulose-active ScLPMO10C (panel B) and ScLPO10B (panel C).  

After careful inspection of their active sites, several residues were selected for a mutagenesis 

study aiming at opening up the cavity in ScLPMO10B/C (see Fig. 6.15).  Assuming that a smaller 

side chain could possibly create the space needed to accommodate an N-acetyl group of chitin, 

these residues were substituted with alanine. 

 



Chapter 6 

 

188 

 

  

Figure 6.15: Selected residues of the mutagenesis study addressing the chitin-involved cavity. (A) 

ScLPMO10C and (B) ScLPMO10B. 

Again the SDS-PAGE results were inconclusive towards expression levels of the ScLPMO10C 

mutants, but the ScLPMO10B variants were demonstrated to be produced at levels equal to WT 

ScLPMO10B (Fig S6.1). As purification attempts of ScLPMO10C were unsuccessful (despite 

multiple repeats), binding affinities of ScLPMO10C and its variants could not be determined. All 

ScLPMO10B variants showed decreased chitin binding affinity, the difference most outspoken for 

β-chitin (Fig. 6.13). 

Mutations this close to the active site were shown to result mostly in strong reduced activity on 

cellulose, releasing lowered amounts of oxidized sugars. An exception here is 

ScLPMO10C_R212A showing a quick release of high amounts of C1-oxidized products, but 

slowing down considerably afterwards. The most likely explanation for this is oxidative self-

inactivation. Of all ScLPMO10B mutants, variant Y94A was found to retain the highest activity on 

PASC (Fig. 6.16), but was also shown to suffer from oxidative self-inactivation. As oxidative self-

inactivation is present both in a CBM-appended as in a CMB-free LPMO, this suggests that 

interactions on the active surface are very important in directing the oxidative force. 
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Figure 6.16: HPAEC-PAD chromatograms of products released from PASC (0.75%) by ScLPMO10C 

(panel A) and ScLPMO10B (panel B) and their cavity-variants. 

Activity tests on chitin were performed and showed no oxidative activity for ScLPMO10C and 

its variants. However, the results for ScLPMO10B are more interesting. When comparing the 

results obtained for ScLPMO10B with the UPLC-UV chromatograms reported for chitin-active 

LPMOs [158,259,267], the presence of oxidized chito-oligosaccharides is confirmed (Fig. 6.17). 

The small peaks obtained for ScLPMO10B, corroborates the reported low activity of this LPMO 

on chitin. Interestingly, a higher amount of these oxidized oligos is released from chitin by the 

variant Y94A, the effect most outspoken on α-chitin, a substrate the WT has only very minor 

activity on. The H214A and Q217A variants do also show increased peaks for oxidized oligo’s, 

but the effect is only visible for the faster eluting peaks (possibly having lower DP). The double 

H214A_Q217A mutant only has low (WT-like) chitin-oxidizing activity.  

As no increase in substrate specificity has ever been demonstrated for LPMOs, the results 

obtained for the ScLPMO10B variants are very promising and should help reveal the substrate 

specificity determining features of LPMOs, although further investigation is needed (e.g. oxidized 

chito-oligosaccharide standards and an efficient purification protocol would be of great help).  

All LPMO10s are considered to descend upon a C1-oxidizing chitin active ancestor [122]. As 

Forsberg et al. were able to demonstrate lowered chitin activity for C1/C4-oxidizing LPMO10s 

with increased C1-oxidizing capacity, it was suggested that evolution towards cellulose activity 

went hand in hand with a more promiscuous oxidative regioselectivity, leading to C1/C4-oxidizing 

LPMOs with retained activity on chitin. Later these C1/C4-oxidizing LPMOs could have lost their 

chitin activity together with developing a C1-specific oxidation [153].  This evolution scenario is a 
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possible explanation why ScLPMO10C shows high resistance towards developing chitin activity, 

despite its reported high binding affinity for this substrate.  In this context it would also be worth 

investigating whether the cavity-creating mutations have a higher effect in the CBM-truncation 

mutant of ScLPMO10C. 

  

Figure 6.17: UPLC-UV chromatograms of the products released from α- and β-chitin by ScLPMO10B and 

its cavity-variants. mAU = milliaborbance unit. 
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3 Conclusion 

In this chapter two representatives from family AA10 were successfully produced in E. coli. Their 

oxidative regioselectivity (C1 and C1/C4- oxidizing, respectively) was confirmed and the 

applicability of the indicator diagram, developed for fungal LPMO9s, was demonstrated, but asked 

for addition of P. pastoris WT culture supernatant in order to obtain reasonable C4-oxidation 

peaks. The very poor binding affinity of ScLPMO10B for cellulose is the most likely reason for its 

low activity and for its high susceptibility to oxidative self-inactivation. As ScLPMO10B was shown 

to bind well to chitin, it is suggested that substrate binding and substrate specificity can be 

completely unconnected in LPMOs. This conclusion is corroborated by earlier findings for 

ScLPMO10C by Forsberg et al. [125].  

Aromatic amino acid removal on the surface of the LPMO10s was not shown to alter the 

regioselectivity type. It did, however, lead to strong loss of activity for the CBM-free ScLPMO10B, 

the effect on CBM-appended ScLPMO10C was only minor. This corroborates the in chapter 4 

formulated finding that in a CBM-free context, alterations on the substrate binding surface have 

higher implications.  

By creating more space next to the Cu-site at the substrate binding surface, the 

chromatographic analysis of products released from chitin, suggested an altered product profile 

for three mutants. While suffering from oxidative self-inactivation when active on cellulose, 

especially the Y94A variant was shown to release more oxidized products from α- and β-chitin. 

Further investigation of these promising findings should lead to further unraveling of the substrate 

specificity determining features in LPMOs.  
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4 Materials and methods 

The experimental procedures for E. coli transformation, SDS-PAGE and Western Blot can be 

found in the ‘Materials and methods’ section of chapter 2.  

4.1 Molecular work 

4.1.1 Cloning of ScLPMO10C 

The gene for ScLPMO10C (Uniprot ID Q9RJY2) preceded by its native secretion signal was 

synthesized using the GeneArt gene synthesis service and codon optimized for Escherichia coli.  

The complete ScLPMO10C gene (with native secretion signal) was cloned into the pET22b 

vector by CLIVA assembly [198]. The factor Xa coding sequence was built in via primer sequence 

and also cloned into the pET22b vector using CLIVA assembly. The his6-tag was retrieved from 

the pET22b vector. The PCR fragments were amplified using PfuUltra High Fidelity Polymerase 

(Agilent), the primers are listed in Table 6.1. 

The NSS construct was cloned into E. coli BL21 (DE3) cells, the factor Xa construct in E. coli 

Origami 2 (DE3) cells. 

4.1.2 Cloning of ScLPMO10B 

The gene for ScLPMO10B (Uniprot ID Q9RJC1) preceded by its native secretion signal was 

synthesized using the GeneArt gene synthesis service and codon optimized for Escherichia coli. 

The complete ScLPMO10B gene (with native secretion signal) was cloned into the pET22b 

vector and into the 4 constitutive expression vectors pCXhPXX (with XX = 14, 22, 34 and 78) by 

CLIVA assembly [198]. As the CLIVA assembly was unsuccessful for the pCXhP14 and pCXhP34 

constructs, CPEC was used as alternative cloning strategy [268]. The PCR fragments were 

amplified using PfuUltra High Fidelity Polymerase (Agilent), the primers are listed in Table 6.2. 

All constructs were transformed in E. coli BL21 (DE3) cells by electroporation. 
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Table 6.1: Primers used for cloning the ScLPMO10C gene in the pET22b vector. Bold: ScLPMO10C coding 

sequence, underlined: native secretion signal or factor Xa coding sequence, lower case: his6-tag, fwd: 

forward primer, rev: reverse primer, *: phosphorothioate modification. 

  template primer sequence (5'  3') 

ScLPMO10C with native secretion signal 
 pMA-T-NSS-ScLPMO10C fwd ATGGTT*CGTCGT*ACCCGTCTG 
  rev CGGTGC*AACACA*ACCAATGCTATC 

 pET22b fwd TGTGTT*GCACCG*caccaccaccaccaccacTGAGATCC 
  rev ACGACG*AACCAT*TATGTATATCTCCTTCTTAAAGTTAAAC 

ScLPMO10C with factor Xa coding sequence 
 pMA-T-NSS-ScLPMO10C fwd ATGATC*GACGGT*CGTCATGGTGTTGCAATGATGCCTGGTAGCCGTACCTATCTG 
  rev gtggtg*gtggtg*CGGTGCAACACAACCAATGCTATC 

 pET22b fwd caccac*caccac*caccacTGAGATCCGGCTGCTAACAAAG 

    rev ACCGTC*GATCAT*TATGTATATCTCCTTCTTAAAGTTAAAC 

 

Table 6.2: Primers used for cloning the ScLPMO10B gene in the pET22b for inducible expression and in 

the pCXhPXX vectors for constitutive expression. Bold: ScLPMO10B coding sequence, underlined: native 

secretion signal, lower case: his6-tag, fwd: forward primer, rev: reverse primer, *: phosphorothioate 

modification. 

  template primer sequence (5'  3') 

pET22b construct 

  pMA-T-NSS-ScLPMO10B fwd ATGACC*TGTCAT*GATCGTGCAAAAATTC 

 
 rev GCCAAA*ATCCAC*ATCGGAACACAGAAAATAG 

 pET22b fwd GTGGAT*TTTGGC*caccaccaccaccaccacTGAGATCCGGCTGCTAACAAAG 

    rev ATGACA*GGTCAT*TATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTC 

pCXhP22/78  constructs (CLIVA) 

  pET22b-NSS-ScLPMO10B fwd ATGACC*TGTCAT*GATCGTGCAAAAATTC 

 
 rev TCAgtg*gtggtg*gtggtggtgGCCAAAATC 

 pCXhP22/78 fwd caccac*cacTGA*AATTTGCCTGGCGGCAGTAG 

    rev ATGACA*GGTCAT*CTTTGTTTCCTCCGAATTCGAGGTCGACGGATCCCAAG 

pCXhP14/34 constructs (CPEC) 

 pET22b-NSS-ScLPMO10B fwd TCGGAGGAAACAAAGATGACCTGTCATGATCGTGCAAAAATTC 

 
 rev CCAAGCTTGCATGCCTCAgtggtggtggtggtggtgGCCAAAATC 

 pCXhP14/34 fwd caccaccaccacTGAGGCATGCAAGCTTGGCTGTTTTGGCGGATG 

    rev ATCATGACAGGTCATCTTTGTTTCCTCCGAATTCGAGGTCGACGGATC 
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4.1.3 Site-directed mutagenesis of ScLPMO10B and ScLPMO10C 

The pCXhP34 and pET22b construct served as template for mutagenesis of ScLPMO10C and 

ScLPMO10B, respectively. Enzyme variants were created using the two stage PCR reaction 

based on the Sachis method using Q5 High-Fidelity DNA Polymerase (Bioke) [210].  

The ScLPMO10C_rev primer was used together with all variable mutagenic forward primers for 

ScLPMO10C, reverse primer ScLPMO10B_rev1 was used for the mutations Y79A and W88A, 

ScLPMO10B_rev2 for mutations H214A and Q217A of ScLPMO10B (primers in Table 6.3).  

After DpnI digestion of methylated template DNA, the mutagenized plasmid was transformed in 

E. coli BL21 (DE3) cells.  

Table 6.3: Primers used for mutagenesis of ScLPMO10C and ScLPMO10B. The codon subjected to 

mutagenesis is underlined. fwd = forward primer, rev = reverse primer. 

primer primer sequence (5' --> 3') 

ScLPMO10C_R212A_fwd CTGATCTTTATGCAGTGGGTTGCGAGCGATAGCCAAGAAAACTTCTTTAG 

ScLPMO10C_E217A_fwd GGTTCGTAGCGATAGCCAAGCGAACTTCTTTAGCTGCAGTG 

ScLPMO10C_R212A_E217A_fwd GTGATGCACTGATCTTTATGCAGTGGGTTGCGAGCGATAGCCAAGCGAACTTCTTTAGCTGCAGTG 

ScLPMO10C_Y79A_fwd AGCGGTGCAACCGCACTGGCGAATTGGTTTGCCGTTC 

ScLPMO10B_Y94A_fwd ATGTGGAATTGGAATGGTCTGGCGCGTAATGGTAGTGCCGGTGATTTTG 

ScLPMO10B_H214A_fwd TACCATTTGGCAGGCGAGCGCGATGGATCAGACC 

ScLPMO10B_Q217A_fwd GGCAGGCGAGCCATATGGATGCGACCTATTTTC 

ScLPMO10B_H214A_Q217A_fwd CCATTTGGCAGGCGAGCGCGATGGATGCGACCTATTTTC 

ScLPMO10B_W88A_fwd GATCCGAATGCAATGGCGAATTGGAATGGTCTGTATC 

ScLPMO10C_rev CAGACCGCTTCTGCGTTCTG 

ScLPMO10B_rev1 TAGGGCGCTGGCAAGTGTAG 

ScLPMO10B_rev2 AGGGCGACACGGAAATGTTG 
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4.2 Enzyme production 

4.2.1 Cultivation procedure 

ScLPMO10C-Xa, produced in Origami 2 (DE3) cells, was cultivated at 37°C in Luria-Bertani (LB) 

medium (supplemented with 100 µg/mL ampicillin) until the start of the exponential phase (OD600 

= 0.5 - 1), IPTG was then added to a concentration of 1mM and the culture was further incubated 

for 20 hours (at 37°C) or 65 hours (at 20°C), while shaking at 200 rpm. Only induction at 20°C 

was shown to result in soluble enzyme in the cytoplasmic fraction. The optimal expression system 

for ScLPMO10C with native secretion signal was further evaluated based on growth on LB 

medium at 20°C and 30°C.  

All later cultivations of ScLPMO10C, ScLPMO10B and their mutants were performed in 250 mL 

terrific broth (TB) medium, supplemented with 100 µg/mL ampicillin. Terrific broth contains 1.2 % 

(w/v) tryptone, 2.4 % (w/v) yeast extract, 0.4 % (v/v) glycerol, 0.017 M KH2PO4 and 0.072 M 

K2HPO4. Cultures were inoculated with 2 % (v/v) of an overnight 5 mL preculture and incubated 

at 30°C for 18 hours, while shaking at 200 rpm. In case of inductive expression, IPTG was added 

when reaching an OD600 of 0.5 - 1 (start exponential phase).   

4.2.2 Periplasmic fraction isolation 

Cells were harvested by centrifugation (3200 x g for 10 minutes at 4°C), the pellet was suspended 

in 12.5 mL periplasmic fraction buffer (20 % (w/v) sucrose and 100 mM Tris-HCl, pH 8) and 

incubated on ice for 30 minutes. The suspension was centrifugated (10.000 x g for 10 minutes at 

4°C) and the supernatant was stored as periplasmic fraction 1. The pellet was suspended in a 5 

mM MgCl2 solution and incubated on ice for 20 minutes. The supernatant obtained after 

centrifugation (10.000 x g for 10 minutes at 4°C), was stored as periplasmic fraction 2.  

In early experiments, these periplasmic fractions were pooled, washed and concentrated with 

10 mM sodium acetate buffer (pH 5) using Vivaspin columns with 10K (ScLPMO10C) or 5K 

(ScLPMO10B) PES membranes (Sartorius).  
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Later, after demonstrating the positive effect on activity, the pooled periplasmic fractions were 

always copper saturated prior to activity tests.  

4.2.3 Copper saturation of periplasmic fractions 

The pooled periplasmic fractions were washed with 3 volumes of 20 mM Tris-HCl buffer (pH 8) 

and concentrated to a final volume of about 5 mL using Vivaspin 20 columns.  

Copper saturation was performed by adding Cu (CuSO4) to a final concentration of 500 µM to 

this periplasmic fraction and incubating at room temperature for 30 minutes. Excess copper was 

removed and the buffer was exchanged by washing with 3 volumes of 10 mM sodium acetate 

buffer (pH 5). Samples were concentrated to an end volume of 2 mL and stored at -20°C for 

further use. 

4.2.4 Cytoplasmic fraction isolation (for Xa-ScLPMO10C) 

Cells were harvested by centrifugation (5000 x g for 20 minutes at 4°C) and stored for at least 

one night at -20°C. The pellet was suspended in 5 mL lysis buffer (50 mM sodium phosphate 

buffer at pH 7.4, supplemented with 300 mM NaCl,  1 mg/mL lysozyme, 100  µM PMSF and 10 

mM imidazole), incubated on ice for 30 minutes and sonicated 3 times 4 minutes (Branson sonifier 

250, output 3, duty cycle 50%). Cell debris was removed by centrifugation (14.000 rpm, 15 min, 

4°C), the supernatant, containing the ScLPMO10C-Xa his6-tagged enzyme, was further purified 

by Ni-NTA chromatography. 

4.2.5 Protein purification 

Ni-NTA chromatography was performed on the cytoplasmic/periplasmic fraction using a protocol 

as described in chapter 3, but with a concentration of 100 mM instead of 250 mM imidazole in the 

elution buffer. After his6-tag purification, the buffer was exchanged to 10 mM sodium acetate 

buffer (pH 5) using Vivaspin 20 columns (10 K PES, Sartorius).  
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4.3 Binding studies 

Reaction mixtures contained 1% Avicel (Sigma), 0.5% α-chitin from shrimp shells (Sigma) or  β-

chitin ((Seikagaku Biobusiness) and 50 µg of his6-tag purified and copper saturated LPMO in 100 

mM sodium acetate buffer (pH 5). To prevent oxidative activity, no ascorbic acid was added. 

The reaction mixtures were rotated vertically (laboratory rotator 34528, Led Techno) at room 

temperature. Sampling was done at regular time intervals. After spinning down the substrate using 

a table top centrifuge (Eppendorf) at 13.000 rpm, 3 minutes, the absorbance at 280 nm was 

measured using a V630 bio spectrophotometer (Jasco). The absorbance of a sample in which 

the LPMO was replaced by buffer, was used as blank. All measurements were performed at least 

in triplicate. The percentage of free protein was determined by measuring the reduction in protein 

concentration (A280) in the supernatant. 

4.4 Enzyme assays 

4.4.1 PASC release tests 

Unless stated otherwise, reaction mixtures of 500 µL contained 0.75% PASC, 2 mM ascorbic acid 

and 10-100 µL (periplasmic or cytoplasmic) LPMO fraction in 10 mM sodium acetate buffer (pH 

5). Reactions were incubated for 4 – 24 hours at 37°C while shaking at 1400 rpm using an 

Eppendorf Thermomixer. Samples (25 µL) were heat inactivated (10 minutes at 95°C) and stored 

at -20°C until HPAEC-PAD analysis. 

Prior to HPAEC-PAD analysis, the 25 µL samples were 1/10 diluted in milliQ water. The 

experimental procedure for HPAEC-PAD is described in the ‘Materials and methods’ section of 

chapter 2. 

4.4.2 Chitin release test 

Reaction mixtures of 500 µL contained 2 mg α-chitin or β-chitin flakes, 2 mM ascorbic acid and 

100 µL periplasmic LPMO fraction in 10 mM sodium acetate buffer (pH 5). Reactions were 

incubated at 37°C while shaking at 1400 rpm. After 24 hours, the reaction was stopped by heat 
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inactivation (10 minutes at 95°C), chitin and LPMO was removed by centrifugation before the 

product analysis was done by UPLC.  

4.4.3 Product analysis by Ultra Performance liquid chromatography (UPLC) 

Analysis of possible chitin oxidation was performed using the protocol as described by Loose et 

al. [267] using a Aquity UPLC BEH Amide 1.7  µM column run in HILIC (hydrophilic interaction) 

mode. A complete product profile was obtained by using a 2.1 x 150 mm column, applying the 

following gradient: 26 % eluent A (15 mM Tris-HCl pH 8) and 74 % eluent B (100 % acetonitrile) 

for 5 minutes, followed by a 2 minute gradient to 62 % B. After holding these conditions for 1 

minute, the column was reconditioned by a 2 minute gradient to 26 % A and 74 % B and additional 

running for 2 minutes. The flow rate was 0.4 mL/min and detection was done at 205 and 195 nm. 

4.5 Statistical analysis 

Two-sample Student’s t-test (two-tailed, paired) was performed to evaluate the effect of freeze-

thawing on retained activity of ScLPMO10B and ScLPMO10C. This test is explained in chapter 2. 
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Supplementary data 

Table S6.1: Paired t-test for significance of the effect of a single freeze-thaw cycle on the retained activity 

(%) of ScLPMO10B and ScLPMO10C (determined by comparing the peak-areas of C1-oixidized sugars 

after 6 hours of incubation) (error = standard deviation, n = 2). 

 

  ScLPMO10B ScLPMO10C 

sugar kept at 4°C frozen and thawed p-value kept at 4°C frozen and thawed p-value 

Glc2GlcA 100.0 ± 5.3 113.2 ± 5.3 0.328 100.0 ± 3.1 98.2 ± 1.8 0.299 

Glc3GlcA 100.0 ± 6.9 117.7 ± 3.6 0.252 100.0 ± 2.4 100.5 ± 3.6 0.635 

Glc4GlcA 100.0 ± 6.2 108.1 ± 5.4 0.504 100.0 ± 3.2 100.5 ± 2.8 0.333 

Glc5GlcA 100.0 ± 5.5 109.2 ± 3.3 0.378 100.0 ± 3.2 98.5 ± 3.8 0.186 

Glc6GlcA 100.0 ± 4.8 120.2 ± 3.1 0.171 100.0 ± 3.9 98.6 ± 3.5 0.121 

Glc7GlcA 100.0 ± 4.5 114.5 ± 4.0 0.251 100.0 ± 2.9 98.4 ± 3.6 0.184 
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Figure  S6.1: Coomassie-stained SDS-PAGE gel of ScLPMO10B/C variants. L = PageRuler Prestained 

Protein ladder. 
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DNA sequences 

 ScLPMO10C, native secretion signal, codon optimized for E. coli 

ATGGTTCGTCGTACCCGTCTGCTGACCCTGGCAGCAGTTCTGGCAACCCTGCTGGGTAGC 

CTGGGTGTTACCCTGCTGCTGGGTCAGGGTCGTGCCGAAGCA 

 Factor Xa coding sequence 

ATGATCGACGGTCGT 

 ScLPMO10C gene sequence, with C-terminal his6-tag, codon optimized for E. coli 

CATGGTGTTGCAATGATGCCTGGTAGCCGTACCTATCTGTGTCAGCTGGATGCAAAAACC 

GGTACAGGTGCACTGGATCCGACCAATCCGGCATGTCAGGCAGCCCTGGATCAGAGCGGT 

GCAACCGCACTGTATAATTGGTTTGCCGTTCTGGATAGCAATGCCGGTGGTCGTGGTGCA 

GGTTATGTTCCGGATGGCACCCTGTGTAGTGCCGGTGATCGTAGCCCGTATGATTTTAGC 

GCATATAATGCAGCACGTAGCGATTGGCCTCGTACCCATCTGACCAGCGGTGCCACCATT 

CCGGTTGAATATAGCAATTGGGCAGCACATCCGGGTGATTTTCGTGTTTATCTGACCAAA 

CCGGGTTGGAGCCCGACCAGCGAACTGGGTTGGGATGATCTGGAACTGATTCAGACCGTT 

ACCAATCCGCCTCAGCAGGGCAGTCCGGGTACAGATGGTGGTCACTATTATTGGGATCTG 

GCACTGCCGAGCGGTCGTAGCGGTGATGCACTGATCTTTATGCAGTGGGTTCGTAGCGAT 

AGCCAAGAAAACTTCTTTAGCTGCAGTGATGTGGTGTTTGATGGTGGTAATGGTGAAGTT 

ACCGGTATTCGTGGTAGCGGTAGCACCCCTGATCCTGATCCGACCCCGACACCGACCGAT 

CCGACAACCCCTCCGACCCATACCGGTAGCTGTATGGCAGTTTATAGCGTTGAAAATAGC 

TGGTCAGGTGGTTTTCAGGGTAGCGTGGAAGTTATGAATCATGGCACCGAACCGCTGAAT 

GGTTGGGCAGTTCAGTGGCAGCCTGGTGGTGGTACAACCCTGGGTGGTGTGTGGAATGGT 

AGCCTGACCAGTGGTAGTGATGGCACCGTTACCGTTCGTAATGTTGATCATAATCGTGTT 

GTTCCGCCTGATGGTAGCGTTACCTTTGGTTTTACCGCAACCAGCACCGGTAATGATTTT 

CCGGTGGATAGCATTGGTTGTGTTGCACCGCACCATCACCATCACCATTAA 

 ScLPMO10B native secretion signal, codon optimized for E. coli 

ATGACCTGTCATGATCGTGCAAAAATTCAGCTGGCAGGTCGTGCACGTCGTGCAACCACC 

CTGGTTCTGAGCACCCTGGCAGCAGTTCTGCTGACCCTGATTCCGTGGTCAGGCACCGCA 
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GTTGCA 

 ScLPMO10B gene sequence, with C-terminal his6-tag, codon optimized for E. coli 

CATGGTAGCGTTGTTGATCCGGCAAGCCGTAATTATGGTTGTTGGGAACGTTGGGGTGAT 

GATTTTCAGAATCCGGCAATGGCAGATGAAGATCCGATGTGTTGGCAGGCATGGCAGGAT 

GATCCGAATGCAATGTGGAATTGGAATGGTCTGTATCGTAATGGTAGTGCCGGTGATTTT 

GAAGCAGTTGTTCCGGATGGTCAGCTGTGTAGCGGTGGTCGTACCGAAAGCGGTCGTTAT 

AATAGCCTGGATGCAGTTGGTCCGTGGCAGACCACCGATGTTACCGATGATTTTACCGTT 

AAACTGCATGATCAGGCCAGCCATGGTGCAGATTATTTTCTGGTTTATGTTACCAAACAG 

GGTTTTGATCCTGCAACCCAGGCACTGACCTGGGGTGAACTGCAGCAGGTTGCACGTACC 

GGTAGCTATGGTCCGAGCCAGAATTATGAAATTCCGGTTAGCACCAGCGGTCTGACCGGT 

CGTCATGTTGTTTATACCATTTGGCAGGCGAGCCATATGGATCAGACCTATTTTCTGTGT 

TCCGATGTGGATTTTGGCCACCACCACCACCACCACTGA 
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1 General discussion 

Lytic polysaccharide monooxygenases (LPMOs) have caused a true revolution in our 

understanding of Nature’s biomass degradation. It is now well accepted that by creating extra 

chain ends, LPMOs make long polymeric substrates better accessible for classical hydrolytic 

enzymes. As they were expected to be very valuable for industrial applications, LPMOs have 

attracted much scientific attention and the knowledge on these intriguing enzymes has increased 

spectacularly. 

LPMOs all share a β-sandwich fold and a highly conserved histidine brace coordinating a copper 

ion and forming the actual active site. LPMOs are known to direct their oxidative force towards 

the C1 and/or C4 carbon of the glycosidic bond in a process that is referred to as oxidative 

regioselectivity.  

Several studies, mostly sequence based, have addressed the topic, but none were able to 

accurately predict regioselectivity based on sequence or phylogenetic data. Site-directed 

mutagenesis studies are believed to be the best way to study the determinants of LPMO 

properties, but unfortunately, enzyme engineering approaches have remained scarce. As 

mutational studies depend on the availability of a fast and convenient screening method, relying 

on lengthy incubations and complex HPAEC-PAD chromatograms are major drawbacks.  

The main objective of this PhD thesis was to better understand regioselectivity and the factors 

determining the C1/C4 oxidation ratio. To achieve this, a family AA9 member of each 

regioselectivity type was recombinantly produced in P. pastoris (chapter 2) followed by the time-

course monitoring of oxidized cello-oligosaccharides from PASC and the establishment of a 

quantitative indicator diagram for regioselectivity (chapter 3). By using this diagram, the effect of 

multiple structural features, like surface aromatic amino acids (AAA), N-glycans, the axial position 

of the copper site and the CBM could be evaluated (chapter 4). Additional binding and synergy 

studies were performed on a selection of LPMO variants and insinuated the importance of 

(productive) substrate binding on catalytic activity, regioselectivity, stability and synergetic 

efficiency. 
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Figure 7.1: Schematic overview of the main research topics tackled in this PhD thesis. (AA = auxiliary 

activities, AAA = aromatic amino acids, CBM = carbohydrate binding module, CH = chapter, GlcNAc = N-

acetylglucosamine). 

In a parallel project, focusing on bacterial LPMO10s, especially the low C4-oxidative activity of 

wildtype ScLPMO9B was a major hurdle in the screening of regioselectivity variants. No mutants 

with altered regioselectivity could be created, but a mutagenesis study addressing the possible 

GlcNAc-accomodating cavity in LPMO10s, did give some promising results. 

The main conclusion to be drawn from this work is that regioselectivity is determined by a complex 

network of interactions on the substrate binding surface that carefully directs the oxidative force 

to the substrate. The decisive variants created in this PhD are listed in Table 7.1, the six most 

important achievements and findings are described in the next paragraphs. 

 

  



General discussion and outlook 

 

207 

 

Table 7.1: Overview of the most important LPMO variants created in this work. 

LPMO variant(s) Scientific significance 

HjLPMO9A _Y24A/Y211A/Y24A_Y211A - role of surface AAA on regioselectivity 
  

- effect of losing AAA on binding capacity 
  

- catalytic competence is not affected by changes to surface AAA 

    - high synergetic effect for double mutant Y24A_Y211A most likely caused by 

faster binding/releasing 

HjLPMO9A _ΔCBM (and its AAA mutants) - effect of losing CBM on binding capacity 
  

- catalytic competence is not affected by CBM truncation 
  

- catalytic competence is slightly affected by the combination of Y211A and CBM 

truncation 

    - mutational changes to surface features have a higher impact in a CBM-free context 

HjLPMO9A _L3_WG Although no effect on substrate specificity could be observed, this loop-swap mutant 

is still moderately active and an interesting starting point for future mutagenesis 

studies assessing substrate specificity mutagenesis.  

PcLPMO9D _Y75A Access to the axial surface-exposed position of the Cu-site does not seem a major 

determinant for regioselectivity in LPMOs 

PcLPMO9D _Y198W Strict C1-oxidizer with introduced C4-oxidation 

ScLPMO10B _Y94A Clearly altered pattern of released products from chitin 

ScLPMO10C _R212A Mutant with increased oxidative activity compared to its WT 

 (1) Recombinant production of fungal LPMOs 

With the recombinant production of Phanerochaete chrysosporium LPMO9D (C1-oxidizer), 

Neurospora crassa LPMO9C (C4) and Hypocrea jecorina LPMO9A (C1/C4), a fungal LPMO 

representative of each regioselectivity type was produced in P. pastoris. Despite extensive effort, 

focusing mainly on methanol utilization phenotype and codon harmonization, production of a 

fourth LPMO, NcLPMO9D, could not be forced to reasonable levels for mutagenesis studies. This 

shows that although good results can be obtained, recombinant LPMO production is very 

demanding, resulting in very variable and unpredictable yields.  

(2) Recombinant production of bacterial LPMOs 

Attracted by the shorter production times and interesting properties of bacterial LPMOs, an 

expression system was developed for family AA10 LPMOs.  Two well studied LPMOs from 

Streptomyces coelicolor were selected for this side-project: the C1-oxidizing ScLPMO10C and 

the C1/C4-oxidizing ScLPMO10B. Inducible and constitutive expression led to the best results for 
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ScLPMO10B and ScLPMO10C, respectively, demonstrating the need of a versatile genetic toolkit 

for successful recombinant production of LPMOs.     

(3) Development of an indicator diagram for LPMO regioselectivity 

Since their discovery in 2010, many studies have addressed the structure and mechanism of 

LPMOs, but very few publications describe enzyme engineering experiments. Two main LPMO 

characteristics make it hard on enzyme engineers. First, as LPMO activity does not necessarily 

result in the release of (oxidized) sugars, a lot of activity tends to go unnoticed, necessitating 

lengthy incubations. Second, LPMOs release a very complex pattern of oxidized and non-oxidized 

oligosaccharides, with ranging degree of polymerization. This way, small differences caused by 

mutational changes can easily be missed.  

By taking advantage of the endoglucanase background in the P. pastoris culture broth, the 

noticeable LPMO activity is sped up significantly, enabling much shorter reaction times.  And as 

the indicator diagram is based on the interpretation of only 2 signals, the two main burdens in 

LPMO engineering are tackled.  

Although it was initially not appreciated as such, by monitoring the release of oxidized cello-

oligosacharides over time, oxidative self-inactivation can be recognized as well. As this is a major 

determinant of operational stability, it is important to take into consideration when analyzing 

enzyme variants. Conclusions on oxidative self-inactivation would not have been made if 

regioselectivity assays had simply involved measuring the ratio of C1 and C4 oxidized sugars. 

(4) Identification of structural determinants of LPMO regioselectivity 

Enzyme catalysis is believed to occur in 4 steps: (1) ligand diffuses to the enzyme, (2) the ligand 

binds to the active site, (3) enzyme performs chemical reaction and (4) product leaves the enzyme. 

Regioselectivity is believed to be determined mainly by step (2) and (3) [269].  

A study of cytochrome P450 (CYP) enzymes revealed that a large binding pocket results in less 

direct ligand-protein interactions and a relatively fast interconversion between different binding 

states, resulting in low regioselectivity. In CYP enzymes with a compact binding pocket, the ligand 
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is forced to a preferred binding conformation by the higher ligand affinity caused by a larger 

number of protein-ligand interactions. This led to the believe that in situations with high ligand 

affinity, binding determines product regioselectivity much more than the transition state energy 

barrier in the subsequent chemical reaction step [270].  

Unlike CYPs, most LPMOs do not have a small ligand and instead of a binding pocket, they 

have a binding surface to accommodate the large substrate. Despite these differences, it can be 

assumed that the number and strength of binding interactions on the substrate surface will also 

influence LPMO regioselectivity. This would imply that on the surface of PcLPMO9D and 

NcLPMO9C, cellulose has a single strongly stabilized binding state, preventing transition to other 

(less favorable) binding states. On the other hand, HjLPMO9A probably has two (or more) binding 

states for cellulose, with only small differences in free energy, allowing for interconversion 

between the binding states and resulting in a mixed regioselectivity.  

The assumption of HjLPMO9A having at least two important binding states seems to be 

corroborated by the findings of the Y24A and Y211A variants. Indeed, by loosening binding at the 

Y24 position (mutant Y24A) the binding state leading to C4-oxidation becomes less favorable, 

resulting in an increased C1 oxidation. As a similar, although opposite, effect was observed for 

the Y211A variant, these residues are implied to be involved in two separate binding 

conformations.  

The fact that combining mutations was not shown to have a predictable effect on HjLPMO9A’s 

regioselectivity (see Table 4.2), indicates that regioselectivity is determined by the delicate 

balance between the separate binding conformations on the LPMO’s surface. It also explains why 

LPMOs with strong regioselectivity (i.e. the strict oxidizers) are much less responsive to 

mutational changes. Indeed, assuming these LPMOs have a very stable binding state, a single 

mutation will have no effect on the regioselectivity outcome, it will at the most result in lowered 

activity, as was shown for many of the PcLPMO9D variants. Interestingly, it was by mutating the 

most conserved surface-exposed aromatic residue of the whole AA9 family, that C4-oxidation 

regioselectivity was introduced into PcLPMO9D.  

The regioselectivity indicator diagram developed in chapter 3 could demonstrate that structural 

features of the binding surface (aromatic residues and N-glycans) were shown to have 
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implications on regioselectivity, where the axial copper coordination position did not. This 

observation confirms the role of binding in regioselectivity and leads to the believe that LPMOs 

have evolved a network of interactions on their substrate binding surface that enables them not 

only to bind to their substrate, but also to aim their oxidative force accurately at the C1 and/or C4 

carbon. Some LPMOs have a surface that enables them to attack only 1 carbon, while others 

have the ability to attack both carbons of the glycosidic bond. As a single LPMO was shown to 

have different regioselectivities depending on the substrate, LPMOs are even suggested to 

display separate binding conformations and mechanisms for each substrate they act on [161].  

 (5) Stability of LPMOs 

Just like other reactive oxygen species (ROS), H2O2 can cause damage to lipids, DNA, RNA and 

proteins. LPMOs do also suffer from this so-called oxidative stress and as they are able to produce 

H2O2 themselves, situations leading to high activity (e.g. high doses of light coupled to the 

chlorophyllin system) can cause so-called oxidative self-inactivation. This inactivation is the result 

of modifications to the residues in the active site, especially the two histidines coordinating the 

copper ion. An important observation here is that substrate binding protects the enzyme against 

this damage [131].  

A relatively easy test to determine whether an enzyme variant suffers from oxidative self-

inactivation, is to add catalase to the reaction mixture of the suspected variant showing non-linear 

kinetics. The protective action of catalase will result in linear kinetics. This test showed that despite 

the presence of a CBM, HjLPMO9A variants Y211A_N137A/Q suffered from oxidative damage, 

implying that CBM-involved binding is not the sole prevention against oxidative self-inactivation. 

Accurate channeling of the oxidative force towards the substrate seems to be just as important, 

leading to the believe that this self-inactivation will only occur in case the H2O2 generation exceeds 

the H2O2 consumption rate. Bad positioning of the LPMO onto the substrate will lead to H2O2 

accumulation and eventually oxidative damage.   

A second example indicating the role of substrate positioning is found when inspecting the CBM 

truncation mutants. Removal of Y24 and Y211 was shown to result in a similar decrease in binding 
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affinity in the full length HjLPMO9A (Fig. 5.6), but when combined with the CBM truncation, only 

the Y211A mutation caused oxidative self-inactivation. 

(6) Role of carbohydrate binding modules (CBM) 

On average, 30 % of LPMOs are modular enzymes containing appended CBMs [123] that 

promote binding to polysaccharides like cellulose (CBM1 and CBM2), chitin (CBM1,  CBM2, 

CBM5/12, CBM14 and CBM73) or starch (CBM20) [124]. The family of starch-active LPMO13s 

contain more (up to  60 %) of CBM20-appended LPMOs [271], while the most recently discovered 

family of xylan-active LPMO14s does not seem to have appended CBMs [242].  

Truncation of the CBM was shown to result in much lowered binding affinity of HjLPMO9A for 

cellulose (chapter 5), which is in accordance to the general observation that the catalytic domains 

of LPMOs with appended CBM do not have the high binding capacities of their CBM-free 

counterparts [100,125]. Interestingly, the overall activity on cellulose was shown not to suffer from 

this CBM removal (chapter 4), implying that the network of interactions on the catalytic surface is 

sufficient for productive binding and accurate channeling of the oxidative force. Interestingly, the 

effect of AAA removal was more pronounced in the CBM-truncation mutant. 

HjLPMO9A_ΔCBM_Y24A displayed a much increased C1-oxidative capacity compared to the 

HjLPMO9A_Y24A variant, the opposite effect also observed for the HjLPMO9A_ΔCBM_Y211A 

and HjLPMO9A_Y211A variants. However, the combination of the Y211A mutation and CBM 

truncation was shown to result in unproductive binding and oxidative self-inactivation. This led to 

the assumption that in a CBM-free context, the effect of changes to the substrate binding surface 

is much higher. This was corroborated by the results obtained for the variants of the naturally 

CBM-free PcLPMO9D, where most mutations, and especially those substituting the AAA with 

alanine, led to strong reduced activity on PASC. The same effect was observed when altering the 

surface AAA of bacterial LPMOs: while the CBM-appended ScLPMO10C was shown to suffer 

only mildly from this alteration, the CBM-free ScLPMO10B showed strong reduced activity on 

PASC. In this respect, it is most likely not a coincidence that a new regioselectivity could be 

introduced in this CBM-free context.   

  



Chapter 7 

 

212 

 

2 Outlook 

Seen the enormous progress that has been made in these first 7 years after the discovery of their 

oxidative activity, it is without any doubt that research on LPMOs will continue to amaze. LPMO 

research is very exciting, but also very demanding and it is clear that further progress will only be 

made through intense collaboration between scientists of a wide range of disciplines and fields: 

industrial biotechnology, structural biology, biochemistry, plant biology, microbiology, 

bioinformatics, enzyme-engineering and bio-inorganic chemistry. Luckily, the major groups 

involved in LPMO research are well aware of the need for interdisciplinary discussions and started 

2-yearly symposia dedicated to these unique enzymes.  

In this PhD thesis, extensive effort was done to recombinantly produce and engineer LPMO 

representatives in order to get more insight in LPMO regioselectivity. Although progress was 

made, it is clear that we are far from fully understanding how these LPMOs work. The next 

paragraphs give some examples of interesting research routes following directly from the work 

done in this PhD thesis, but also in a more general optic.  

This and other studies [148,153] have shown the importance of surface features on LPMO 

regioselectivity. The contribution of CBMs in LPMO activity is also not completely understood and 

although the findings in this work suggest a role in regioselectivity, extra research is needed to 

further unravel this topic. In this respect it could be interesting to create truncation mutants of 

NcLPMO9C and ScLPMO10C for use as template in extra mutagenesis studies.  

Closely related to the work on CBMs, it does seem interesting to also investigate whether the 

linker, which was shown to be very important for structural integrity of HjLPMO9A [155], could 

also be involved in determining the C1/C4-oxidation ratio. Indeed, glycosylated linkers are 

believed to not only connect enzyme modules, they are also suggested to play a role in substrate 

binding [272].  

As binding and positioning of the LPMO onto the substrate is expected to be the major 

determinant for activity and regioselectivity, it seems important to at least have an idea of the 

binding properties of enzyme variants. As his6-tag purification was unsuccessful (after many 

attempts), binding studies could not be performed for PcLPMO9D, NcLPMO9C and ScLPMO10C 
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wildtypes and variants, possibly hiding interesting information. Therefore, it seems worthwhile to 

further investigate alternative purification methods.  

As it was a side project, relatively little work (when compared to the fungal LPMOs) has been 

done on the bacterial LPMOs. Some promising results were, however, obtained. To further 

elucidate these findings, the next step would be to prepare oxidized chito-oligosaccharide 

standards (eg. according to the protocol described by Loose et al. [169]) and to further optimize 

the UPLC protocol.   

Many new insights into the function of LPMOs are believed to come from synergy studies, the 

increasing number of performed studies confirm this assumption [108–110,113,114,248]. There 

is, however, great variability in how these synergy tests are performed and to enable comparative 

analysis, methods will need to be standardized. Synergy studies using LPMOs and their variants 

will increase our understanding of the interactions between LPMOs, hydrolytic and other oxidative 

enzymes and will very likely result in many industrial applications. In this respect it would be 

interesting to test LPMOs variants on industrially relevant substrates, like corn stover, poplar or 

grasses.  

To conclude, it is clear that we still have a lot to learn about LPMOs, in fact, LPMO research is 

now considered to be only in its infancy [124]. It is not possible to know what the future will hold, 

but for LPMOs, the upcoming research promises to be very exciting and LPMOs are expected to 

have many applications beyond biomass degradation. When looking at LPMOs as H2O2-

producing enzymes, there seems to be a plethora of medical applications. Indeed, H2O2 plays a 

central role in our innate immune response [273] and H2O2 is also shown to inhibit the proliferation 

of cancer cells [274]. Combining LPMOs with tumor-specific antibodies, could possibly find 

applications for LPMOs in cancer treatments.  
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Problem formulation 

What are the determinants for oxidative regioselectivity in LPMOs? 

Motivation 

Research on LPMOs is considered to be still in its infancy.  This study aims at expanding the 

basic knowledge on these intriguing enzymes. LPMOs have already been proven to be very 

effective for the production of lignocellulosic ethanol, but their applications are believed to go 

much further. Only by better understanding their biochemical properties and functionalities, the 

full potential of LPMOs can be unraveled.   

Goal 

Overall, despite the high interest in LPMOs and the enormous progress in recent years, many 

hypotheses concerning determinants of regioselectivity still demand experimental validation. This 

study aims at getting better insight into these determinants through site-directed mutagenesis of 

three fungal and two bacterial LPMO representatives. 

Scientific hypothesis 

LPMO regioselectivity is determined by the orientation of the polymeric substrate onto the 

enzyme’s surface. This orientation is believed to be determined by features (e.g. N-glycans, 

aromatic residues, helices) on the enzyme’s binding surface. Changes in this orientation are 

expected to result in subtle differences in the C1/C4 oxidation ratio, demanding for a sensitive 

screening approach. Time-course monitoring of a selection of signals indicative of regioselectivity 

is believed to be the best option as it will also provide information about the stability and general 

activity of the LPMO.  
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Differentiation to the state-of-the-art 

Although the knowledge on LPMOs has increased tremendously over the last 8 years, oxidative 

regioselectivity has, up-to-now, mainly been approached theoretically by formulating hypotheses 

based on structural and sequential comparisons.  

This extensive mutagenesis study offers the highly needed experimental validation of structure-

function relationship towards regioselectivity in LPMOs. It is based on a novel quantitative 

indicator diagram capable of distinguishing subtle changes in oxidative regioselectivity. The 

method does not rely on purification (making it less time-consuming), benefits from the 

endoglucanase background activity in P. pastoris CBS7435 and is based on the relatively short 

(4 hours) time-course monitoring of only 2 selected signals from the complex HPAEC-PAD 

chromatogram typical for LPMOs.  

Benefits/Take home messages 

LPMO regioselectivity is a matter of fine-tuning the oxidative force to the C1 or C4 carbon, 

determined by a complex matrix of interactions on the substrate binding surface. 

Binding and synergy studies suggest that the boosting effect of LPMOs on cellulose degradation 

is determined by the delicate balance between oxidative activity and binding capacity. 
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Lytic Polysaccharide MonoOxygenases (LPMOs) have changed our understanding of 

lignocellulosic biomass degradation dramatically. These copper-dependent enzymes oxidatively 

cleave the glycosidic bonds in many of Nature’s major polymers. Although originally found to be 

active on chitin and cellulose, LPMOs active on hemicellulose, starch, soluble cello-

oligosaccharides and xylans have been discovered. In the Carbohydrate Active enZyme database 

(CAZy), LPMOs are currently classified in Auxiliary Activity (AA) family 9, 10, 11, 13, 14 and 15. 

LPMOs all share a beta-sandwich fold with on its planar surface, a copper ion ligated by a 

‘histidine brace’ that is responsible for the enzymes oxidative action.  

Although the conserved active site architecture suggests a similar reaction mechanism, different 

LPMOs can oxidize the C1 and/or C4 carbon, generating aldonic acids and 4-ketoaldoses, 

respectively. Several hypotheses have been formulated on the underlying causes for this 

oxidative regioselectivity. Based on accumulating structural data, the accessibility of the solvent-

facing axial position of the catalytic copper is believed to determine the C1/C4-oxidation ratio. 

Structural features like N-glycans, a helix typical for C1/C4-oxidizing LPMOs and surface aromatic 

amino acids (AAA) have also been suggested. In this PhD thesis, the effect of these (and more) 

putative regioselectivity determinants were evaluated through extensive mutagenesis studies. 

Three fungal LPMO9s, one for each regioselectivity type present in the AA9 family, were 

selected for the mutagenesis study performed on fungal LPMO9s: Phanerochaete chrysosporium 

LPMO9D (C1-oxidizer), Neurospora crassa LPMO9C (C4) and Hypocrea jecorina LPMO9A 

(C1/C4) were produced in P. pastoris. The production of a fourth LPMO, NcLPMO9D (C4) could 

not be sufficiently increased, and therefore this LPMO was excluded from the subsequent 

mutagenesis studies. 

The next task was to develop a screening approach with a direct correlation with the desired 

functionality. LPMOs render this search extra challenging due to their insoluble substrates, 

complex pattern of reaction products and lack of synthetic standards of most oxidized products. 

The established regioselectivity indicator diagram based on the time-course of only 2 HPAEC-

PAD signals was demonstrated to reveal differences in C1/C4-oxidative activity. A background 

endoglucanase activity in the ultrafiltrated P. pastoris broth enables the relatively short incubation 

times (4h).  
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With the indicator diagram at hand, an extensive mutagenesis study was set up addressing the 

traits possibly involved in regioselectivity of fungal LPMOs. The strategies for these site-directed 

mutagenesis approaches were based on (1) sequence data and (2) structural data. Using 3DM, 

a tool for performing structure-based sequence alignments, no link between regioselectivity and 

correlated positions was discerned. However, this alignment study did reveal some sequence 

conservation likely involved in regulating the C1/C4 oxidation ratio. Unfortunately, possibly due to 

the high sequence variability at the N-terminus and incorrect regioselectivity predictions, all 

mutations ended in poor production titers and/or inactivity.  

 Therefore the next series of mutational experiments were based on structural data, evaluating 

the effect on regioselectivity of several structural characteristics. These experiments showed that 

N-glycans and aromatic residues on the substrate binding surface have the most significant effect 

on regioselectivity. On the other hand, the surface-exposed axial position of the Cu-site was not 

shown to be a key determinant of regioselectivity. As a high variability in C1/C4-oxidation ratios 

was observed for most mutants, these findings indicate that regioselectivity is determined by a 

whole matrix of interactions on the substrate surface and seems to have evolved without strong 

functional constraints. 

The last chapter on the fungal LPMOs (chapter 5) tried to look at LPMOs from a different angle. 

Binding studies revealed that by removing the aromatic amino acids on the planar active surface, 

the binding capacity of HjLPMO9A decreases in a way similar to CBM truncation, although less 

pronounced. It was also demonstrated that surface AAA removal, does not have an effect on the 

catalytic competence. As a synergy study revealed a 16.5% increase in synergetic efficiency for 

the double AAA mutant compared to the WT, it was suggested that synergism is at least partly 

improved by an increased adsorption/desorption frequency.  

In a side-project, two bacterial LPMO10s were subjected to mutagenesis experiments: 

Streptomyces coelicolor LPMO10B (C1/C4) and LPMO10C (C1) were successfully produced in 

E. coli and their oxidative activity was confirmed on PASC using HPAEC-PAD analysis. Binding 

studies on cellulose, α- and β-chitin displayed good binding capacities of ScLPMO10B on chitin, 

but not on cellulose.  
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Mutagenesis studies demonstrated the importance of the single aromatic surface residue on the 

activity of ScLPMO10B, where the CBM-appended ScLPMO10C suffered less of its removal. By 

mimicking the cavity close to the Cu-site of chitin-active LPMOs, ScLPMO10B was shown to 

release a different product pattern from chitin.  

There are two main conclusions to be drawn from the findings in this PhD thesis. The first is that 

LPMOs seem to have evolved, without strong functional constraints, a complex matrix of 

interactions on their substrate binding surface, carefully directing their oxidative force and causing 

their C1/C4-oxidation ratio. Second, as LPMOs can suffer from their own activity by a process 

referred to as oxidative self-inactivation, LPMO activity and regioselectivity seem involve a 

delicate balance between catalytic and binding capacity. 
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Lytische Polysacharide MonoOxygenasen (LPMOs) hebben onze kijk op de degradatie van 

biomassa drastisch veranderd. Deze koper-afhankelijke enzymen breken op oxidatieve wijze de 

glycosidische bindingen in vele natuurlijke polymeren. Hoewel ze oorspronkelijk enkel actief 

werden geacht op chitine en cellulose, zijn er ondertussen LPMOs ontdekt die actief zijn op 

hemicellulose, zetmeel, oplosbare cello-oligosachariden en xylaan. In de databank van 

koolhydraat actieve enzymen (CAZy) worden LPMOs momenteel geclassificeerd in de families 9, 

10, 11, 13, 14 en 15 van de hulp- (auxiliary) activiteiten (AA). LPMOs worden gekenmerkt door 

een beta-sandwich vouwing met op het vlakke oppervlak een koper-ion gecoördineerd in een zgn. 

‘histidine brace’, welke verantwoordelijk is voor de oxidatieve activiteit van deze enzymen. 

Hoewel de geconserveerde architectuur van het actief centrum een gelijkaardig mechanisme 

suggereert, kunnen LPMOs het C1 en/of C4 koostof atoom oxideren, wat aanleiding geeft tot de 

vorming van, respectievelijk, aldonzuren en 4-ketoaldosen. Er werden reeds meerdere 

hypothesen geformuleerd rond de onderliggende oorzaken voor deze oxidatieve regioselectiviteit. 

Structurele data suggereren dat de toegankelijkheid van de solvent-gerichte axiale positie van 

het koper-ion mogelijks de C1/C4-oxidatie verhouding beïnvloedt.  Structurele kenmerken als N-

glycanen, een helix typisch voor C1/C4-oxiderende LPMOs en aromatische residu’s op het actief 

oppervlak, werden ook in deze context vernoemd. In deze doctoraatsthesis werd het effect van 

deze (en andere) mogelijke regioselectiviteitsdeterminanten geëvalueerd via uitgebreide 

mutagenese studies.  

Drie fungale LPMOs, één voor elk regioselectiviteitstype aanwezig in de AA9 familie, werden 

geselecteerd  voor de mutagenese studie op fungale LPMOs. Phanerochaete chrysosporium 

LPMO9D (C1-oxideerder), Neurospora crassa LPMO9C (C4) en Hypocrea jecorina LPMO9A 

(C1/C4) werden geproduceerd in P. pastoris. De productie van een vierde LPMO, NcLPMO9D 

kon niet voldoende worden opgedreven en daarom werd deze LPMO niet opgenomen in het 

mutagenese onderzoek.  

De volgende taak was het ontwikkelen van een screening-protocol met een directe correlatie 

t.o.v. regioselectiviteit. LPMOs maken dit extra uitdagend door hun onoplosbare substraten, het 

complexe patroon aan reactieproducten en het feit dat er voor de meeste van hun 

reactieproducten geen synthetische standaarden beschikbaar zijn. Het ontwikkelde 

indicatordiagram, gebaseerd op de tijdsopvolging van slechts twee HPAEC-PAD signalen, kon 
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echter met succes zelfs kleine verschillen in C1/C4-oxidatieve regioselectiviteit aantonen. De 

endoglucanase achtergrondactiviteit in de P. pastoris cultuurvloeistof maakt hierbij relatief korte 

incubatietijden (4h) mogelijk.    

Gebruik makend van dit indicatordiagram, werd een uitgebreide mutagenese studie opgezet 

gericht op het onderzoeken van mogelijke regioselectiviteits-beïnvloedende kenmerken. De 

strategiën voor deze site-directed mutagenese werden ontwikkeld op basis van (1) sequentiële 

en (2) structurele data. Met 3DM, een programma voor het maken van structuur-gebaseerde 

sequentie aligneringen, kon geen direct verband worden aangetoond tussen gecorreleerde 

posities en regioselectiviteit. Deze multiple sequence alignment (MSA) toonde wel enige 

sequentie conservatie aan die mogelijks betrokken is in het regelen van de C1/C4-oxidatie 

verhouding. Jammer genoeg leidden alle hierop gebaseerde mutaties tot zwakke expressie en/of 

inactieve enzymen.  Dit was waarschijnlijk te wijten aan de hoge sequentie variabiliteit van de N-

terminus en onjuiste voorspellingen met betrekking tot regioselectiviteit. 

Daarom werden de volgende reeks mutagenese experimenten gebaseerd op structurele 

gegevens, waarbij voor verscheidene structurele kenmerken het effect op regioselectiviteit werd 

onderzocht. Deze experimenten toonden aan dat N-glycanen en aromatische residu’s op het 

substraatbindend oppervlak het grootste effect hebben op regioselectiviteit. Aan de andere kant 

kon worden gedemonstreerd dat de solvent-gerichte axiale positie van het koper-ion geen 

sleutelrol speelt voor de regioselectiviteit van LPMOs. Omdat het merendeel van de mutanten 

zo’n uiteenlopende C1/C4-oxidatie ratio’s vertonen, wijzen deze bevindingen in de richting van 

een complexe matrix aan interacties op het substraatbindings oppervlak die instaan voor deze 

regioselectiviteit en dat deze konden evolueren zonder sterke functionele beperkingen. 

Het laatste hoofdstuk rond fungale LPMOs (hoofdstuk 5) benaderde LPMOs vanuit andere hoek. 

Bindingsexperimenten konden aantonen dat het verwijderen van aromatische aminozuren op het 

planaire actief oppervlak net als CBM-truncatie leidt tot verminderde bindingscapaciteit, maar dan 

minder uitgesproken. Er kon ook worden gedemonstreerd dat het verwijderen van aromatische 

oppervlakteresidu’s geen effect heeft op de catalytische competentie van LPMOs. Omdat uit een 

synergiestudie bleek dat de dubbele Y24A_Y211A variant van HjLPMO9A een met 16.5%  

verhoogde synergetische efficiëntie vertoonde dan het wildtype, werd gesuggereerd dat 



Samenvatting 

 

249 

synergisme ten minste gedeeltelijk verbeterd wordt door een verhoogde adsorptie/desorptie-

frequentie. 

In een zij-project werden twee bacteriële LPMO10s onderworpen aan mutagenese 

experimenten: Streptomyces coelicolor LPMO10B (C1/C4) en LPMO10C (C1) werden succesvol 

geproduceerd in E. coli en hun oxidatieve activiteit kon worden bevestigd op PASC, gebruik 

makend van HPAEC-PAD analyse. Bindingsexperimenten op cellulose, α- en β-chitine wezen op 

goede bindingscapaciteiten van ScLPMO10B op chitine, maar niet op cellulose.  

Mutagenese experimenten demonstreerden het belang van het enige aromatische 

oppervlakteresidu op de activiteit van ScLPMO10B, terwijl dat veel minder het geval was voor het 

CBM-dragende ScLPMO10C. Chitine-actieve LPMO10s hebben veelal een holte net naast het 

actief centrum (waarschijnlijk voor een GlcNAc eenheid van chitine). Door deze holte na te 

bootsen in ScLPMO10B werd een variant bekomen met een sterk gewijzigd productpatroon 

vrijgesteld uit chitine.  

Uit de bevindingen in deze doctoraatsthesis zijn er twee hoofdconclusies te trekken. De eerste 

is dat LPMOs, zonder sterke functionele beperkingen, een complex netwerk van interacties 

konden ontwikkelen op hun substraatbindingsoppervlak dat instaat voor het zeer nauwkeurig 

richten van hun oxidatieve kracht en zo ook voor de C1/C4-oxidatie verhouding.  Ten tweede, 

indien niet goed afgesteld, kunnen LPMOs nadeel ondervinden van hun eigen activiteit, via een 

proces dat ondertussen bekend staat als oxidatieve auto-inactivatie. LPMO activiteit en 

regioselectiviteit lijken zo bepaald te worden door een een delicaat evenwicht tussen catalytische 

-en bindingscapaciteit.   
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