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Abstract

In the evolution of the fossil-based economy into a renewable one, the application of cellulose as
renewable resource is hindered by its crystalline structure and high recalcitrance towards
conventional enzymatic breakdown. Recently, Lytic Polysaccharide MonoOxygenases (LPMOS)
were discovered and considered the key element for an efficient enzymatic cellulose breakdown.
Oxidative cleavage of the glucose chain disrupts the crystalline structure, thus boosting the
activity of the classical cellulases. For a successful application however, the LPMOs require an
increased stability to meet the industrial conditions. So, this thesis aims to increase the thermal
stability of a specific LPMO, namely Streptomyces coelicolor LPMO10C.

First, an expression system was optimized to ensure the required N-terminal end and sufficient
enzyme yield and purity. The activity was evaluated on phosphoric acid swollen cellulose
(PASC) via HPAEC-PAD analysis and the melting temperatures were obtained via differential
scanning fluorimetry (DSF). Next, flexible regions, determined with B-fitter, were targeted in
prospect of a higher stability. One set involved the introduction of salt bridges, ionic networks
and polar residues at the protein’s surface, while another set was based on the introduction of
disulphide bonds.

As a result, none of the mutations changed the activity drastically. Furthermore, introducing extra
disulphide bonds resulted in 4 mutants with increased melting temperature (+ 3 °C, + 3°C, + 5
°C, + 9° C) Therefrom one final mutant combination was created and resulted in an increase
from 51 °C for the wild type to 63 °C (+ 12 °C) for the mutant.

Key words: Lytic polysaccharide monooxygenase, SCLPMO10C, rational engineering,
thermostability, disulphide bonds



Samenvatting

In de evolutie naar een duurzame economie, wordt de toepassing van cellulose voor de bio-
ethanol productie bemoeilijkt door zijn kristalliene structuur en zijn enorme weerstand tegenover
conventionele enzymatische afbraak. Sinds de recente ontdekking van Lytische Polysaccharide
MonoOxygenases (LPMO’s) worden ze beschouwd als de ontbrekende factor voor een
efficiénte enzymatische cellulose afbraak. Door oxidatieve splitsing van de glucoseketens
verbreken ze de kristalliene structuur, waardoor ze de klassieke cellulase activiteit stimuleren.
De succesvolle toepassing van LPMOs vereist echter voldoende stabiliteit. Daarom is het doel
van deze thesis om de thermische stabiliteit te verhogen van een specifiek LPMO, namelijk
Sterptomyces coelicolor LPMO10C.

Als eerste werd een expressiesysteem op punt gesteld waarbij de correcte amino-terminus van
het eiwit en voldoende eiwitopbrengst en zuiverheid verzekerd werden. De activiteit werd getest
op het cellulosesubstraat Phosphoric Acid Swollen cellulose (PASC) en geanalyseerd via
HPAEC-PAD, terwijl de smelttemperatuur gemeten werd via differential scanning fluorimetry
(DSF). Vervolgens werden flexibele regio’s bepaald met B-fitter en werden ze gebruikt als
doelwit voor mutagenese. Eén set betreft de introductie van zout bruggen, ionische netwerken
en meer polaire residuen op het eiwitoppervlak, terwijl een andere set gebaseerd was op de
introductie van disulfidebruggen.

Als resultaat had geen van de verkregen mutanten een drastische verandering in activiteit. Maar
4 mutanten met extra disulfidebruggen resulteerden in een verhoogde smelttemperatuur (+ 3 °C,
+ 3 °C, + 5 °C, + 9° C). Hiervan werd 1 finale combinatie gemaakt, die resulteerde in een
verhoging van 51°C voor het wild type naar 63 °C voor de mutant.

Sleutelwoorden: Lytisch polysaccharide monooxygenase, ScLPMO10C, rational engineering,
thermostabiliteit, disulfidebruggen
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Introduction

Due to the strain of the ever increasing energy demands on the limited supply of fossil fuels and
the increased awareness of global warming, the interest in renewable resources has strongly
increased. Therefore a transition to a more renewable bio based economy is required. The first
generation of bio-ethanol, derived from sugar and starch containing crops (e.g. sugar cane, corn,
wheat, ...), is currently the most commonly used source of alternative energy. While already
commercially available, they are highly contested due to the impact on the prices and availability
of the food and feed stocks.

A promising alternative for these food crops is the use of cellulose. As the most abundant
biopolymer on earth, cellulose demonstrates a big potential as alternative resource.
Lignocellulosic biomass obtained from wood, agricultural residues and municipal waste streams
can be applied as carbon source for the creation of second generation bio-ethanol, without
interfering with the food and feed market.

Due to the strong and stable B-1,4-glycosidic bonds and the recalcitrant nature of the crystalline
structure of cellulose, enzymatic breakdown proved difficult. A recently discovered group of
enzymes, however is believed to hold the key to the development of an efficient enzyme mix for
the degradation of cellulose. This new group of enzymes, called lytic polysaccharide
monooxygenesas (LPMOs), however requires sufficient stability in order to retain sufficient
activity at process conditions to contribute to the efficiency of the cellulose breakdown.

The goal of the research reported in this thesis, is the expression of a bacterial lytic
polysaccharide monooxygenase with the potential for application in industrial processes. This
involves the creation of a more thermostable and still active mutant of the cellulose degrading
enzyme ScLPMO10C (former ScCelS2). As the expressed recombinant protein needs to be
tested for both the activity and the melting temperature, the first requirement in the search of
improved mutants is to optimize the expression system. This expression system is thus
expected to yield an active enzyme, with the possibility to be purified in sufficient concentrations.
In this regard, the enzyme yield, correct N-terminal end and the his-tag are crucial aspects. After
the optimization of the expression system, the assays need to be optimized as well to
successfully determine differences in the activity and apparent melting temperatures between
the enzymes from wild type and mutated genes. The third aspect of the research is the actual
mutating, expressing, purifying and measuring of the different strains.

The first part of this thesis consists of a literature study to provide the necessary background
information on the discussed topics. The next chapter of this work will report all the materials
and methods to have been applied during this research. Subsequently the results of the
performed tests are reported and discussed, followed by a conclusion and future perspectives of
this research.



Thesis

Literature study
1. Cellulose as renewable resource

1.1. The transition to a biobased economy

Ever since the industrial revolution, the increasing machinery, globalisation, industry and
transportation provided the world with an ever increasing energy demand. This rising
consumption has put a strain on the natural fossil resource supplies, which become gradually
depleted (Naik, Goud, Rout, & Dalai, 2010). This concern along with the increased awareness of
the climate change is forcing a change in the global fossil-based economy into a more
renewable one. Governments worldwide have been stimulating the transition to other types of
energy generation. While different approaches, such as wind turbines, hydroelectric stations and
solar power plants, have been implemented over time, fossil fuels still contribute to up to about
87% of the worldwide energy supply (Balat & Balat, 2009; Sandra T. Merino, 2007; Wyman,
1994).

Since cellulose is the most abundant biopolymer on Earth, biomass is an excellent carbon
source to use as renewable resource (Y Percival Zhang, Himmel, & Mielenz, 2006). A transition
in this direction is currently on-going (Balat & Balat, 2009). The power of this so-called biobased
economy lies in the potential of biomass to be applied for not only bio-ethanol generation, but all
kinds of non-food products such as electricity, heat, a variety of chemicals, other transportation
fuels... (Lin & Tanaka, 2006). The substantial cost for the necessary enzymatic conversions has
provided researchers with major challenges for the commercialisation (Demain, 2000). In an
attempt to evaluate the added value of bio-fuels (mainly bio-ethanol) when compared to the
production cost, researchers have proven that an addition of bio-ethanol decreases the exhaust
emission and improves combustion rates by increasing the oxygen content of gasoline (Horn,
Vaaje-kolstad, Westereng, & Eijsink, 2012). Even though the energy equivalent of bio-ethanol is
only 68% of gasoline, its carbon emission during combustion is over 80% lower and the
complete lack of sulphur dioxide exhaustion prevents the formation of acid rain (Mussatto et al.,
2010). This leads to the conclusion that the benefits from bio-fuels warrant the efforts made in
the search to reduce production costs (A & Hooijdonk, 2005).



1.2. Different generations of bio-ethanol

Inspired by the production of alcoholic beverages, the development of the bio-fuels was initially
based on the ethanol fermentation of corn by yeasts. However the potential of micro-organisms
doesn’t stop at the dissimilation of starch. Since micro-organisms also convert a wider series of
polymers into fermentable single saccharide units, other polymers are being considered as
potential alternative carbon sources (Balat & Balat, 2009; Demain, 2000).

By general consensus, all molecules currently acknowledged as alternative carbon sources,
have been classified in one of three classes. The first class comprises sugar cane and sugar
beet. These crops contain sucrose, offering the advantage of fermentation without requiring

extensive pre-treatment.

A second class of alternative carbon sources includes starch-based crops such as potatoes, rice
and the aforementioned corns. The malting process of corn has been performed for ages and
the enzymatic saccharification of potato and rice starch has been well studied. The resulting
know-how makes that pre-treatment of this type of carbon source poses few problems in the
production process of bio-ethanol (Cardona, 2007). As both this first and second class of
biomass require limited pre-treatment, they are considered convenient and they were the first
raw materials to be used in the production of bio-fuels (Horn et al., 2012). Therefore, the bio-
ethanol produced from these resources are currently referred to as “first generation bio-ethanol”.
Until today these first generation bio-fuels are still the most commonly produced bio-fuel, with
corn-starch (mainly in the USA) and sugar cane (mainly in South-America) as the primary raw
materials.

Despite the advantages of these materials, their application for large scale ethanol production
has always been highly contested (Cardona, 2007). This controversy finds its origin in the
competition the energy production would pose to the food and feed industries. Potatoes, rice,
corns, sugar cane and sugar beets all hold major value in the feeding of both people and
livestock, so their use on large scale would seriously disarray the food industry (Gray, Zhao, &
Emptage, 2012). In order to maintain enough nutrition to feed the increasing world population,
the “second generation bio-ethanol” has a higher potential (A & Hooijdonk, 2005). This type of
bio-ethanol differs from the first generation, since it is produced from lignocellulosic biomass.
Since this third class of carbon source is the main component in plant cell walls, it can be found
in wood, agricultural waste, municipal solid waste, etc. The natural abundance contributes to its
value as a renewable resource, as it is not only cheap to obtain, would not undermine different
industries but would even contribute to the processing of vegetal/agricultural waste. However
despite being constructed by the same glucose subunits as starch, this lignocellulosic biomass is
much more difficult to degrade to fermentable glucose units (Mussatto et al., 2010).



1.3. Cellulose
1.3.1.Build

The conversion of lignocellulosic biomass to fermentable units is a difficult venture.
Lignocellulose, as found in plant cell wall, consists mainly of cellulose (40% to 50%), combined
with hemicellulose (20% to 40%) and lignin molecules (20% to 30%). Figure 1 shows that
cellulose is composed of glucose subunits bound by the B-1,4-bond (Ratanakhanokchai,
Waeonukul, Sakka, Kosugi, & Mori, 2013). These molecules create hydrogen bonds among
themselves, aggregating multiple polymers into microfibrils. As several microfibrils aggregate,
lignin and hemicellulose tie those macrofibrils together in a crystalline structure that offers
structural stability and strength to plant cell walls (Horn et al., 2012).
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Figure 1: Schematic representation of the composition of lignocellulosic biomass. (Adapted from (Ratanakhanokchai et al.,
2013))

1.3.2.Difficulties

Even though starch and cellulose are both built up of D-glucose units, starch is an easily
degradable polymer while cellulose is recalcitrant to enzymatic conversion. Different causes can
be found for this remarkable difference. First, cellulose polymers are composed of 3-1,4- bound
glucose units. These bonds have a stability that far exceeds that of the a-1,4- and a-1,6- glucose
bonds in starch and form respectively amylose and amylopectin. This results in a much more
difficult hydrolysation (Bayer, Lamed, & Himmel, 2007). Secondly, hydrogen bonds are formed
between the glucose strings, resulting in aggregation into closely packed macrofibrils. The
obtained crystalline structure makes it difficult for enzymes to bind the substrate and break the
bonds.



As enzymes can only access the outer-ends of the crystalline structures, this leads to a
significant prolonging of the conversion and therefore a prolonging of the fermentation process.
This will in turn not only result in a higher production cost, but also in the need for more stable
enzymes to remain active during the longer conversion time.

Lastly, the presence of the lignin and hemicellulose around the different cellulose fibrils further
impedes the conversion of cellulose to glucose. These entwining polymers not only create a
physical barrier to further limit the accessibility of the enzymes, but the remnants of their
breakdown also show inhibitory effects on the cellulases (Forsberg et al., 2011; Isaksen et al.,
2014).



2. Cellulases

As cellulose proves difficult to degrade, nature has provided micro-organisms with an enormous
variety of synergetic cellulases. All these enzymes hydrolyse the B-1,4-glycosidic bonds, so that
they are classified as glycoside hydrolases (E.C.3.2) (Yi-heng Percival Zhang & Lynd, 2015).

2.1. General build-up

Most cellulose-active enzymes show a modular structure. In order to assure close interaction
with the insoluble cellulose biopolymer, a carbohydrate-binding module (CBM) can be present to
increase the specific substrate binding capability of the enzyme. After substrate recognition the
second important enzyme module, the catalytic domain, will initiate hydrolysis through acid-base
catalysis (Sukharnikov, Cantwell, Podar, & Zhulin, 2011).

As for every enzyme, the correct three-dimensional fold of the protein structure is of primordial
importance to obtain catalytic substrate activity (Harmsen & Huijgen, 2010; Lynd, Weimer, Zyl, &
Pretorius, 2002). This topology of the active site shows three possible characteristic varieties:
the pocket, the cleft/groove and the tunnel. All cellulase enzymes are glycoside hydrolases,
involved in the conversion of polymers. Only two types of the active sites are commonly found in
glycoside hydrolases: the cleft/groove and tunnel conformation. The lack of pocket conformation
in glycoside hydrolases is the result of the role of the conformation in the accessibility and
therefore the substrate specificity (Demain, 2000; Horn et al., 2012).



2.2. Types and mechanism

Three types of cellulases contribute to the conversion of cellulose. The substrates, products and
roles of all three types in the enzymatic breakdown of cellulose are represented in Figure 2.
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Figure 2: Schematic representation of the stepwise enzymatic catabolism of cellulose by the three types of cellulases
(Promon, Program, & Sciences, 2015).

A first group consists of the endo-1,4-B-D-glucanases (EC 3.2.1.4), also known as
cellodextrinases. This group of cellulases has a groove shaped active centre (part A on Figure
3), allowing it to bind along the length of the polymer. This type is therefore characterised by a
random cleaving of internal glycoside bonds in the cellulose chain (Dies, Henrissat, Davies, &
Henrissat, 1995; Vaaje-Kolstad et al., 2010).

Figure 3: A) Representation of the cleft/groove conformation in endoglucanase (this example is from E2 from Thermobifida
fusca). B) Representation of the tunnel conformation in cellobiohydrolase Il (this example is from Trichoderma reesei). The
proposed catalytic residues are shaded in red. Source:(Dies et al., 1995)



The second group of cellulases comprises of exo-1,4-B-D-glucanases (EC 3.2.1.176), also
called cellobiohydrolases (CBH). The active site of these cellulases shows a tunnel shaped
conformation (part B on Figure 3). This conformation only allows the enzyme to bind at the ends
of the polymers, because the polymer has to be completely moved through the tunnel. Only
when the polymer passes through the tunnel shaped catalytic centre, a cellobiose molecule will
be separated from the end of the glucose chain. Depending on the end where the exo-cellulase
is able to bind and begin the hydrolysis of the cellulose, two subtypes can be distinguished.
Cellobiohydrolases that are able to start the conversion at the reducing ends of the cellulose
polymer are named CBHI, while the CBHII can only begin the degradation of cellulose at its non-
reducing end (Dies et al., 1995).

As both the endo- as the exo-glucanases are unable to completely break cellulose down to
glucose, further conversion of cellobiose to glucose is required. This is where the third group of
cellulases: the B —glucosidases (EC 3.2.1.21) come in to play (Horn et al., 2012).



3. Lytic polysaccharide monooxygenases (LPMOs)

3.1. The function of LPMOs in the synergetic mechanism of cellulose breakdown

To use lignocellulosic biomass as carbon source, micro-organisms require a highly efficient
enzyme system, comprising of different synergistic enzymes (all of which are displayed in Figure
4). Endocellulases cut randomly in the polymer, so that more polysaccharide chain-ends
become available for degradation by exo-cellulases. Since this results in progressive conversion
of cellulose to cellobiose, the enzymatic conversion rate of the B —glucosidases will increase
accordingly (Langston et al., 2011). However, this system still remains very inefficient. Since the
1950s, it has been suggested that to achieve a sufficient efficiency on recalcitrant cellulose, the
enzyme system would require an additional component.

In 2005, scientists have identified an oxidative enzyme in the chitin breakdown that boosts the
degradation process (Forsberg, Raghr, et al., 2014). Chitin degradation is highly comparable to
cellulose breakdown and an analogues oxidative enzyme was shortly after identified and
presumed to be this missing key element in the enzymatic breakdown (Aachmann, Sgrlie, Skjak-
braek, Eijsink, & Vaaje-kolstad, 2012). Later on, these enzymes were called Lytic Polysaccharide
MonoOxygenases. Their flat substrate-binding surface allows the protein to bind the crystalline
materials and oxidatively cleave the glucose chain (while the aforementioned cellulases are
hydrolases). This disrupts the closely packed recalcitrant structure and provides new accessible
chain ends where the exocellulases can work on. This boosts the activity of the classical
enzymes. Further research into the nature, classification and origin of this component, led to the
discovery of multiple variants in both fungal and bacterial hosts (Aachmann et al., 2012;
Forsberg, Mackenzie, et al., 2014; Horn et al., 2012; Isaksen et al., 2014).
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Figure 4: Schematic representation of the different cellulose active enzymes: cellobiohydrolase (CBH) represented in light
blue, endoglucanase represented in purple and the LPMO represented in pink Source:(Fushinobu, 2013)



3.2. Classification

Although the discovery of LPMOs is rather recent, four different families have been found and
different classifications have been used. The first LPMOs to be identified in 2005 (Forsberg,
Rghr, et al., 2014) were firstly classified in the Carbohydrate Binding Module family 33 (CBM33),
primarily found in bacteria. Further research has led to the discovery of a second family of
LPMOs. These were considered to be a member of the Glycoside Hydrolase family 61 (GH61)
because of a very weak endoglucanase activity. These enzymes, mainly produced by fungi,
show catalytic activity on cellulose (Aachmann et al., 2012).

As more information about these LPMOs was revealed, it became clear that LPMOs didn’t
catalyse hydrolysis and a change in nomenclature was considered necessary. The
Carbohydrate-Active enZyme (CAZy) database has assigned the different LPMOs into Auxiliary
Activity families (Levasseur, Drula, Lombard, Coutinho, & Henrissat, 2013; Span & Marletta,
2015). The families formerly known as GH61 and CBM33 changed to Auxiliary Activity family 9
and 10 respectively (AA9 and AA10). It wasn’t until 2013 that scientist discovered a third
separate family of LPMOs: the Auxiliary Activity family 11 (AA1l) (Hemsworth, Henrissat,
Davies, & Walton, 2013). This group of enzymes differentiates from the other families by its
activity on chitin. Later, a fourth group of LPMOs was found to reduce starch and named AA13
(Leggio et al., 2015). This group of LPMOs is very remarkable since starch has no crystalline
structure and a completely different bond as described above. Both the AA1l and AA13 type are
produced by fungi. A schematic representation of the different auxiliary activity classes and their
substrate specificity and origin is depicted in Figure 5 (Span & Marletta, 2015).
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Figure 5: Variety in substrate specificity and origin of the different LPMO families (Span & Marletta, 2015)




3.3. Characteristics

As previously mentioned, LPMOs differ from the conventional cellulases by their different
cleavage mechanism. Since LPMOs catalyse a direct oxidation of the glycosidic linkage on the
crystalline surface of lignocellulosic biomass, they are considered oxygenases instead of
hydrolases.

Although a rather low sequence identity, all four auxiliary active families share a rather similar
conformation (visualised in Figure 6). All four families comprise a B-sandwich fold consisting of
two anti-parallel oriented B-sheets that are situated on top of each other. One 3-sheet consists of
three anti-parallel strands, while the other contains four anti-parallel strands. Structural
comparison between different LPMOs also revealed several aromatic amino acids at the core
are highly conserved. This is speculated to be because of a crucial role in the electron transfer
pathway necessary for the reduction of the copper ion (Agger et al., 2014; Hemsworth et al.,
2013; Horn et al., 2012). Both B-sheets are connected through a series of loops and turns,
formed by a-helices. Upon post-translational modification, the LPMOs are further stabilised with
the formation of disulphide bonds (Aachmann et al., 2012; Hemsworth et al., 2013).

Furthermore, LPMOs harbour a divalent metal ion in their active site, that has proven to yield the
highest activity in the case of copper (Forsberg, Mackenzie, et al., 2014). According to X-ray
crystallographic studies, this copper ion is coordinated in the catalytic centre of the enzymes by
a so-called histidine brace (Span & Marletta, 2015). This histidine brace involves 2 histidine
residues; wherefrom one of them must be the first amino acid of the protein, since both the side
chain and the amino group of the actual N-terminus are involved (Hemsworth et al., 2013).
Together with the second and more distal histidine, an equatorial water molecule and one or two
water molecules located away from the canonical equatorial positions, this coordinates the
copper ion in a T-shaped N; arrangement (Hemsworth, Johnston, Davies, & Walton, 2015). The
copper ion is further stabilized by other functional groups in amino acid residues, the type of
which depending on the family of LPMO. The AA9 family has a strategically placed axial tyrosine
coordinating the copper interactions, while the AA10 LPMOs have both phenylalanine and
alanine working to stabilize the copper interaction (Hemsworth et al., 2013). The AA1l family
makes use of the presence of alanine and tyrosine residues for the chelation of the copper ion in
their active centre. In each case, the copper chelation is further stabilised by formation of 2
hydrogen bonds with 2 water molecules. The different types of copper fixation are presented in
Figure 6 (Aachmann et al., 2012; Forsberg et al., 2011; Hemsworth et al., 2013, 2015; Horn et
al., 2012; Isaksen et al., 2014; Vaaje-Kolstad et al., 2010).
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The active site’s location in the centre of the flat binding surface provides little information as to
the specific interaction with the substrate. Recent findings however have proposed aromatic
residues on the surface surrounding the active site, as well as the highly variable loop to be
decisive in substrate binding and specificity (X. Li, Beeson, Phillips, Marletta, & Cate, 2012; Vu,
Beeson, Phillips, Cate, & Marletta, 2014). Literature reports protuberance of this loop to make up
over 50% of the putative substrate binding surface. Once the substrate is correctly bound,
oxidative cleavage can be catalysed.

Depending on the LPMO-type, the cleavage can be performed at different carbon positions of
the glucose unit. When the oxidation is performed at the C1-position, 8-1,5 lactones are formed
that can be hydrated to create aldonic acid. An example is SCLPMO10C. Alternatively, when the
C4-position is oxidized 4-ketoaldose are produced or even gemdiol after it was hydrated. An
example of this type of enzyme is the NcLPMQO9C. Other LPMOs are capable of both oxidations
(eg. ScLPMO10B and E7). This third possibility is able to create double oxidized products
(Forsberg, Mackenzie, et al., 2014). The rupture in the cellulose polymer induced by these
oxidations, renders the crystalline structured macrofibrils more amorphous and accessible for
the conventional cellulases (Beeson, Phillips, Cate, & Marletta, 2012).

AA9

AA10

AAll

Trends In Biotechnology

Figure 6: Structural presentation of the different Auxiliary Activity families and their respective copper binding in the active
site. A) the representation of the AA9 family, B) representation of the AA10 family and C) representation of the AA11 family.
Adapted from:(Hemsworth et al., 2015)
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3.4. Reaction mechanism

For each oxidation reaction, molecular oxygen, 2 electrons and 2 protons are required.
Therefore an electron donor is necessary to add to the reaction. This can be either an enzymatic
or non-enzymatic electron sources. The latter can be redox-active products like ascorbate or
gallate (Leggio et al., 2015), but also lignin has been described (Horn et al., 2012). The role of
an enzymatic donor, can be accomplished by complexation of the LPMO with cellobiose
dehydrogenase (CDH) (Jgrgensen & de Campos Giordano, 2015; Tan et al., 2015),

For oxidative cleavage of the cellulose polymer, the electron transfer mechanism of LPMOs
requires the presence of Cu®" ion at the histidine brace. This bivalent copper ion, bound in the
active centre of the enzyme, will be reduced to Cu® in the initial step of the electron transfer
through the uptake of a first electron. The reduced monovalent copper ion will interact with the
molecular oxygen. The reducing effect of the CDH will transfer a second electron to cleave the
O-0O bond in the intermediary molecule. As this results in the release of a water molecule, a
LPMO-Cu(ll)-O radical is created (Ziféakova & Baldrian, 2012). This radical is capable of
executing an oxidative cleavage of the glycoside bonds of cellulose polymers by coupling with
the substrate radical. (Tan et al., 2015). The reaction is represented in Figure 7.
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Figure 7: The oxidative cleavage reaction of LPMOs on cellulose(Hemsworth et al., 2015).
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4. Enzyme stability

4.1. Relevance

Over the last years, over 4000 enzymes have been studied, while only approximately 200
microbial original types are commercially available and just about 20 applied at truly industrial
scale (S. Li, Yang, Yang, Zhu, & Wang, 2012). With the growing understanding of the
production, fermentation and recovery processes, the application of enzymes as industrial
biocatalysts for more efficient production of biological compounds is expected to increase
exponentially. Despite many major advantages, the useful application of enzymes is often
counteracted by the lack of stability of the enzyme. While many industrial processes require high
temperatures (an increase of temperature from 25°C to 75°C can increase the process rate a
100-fold (lyer & Ananthanarayan, 2008)) and unfavourable pH ranges to shorten the incubation
time, increase mass transfer rate through lower fluid viscosities and reduce risk of
contamination, the same harsh conditions could hinder the enzyme activity (Gianfreda & Scarfi,
1991). As such, a higher stability will result in a reduced enzyme turnover and the economic
feasibility of the application of an enzyme is thus determined by its stability (Eijsink et al., 2004).

Two different approaches can be taken in defining the stability of enzymes. A first type of
stability is often referred to as storage stability or shelf-life: indicating the measure of preserved
activity of the enzyme after the time span between manufacturing and use (Fagéain, 2003). A
second type of stability is called the operational stability: the persistence of the enzyme activity
during the course of the process under the operating conditions required for industrial sized
productions (Fagain, 2003).

This operational stability of enzymes is of utmost importance. This property will determine
whether the enzyme can be applied, while still maintaining the necessary (often denaturing)
operating parameters such as increased temperatures, extreme pH conditions, agueous-organic
media,... (Gianfreda & Scarfi, 1991).

4.2. Kinetic vs thermodynamic stability

The ambiguity in literature on protein stability that has accumulated over time, has often caused
a lot of confusion due to different terms and meanings. According to the generally accepted
Lumry—Eyring model, the inactivation of enzymes is at least a 2-step process. The first step is
the reversible inactivation of the enzyme, due to the liability of the interactions responsible for
conserving the native structure of the enzyme.
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The second step in the Lumry—Eyring model consists of an irreversible inactivation through
covalent changes or aggregation to thermodynamically stable protein macromolecules. Based
on these two steps, the stability of an enzyme can also be divided into kinetic and
thermodynamic stability. The thermodynamic stability of an enzyme is defined as the resistance
of the folded enzyme to denaturation, wherein denaturation is defined as the unfolding to a
distorted protein. Thus resulting in the formation of a polypeptide where the key amino acid
residues are no longer close enough to form the catalytic centre. When the denaturing influence
is removed, this unfolding can be reversed and the activity restored (lyer & Ananthanarayan,
2008). This is the difference with kinetic stability which measures the resistance to irreversible
inactivation (Xie et al., 2014).

Both types of stability can be represented in the formula of the Lumry—Eyring model:
Ky k
Ne Ue F.

Herein: N represents the native state, U the denatured enzymatically inactive state (both
represented in Figure 8) and F the final permanently inactivated enzyme. The ratio of N over U is
a measure of the thermodynamic stability of the enzyme, whereas the ratio of N over F
corresponds to the kinetic or long-term stability (lyer & Ananthanarayan, 2008; Sanchez-ruiz,
2010).

Each of the stabilities is characterised by its own parameters. For kinetic stability, the time an
enzyme retains its activity before undergoing irreversible denaturation is characterised by the
half-life(T4,), the overall observed deactivation constant (k), the optimum operating temperature
(Top) @and the temperature of half-inactivation (Tso). The Ty, is defined as the time, required to
decrease the activity of a protein in specific condition to half. The T, on the other hand is the
temperature to be maintained during the incubation in order to cut the residual activity by half in
a defined period of time (Polizzi, Bommarius, Broering, & Chaparro-Riggers, 2007).
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Figure 8: schematic representation of the grouping of the different inactivating interactions(lyer & Ananthanarayan, 2008)

The most frequent approach in studies on protein stability centres on the determination of the
thermodynamic stability, represented by the free energy of unfolding (AG,), an unfolding
equilibrium constant (K,) or the melting temperature of the protein (T.,). The AG, is the difference
in Gibbs free energy measured during the transition from folded to unfolded enzyme, while the
K, constant is the ratio of the concentration of the unfolded protein on the concentration of the
folded enzyme. The AG, can be directly detected by differential scanning calorimetry, yet the
value can be more reliably obtained through interpolation from the difference in enthalpy
(Johnson, 2013) determined as visualised in Figure 9(B). The T, is the temperature at which half
of the enzyme has unfolded, which can be determined as visualised in Figure 9(A). These
characteristics of the thermodynamic stability can be determined through analysis methods as
differential scanning calorimetry, tryptophan fluorescence or changes in tyrosine absorbance
(Polizzi et al., 2007).

Research on enzyme stability has shown that enzymes with a thermodynamically unstable
native state, may still be capable of retaining their biological activity for physiologically relevant
times. In order for the activity to maintain in this situation, the enzyme would require a sufficient
difference in free-energy between the native form and the non-functional protein state (Sanchez-
ruiz, 2010). Despite these findings, researchers have learned that the difference in AG, of
mesophilic and hyper-thermophilic proteins, does not exceed and is often even lower than 100
kJd/mol. As this is only the equivalent of a few non-covalent interactions, composing a consensus
strategy on the stabilization of enzymes through specific adaptations for targeted changes in
AG, is further impeded(Jaenicke & Gerald, 1998).
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Figure 9: (A) The determination of the melting temperature through the melting curve. (B) The determination of the Tm and
change in enthalpy through differential scanning calorimetry. Source: (Polizzi et al., 2007)

4.3. Methods for stability improvement

The active site is generally considered the most fragile part of the enzyme. Due to the
importance of the correct folding of this catalytic centre, the main concern in improving the
stability of enzymes is the preservation of the active site under more rigid conditions (Xie et al.,
2014). Different methods exist such as addition of compounds to stabilise the protein,
immobilization of the protein and enzyme engineering. These three strategies will be described
in more detail below.

4.3.1.Additives

Across the entire spectrum of fields of enzymology, the oldest and most commonly applied type
of stabilization is the use of additives. This addition of substrate, ligand, co-factors (e.qg.
NADPY),... can significantly reduce the production of thermal or ultrasonic-unfolded enzyme.
This is the result of the stabilizing effect of the interactions between that compound and the
active centre of the enzyme. The addition of salts has also been reported to increase the stability
of enzymes, as they contribute to the preferential hydration of the enzyme (Fagain, 2003).
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Both the use of the bridging effects of low concentrations of specific divalent cations and the
comprising effect of higher concentrations of non-specific salts through salting out, have positive
effects on the enzyme stability. Alternatively, when polyols and sugars are used as additives to
agueous enzyme solutions, their positive effect to the water activity of the medium strengthens
the hydrophobic interactions among the enzyme’s non-polar amino acid residues (Gianfreda &
Scarfi, 1991). This in turn results in a more rigid protein fold and higher resistance to thermal
denaturation. Additions thus offers great possibilities in the increase of storage stability, yet they
could potentially be incompatible with the required reaction parameters or be economically
unviable (lyer & Ananthanarayan, 2008). For this reason, researchers have been studying
different approaches as well.

4.3.2.Immobilization

One of the more recent approaches in the increase of the enzyme stability is the immobilization
of enzymes on a porous support material. This immobilization provides a certain structural
protection against intermolecular process and external influences (proteolysis, aggregation,
inadmissible organic solvents and oxygen) (Mateo, Palomo, Fernandez-lorente, Guisan, &
Fernandez-lafuente, 2007). Positive effects from random immobilization is however not
guaranteed, as even negative effects from immobilization on stability have been documented
(Mateo, Abian, Lafuente, & Guisan, 2000). Several different methods have been tested. Most
promising techniques proved to be adsorption, entrapment, membrane confinement and single
or multiple covalent bonding (lyer & Ananthanarayan, 2008). In order to increase conformational
stability against thermal influences, the most applied method is the use of multipoint covalent
attachment (represented in Figure 10). This approach is based on the stabilizing effect of the
fixation of critical positions of the enzyme to a stable surrounding. This is obtained through
covalent binding of residues of certain amino acids to reactive groups on spacer arms on the
carrier substance. Through locking these amino residues in to place, they retain their relative
positions during denaturing conditions, resulting in a higher stability (e.g. 5-fold and 18-fold
factor for chymotrypsin and penicillin G acylase respectively as reported by Mateo et al.).
Furthermore, this allows the fixation of the different sub-units in multimeric enzymes, preventing
inactivation through inter-subunit dissociation or unconstructive intra-subunit crosslinking. When
the complex structure of the multimeric enzyme prevents the fixation of every subunit in this
multipoint attachment to a plain surface, it can also be complemented with chemical crosslinking
with polyfunctional polymers (Mateo et al., 2000).

17



No rigidification . Enzyme rigidification '

Figure 10: Schematic representation of the effect of specific multipoint immobilization on enzyme stability (Mateo et al.,
2007)

The number of enzyme-support bonds can be correlated with the degree of the stabilization
provided by the immobilization. Agarose beads, porous glass, zeolite and epoxy resins have
been frequently used for fixation of enzymes. Through a successfully executed multi covalent
attachment, stabilization factors up to even 30000-folds have been measured. The use of
covalent bond enzyme also offers the additional advantages of an increased operational control
and enzyme recovery through filtration (lyer & Ananthanarayan, 2008). Activity studies on the
other hand have shown slight decreases after immobilization, with activity recoveries around
60% on average (Mateo et al., 2007). For increasing the thermodynamic stability of enzymes,
the second most common technique is the entrapment of enzymes. When compared to the
soluble enzyme of Horseradish peroxidase, an increase in activity of 100-fold and an increase in
turn-over after 80 minutes of 230-fold was measured after entrapment in a copolymer (Polizzi et
al., 2007).

4.3.3.Engineering

Another approach in the stabilization of enzymes consists of genetically enhancing the natural
enzyme to a more resistant protein. As immobilization protocols can be rather expensive and
time-consuming, random or site-specific mutagenesis can be applied to manufacture a more
stable enzyme. In this approach called enzyme engineering, different methods can be applied.

In order to increase enzyme stability, an increase in the transition state energy barrier for
denaturation is desired. As this is obtained through formation of numerous non-covalent bonds
and interactions, the most common approach is therefore to introduce more hydrophobic
interactions, salt bridges, hydrogen bonds and van der Waals forces (Xie et al., 2014).
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Through enzyme engineering, the half-life at 60°C of sucrose phosphorylase has been more
than doubled through combination of different stabilizing rational mutation and the Tg, was
increased by 3°C (Cerdobbel et al., 2011).

Depending on whether the mutations are random or more thought trough, these methods are
called directed evolution, semi-rational design or rational design (Aerts et al., 2013). A more
elaborate explanation can be found in the following topic.
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5. Enzyme engineering

Three different types of enzyme engineering have developed over the course of the years. The
first to be developed in the lab was rational design, followed by directed evolution (which is

considered by some as the first technique, as it is based on nature’s evolution) and later semi-

rational design. The ideal method to be used in certain situations can be evaluated according to
the selection plan in Figure 11 while a comparison of the advantages and disadvantages of the

different theories is represented in Table 1.

Choice of method
for enzyme engineering

Functional information
may be gained from small
library or point mutations

High-throughput
screening available?

Structural/functional
information available?

v

High-throughput
screening available?

Directed evolution

Semi-rational design

Rational design

Figure 11: the selection plan of the different approaches in enzyme engineering (Chica, Doucet, & Pelletier, 2005)

Table 1: comparison of approaches for engineering improved enzyme stability(Chica et al., 2005)

Randem mutagenesis

Semi-rational design

Rational design
High-throughput screening or selection method Mot essential
Structural and/or functional information Both essential
Sequence space exploration Low
Probahility of obtaining synergistic mutations Moderate

Essential

Meither essential
Moderate, random

Low

Advantageous but not essential

Either is sufficient

Experimental: moderate, targeted

Computational: vast, targeted
High
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5.1. Types
5.1.1.Directed evolution

Directed evolution is a protein engineering approach involving iterative rounds of selecting
beneficial mutations out of substantial libraries obtained through large scale mutagenesis.

The functioning of a protein structure is a characteristic property of the entire polymer, rather
than site specific. Ameliorations to enzymes have often proved to be the cumulative effect of
improvements by multiple small mutations dispersed across the molecule. Hence in order to
improve the enzyme, mutations throughout the entire sequence can be screened on the
induction of a desired effect on the enzyme. This approach was introduced in 1994, resulting
from the pioneering work of Stemmer, Chen and Arnold, and is called directed evolution as it
was inspired by natural evolution (Borchert, Burg, Eijsink, & Ga, 2005; Fagain, 2003). As the
occurrence of successful mutations is of low frequency, this method involves extensive libraries
of mutated strains to be tested (Aerts et al., 2013). While the required knowledge of structural or
functional information is limited, an efficient and highly specific high through-put screening
method is crucial (as can be seen on Figure 11). This is often referred to as “you get what you
screen for”.

Several approaches are known for the production of the libraries, such as error prone PCR and
UV induced mutagenesis. Another method of creating these mutated strains is through a PCR
reaction without addition of primers. The used DNA material is hereby obtained after random
fragmentation of a mixture of sequences with one or more point mutations in the original enzyme
encoding sequence. This PCR reaction will allow random reassembly, leading to template
switching of the different starting point mutations (Fagain, 2003). In order to maintain feasible
sized libraries, “family shuffling” is often applied (Y Percival Zhang et al., 2006). Family shuffling
is based on recombining homologues sequences, naturally recurring in related organisms. This
approach is based on the assumption that those residues are more likely to successfully
stabilize the enzyme, as this has already propagated through natural selection (Cerdobbel et al.,
2011). This method has allowed the t,, of phosphite dehydrogenase at 45°C to be increased
over 23000-fold without decreasing the catalytic efficiency (Nannemann, Birmingham, Scism, &
Bachmann, 2012).

5.1.2.Rational design

Despite the similarity between directed evolution and natural evolution, the first method of
genetically engineering of enzymes to be applied in laboratories was a rational design
experiment. Rational design is the approach of enzyme engineering, in which knowledge of both
the 3D structure and the mechanistic knowledge of the enzyme is used to determine a handful of
specific amino acid exchanges believed to result in a specific property (Polizzi et al., 2007).
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Excessive knowledge of both the structure and the function of the different regions is required to
successfully determine the specific mutations to be tested (Suplatov, Voevodin, & Svedas,
2015). This approach is thus based on selectively mutating the specific locations believed to
determine a specific property while maintaining the other characteristics.

While no decisive rules have been established, certain trends for the rational engineering of
thermostability have emerged during thermodynamic assessment experiments on small
enzymes able to reversibly unfold. Stabilization can be achieved through increased entropy by
insertion of proline residues, while limiting glycine, asparagine and glutamine (Cerdobbel et al.,
2011). Other commonly used mutations for potentially stabilizing effects are helix capping and
the introduction of extra salt bridges and disulphide bonds (Eijsink et al., 2004). A successful
example of enzyme stabilisation was by introducing two disulphide bridges in the tetrameric
MDH from Chloroflexus aurantiacus. This led to an increase in apparent melting temperature of
15°C at a pH 7,5 (Eijsink et al., 2004).

5.1.3.Semi-rational design

This type of enzyme engineering is based on the saturation mutagenesis of amino acid residues
that are assumed to offer the desired improvement, based on sequential comparison to other
experiments and sequences. These specific locations have been selected using computational
predictive algorithms and what information is known on protein sequence, structure and function.
By using saturation mutagenesis, all 20 native amino acids are once mutated in to those specific
sites and evaluated for their influence on the specific feature. While still requiring less
information than in rational design, this more structural approach provides a higher frequency of
successful mutations. Thus this approach requires a smaller mutant library. Further limitation of
the libraries can be obtained by taking the degenerate codons in to account (Bommarius, Blum,
& Abrahamson, 2011). All positively influencing mutations are afterwards combined for optimal
stabilization (Chica et al., 2005).

As the most recent approach to enzyme engineering, semi-rational design thus consists of the
combination of the limited need for structural knowledge and the limited requirements
concerning the throughput of the screening methods. As sufficient structural and functional
information concerning some enzymes is not yet revealed and implementation of high-
throughput screening methods often proves difficult, this approach to protein engineering proves
more easily applicable (Lutz, 2010)
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Materials and methods

1. Determination of mutations

To increase the thermostability, the used approach is based on the fixation of the most flexible
amino acids. These locations were detected through analysis of X-ray crystallography data.
Analysis was performed through B-fitter, designed by Reetz et al (Reetz, Carballeira, & Vogel,
2006), to rank all amino acids in order of decreasing B-factor values (representing the degree of
vibration of that amino acid). To further evaluate these results, the top 20 flexible positions (here
this was all positions with B-factors over 15) were visualized in Pymol. In order to reduce the risk
of losing the enzyme activity by disrupting the copper binding site, all amino acids at a distance
of less than 6 Angstrom from the Copper atom were considered as unsuitable for mutating. The
location of all remaining amino acids with a B-factor over 15, and the surrounding secondary
structures were further rationally inspected for the possibility to create stabilizing mutations by
use of salt bridges, hydrophobic interactions,..

As a second approach, the insertion of disulphide bonds is generally considered to offer great
potential in the stabilization of proteins. In order to determine the mutations to allow possible
insertions of disulphide bonds, 2 tools were applied: disulphide by design (DbD) and MOdelling
of Disulfide bridges In Proteins (MODIP)(Dani, Ramakrishnan, & Varadarajan, 2003;
Sowdhamini, R., Srinivasn, N., Shoichet, B., Santi, Daniel, V., Ramakrishnan, C. & Balaram,
1989). The combining of the results from these tools, should increase the chance of successful
mutations. All proposed mutations on the A list from the MODIP tool to reoccur on in the results
of the DbD tool were selected. Furthermore, all proposed mutations from the B list from the
MODIP results that were proposed by the DbD tool, were listed as flexible positions by B-fitter
and further than 6 Angstrém from the Copper binding site were selected as well.

2. Molecular DNA work

2.1. Single point mutations

The protocol of Sanchis et al was used for site directed mutagenesis strategies to substitute one
single codon at a time (Sanchis et al., 2008). This method is visualised in Figure 12. During this
process, the first step of the PCR protocol used a cycle of denaturation, annealing and
elongation steps to create a mega-primer carrying the desired mutation. This was followed by a
second step where the created mega-primer was used to amplify the entire plasmid.
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Figure 12: The different steps in the Sanchis PCR principle from (Sanchis et al., 2008). Starting with the creation of a mega-
primer in the first stage, it is followed by the amplification of the entire plasmid in the second. Depending on the position of
the annealing sites of the starting primers, the length of the mega-primer can be varied as depicted in the left column. By
starting with mutations in both the forward and reverse primers, two mutations can be introduced at once, as depicted in the
right column.

The initial protocol was a long PCR reaction, that combined the creation of the mega-primer in 5
cycles (stage 1 in Figure 12) and the amplification of the entire plasmid in 20 cycles (stage 2 in
Figure 12). The efficiency of this protocol appeared to be very low in our case, therefore, the
entire protocol was optimized to a protocol with two separate PCR reactions. In the first reaction
the megaprimer was created in a mixture of 10 pL of the 5X Primestar GXL buffer, 0.2 mM
dNTPs, 1 pL of a 1/1000 diluted template plasmid DNA, 0.5 uM of the primers, 1 yL of the
Primestar GXL DNA polymerase (Takara Bio Inc) and adjusted to a volume of 50 pL with milliQ
water. In this thesis the reverse primer, oExtra347_ pCX34 Bla_rev (sequence: 5'-
CATCCGTCAGGATGGCCTTC-3’ able to anneal about 400 bp downstream the end of the
protein) was used for all mutants, while the forward primers are listed in Table 4 and Table 5.
This mixture was subjected to an initial 30 seconds denaturation, followed by 30 cycles of a 10
second denaturation (98 °C), a 15 second annealing and 1 minute per kilobase elongation (here
it amounts to 1 minute 30 at 68-72 °C). Finally, these 30 cycles were followed by an additional 2
minute elongation step and kept at 16 °C for the remainder of the time spent in the PCR-block.
The entire protocol is represented in Table 2.
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Table 2: Protocol for the megaprimer creation for a 2-step sanchis PCR

Cycles Time Temperature (°C)
1x 30 sec 98°C
30x 10 sec 98°C
15 sec 55 or 60°C
1 min 30 sec 68°C
1x 2 min 68°C
0 16°C

The second step of the protocol consisted of the actual amplification of the plasmid. The PCR
mixture in this reaction consisted of 5 pL of the 10x PfuUltra HF reaction buffer, 0.2 mM dNTPs,
+15 ng template, 2 pL of the previously mentioned megaprimer PCR mixture, 1 yL Pfu Ultra
DNA Polymerase AD (Agilent Technologies) and milliQ water to adjust to 50 pL. The protocol for
the second step (represented in Table 3), started with a 30 second denaturation (95 °C), 30
cycles of: a 30 second denaturisation (95 °C), 1minute per kilobase annealing and elongation
(72 °C). The protocol then ended with a final 5 minute elongation step at 72 °C and the samples
were kept at 16 °C for the remainder of time they stayed at the PCR-block.

Table 3: Protocol for the plasmid amplification in the second step of the sanchis protocol

cycles Time Temperature
1x 30s 95°C
30x 30s 95°C
5min 30sec 72°C
1x 5min 72°C
pause 16°C

The PCR reaction mixture, still containing the starting template, was incubated with 2 uL DNPI at
37 °C for 1 h to degrade the methylated starting plasmid. The reaction mixture was purified with
the Immuprep PCRpure kit by Analytic Jena following the manufacturer’s instructions.
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Table 4: Overview of the considered rational mutations and their respective primers (with the mutation underlined in the

sequence)

Mutation Primer name Sequence (5’ ->3’)

D186E oExtra348 ScCelS2_D186E_fwd CAGTCCGGGTACAGAAGGTGGTCACTATTATTGG
K53R oExtra349_ScCelS2_K53R_fwd TGTCAGCTGGATGCACGTACCGGTACAGGTGC
L50D oExtra364_ScCelS2_L50D_fwd CCTATCTGTGTCAGGATGATGCAAAAACCGG
A58S oExtra365_ScCelS2_A58S_fwd AAACCGGTACAGGTAGCCTGGATCCGACC
A58K oExtra366_ScCelS2_A58K_fwd ACCGGTACAGGTAAACTGGATCCGACC

T62K oExtra367_ScCelS2_T62K_fwd GCACTGGATCCGAAAAATCCGGCATGTC
T173D oExtra417_ScCelS2_T173D_fwd GGAACTGATTCAGGATGTTACCAATCCGCC
T173R oExtra418 ScCelS2_T173R_fwd GGAACTGATTCAGCGCGTTACCAATCCGCCTC
A195S oExtra419 ScCelS2_A195S_fwd TATTATTGGGATCTGAGCCTGCCGAGCGGTC
T175S oExtra420_ScCelS2_T175S_fwd CTGATTCAGACCGTTAGCAATCCGCCTCAGC
L170T oExtra421_ScCelS2_L170T_fwd GGGATGATCTGGAAACCATTCAGACCGTTACC
A94S oExtra422_ScCelS2_A94S_fwd CCGGTGGTCGTGGTAGCGGTTATGTTCC

Table 5: Overview of the considered disulphide bond inserting mutations and their respective primers (with the mutation
underlined in the sequence)

Mutation Primer name Sequence (5’ -> 3’)

A143C oExtra388_CelS2_A143C_fwd GCAATTGGGCATGTCATCCGGGTGATTTTCG

A52C oExtra390_CelS2_A52C_fwd CTGTGTCAGCTGGATTGTAAAACCGGTACAGG

P61C oExtra391_CelS2_P61C_fwd ACAGGTGCACTGGATTGTACCAATCCGGCATG
T129C oExtra394_CelS2_T129C_fwd CCTCGTACCCATCTGTGTAGCGGTGCCACCATTCC
Q72C oExtra396_CelS2_Q72C_fwd CAGCCCTGGATTGTAGCGGTGCAAC

S73C oExtra398_CelS2_S73C_fwd CTGGATCAGTGTGGTGCAACCGCAC

T45C oExtra400_CelS2_T45C_fwd GCCTGGTAGCCGTTGTTATCTGTGTCAGC

A105C oExtra402_CelS2_A105C_fwd CACCCTGTGTAGTTGTGGTGATCGTAGC

P183C oExtra389 CelS2_P183C_fwd CCTCAGCAGGGCAGTTGTGGTACAGATGGTGG
L59C oExtra392_CelS2_L59C_fwd ACCGGTACAGGTGCATGTGATCCGACCAATCC
C48A oExtra393_CelS2_C48A_fwd AGCCGTACCTATCTGGCGCAGCTGGATGCAAAAACC
G230C oExtra395_CelS2_g230C_fwd GTGGTGTTTGATGGTTGTAATGGTGAAGTTACCGG
A115C oExtra397_CelS2_A115C_fwd CCGTATGATTTTAGCTGTTATAATGCAGCACGTAGCG
D112C oExtra399_CelS2_D112C_fwd CGATCGTAGCCCGTATTGTTTTAGCGCATATAATGC
wsi1c oExtra401_CelS2_W81C_fwd CCGCACTGTATAATTGTTTTGCCGTTCTGGATAGC
F220C oExtra403_CelS2_F220C_fwd GCCAAGAAAACTTCTGTAGCTGCAGTGATGTGG
M39C oExtra439_CelS2_M39C_fwd ATGGTGTTGCATGCATGCCTGGTAGC

P41C oExtra440_CelS2_P41C_fwd TTGCAATGATGTGC GGTAGCCGTACCTATC
R92C+Y96C oExtra441 CelS2_R92C_Y96C_fwd AATGCCGGTGGTTIGTGGTGCAGGTTIGCGTTCCGGATGG
R125C oExtra442_CelS2_R125C_fwd AGCGATTGGCCTTGT ACCCATCTGACC

$104C oExtra443_CelS2_S104C_fwd CACCCTGTGTTGCGCCGGTGATCGTAG

V37C oExtra444 CelS2_V37C_fwd GAAGCACATGGTTGTGCAATGATGCCTGG

E137C oExtra445_CelS2_E137C_fwd CACCATTCCGGTTTGCTATAGCAATTGGG

T126C oExtrad46_CelS2_T126C_fwd ATTGGCCTCGTTGC CATCTGACCAGCGG

D224C oExtra448 CelS2_D124C_fwd TAGCTGCAGTTGT GTGGTGTTTGATGG

$223C oExtra449_CelS2_S223C_fwd CTTTAGCTGCTGT GATGTGGTGTTTGATGG

F113C oExtra450_CelS2_F113C_fwd GCCCGTATGATTGT AGCGCATATAATGCAGC
S221C oExtra447_CelS2_5221C_fwd AACTTCTTTTIGTTGCAGTGATGTGGTG
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2.2. Agarose gel electrophoresis and concentration measurement

The 1 % agarose gels (in 1X TAE buffer, ThermoFisher) were used to analyse DNA-fragments.
Three yL 2-log DNA ladder (NEB) or 2 uL of the sample, mixed with 3 pL loading dye were
separated on gel. When used to control the colony PCR with OneTag Quick-Load 2x Master Mix
(NEB), 5 pL of the PCR mixture was loaded without the need of adding extra loading dye. The
electrophoresis was performed at a potential of 120 V for 25 minutes. Afterwards the gels were
stained with ethidium bromide for half an hour, briefly rinsed and visualized using UV-light in a
GelDoc system (Bio-Rad). Alternatively, the concentration of the fragments could be measured
on the Nanodrop 2000 device (ThermoScientific).

2.3. Production of BL 21 (DE3) electrocompetent E. coli cells

Competent cells were created with the density gradient wash method developed by Warren et al.
(Warren, 2011). A preculture of 5 mL Luria Bertani (1 % trypton, 0.5 % yeast extract and 0.5 %
NaCl) was inoculated with BL21 (DE3) E. coli cells from the stock. The overnight grown
preculture was then diluted to 1 % (v/v) in 350 mL sterile SOB medium, consisting of 2 %
trypton, 0.5 % yeast extract, 0.05 % NaCl, 0.250 mM KCI and 5 mL of a 10 mM MgCl, solution
per liter. The culture was incubated in a 2 L Erlenmeyer at 37 °C while shaking at 200 rpm until
an optical density of 0.600 (at a wave length of 600 nm). Once the desired cell density was
obtained, 300 mL of medium was divided over 6 falcon tubes and incubated on ice for 30
minutes. After incubation, the cells were pelleted through centrifugation (5000 g, 4 °C for 15
minutes) and the supernatant was discarded. The cells were resuspended in ice cold milliQ
water and 10 mL GM (20 % (w/v) glycerol and 1,5 % (w/v) mannitol in water) was carefully
pipetted underneath, to create a two-phase system. Hereafter, the falcon tubes were centrifuged
at 2000 g and 4 °C for 15 minutes. The supernatant was then removed and the cells were
resuspended in 500 pL GM, divided in 50 pL aliquots and flashfrozen. The cells were frozen at -
80 °C until use.
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2.4. E.coli transformation

To transform the desired construct into E. coli cells, 2 pL of the plasmid DNA was added to and
mixed with 20 pL of thawed competent cells, while kept on ice. This mixture was incubated for 1
minute and transferred to chilled electroporation cuvettes. These cells were electroporated, with
a Bio-Rad gene pulser and Bio-Rad pulse controller with the settings on: 2.0 kV, 200 Q and 25
pF. Afterwards, 480 pL LB medium was added to the cell mixture, the total volume was
transferred to a sterile 1.7 mL tube and incubated for 1 hour at 37 °C while shaking at 200 rpm.
After incubation, 100 pL of the mixture was plated on a LB-agar plate containing 100 pg/mL
ampicillin for selection. The remaining medium was centrifuged for 1 minute at 2000 g, the pellet
resuspended in 100 puL of the medium and plated on a second plate. Both plates were incubated
overnight at 37 °C.

2.5. Colony PCR

In order to control the correct insertion of a plasmid into the cells, a selection of 4 colonies were
transferred to a LB-agar backup plate and subjected to a colony PCR. Each reaction mixture of
this colony PCR consisted of 11.5 pL milliQ water, 12.5 uL of the One Taq Master Mix, 0.5 pL of
a forward (oExtra81-pCX34_fwd1l with sequence 5-GCTCTAGAAGAAGCTTG-3’) and reverse
primer (oExtral89-pCXp_revl with sequence 5-GTCTTGCGTCTTCGCCAGAC-3) and some
cells of a single colony. The PCR protocol (represented in Table 6) started with an initial
denaturation step of 7 minutes at 94 °C. This step was followed with 30 cycles of: a 20 seconds
denaturation at 94 °C, a 20 seconds annealing at 52 °C and an elongation step of 1 minute at 68
°C. The final step of the protocol was an elongation of 7 minutes at 68 °C. The obtained PCR
mixture was then analyzed through agarose gel electrophorese as mentioned above.

Table 6: PCR program for the colony PCR

cycles Time Temperature
initial 1 7 min 94°C
denaturation
denaturation 30 20s 94°C
Annealing 20s 52°C
Elongation 1min 30sec 68°C
Final Elongation 1 7 min 68°C
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2.6. Plasmid extraction and sequencing

After checking the correct insertion by colony PCR, 2 colonies per construct were grown
overnight at 37 °C, while shaking at 200 rpm. The plasmids were extracted using the InnuPREP
Plasmid Mini Kit (Analytic Jena). The elution however was performed by using 30 pL of milliQ
water instead of the 50-100 pL elution buffer. The remainder of the protocol was executed as
stated in the manual of the kit. The obtained plasmids were sent to be sequenced by LGC
Genomics (Germany) or Macrogen (The Netherlands).

3. Enzyme production and purification

3.1. Growth

The prepared strains were grown at 30 °C, 200 rpm for 18-20 hours in 250 mL Terrific Borth
medium containing 100 pg/mL ampicillin. Terrific broth (TB) contains 1.2 % tryptone, 2.4 %
yeast extract, 0.4 % glycerol, 0.017 M KH,PO, and 0.072 M K,HPO,. The culture was inoculated
with 1 % (v/v) of an overnight grown preculture.

In the optimization phase, growth at 20 °C and 37 °C were also evaluated and the commonly
used LB medium was also evaluated instead of TB. The protein was isolated from 2 different
fractions: the periplasm or the cytoplasm. Both protocols are described below. In order to
determine the ideal conditions for growth, both Luria Bertani broth (LB) and Terrific Broth (TB)
were considered. This LB medium consists of 1 % trypton, 0.5 % yeast extract, 0.5 % NaCl and
100 pg/mL ampicillin. Both these growth media were inoculated with the wild type strain and
grown once at 30 °C in 250 mL culture volume using a 1 % inoculum of an overnight grown
preculture. One culture of both the LB and TB were grown at 20 °C and another of each at 30
°C. After incubation the multiplied cells were harvested and the enzyme extracted.
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3.2. Periplasmic isolation of the protein

This periplasmic isolation takes advantage of the difference in osmotic pressure between the
periplasm and the buffers used for the isolation of the periplasmic fraction and the osmotic shock
fraction. Those buffers consisted of 20 % (w/v) sucrose, 100 mM Tris-HCI (pH8) and 1 mM
EDTA for the periplasmic fraction buffer and 5 mM MgCI, for the isolation of the osmotic shock
buffer. The cells were pelleted by centrifugation at 3200 g for 10 minutes and the pellet was
resuspended in 12.5 mL of the periplasmic fraction buffer (1/20 of the culture volume) and
incubated on ice for 30 minutes.

This cell suspension was centrifuged at 4500 g for a duration of 20 minutes and the supernatant
was stored as the periplasmic fraction. The pellet was then resuspended in the second buffer: in
12.5 mL (1/20 of the volume of the grown culture) of the osmotic shock buffer. After 20 minutes
of incubation on ice, the suspension was centrifuged at 4500 g for 20 minutes. These 2 fractions
together form the periplasmic extract to be used. The pellet can either be used for a subsequent
cytoplasmic extraction or can be discarded.
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3.3. Cytoplasmic isolation of the protein

The principle of cytoplasmic extraction is based on the disruptive effect of the soundwaves on
the cellular membrane, to release the cytoplasm. The cell pellet of a culture (either way after
periplasmic extraction or not) was frozen at -20 °C. After thawing the pellet, the cells were
resuspended in 5 mL lysis buffer (1/50 of the culture volume). Lysis buffer consists of PBS at pH
7.4, 1 mg/mL lysozyme, 10 yL/mL PMSF and 10 mM imidazole. The cells were resuspended
and kept on ice during 30 minutes. After this incubation the cells were sonicated (output 3, duty
cycle 50) for 2.5 minutes to disrupt the cell walls. The cycle was repeated three times. To
remove the cell debris, the suspension was centrifuged at 8000 rpm for 1 h (or when transferred
in 1.7 mL Eppendorf tubes, they were centrifuged at 14000 rpm for 15 to 20 minutes) to remove
the cell debris. The supernatant was saved for further purification.

3.4. Enzyme purification

The nickel affinity chromatography type of protein purification is based on the ability of histidine
residues to interact with nickel. When the used vector codes for 6 or more consecutive histidine
residues at the end of a protein, this part is called a his-tag. This is used to selectively purify the
his-tag linked enzyme out of the periplasmic or cytoplasmic fraction, as this tag will adhere to
nickel-chelated NTA-columns (Figure 13). Due to the necessity of the free N-terminal histidine in
LPMOs, the 6 consecutive histidines were added to the C-terminus.

Ni-NTA

Figure 13: schematic representation of the principle of the his tag binding to the nickel chelated NTA-column(Rowinska-Zyrek,
Danuta, & Slawomir, 2013)
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For these purifications, 1.5 mL of the nickel NTA-agarose slurry (MC-lab) was added to 10 mL
columns. This was washed with 6 mL of sterile distilled water and consecutively equilibrated with
3 volumes of native binding buffer. This buffer was composed of 10 mM imidazole in a PBS
buffer (50 mM sodium phosphate and 300 mM sodium chloride at pH 7.4). The sample was
bound to the resin by adding 8 mL each time and incubating at 4 °C for 30 to 60 minutes while
rotating at a slow rate, where after the resin is settled by gravity and the suspension is aspirated.
This step is repeated till the complete sample volume was loaded on the column. Next, the resin
was washed three times with 8 mL of the native washing buffer containing 20 mM imidazole in
PBS. By washing the column, competition of the imidazole with the histidine residues caused the
unwanted histidine rich proteins to be released while the his-tag firmly binds the desired protein.
The pure his-tag bound enzyme was then eluted with 10 mL of the elution buffer containing 100
mM imidazole. To remove the excessive amount of imidazole and switch to a more adequate
buffer for storage, a buffer exchange was executed. This was achieved through repeated
centrifugation of the eluate in spin columns (10000 MWCO PES, Vivaspin, Sartorius) with 50
mM sodium acetate buffer at pH 5.

For optimalization purposes, the concentration of imidazole in the washing buffer and elution
buffer was varied. Furthermore, another type of elution was tested, based on the change of
protonation at different pH. The elution was hereby induced with 4 different buffers with
decreasing pH. All 4 buffers were 0.1 M citrate buffers with a pH of respectively 6, 5, 4 and 3.
This method however was discarded, as it was more extensive and proved no more efficient.

3.5. Enzyme concentration

Upon concentration and buffer exchange, the concentration of the obtained enzyme solution was
determined by measuring the absorbance. The Lambert-beer law states that the absorbance (A)
can be determined by the extinction coefficient of the enzyme (e), the concentration (c) and the
distance through the sample (l):

A = ecl.

The absorbance was measured using Nanodrop 2000 device (Thermo Scientific), where both
the molecular mass and extinction coefficient of the SCLPMO10C enzyme have been entered in
the software. The extinction coefficient of the ScCLPMO10C enzyme has been determined to be
75775 M'cm™ and the molecular mass was 35,39 kDa (obtained via Expasy tool Protparam:
http://web.expasy.org/protparam/).
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3.6. SDS-PAGE

Sodium dodecyl sulphate — Polyacrylamide gel electrophoresis or shortly stated SDS-PAGE,
was used to check the presence of our desired protein as well as the purity of the samples.

A 12 % resolving and 5 % concentrating gel was used for SDS-PAGE with self-made gels. The
resolving gel consists of 12 % Acrylamide/Bis-acrylamide, 30 % solution (Sigma), 0.375 M Tris-
HCI pH 8.8, 0.1 % SDS, 0.05 % ammonium persulfate and 0.05 % TEMED. The mixture was
carefully mixed and transferred between the thin glass plate and spacer plate from Biorad.
Isopropanol was added on top, to create an even upper edge on the resolving gel. After half an
hour, the resolving gel was solidified and the isopropanol could be removed. The glass plates
were carefully dried and the stacking gel could be loaded on top. This gel consisted of 5.1 %
Acrylamide/Bis-acrylamide, 30 % solution (Sigma), 0.125 M Tris-HCI pH 6.8, 0.10 % SDS, 0.10
% APS and 5 pL TEMED. This mixture was carefully mixed and added on top of the resolving
gel and a comb was added to form 15 wells. After half an hour, the comb was removed from the
gel and it was stored at 4 °C, wrapped in a moist paper towel until use.

To perform SDS-PAGE, the gels were placed in the gel electrophoresis unit (Mini- Protean Tetra
Cell, Biorad) and submerged in running buffer (0.303 % Tris base, 1.44 % glycine and 0.1 %
SDS). Before samples could be loaded, sample preparation required the production of Laemmli
buffer (10 % B-Mercaptoethanol, in 62.50 mM Tris-HCI pH 6.8, 26.3 % glycerol, 2 % (w/v) SDS
and 0.01 % (w/v) bromophenol blue. Ten uL of the sample buffer has been added to 20 pL of the
sample and was boiled at 95 °C for 3-5 minutes. For a sample, 12 pL of this mixture or 4 pL of
ladder (Pageruler Prestained protein ladder, ThermoScientific) was then pipetted into the wells
and the electrophoresis was performed for 1 hour at 200 V.

The gel was removed from the spacer plate and was stained with the QC Colloidal coomassie
stain form Biorad following the manufacturer’s instructions.
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4. Enzyme activity

To measure the activity, 150 uL of the obtained purified enzyme solution was diluted in 450 uL of
a 1 mM sodium acetate buffer at pH 5 and mixed with 200 puL 10 mM ascorbic acid in buffer and
250 uL of an approximately 2 % Phosphoric acid swollen cellulose (PASC) solution. As negative
control, a similar solution was prepared, where the 100 pL enzyme solution was replaced with
an additional 100 L of the 1 mM sodium acetate buffer at pH 5. These solutions were incubated
at 37 °C at a shaking rate of 14000 rpm for 20 hours. The activity was terminated by heating the
solution at 95 °C for 15 minutes, followed by a 15 minute incubation time on ice. Afterwards the
denatured enzyme and the insoluble PASC were removed by centrifugation at maximum speed
for 20 minutes. The remaining sample was analyzed through HPAEC-PAD following the protocol
from Forsberg et al (Forsberg et al., 2011).

34



5. Enzyme stability with Differential Scanning Fluorimetry (DSF)

The stability of the mutants was evaluated by measuring the melting temperature (Tm) via
differential scanning fluorimetry. This method is based upon the increasing accessibility of the
fluorescent dye to the hydrophobic regions of the protein during the denaturation and a decrease
upon aggregation of the denatured protein. This thus results in an increasing fluorescent signal
upon denaturation, followed by the decreasing fluorescent signal upon aggregation, as
visualized in Figure 14. This assay consisted of 20 pL sample and 10 pL 1/400 diluted Sypro
Orange (Protein gel stain, Sigma-Aldrich). All these combinations were tested in triplicate. The
measurement was performed in a gPCR cycler (Bio-rad CFX Connect) by excitation at 470/20
nm and emission at 570/10 nm while increasing the temperature from 25 °C to 95 °C with 1
°C/min increment.
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Figure 14: schematic representation of the principle of differential scanning fluorimetry (Rodrigues, Prosinecki, Marrucho, &
Rebelo, 2011)
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Results and discussion

1. Optimization of expression of ScLPM010C

1.1. Determination of an expression system

The first objective in this thesis work is to express the enzyme ScLPMO10C in a thought-out way
to obtain an active protein. This is a substantial challenge since the amino terminus is fixed and
must be a histidine residue to result in an active protein, a feature that is quite rare. The reason
is that this histidine and the actual amino-terminus are involved in binding a copper ion in the
active site (see literature study section 3.3). The presence of this his-1 will be checked by activity
measurement followed by HPAEC-PAD analysis. Furthermore, a descend protein yield and
purity is required for testing activity and melting temperatures. The purity will be evaluated by
SDS-PAGE and the apparent melting temperature will be checked by differential scanning
fluorimetry (DSF).

Previous tests have narrowed the possible options to the use of 2 distinct expression systems in
E. coli as schematically visualized in Figure 15.

In the first expression system, called LPMO10C-Xa, the protein is expressed in the cytoplasm
like most proteins are expressed in E. coli. To ensure the correct N-terminus, a protease-
restrictionsite (Xa-factor) precedes the N-terminal histidine so that this small part can be cleaved
off manually after expression to obtain an active protein. The protein is expressed in E. coli
Origami 2 (DE3) cells and the gene is encoded on a pET22b vector, harboring a T7-promotor for
inducible expression with IPTG (strain was created in former work by Ir B. Danneels).

The second expression system, called LPMO10C-secr, makes use of a natural cleavage system
to ensure the his-1, namely the use of its natural secretion signal that transports the protein to
the periplasm (and later out of the cell). This protein is expressed in E. coli BL21 (DE3) cells
and the gene is encoded on a pCXp34 vector (Aerts & Desmet, 2011), resulting in a constitutive
expression system.

Both the plasmids used for the ScLPMO10C-Xa and the ScCLPMO10C-secr also encode a his-
tag, linked to the carboxyl terminus to allow purification using Ni-NTA resin.
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Figure 15: Schematic representation of the considered expression systems. (A) Sclpmo10C-Xa: The cytoplasmic expression of
the enzyme, linked with a Xa-factor at the N-terminal end. (B) Sclpmo10C-secr The periplasmic expression of an enzyme with
a guaranteed correct N-terminus through the natural cleavage of the secretionsignal at the N-terminal end upon secretion to
the periplasm.

Firstly, the Xa-cleavable construct will be compared to the use of the secretion signal and the
preferred fraction to isolate the protein from. Therefore, 3 enzyme preparations can be
compared: (1) ScLPMO10C-Xa as isolated from the cytoplasm, (2) ScLPMO10C-secr isolated
from the cytoplasm and (3) ScLPMO10C-secr isolated from the periplasm. The applicability of
the second option depends on whether or not it will show activity, since the secretion signal
might still be attached.

As first parameter, the expression level and purity during and after his-tag purification needs
evaluation. The first construct, SCLPMO10C-secr, contains a secretion signal to send the protein
out of the cell. The protein passes through the cytoplasm in any case and therefore, a protein
isolation from the cytoplasm and periplasmic space was done. Both fractions were his-tag
purified and their SDS-PAGE analysis is shown in Figure 16. As clearly visible, the enzyme was
both expressed in the cytoplasm and the periplasm. However the concentration of the
ScLPMO10C-secr enzyme present in the cytoplasm slightly exceeds the concentration in the
periplasmic fraction.

The ScLPMO10C-Xa strain was only expressed in the cytoplasm (represented in Figure 17).
This SDS analysis clearly shows an abundance in unwanted proteins in the insoluble fraction
and flow through, that were not entirely removed during the purification. Since none of the
produced ScLPMO10C-Xa was transported out of the cell this led to a significant enzyme build-
up, resulting in a higher concentration in the obtained cytoplasmic fraction than in the case of the
ScLPMO10C-secr. As a result, the elution and especially the concentrated sample of the elution
showed a high amount of the SCLPMO10C as well as the presence of several smaller proteins.
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Furthermore, this gel (Figure 17) and the SDS-analysis of the ScLPMO10C-secr (Figure 16) also
visualize the difference in the amount of proteins present at the start of the purification of a
cytoplasmic and a periplasmic fraction. The periplasm contained much less unwanted proteins
than the cytoplasm, what makes it easier to obtain a pure protein.

The size of the protein in the LPMO10C-secr strain as observed from SDS-PAGE analysis
implies the presence of the enzyme with an attached secretion signal in both the periplasmic and
cytoplasmic fraction. While the enzyme has a molecular weight of 35,4 kDa, the position of the
bands seems to be located rather at the height of 40 kDa, than 35 kDa, comparing to the
reference ladder. However, only the cytoplasmic fraction was expected to contain a heavier
protein because the secretion signal might still be attached to the protein, resulting in a 38 kDa
protein.

Since the activity requires a free N-terminal histidine, only the secretion signal free fraction
should be able to show enzyme activity. As such, the first impression of the gel would suggest
the presence of only inactive enzymes. However, MS-analysis on a sample of LPMO10C-secr
from the cytoplasmic and periplasmic space, equaled the mass of LPMO10C without secretion
signal. This would be expected from the periplasmic fraction, yet proves to be the case for the
cytoplasmic fraction as well. Despite the first impression of the SDS-gels, this would thus
suggest the presence of active protein in both the cytoplasm and periplasm.

Furthermore, the obtained mass from the MS-analysis was 6 Da lower than the theoretical
molecular weight. A result that can be explained by the loss of 6 H-atoms due to presence of 3
disulphide bonds. These were considered unlikely, as the prokaryotic host was not expected to
be able to create an oxidative environment in the cytoplasm, required for the formation of
disulphide bonds. Only the periplasm is known to provide an oxidative environment and the
required chaperones. Further examination of the literature however learns the possibility of the
formation of intracellular disulphide bonds in bacterial hosts has already been reported (Mallick,
Boutz, Eisenberg, & Yeates, 2002). The same source suspects the intracellular formation of
disulphide bonds to result from potential differences in redox environment or redox mechanisms,
making the formation of these disulphide bonds energetically favorable.

38



@ /G = |
asm
Ehconc X

LPMO10C-secr (cytoplasm) LPMO10C5ecr (peri
INSOL  FT wi w3 EL Elc FT wi w3 El
T e—

Figure 16: SDS-PAGE analysis of the purification from the cytoplasmic and periplasmic fraction of LPMO10C-secr, comparing
the proteins collected during the different purification steps . (Insol = insoluble fraction , FT= flow-through, W= wash steps (1
and 3), EL= elution step, EL+conc= eluted and concentrated enzyme after buffer exchange)
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Figure 17: SDS-PAGE analysis of the purification from the cytoplasmic fraction of ScLPMO10C-Xa fraction, comparing the
proteins collected during the different purification steps . (Insol = insoluble fraction , FT= flow-through, W= wash steps (1 and
3), EL= elution step, EL+conc= eluted and concentrated enzyme after buffer exchange)

As second parameter, the activity on the substrate Phosphoric Acid Swollen Cellulose (PASC)
was measured after incubation at 37 °C and analysis of the HPAEC-PAD profiles. For an active
C1l oxidizing LPMO as ScLPMO10C, a peak pattern with native and Cl-oxidized cello-
oligosaccharides, as described by Forsberg et al (Forsberg et al., 2011)) is expected.
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When applying this on the ScCLPMO10C-Xa, the inevitability of the his-1 was proven, as Figure
18 visualizes the differences in the chromatogram between the cleaved and uncleaved
ScLPMO10C-Xa strains. While the peaks from the polymers of 2 to 5 beta-1,4 bound glucose
units (indicated G2 till G5) can still be recognized, the rest of the typical pattern of aldonic acids
(indicated with *) is absent.

Since these molecules are to be created by the C1 oxidation, their absence confirms the
presumption that the uncleaved ScLPMO10C-Xa strain shows no activity or for sure a seriously
distorted activity when incubated with PASC. Furthermore, these peaks are much smaller than
the ones for the Xa-cleaved variant. The Xa-cleaved protein did show the expected pattern with
native and oxidized products, these results thus confirm the activity of the ScCLPMO10C-Xa on
the condition that the Xa-factor has correctly been cleaved.
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Figure 18: The HPAEC-PAD analysis of the Xa-cleaved enzyme compared to the uncleaved fraction of the same ScLPMO10C-Xa
(both after 20h incubation with PASC). The labels indicate the amount of glucoses linked so G2 represents cellobiose and so
on. The asterisk (*) indicates the aldonic acid form.

Furthermore, the results from the expression analysis on SDS-PAGE and accompanying MS-
data confirmed the correct N-terminus for LPMO10C-secr both in cytoplasm and periplasm. The
activity test indeed showed a positive result for both protein fractions. Thus proving the
secretionsignal was correctly removed and the resulting enzyme is active and contains the
required his-1. An overlay of the chromatograms of the different enzyme fractions from both the
expression approaches was made to evaluate the options. This overview is represented in
Figure 19.
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Figure 19: An overlay of the results of the different fractions of both strains, where the uncleaved ScLPMO10C-Xa is
represented by the brown, the cleaved ScLPMO10C-Xa by the pink, the periplasm fraction of the ScCLPMO10C-secr by the blue
and the cytoplasmic fraction of the ScLPMO10C-secr by the black chromatogram.

As a general conclusion for the activity test with the HPAEC-PAD, it is clear that both the
ScLPMO10C-secr and the ScLPMO10C-Xa strain produced an active ScLPMO10C. Even
though a much higher protein yield was reached for ScCLPMO10C-Xa, the increased process
duration and extra cost due to the additional cleavage and purification step made the Xa-linked
strain less interesting to work with. Despite activity for both the fractions and a slightly higher
expression yield for the cytoplasmic fraction, the periplasmic fraction proved to be the preferred
option. This choice was mainly based on practical considerations, namely the easier down-
stream processing, as the abundance of unwanted proteins in the cytoplasmic fraction seriously
hindered the purification by clogging the filter columns. Since the obtained concentrations still
sufficed for the planned tests, the slightly lower yields could not outweigh the benefits from
selecting to work with the periplasmic fraction.

1.2.0ptimize the purification protocol

All previously mentioned purified enzyme fractions were obtained through Immobilized Metal
Affinity Chromatography (IMAC), based on the interaction between chelated nickel ions, the his-
tag bound to the enzymes and imidazole from the buffers. In order to optimize the down-stream
processing of the enzymes, a second elution method based on the different protonation of the
his-tag in different pH conditions has been considered. In order to evaluate this method,
purification of a 250 mL culture of the wild type enzyme was performed with elution through a pH
gradient ranging from pH 6 to 3. The elution through pH-gradient proved to be more work
intensive, yet yielded no benefits in regard to obtaining a purer sample or higher concentration.
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Since the pH elution offered no advantages, this approach was abandoned and further tests
were performed to determine the optimal imidazole concentrations in the wash and elution
buffers for the imidazole purification method. In order to determine the ideal imidazole
concentration in the wash buffer and elution buffer, a new purification of a 250 mL culture was
performed. During this purification the enzyme was eluted through an increasing imidazole
gradient: starting at 10 mM imidazole in the equilibration buffer and stepwise increased with 10
mM up to a concentration of 60 mM, after which the concentration was increased to 100 mM and
finally 250 mM for elution. All samples were analyzed via SDS-PAGE (visualized in Figure 20).
This gel clearly shows a 20 mM wash already removed most unwanted proteins but the protein
of interest also slightly eluted already (the band observed between 35 and 40 kDa).The 30 mM
fraction still contained a small unwanted protein (about 10 kDa, circled on Figure 20). Since this
protein is no longer visible on the 40mM fraction, this imidazole concentration in the wash-buffer
would be advisable for higher purification. This preference is based on the observation that
washing with a 40 mM instead of 20 mM would result in a higher purity, yet this would also
increase the loss of enzyme during the purification. As for the imidazole concentration in the
elution buffer, the gel clearly shows most of the enzyme had already eluted at a concentration of
60 mM (as indicated on Figure 20 by an arrow). However a significant amount of enzyme could
still be detected in the 100mM fraction, while the 250 mM fraction was completely void of the
enzyme.

To conclude, the optimal purification conditions that will be used in all further experiments uses
10 mM imidazole for equilibration and at least 20 mM imidazole for wash and 100 mM imidazole
for elution, considering most of the protein is already eluted from 60 mM imidazole
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Figure 20: SDS-PAGE analysis compairing the protein collected during the purification steps: the flow-through, and the
different fractions from elution buffers containing imidazol concentrations ranging from 20 to 100 milliMolair.
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2. Optimization of assay

Upon finishing the optimization of the expression and purification of the enzyme, the next
concern for the adequate evaluation of any created mutants is to find a suitable measurement
method to identify the positive mutants.

2.1. Activity tests

The first aspect of the enzymes to be verified is the activity. As the goal of this thesis consists of
improving the thermostability for better use of this LPMO in industrial sized reactions, the
conservation of its activity after mutagenesis is of utmost importance. In order to determine the
effect of the mutation on the activity, two assays were proposed based on literature. The first test
includes a colorimetric assay, based on the production of hydrogen peroxide (Kittl, Kracher,
Burgstaller, Haltrich, & Ludwig, 2012). The assay was firstly described in 2012 and includes an
unprofitable side reaction with reducing activity converting O, to H,O, when in contact to an
electron donor. Indeed, this reaction does not imply the natural substrate cellulose. The
mechanism of this reaction, represented in Figure 21, is based on the linear relation between the
concentration of the H,O, production and the concentration of the LPMO in the reaction mix.
Literature reports that the use of a horseradish peroxidase coupled reaction on Amplex red for
the visualization of the produced hydrogen peroxide, leads to a fast and robust assay for the
determination of LPMO activity. When applying this to the his-tag purified ScCLPMO10C, it could
not be implemented in our work. Standard curves with H,O, could be measured appropriately
and also another LPMO, that was ultra-filtrated but not his-tag purified, could be analyzed
without any problems. For a still unknown reason, any and all tests with different concentrations
of the wild type ScLPMO10C, resulted in a decreased fluorescent signal when compared to the
blank samples. The effect of PBS buffer and of imidazole were evaluated but did not show to be
the cause. Due to an unknown inhibiting phenomenon, this approach for the evaluation of the
enzyme was abandoned.
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Figure 21: schematic representation of the principle behind the H,0, assay. the reduction of the type-2 copper ion of the
LPMO leads to the one electron reduction of the oxygen. The presence of the Resulting hydrogen peroxide, starts the HRP
coupled reaction converting amplex red into the fluorescent Resorufin.

The second method for assessing the activity of LPMOs proves more work intensive, yet
measures the actual activity on a cellulose based substrate and is therefore a more realistic test.
This approach thus not only measures the reducing capabilities but also confirms the
conservation of the substrate specificity and affinity. This activity test is based on the HPAEC-
PAD analysis and identification of the reaction products upon incubation of a cellulose based
substrate with the enzyme to be tested and ascorbic acid as electron donor. As explained in the
discussion of Figure 18, when selecting the appropriate expression system, the obtained
chromatogram proved high resemblance to the chromatogram reported by Forsberg et al. in
2011 for activity of LPMO10C (Forsberg et al., 2011).

2.2. Measurement of apparent melting temperatures

While the detection of the degradation products of cellulose by HPAEC-PAD provided sufficient
data for the evaluation of the enzyme activity, a second enzyme characteristic needed to be
analyzed in the screening for successful thermostable mutants. To determine the melting
temperature, a differential scanning fluorimetry assay (also called a thermal shift assay) was
tested and optimized. Using a fluorescent dye (Sypro Orange) and an increasing temperature,
the intensity of fluorescence corresponds with the quantity of denatured protein present at that
temperature. From the increasing fluorescence, the apparent melting temperature can be
determined as the inflection point of the curve. Upon calculating the first derivative of the
measured fluorescence units, the minimum of the negative derivative corresponds to the
apparent melting temperature.
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To assess the variability of the assay and the effect of a difference in purity and enzyme
concentration on the thermal shift assay, a set of wild type enzyme cultures was grown and
purified. Three of these cultures were purified using a wash buffer containing 40 mM imidazole,
while two more were purified using a wash buffer containing 20 mM. The former resulting in a
higher enzyme concentration but as a downside also a lower purity, while the first resulted in a
lower enzyme concentration, but a higher purity as explained in part 1.2 of the result section: the
optimization of the purification protocol. In order to gain insight into the effect of the
concentration on the melting temperatures, the same samples from the purification with the 20
mM wash buffer were diluted to the same concentration as the samples washed with 40 mM
imidazole (seemed about 3 times dilution). The apparent melting temperature of the resulting
enzymes, separately purified for each Erlenmeyer, were determined in triplicate (see Figure 22
and Table 7). An apparent melting temperature of 51 °C was obtained for all samples that were
washed with a concentration of 40 mM imidazole. All samples from the purification with the 20
mM wash buffer on the other hand resulted in a melting temperature of 50 °C. This 1 °C
difference in the melting temperature, thus suggests a difference in purity or concentration
influences the measurement. The diluted samples however, did result in an apparent melting
temperature of 51 °C.

Since this melting temperature is an exact match to the melting temperature of the 40 mM
imidazole washed samples, it shows a 1°C difference to the sample it was diluted from. This
suggests a small effect on the apparent melting temperature depending on the concentration of
the enzyme. Seeing as the 20 mM washed samples resulted in a much higher concentration
(and as a result in a higher signal on the DSF) and the purity proved to suffice, further
purifications will be performed using a 20 mM imidazole wash.

This set of data (represented in Table 7) thus learns that in order to apply this test to the
determination of an improvement in melting temperature, the reference wild type needs to be
produced at the same time, purified with the same imidazole concentrations and all samples will
be diluted to the same enzyme concentration prior to the thermal shift assay. This because we
learned here that enzyme concentration and purity can have a small influence. When taking
these requirements in to account, this methodology shows an extremely low variability and thus
a suitable method to distinguish positive mutants.

45



Table 7: overview of the melting temperature of samples of different purity and concentration.

Imidazole Concentrati Tm (°C mean stdev
concentration of on (mg/mL)
the washing step
Erlenmeyer 1 40 mM 0,089 51 51 51 51 0
Erlenmeyer 2 40 mM 0,073 51 51 51 51 0
Erlenmeyer 3 40 mM 0,086 51 51 51 51 0
Erlenmeyer 4 20 mM 0,298 50 50 50 50 0
Erlenmeyer 5 20 mM 0,263 50 50 50 50 0
1/3 dilution from 20 mMm 0,088 51 51 51 51 0

Erlenmeyer 5

----20 mM washed sample ----40 mM washed sample ---- 1/3 dilution of the 20 mM washed sample
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Figure 22: DSF analysis of the differently purified samples of LPMO10C. The different colors indicate a difference in
concentration imidazole in the washing buffer: 40 mM (blue curve), 20 mM (green curve and red curve). The samples of the
red curve were diluted to the same enzyme concentrations as the blue curves. The left side is a representation of the melting

curve. The right side is a visualisation of the derivative.
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3. Increasing Protein stability

3.1. Importance of the N-terminus

While literature provides abundant information on the importance of the correct N-terminal end
for the activity of LPMOs, little is reported on the importance of that N-terminus for the enzyme’s
thermostability. In order to assess the potential influence of the free histidine on position 1, the
melting temperature of the previously mentioned LPMO10C-Xa (as explained in part 1.1 of the
results section: the determination of an expression system) was determined in triplicate before
the cleavage of the Xa-factor on the N-terminal end (Figure 15). The obtained melting
temperature of 43°C was significantly lower than the 50°C obtained with a correct N-terminus
(Figure 23). This decrease in melting temperature indicates a lower thermostability. As a
possible hypothesis, the interaction between the free histidine on position 1 and the copper
binding site could not only be crucial to the activity but could also contribute to the conservation
of the overall fold of the enzyme.
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Figure 23: DSF ANALYSIS OF THE LPMO10C-Xa SAMPLE before the cleavage (no his-1). The left site of the figure is the
visualization of the meltingcurve, as the right side is the derivative of the melting curve.

3.2. Mapping the flexible regions in ScLPMO010C via B-fitter

Rational engineering of thermostability in enzymes requires knowledge on the structural and
functional properties of that enzyme, in order to determine interesting locations for mutagenesis.
In order to stabilize the most vulnerable positions in the enzyme, the B-fitter method as
described by Reetz et al was used to find the most flexible positions (Reetz et al., 2006). Using
measurements of atomic displacement parameters obtained from X-ray data, the method
assigns every amino acid with a B-factor to reflect a measure of localized instability inside a
protein.
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This value is in accordance to the smearing of atomic electron densities in comparison to their
equilibrium positions due to thermal motion and positional disorder (Reetz et al., 2006). Thus the
locations with the highest value correspond with the amino acids to move most, these are
reasoned to be the most sensitive to start the denaturation (Aerts et al., 2013; Wijma, Floor, &
Janssen, 2013; Xie et al., 2014). When considering the 20 amino acids with the highest B-factor,
several clusters can be observed (as visualised in yellow on Figure 24 and Figure 25) to
correspond with flexible loops in the protein structure. Loops are prone to be more flexible so
this is no surprise.

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

Amino Acid number

Figure 24: representation of the B-factors in function of the location of the amino acid. The 20 amino acids with the highest
B-factor are represented in yellow, the amino acids at a distance shorter than 6 angstrom are represented in blue and the
other amino acids in red.

Figure 25: schematical representation of ScLPMO10C, where The yellow loops represent the two most flexible regions and
the bleu part are the amino-acids close to the copper-ion (<6A).
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3.3. Rational mutants:

The combination of the information on the copper binding site (from literature) and the locations
of the most flexible positions as determined through the B-fitter method, provides the basis to
design a more stable enzyme variant in a rational way.

As visualized in Figure 25, the most flexible regions are clustered in two loops at the enzyme
surface. A first strategy to stabilize ScLPMO10C is to fixate both loops by facilitating the
formation of a salt bridge between the two closest residues. As indicated on Figure 25, these
residues are at a distance of 6.5 Angstrom in their crystalline structure. While these residues are
oppositely charged, this distance seems a little too large to indeed form an interaction. An
attempt to facilitate the formation of a salt bridge, was based on the decrease of this distance by
using an amino acid with a larger side chain, while maintaining the opposite charges (the
possible amino acids are represented in Figure 26). In order to achieve this, the aspartic acid (D)
on position 186 was replaced by a Glutamate (E) and the lysine (K) on position 53 was switched
with an Arginine residue (R), abbreviated to D186E and E53K respectively. Both these mutations
were introduced individually and combined. As reported in Table 8 (inside the yellow rectangle),
only the mutation K53R seems to yield a 1° C improvement when compared to the wild type
ScLPMO10C. However, this is not a significant difference. When combining this mutation with
D186E, the beneficial effect disappeared. As possible hypothesis for the explanation, it can be
reasoned that the combined mutations resulted in a less favourable distance than the one single
mutation. The results can also be explained if the initial slight increase was not even the result of
the actual formation of a salt bridge in the first place, rather than the result of interaction with
other amino residues.
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Figure 26: representation of the electrically charged amino acids
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Other rational mutants were considered by visual inspection of the protein’s surface. The aim
was to introduce interactions like ionic networks and avoid apolar groups at the surface
(preferably at flexible positions).

A complete list of the designed mutants can be found in Table 8, with their respective melting
temperature and whether their activity on PASC was maintained. As example, the Leucine at
position 50 might make some hydrophobic interactions with Y46, yet by introducing a aspartic
acid instead of the leucine (mutant L50D), a salt bridge with K53 or Q49 might result in a more
stable protein (the concerning amino acids are visualized in Figure 27).

Figure 27: representation of the amino residues involved in one of the considered mutations

Table 8: Overview of the created rational mutants. Their mutation(s), melting temperature and whether or not they are
active is indicated in the table.

Nr Mutation Tm (°C) Active?
wWT 51+1 Vi
1 K53R 52+1 Vv
2 D186E 51+1 V
3 K53R +D186E 51+1 V
4 A58S 50+1 Vv
5 L50D 45+1 v
6 T62K 49+1 Vv
7 A58K 51+1 vV
8 T173D 48+ 1 V
9 T173R 47+1 Vv
10 A195S 50+1 \V
11 T175S 51+1 vV
12 L170T 45+1 Vv
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Similar to the results of the mutations designed to fixate the loops, no significant increase in
apparent melting temperature could be detected for the other rational mutants. Four showed no
significant change in apparent melting temperature and five mutants, such as the previously
explained L50D mutation, even resulted in a significant decrease in apparent melting
temperature of up to 6 °C.

Despite the rational selection of the mutations, the desired interactions either do not correctly
occur or disrupt other interactions with a stronger impact on the enzyme stability.

3.4. Disulphide bridges:

In order to stabilize the wild type ScLPMO10C, one approach is the stabilization of the flexible
regions of the protein through the introduction of disulphide bridges. While the formation of the
new disulphide bonds might not be achieved in the cytoplasmic fraction, the previous choice to
work with the periplasmic fraction should support this strategy.

Disulphide bonds are generally considered to be of great importance. Both in earlier research in
the rational engineering of thermostable proteins (Matsumura, Signor, & Matthews, 1989) and in
the examination of enzymes in thermophilic bacteria (Mallick et al., 2002), the importance of
disulphide bonds has been well established. As these interactions are strong covalent bonds,
the additional energy required to break them in reductive environments could add to the stability
of the enzyme. The basis of the determination of these mutants are two computational tools,
namely “MOdelling of Disulphide bridges In Proteins” (MODIP) (Dani et al., 2003; Sowdhamini,
R., Srinivasn, N., Shoichet, B., Santi, Daniel, V., Ramakrishnan, C. & Balaram, 1989) and
“disulphide by design” (DbD) (Craig & Dombkowski, 2013). While both tools are designed to
determine the amino acids at positions in the protein where the geometry theoretically meets the
steriochemical criteria for the formation of the disulphide bonds when it's replaced by a cysteine,
the differences in algorithms result in different lists of possibilities. While MODIP results are
divided in a list A till D based on their likeliness to succeed, the DbD tool rendered but one list.
From all these possible mutations, 17 were selected as they were predicted by both tools. More
specifically, the selection consists of all mutations predicted by the DbD tool that were either on
the A list from the MODIP tool (part A on Figure 28) or, if they were on the B list they should at
least include one residue from the top 20 most flexible residues as obtained from the B-fitter tool.
Furthermore, all involved residues must be at a distance greater than 6A from the copper
binding site in order not to disrupt the copper active center (part B on Figure 28). One exception
was made as a mutant was proposed by DbD, that did not fit the requirements for MODIP.
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Another interesting case was made to gauge the effect of a redirection of a native disulphide
bond. In the wild type, C66 was linked to C48. Following the predicted linkage, C66 will be linked
to P61C. Therefore, the native cysteine at position 48 was mutated to an alanine (C48A). In
total, a list of 17 possible mutants was to be considered (represented in Table 9).

A) B) MoDIP Disullide by design

grade B

gMa%[gii Disulfide by design
I -

Figure 28: schematic representation of the selected mutations. A) A first selection was made based on the prediction by DbD
and an A grade success rate by MoDiP. B) A second set of disulphide bonds was selected for amino acids among the 20
flexible positions that were proposed by DbD and the B grade list of MoDip.

Table 9: overview of the considered disulphide bridge introductions: their mutations, whether or not they are active and their
melting temperature

Nr Mutation 1 Mutation 2 MODIP- Disulfide by Top20 B- >6A from Tm (°C) Active
grade Design FIT Cu

1 A143C P183C A X X X 54+1 Vv

2 A52C P61C A X X X 56+1 \"

3 A52C L59C B X X X 45+1 Vv

4 P61C C66 (native!) B X X X 42+1 Vv

5 T129C G230C - X X X 45+ 1 Vv

6 Q72C A115C B X X X 49+1 \%

7 S73C D112C A X - X 54+1 Vv

8 S73C A115C A X - X 60+ 1 \"

9 T45C wsic A X - X 44 +1 \"

10 A105C F220C A X - X 46+1 \'

11 M39C E137C A X - X 47 +1 Vv

12 P41cC T126C A X - X Stuck in molecular work
13 R92C Y96C A X - X Stuck in molecular work
14 R125C D224C A X - X 40+1 Vv

15 P41C S223C A X - X Stuck in molecular work
16 $104C F113C A X - X Stuck in molecular work
17 V37C S221C A X - X 44 +1 Vv

Among all seventeen mutants, four show a significant increase in melting temperature. While the
disulphide bridges between the cysteines at positions A143C-P183C and S73C-D112C lead to
an increase of 3 °C, the disulphide introduced between the positions A52C and P61C leads to
an increase of 5 °C and the additional disulphide bond between the positions S73C and A115C
yields an even bigger increase of 9 °C. Since four of the mutants are stuck in the molecular
phase, only 13 of the mutants were successfully expressed and purified in this thesis.
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The 4 positive results on 13 tested strains thus means a success ratio of 31% of the evaluated
mutations that were predicted by the combination of the 2 tools. This percentage is rather high
as the angles and distances between 2 cysteines are needed to exactly meet geometric
requirements. It is however even more remarkable to point out that despite the specific
geometric requirements, the same amino residue on position S73C was able to create
disulphide bonds with two different cysteines on positions D112 and A115.

The introduced cysteine residue on position A52 on the other hand, shows a 5 °C increase in
apparent melting temperature when forming a disulphide bridge with a cysteine on position P61,
yet a 6 °C decrease when forming a disulphide bridge with position L59C. This decrease,
together with the 9 °C decrease in apparent melting temperature of the redirected native
disulphide bridge, would however support the theoretical narrow requirements for angles and
distances.

To further increase the thermostability of the improved mutants, combinations can be made.
While four mutants yielded positive results, two involve the same cysteine (on position S73).
Apart from these two mutants all four mutants can be combined to double and even triple
mutants for a possibility of an additive increase in melting temperature. A schematic
representation of a triple mutant has been depicted in Figure 29. The first mutants to be created
with an increased melting temperature were the mutants A143C-P183C, S73C-D112C and
S73C-A115C. While the other combinations were not ready in the time course of this thesis, the
double mutant with additional disulphide bridges between positions A143C-P183C and S73C-
Al115C shows a melting temperature of 12 + 1 °C higher than the wild type. This melting
temperature is exactly the sum of the 9 °C and 3 °C increase in apparent melting temperature of
these mutations individually.

Figure 29: Schematic representation of the locations of the 3 stabilizing mutations to be combined. The yellow spheres
represent the A143C-P183C mutation, the blue spheres represent the A52C-P61C mutation and the pink spheres represent
the S73C-A115C mutation.
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As previously stated, the strategy applied in the determination of the mutations to be considered
resulted in a 31% success rate. However, all successful mutations were listed as A-grade
according to the MODIP tool. This suggests the list of possible mutants could had been reduced.
When only regarding the mutants proposed by DbD and listed with A grade by MODIP, this
would have led to 4 successful mutations out of 9 or a success rate of 44.44%.

While these increased melting temperatures can be considered a great success, studying the
available literature suggests that relatively large increases in Tm can be expected from
disulphide introduction if there is a stabilizing effect. The introduction of disulphide bridges in
Phage T4 lysosome for example, resulted in mutants with a change of melting temperature of -
0.5, -2.4, 4.8, 6.4 and 11.0°C (Matsumurat, Becktelt, Levitr, & Matthewstl, 1989). Several other
projects on the stabilization of subtilisin have reported increases of melting temperatures by the
formation of disulphide bonds as well, like an increase of 4.5 °C (Takagi, Takahashi, & Momose,
1990). Applying the same “disulphide by design” algorithm for the determination of possible
mutants in lipase (as was employed in this work), an improvement in Tm of 7°C was also
reported by Yu and coworkers (Yu, Tan, Xiao, & Xu, 2012). However both our results and these
examples from the literature still can’t bear the comparison with the increase in melting
temperature of around 40°C, resulting from a single disulphide bond in two separate Arc
repressors (Robinson & Sauer, 2000).

When evaluating the apparent melting temperatures, multiple significant decreases were
measured. Most of these mutants exhibit a decrease in melting temperature up to about 6°C, yet
some decreases exceed up to 11°C. While most articles focus on the positive results, literature
also reveals that negative effects on the melting temperature due to added disulphide bridges
have been reported in other studies as well. These results lead to believe that the formation of
those disulphide bonds can result in the disruption of other stabilizing effects, or put a strain on
the enzyme conformation when introduced in more rigid regions of the protein (Dombkowski,
Zakia, & Craig, 2014; Matsumurat et al., 1989). This last reference, as well as (Takagi et al.,
1990) also report the introduced disulphide bond may result in an increased melting
temperature, but under reducing conditions will result in an unchanged or even decreased
melting temperature.

Considering all these theories and positive and negative literature results, our improvement is a
real success. Moreover, the Tm has been increased from 51 °C to 63 °C. Since cellulose
degradation with cellulose mixtures is usually done at temperatures starting at 50 °C, our
improved enzyme is already a better candidate than the wild type to keep up with the classical
cellulases. However, more tests are still to be done, such as testing how long the enzyme will
retain its activity at elevated temperatures. This will give a good indication for real use of the
enzyme.
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General conclusion

The first aspect of this thesis was the determination of a suitable expression system to assure
the activity of the ScCLPMO10C. The most crucial feature of the expression, is the necessity of
the free histidine at the amino terminus involved in the binding of a copper ion in the active site.
Both considered approaches, use of a secretion signal or a protease cleavage site, proved
successful at producing sufficient amounts of active ScLPMO10C. However, the preferred
approach was to insert a secretion signal. By a natural cleavage mechanism, his-1 is ensured,
while transporting the protein to the periplasm (and later out of the cell). In this case, HPAEC-
PAD analysis of the breakdown products when incubated with PASC and MS-analysis of a
sample from the cytoplasmic and periplasmic space, confirmed the correct N-terminus and
activity in both the cytoplasm and periplasm. While the other approach achieved similar results,
the requirement of additional cleavage and purification steps proved more work efficient.
Furthermore, the use of the secretion signal allowed the expression in the periplasm. This
fraction proved to contain lower quantities of unwanted protein, resulting in a shorter and easier
down-stream processing while maintaining sufficient concentrations of purified active
ScLPMO10C.

To further optimize the down-stream processing of the enzymes, tests were performed to
determine the optimal purification protocol for his-tag purification. Elution protocols based on a
pH gradient and different concentrations of imidazole were considered. These test clearly
showed the optimal purification is imidazole based, with concentrations of 10 mM in the
equilibration buffer, 20 mM in the wash buffer and 100 mM in the elution buffer. Even higher
purity can be achieved through a 40 mM Imidazole wash buffer, yet this was not required for the
assays used in this thesis and will lead to a much lower enzyme concentration and only a slightly
higher purity.

In order to determine the effect of the mutation on the activity, two assays were proposed based
on literature. The first test included the measurement of an unprofitable side reaction, yet could
not be used due to an unknown inhibiting phenomenon. The activity was thus tested by HPAEC-
PAD analysis and identification of the reaction products, upon incubation of a cellulose based
substrate (PASC) with the enzyme to be tested and ascorbic acid as an electron donor.

To evaluate the thermostability, the apparent melting temperature was determined by differential
scanning fluorimetry assay (DSF, or also called a thermal shift assay). Samples were analyzed
in triplicate and from different purifications during optimization of the assay. They showed an
extremely low variability, yet comparison of different samples proved to require a similar
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concentration and purity. The melting temperature of the wild type enzyme was determined 51+
1°C.

In order to assess the potential influence of the free histidine on position 1, the apparent melting
temperature of SCLPMO10C with an N-terminal linked Xa-restriction factor was determined
before and after the cleavage of that Xa-factor. The obtained apparent melting temperature of 43
°C in the absence of the free his-1 was significantly lower than the 51°C obtained with a correct
N-terminus, once more proving the importance of the histidine on position 1. This not only for the
activity, but apparently also for the correct fold of the protein.

After determining a good expression system and several analysis systems, 2 strategies for
mutagenesis were evaluated: (1) rational engineering by simply inspecting the structure of the
protein and (2) the introduction of additional disulphide bonds predicted by a combination of the
“disulfide by design” and “MOdelling of Disulphide bridges In Proteins” tools.

Though the initial set of mutants were rationally selected to stabilize the protein surface or fixate
2 flexible loops, the determined apparent melting temperatures showed no significant increase
for any of these mutants. Several significant changes were recorded, yet these mutants showed
a decrease in apparent melting temperature of 3to 6 °C.

The second approach to stabilize the ScLPMO10C was thus considered based on the
introduction of additional disulphide bonds. Twelve ScLPMO10C variants were obtained with an
added disulphide bond, while one mutant was obtained by redirecting a native disulphide bond.
While the redirected disulphide bond resulted in a decrease of 9 °C in the apparent melting
temperature, 4 of the other mutations resulted in an increase of 3°C (twice), 5°C and even 9 °C.
The 4 positive results on 13 tested strains thus means a success ratio of 31% of the evaluated
mutations that were predicted by the combination of the 2 tools. Since the formation of
disulphide bonds requires very specific angles and distances between two cysteines, it is
remarkable to note two of the positive mutants (one of a 3°C and one of a 9 °C increase) involve
the same cysteine. Finally, 2 disulphide bonds were also combined, resulting in an additive
effect, namely an increase in melting temperature of 12°C.

To conclude, the optimization of the expression system, the purification protocol and assays,
allowed the successful creation and evaluation of PASC active variants of LPMO10Cs. Among
these mutants, 4 proved to result in an increased apparent melting temperature. Combining a
couple of these introduced disulphide bonds, even resulted in an increase in apparent melting
temperature from 51°C for the wild type to 63°C for the mutated strain of SCLPMO10C. As the
degradation of cellulose involves several enzymes with optimal temperature ranges starting at
50°C, this increase can be considered a success as it results in a higher chance of successful
implementation of the ScCLPMO10C for industrial applications.
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Future perspectives

While several positive results have been obtained, not all proposed mutations were completed in
time for this thesis. It stands to reason, the completion of the list could yield more stabilizing
mutations.

Since the combination of two stabilizing mutations showed an additive effect on the apparent
melting temperature, a next step in the further stabilization involves the creation and evaluation
of all the other possible combinations of successful mutations.

In order to fully evaluate the impact of the mutations on the applicability in industrial processes,
the actual stability should be tested at the actual process conditions to see if the ScLPMO10C
can remain active long enough to contribute to the cellulose breakdown and boost the efficiency
of the conventional cellulases mixtures.

Other approaches in the stabilization, such as Immobilization by adsorption, entrapment,
membrane confinement and single or multiple covalent bonding could be considered as well.
Such fixation could allow the further rigidifying of the enzyme structure for a higher stability.
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Appendix

appendix 1: sequence of the used plasmid encoding the ScLPM010C
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-t === +
gtgcactgga tccgaccaat ccggcatgtc aggcagccct ggatcagagc ggtgcaaccg
cacgtgacct aggctggtta ggccgtacag tccgtcggga cctagtctcg ccacgttgge
> e e e e et e e e e e CelS 2 i e e e e e e >
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BspMI
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attaccactt

gacaccgacc
ctgtggctgg
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tgtgtggaat
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gttaccggta
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agctggtcag
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aatggttggg
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ggtagcctga
ccatcggact

gttgttccgce
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tttccggtgg
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Appendix 2: Map of the features of the used plasmid encoding the ScLPM010C
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