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1. Introduction 

Xylanases are hydrolytic enzymes used in assisting the conversion of 
lignocellulose to various products. Hydrolysis of xylans by xylanases is of 
interest to many industries such as food and feed, biofuel, and pulp and paper 
industries. Xylanases that withstand extreme conditions prevailing in industrial 
processes are needed, especially in pulp and paper processing and feed 
industries. 

1.1 Lignocellulosic biomass 

Lignocellulosic biomass is the most abundant renewable carbon reservoir in the 
world, and it is a highly potential feedstock for producing chemicals, fuels and 
materials (Jain et al., 2010; Adsul et al., 2011; Gallezot, 2012; Chatel et al., 
2014). Lignocellulose is accumulated yearly in large quantities in the form of 
forestry, and agricultural and agro-industrial wastes. The main waste materials 
include poplar trees, waste paper, straw, stems, stalks, shells, sawdust, 
sugarcane bagasse, brewer’s spent grains and peels.  

Lignocellulosic materials have been referred to as photomass since they are a 
result of photosynthesis. Cellulose (30-50%), hemicellulose (20-40%) and 
lignin (15-25%) are the three main components of lignocellulosic materials. 
There are also other components present in the lignocellulosic materials, 
including small amounts of water, cyclic hydrocarbons, and other organic 
components as well as inorganic molecules (Cagnon et al., 2009; O’Connell et 
al., 2008). The chemical composition of some common lignocellulosic materials 
is presented in Table 1. The type of functional groups and chemical components 
are similar but occur in different amounts in lignocellulosic waste and by-
products. Asadi et al. (2008) have suggested that these functional groups play 
an important role in metal ions sorption. Laszlo and Dintzis (1994) have found 
that lignocellulosic materials have ion-exchange capacity and general sorptive 
characteristics, which are derived from their constituent polymers (extractives, 
cellulose, hemicelluloses, pectin, lignin, protein) and structure.  
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Table 1. The chemical composition of some common lignocellulosic materials.  

Type 
Chemical components (%) 

Cellulose Lignin Hemicellulose Ash Silica 

Rice straw 25-35 12-16 20-30 15-20 9-15 

Wheat straw 30-35 16-21 26-32 4.5-9 3-7 

Barley straw 30-35 14-15 24-29 5-7 3-6 

Oats straw  31-37 16-19        27-38 6-8    4-7 

Sugarcane  32-44 19-24 25-35 2-5 4 

Bamboo 26-43 21-31 15-26 1.7-5 0.7 

Grass 30-40 10-25 35-50 5-15 - 

Corncob 35-45 5-15 35-45 1-2 1 

Leaves 15-25 5-10 70-80 1 - 

Cotton waste 80-95 - 5-20 1 - 

Hardwoods 40-55 23-30 25-40 1 - 

Softwoods 40-50 26-34 25-35 1 - 

Olive stone 30-35 20-25 20-30 1 5-9 

Nut shell and stone 25-35 30-40 25-30 - - 

Source: Singh et al, 2010; Abdolali et al., 2014 

1.1.1 Cellulose 

Cellulose is the most abundant natural polymer and its presence has been 
recorded in various organisms in addition to plants including algae, fungi, 
Oomycetes, tunicates and bacteria (Lin and Aronson, 1970; Kimura and Itoh, 
1995; Römling, 2002). Cellulose is also a major component of cotton (>90%) 
and wood (>50%). Many reviews have extensively reported on the multiple 
physical, chemical, structural features and biosynthesis aspects of cellulose 
(Armstrong and Martin, 1983; O’ Sullivan, 1997; Atalla and Vanderhart, 1999; 
Waring and Parsons, 2001; Klemm et al., 2005). Cellulose is a high molecular 
weight linear polymer of D-glucopyranose sugar units linked by  configuration 
of the anomeric carbon. Glucose units are connected covalently by -1,4 
glycosidic C-O-C linkages in the cellulose chain. The mechanical properties of 
the cellulose chain are maintained by the covalent and hydrogen bonding 
system networks in synergy (Altaner et al., 2014). The degree of polymerization 
of native cellulose chains is approximately 9000 to 10000 glycosyl units that 
form elementary fibrils which are stabilized by strong intramolecular and 
intermolecular hydrogen bonding and hydrophobic interactions, as well as by 
van der Waals interactions (Nishiyama et al., 2002; Parthasarathi et al., 2011; 
Altaner et al., 2014; Menhodro et al., 2014). Cellulose chains are packed largely 
into partially crystalline fibres called microfibrils, generally 2 to 4 nm in 
diameter, determined by X-ray small-angle scattering and electron microscopy 
(Zhang et al., 1997; Vickers et al., 2001; Habibi et al., 2010). Cellulose also 
contains amorphous regions. The long-length-scale structural deformations of 
the cellulose microfibril may shed light on the mechanism of its biosynthesis 
(Zhao et al., 2013).  
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1.1.2 Hemicellulose 

Hemicelluloses are the second most abundant renewable natural 
polysaccharides after cellulose in the plant cell wall. Compared to cellulose, 
hemicellulose has a random and amorphous structure which is composed of 
several heteropolymers including xylan, galactomannan, glucuronoxylan, 
arabinoxylan, glucomannan and xyloglucan. These heteropolymers are 
composed of various sugar monomer units such as xylose, arabinose, mannose, 
glucose, galactose, and sugar acids, most of them exhibiting D-pentose sugar 
configurations and occasionally containing small amounts of L-sugars as well 
(Saha, 2003, Singh et al., 2003). The presence of hydroxyl and carboxylic groups 
on the chains of hemicellulose makes them suitable for either chemical or 
enzymatic modification, and hemicellulose has excellent hydrophilicity, 
biodegradability and biocompatibility (Du et al., 2016). Therefore, 
hemicellulose has become a very promising raw material used in different 
application areas, notably in the chemical, food, and pharmaceutical industries. 

Xylan structure and occurrence 

Xylan is the major component of hemicellulose in cell walls and the composition 
of xylan is different in hardwoods and softwoods, grasses and cereals 
(Chandtakant and Bisaria, 1998; Singh et al., 2003). Xylans constitute 10-35% 
of the hemicellulose in hardwoods and 7-15% of the hemicellulose in softwoods. 
The degree of polymerization of xylan is higher in hardwoods (150-200) than in 
softwoods (70-130). Xylan structures are complex and contain a backbone of -
1,4-linked xylopyranose units with an equatorial configuration. Almost 80% of 
the xylan backbone is substituted with side-chains of arabinose, glucuronic acid, 
and oligosaccharide side chains including arabinose, xylose and galactose 
residues (Saha and Bothast, 1999; Saha, 2003; Scheller and Ulvskov, 2010; 
Moreira and Filho, 2016). In hardwoods, xylans are highly acetylated in the 
native state and the acetylation usually occurs at C-2 and C-3 positions. Acetyl 
groups are responsible for partial solubility of xylan in water (Whistler and 
Richards, 1970). Acetyl groups can be easily removed by alkali extraction 
(Dekker, 1989). Softwood xylans are not acetylated, instead of acetyl groups 
they have 4-O-methyglucuronic acid and L-arabinofutanose residues attached 
to the C-2 and C-3 positions (Timell, 1967; Wende and Fry, 1997; Sunna and 
Antranikian, 1997). However, Scheller and Ulvskov (2010) have reported that 
there are also many variations in xylan structures that are not well known.  

1.1.3 Lignin 

Lignin is one of the most abundant complex biopolymers in nature accounting 
for approximately 30% of the organic carbon in the biosphere. Lignin has been 
reported to be a material insoluble in water and alcohol but soluble in weak 
alkaline solutions (Amthor, 2003; Boudet et al., 2003). The different contents 
of lignin in the common lignocellulosic materials are listed in the Table 1. It has 
been reported that the variations in lignin content and composition affect the 
digestibility and dietary conversion of herbaceous crops (Akin et al., 1991; 
Campbell and Sederoff, 1996). It has also been suggested that varying degrees 
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of lignin content are crucial for structural integrity of the cell wall and stiffness 
as well as for the strength of the stem (Chabannes et al., 2001; Jones et al., 
2001). Due to the hydrophobic property and structural complexity in the plant 
cell walls, lignin plays an important role in transporting water and nutrients 
through the vascular system (Whetten and Sederoff, 1995; Boerjan et al., 2003). 
The biosynthetic pathway of lignin has been studied for more than a century. 
There are three main stages in the biosynthesis of lignin: biosynthesis of 
monolignols, transport of monolignols to the cell wall, and dehydrogenative 
polymerization of monolignols in the plant cell wall (Boerjan et al., 2003; Wang 
et al., 2016). Lignin is an undesirable component in animal feed and forages due 
to its negative impact on the nutritional quality. In the pulp and paper making 
process, removal of lignin is costly and causes chemical pollution during the 
processing of wood (Hatfield, 1999; Moore, 2001). Lignin can be isolated by 
using enzymatic, chemical and mechanical methods through chain scissions 
and removing carbohydrate components of native lignin. The isolation 
processes usually require high temperatures, high pressures and high or low pH 
(Lee et al., 1981; Ikeda et al., 2002; Wu and Argyropoulos, 2003; Guerra et al., 
2006).  

1.1.4 Pretreatment and degradation in lignocellulosic materials 

Since the complex and tight structure of lignocellulosic materials is generally 
resistant to enzymatic hydrolysis, an effective pretreatment is necessary to 
deconstruct, fractionate, solubilize and hydrolyze or modify cellulose, 
hemicellulose and lignin components (Weil et al., 1994; Saha, 2003; Mosier et 
al., 2005). Many pretreatment methods of lignocellulosic materials, such as 
liquid hot water, acid, ammonia, lime, alkaline, stream explosion (CO2 
explosion) and organic solvent pretreatments, have been studied (Kim et al., 
2009; Kim et al., 2011; Chang et al., 2001; Fernández-Bolaños et al., 2001; 
Gould, 1984; Zhao et al., 2009). Each of these pretreatment methods offers 
specific advantages and disadvantages.  

Enzymatic hydrolysis of lignocellulosic materials 

The hydrolysis is usually catalyzed by enzymes. Many studies on improving the 
enzymatic hydrolysis of lignocellulosic materials have been reported (Mais et 
al., 2002; Berlin et al., 2007; Kim et al., 2011; He et al., 2015; Xing et al., 2016; 
Méndez Arias et al., 2016). Cellulases are highly specific enzymes for the 
hydrolysis of cellulose. In the most simplified enzymatic hydrolysis system, 
endoglucanase randomly attacks soluble and insoluble cellulose chains, while 
exoglucanase starts the hydrolysis from the ends of cellulose chains and, 
ultimately, -glucosidase hydrolyzes cellobiose to glucose (Béguin and Aubert, 
1994; Jalak et al., 2012; Kim et al., 2014). Most research on lignin focuses on the 
technical degradation of the polymer, reducing the interference and removal of 
chemical functionalities from lignin to improve the hydrolysis of lignocellulose 
(Dier et al., 2016). Laccase, lignin peroxidase, manganese peroxidase, and more 
recently versatile peroxidases are best characterized as lignin-modifying 
enzymes (Hatakka, 1994; Pérez-Boada et al., 2005). A large variety of enzymes 
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is also used for the hydrolysis of hemicellulose (Figure 1). These are 
endoxylanase (EC 3.2.1.8), -xylosidase (EC 3.2.1.37), -glucuronidase (EC 
3.2.1.139), -arabinofuranosidase (EC 3.2.1.55), acetylxylan eaterase (EC 
3.1.1.72), ferulic acid esterase (EC 3.1.1.73) and p-coumaric acid esterase (EC 
3.1.1.-) (Collins et al., 2005). The essential hydrolases are endoxylanases (see 
Section 1.2), which degrade the polysaccharide backbone of 1,4-linked -D-
xylopyranose to produce xylooligomers randomly, and then converting the non-
reducing end of xylooligomers to xylose monomers by -xylosidase  (Suurnäkki 
et al., 1997; Belkacemi and Hamoudi, 2003; Sørensen et al., 2007; Mansour et 
al., 2016).  

 
Figure 1. (A) Structure of xylan and the sites of its attack by xylanolytic enzymes. The backbone 
of the substrate is composed of 1,4- -linked xylose residues. Ac: Acetyl group; -araf: -
arabinofuranose; -4-O-Me-GlcA: -4-O-methylglucuronic acid; pcou: p-coumaric acid; fer: ferulic 
acid. (B) Hydrolysis of xylooligosaccharide by -xylosidase. Adapted from Collins et al., 2005. 
Figures were prepared with ChemDraw Professional 15.0. 

1.2 Xylanases 

Xylanases are essential enzymes in the bioconversion of hemicellulose and they 
are widely used in several industries. Most applications are used in the 
production of biofuels, biopulping, bleaching, animal feeds, chemicals and food 
additives in the baking industry (Beg et al., 2001; Kaur et al., 2004; Savitha et 
al., 2007; Yahav et al., 2012; Thomas et al., 2015; Uday et al., 2016; Xu et al., 
2016).  A list of commercial xylanases and their benefits in industrial 
applications is summarized in Table 2.  
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Table 2.  A list of commercial xylanases and their benefits in industrial applications. 

Producer Commercial  
products 

Industrial 
applications 

Benefits 

CANDON 
http://candon.co

m.br 

Biolase MAXI Baking  Increases dough extensibility 
 Strengthens the gluten protein 
network 
 Increases loaf volume 
 Improves the tolerance in 
prolonged fermentation. 

Dyadic 
International, 

INC 
http://www.Dyad

ic.com 
 

Dyadic xylanase 
PLUS 

Animal feed  Increases the utilization of 
nutrients inside the plant cells 
 Reduces the viscosity 
 Improves animal health 
 Cost savings. 

Adisseo 
http://adisseo.co

m 

Rovabio® 
Advance 

(Xylanase & 
Arabinofuranos

idases) 

Animal feed  Improves the digestibility of all feed 
nutrients. 

DuPont 
http://www.dupo

nt.com 

LAMINEX® 
enzymes 

Brewery  Reduces wort viscosity and -
glucan 
 Relieves lautering bottlenecks 
 Increases brewing capacity 
 Improves beer filtration 
 Cost savings. 

POWERBake® 
900 and 7000 

range 

Baking  Strengthens the dough properties. 

OPTIMASHTM 
VR (Xylanase & 

Cellulase) 

Fuel Ethanol  Improves starch utilization 
 Hydrolysis of non-starch 
carbohydrates 
 Reduces mash viscosity enabling 
higher gravity fermentation 
 Reduces fouling of evaporators and 
distillation equipment 

Danisco 
Xylanase 

Animal feed  Improves the release of nutrients 
 Reduces the viscosity and the 
production of excessive secretions 
into the gut 
 Reduces the variability in the 
feeding value of grain and other raw 
materials 
 Improves litter quality and faecal 
consistency 
 Cost savings 

AB Enzymes 
Oy 

http://www.aben
zymes.com 

 

VERON® 
Special 

Baking  Increases baking volume 
 Improves dough properties 

ECOPULP® Pulp & paper  Improves the pulp brightness 
 Reduces the yield loss and chemical 
demand 
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Producer Commercial  
products 

Industrial 
applications 

Benefits 

AB Enzymes 
Oy 

http://www.aben
zymes.com 

ROHALASE® 
SEP-VISCO 

Grains & oil 
seeds processing 

 Reduces the viscosity in starch-
gluten separation processes 
 Optimizes the yields and purity of 
starch and gluten 
 Increases A-starch fraction 
 Reduces the fresh water 
consumption 
 Reduces the energy consumption 

Econase® XT Animal feed  Reduces feeding costs; efficacious 
across all diet types 
 Intrinsically thermostable, easily 
detected and measured in feed 
 Sufficiency stable to be added as a 
liquid prior to feed pelleting 

NOVOZYMES 
A/S 

https://www.nov
ozymes.com 

PANZEA® Baking  Increases the volume of baked 
goods 
 Improves the bread appearance and 
texture 
 Dry, stable dough; high tolerance 
towards flour and process 
variations; easy formulation into 
flour, improvers and premixes 

 
Xylanases catalyze the hydrolysis of internal 1,4- -D-xylosidic linkages of 

xylosides. Many microorganisms, such as bacteria, yeasts and filamentous 
fungi, have been reported to produce xylanases (Kumar et al., 2013; Fu et al., 
2011; Raghukumar et al., 2004). Filamentous fungi are particularly interesting 
as they secrete the xylanases into the medium in high yields, much higher than 
those found in bacteria or yeast (Polizeli et al., 2005). Trichoderma and 
Aspergillus species are classical examples of microorganisms for selective 
production of xylanase by using xylan as the carbon source (Biely et al., 1985). 
These xylanases may represent many structure types, physicochemical 
characteristics, variations in action mechanisms, specific activities and yield, as 
well as overlapping but dissimilar specificities (Collins et al., 2005). Xylanases 
can contain, in addition to the catalytic domain, a non-catalytic carbohydrate 
binding module (CBM) that can be xylan binding domain, cellulose binding 
domain, “thermostabilising domain” or dockerin domain and they typically 
affect the thermostability of the enzymes and the efficiency of binding to 
insoluble substrates (Winterhalter et al., 1995; Hayashi et al., 1997; Ding et al., 
2008; Liu et al., 2015). 

1.2.1 Classification of xylanases 

Xylanases have been classified based on their molecular weight, isoelectric point 
(pI), structure, kinetic properties, their substrate specificity and product profile 
(Wong et al., 1988; Henrissat et al., 1989; Collin et al., 2005). Wong et al. (1988) 
first classified xylanases into two groups based on their physicochemical 
properties, where one group contained a high molecular weight (>30 kDa) and 
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low pI value and the other group contained a low molecular weight (<30 kDa) 
and high pI value. However, several enzymes atypical to these groups were also 
found later (Matte and Forsberg, 1992). Moreover, Henrissat et al. (1989) 
classified cellulases and xylanases into six families (A-F) according to amino 
acid sequence similarities of their catalytic domains and hydrophobic cluster 
analysis. Subsequently, xylanases were classified into F and G families 
(Henrissat and Bairoch, 1993). Updated information on classification and 
characteristics of enzymes can be found in the Carbohydrate-Active Enzyme 
(CAZy) database. The large variety of enzymes with xylanase activity are now 
classified within glycoside hydrolase (GH) families  5, 7, 8, 9, 10, 11, 12, 16, 26, 
30, 43, 44, 51 and 62 (Selvarajan and Veena, 2017). The enzymes of GH families 
5, 7, 8, 10, 11 and 43 have a truly distinct catalytic domain with a demonstrated 
endo-1,4- -xylanase activity, and in contrast, GH families 16, 51 and 62 contain 
bifunctional enzymes which possess two catalytic domains (Collin et al., 2005). 
The residual or secondary xylanase activities are found in enzymes belonging to 
GH families 9, 12, 26, 30 and 44. Endo-1,4- -xylanases and a small number of 
endo-1,3- -xylanases (EC 3.2.1.32) are the main enzymes comprising the GH10 
family, whereas the GH11 family consists solely of endo-1,4- -xylanases and 
usually gives larger end-products than the GH10 family members (Zhang et al., 
2012). These two families have been thoroughly studied, while the information 
of catalytic properties of families 5, 8 and 43 is more limited (Uday et al., 2016). 

The members of GH families 5, 8, 10, 11 and 43 have been found to exhibit 
different structures, physicochemical properties, substrate specificities and 
mechanisms of action (retaining or inverting) (Motta et al., 2013). The 
unsubstituted regions of arabinoxylan are hydrolyzed by GH11 xylanases 
whereas the xylose linkages closer to side-chain arabinose residues are cleaved 
by GH1o xylanases (Kumar et al., 2016).  

Mechanisms of action 

Mechanisms retaining and inverting the conformation of the anomeric carbon 
have been deciphered. The enzymes from GH families 5, 10, 11, which catalyze 
the hydrolysis with retention of the anomeric carbon conformation with two 
glutamate residues, have been implicated in the catalytic mechanism. This 
indicates a double-displacement mechanism in which a covalent glycosyl-
enzyme intermediate is formed and, subsequently, hydrolyzed via a transition 
state. In the first step, of the two carboxylic acid residues located in the active 
site, one acts as an acid/base catalyst by protonating the substrate, while the 
other one functions as a nucleophile resulting in the departure of the leaving 
group and formation of the -glycosyl enzyme intermediate. In the second step, 
the carboxylate group that acted as the acid catalyst now functions as the base 
catalyst for abstracting a proton from a nucleophilic water molecule, which then 
attacks the anomeric carbon forming a covalent bond to the OH group. This 
leads to a second substitution in which the anomeric carbon again passes via an 
oxocarbenium-ion-like transition state to give rise to a product with the  
configuration (Collins et al., 2005).  
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Xylanases from GH families 8 and 43 operate through an inverting 
mechanism, a glutamate and an aspartate being the catalytic residues. Inverting 
enzymes work by a single displacement reaction, in which one carboxylate 
functions as a general acid catalyst, which results in the departure of the leaving 
group. The other carboxylate functions as a general base, activating a 
nucleophilic water molecule to attack the anomeric carbon. This leads to 
cleavage of the glycoside bond and an inversion of the configuration at the 
anomeric carbon. The mechanisms for retaining and inverting glycosidases are 
shown in Figure 2. Typically, the distance between the anomeric carbon and the 
general base allows the accommodation of a water molecule (Collins et al., 
2005). It has been reported that the distance between the two catalytic residues 
is less restricted in inverting enzymes than in retaining enzymes (Guérin et al., 
2002). 

 
 
Figure 2. General mechanisms for (A) retaining and (B) inverting glycosidases. R: a carbohydrate 
derivative. Adapted from Collins et al., 2005 and Armstrong et al., 2013. Figures were prepared 
with ChemDraw Professional 15.0. 

GH11 xylanases 

GH11 xylanases are characterized by a low molecular weight (~20 kDa) and high 
pI and a double displacement catalytic mechanism. Two glutamates act as the 
catalytic residues in the -sandwich structure of the enzyme, which includes two 
large -sheets and one single -helix that altogether resembles the shape of a 
partly closed right hand (Törrönen and Rouvinen, 1997). -sheets are packed 
against each other forming the hydrophobic core of the protein and the -helix 
is typically packed against the hydrophobic face of the second -sheet (Collins 
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et al., 2005). GH11 xylanases display several typical features, such as a small 
size, high substrate selectively and high catalytic efficiency. They also have a 
variety of optimum pH and temperature ranges which renders them suitable for 
operating under various conditions and in many applications (Paës et al., 2012). 
In contrast to most other glycoside hydrolase families, the GH11 family is 
monospecific composed of only of xylanases. They are exclusively active on D-
xylose containing substrates. GH11 can hydrolyze aryl -glycosides of xylobiose 
and xylotriose at the aglyconic bond. The GH11 xylanases have a lower catalytic 
versatility compared with GH10 xylanases, and therefore, their products can be 
further hydrolyzed by the GH10 xylanases (Biely et al., 1997). It has been found 
that the GH11 xylanases are most active on long chain xylooligosaccharides and 
they have large substrate binding clefts, containing at least seven subsites 
(Collins et al., 2005).  

1.2.2 Cloning and expression of xylanase genes 

In order to meet the increasing industrial demands for the enzymes, driven by 
the societal need for “greener” technologies and combined with demands for 
maintaining competitive cost structure, it is necessary to produce the 
industrially used enzymes in large quantities. Recombinant deoxyribonucleic 
acid (DNA) technology has provided methods for the enhanced protein 
production suitable for industrial applications (Beg et al., 2001). However, there 
are two main challenges in xylan bioconversion with enzymes produced by 
recombinant DNA technology. Namely, the production of xylanolytic enzymes 
free of cellulolytic activity and the improvement of fermentation characteristics 
of the industrial production hosts by introducing an efficient recombinant 
expression system (Ahmed et al., 2009). Xylanases with properties suitable for 
commercial applications have been cloned from different microbial genera into 
homologous and heterologous hosts. Screening of new enzymes has been 
conducted to obtain improved production levels of enzymes, substrate 
utilization and other commercially useful properties (Chand and Mishra, 2003).  

Cloning and expression 

Escherichia coli (E. coli) has been widely used for cloning of xylanase genes and 
heterologous expression of recombinant enzymes. There are several reasons for 
this, such as the ease of DNA cloning, good choice of cloning vectors, 
overproduction of recombinant enzymes and straightforward purification 
processes. However, not all xylanases are expressed efficiently in E. coli 
(Kulkarni et al., 1999). The xylanase expression level is typically lower in E. coli 
than the parent organism, and the expression is confined to the cytoplasmic and 
periplasmic fractions (Gallardo et al., 2004; Goswami et al., 2014). Extracellular 
production typically occurs after the enzyme transport by signal sequence (e.g. 
from pectate lyase of Bacillus amyloliquefaciens) to the periplasmic space, from 
which the enzymes leak to the growth medium. Extracellular expression of 
xylanase has been reported in recombinant E. coli cells e.g. for alkaliphilic 
Bacillus and Aeromonas, thermophilic Bacillus species (Honda et al., 1985; 
Kudo et al., 1985; Shendye and Rao, 1993), and engineered variants of 
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Trichoderma reesei (T. reesei) XYNII (Turunen et al., 2001; Xiong et al., 2004). 
By using commercial synthesis of genes from the known amino acid sequences, 
the databank enzyme sequences can be easily expressed in the recombinant 
production hosts. 

Numerous cloned xylanases have been characterized as recombinantly 
produced proteins. Gibbs et al. (1995) reported cloning, sequencing and 
expression of a xylanase gene in E. coli from the extreme thermophile 
Dictyoglomus thermophilum (D. thermophilum) Rt46B.1; the optimum 
temperature of the recombinant enzyme was 85oC. Extracellular cellulase-free 
endo-1,4- -xylanase from Thermomyces lanuginosus sp. SS-8, isolated from 
self-heating plant waste material was a monomer of 21.3 kDa. This xylanase 
retained 80% activity at 60°C for 96 h, was active at a pH range of 3-11 and 
uniquely hydrolyzed xylan to xylose without production of xylo-
oligosaccharides (Shrivastava et al., 2013). Shi et al. (2014) reported that the 
recombinant xylanase from Thermotoga thermatum was optimally active at 
80°C, pH 6.0, and retained approximately 60% of its activity after 2 h at 75°C. 
A recombinant xylanase with cold-active and halo-tolerant properties from 
Bacillus sp. SN5 had maximum activity at 40 oC and pH 7.0. It retained more 
than 80% activity at the 25°C and 29% activity at 5°C. The highest activity 
(134%) was found in the presence of 0.5 M NaCl and the enzyme retained 90% 
activity in 2.5 M NaCl (Bai et al., 2012). The recombinant xylanase from 
Aspergillus niger XZ-3S was found to be stable in alkaline conditions with an 
optimum temperature of 40oC at pH 5.0 (Fu et al., 2012). Zhang et al. (2012) 
studied a xylanase from Aspergillus usamii E001 and the gene was cloned and 
expressed in Pichia pastoris; the highest activity of the purified enzyme was 
displayed at 55°C and pH 4.5. Recently, a novel alkali-thermostable xylanase 
gene from Geobacillus sp.WBI was isolated by polymerase chain reaction (PCR) 
amplification and overexpressed in E. coli. The purified enzyme had a broad pH 
optimum at pH 6.0-9.0 and the enzyme was active between 50oC and 90oC, and 
retained 100% of its activity when incubated at 65°C for 1 h under alkaline 
conditions (pH 10.0) and also retained 75% activity at pH 11.0 (Mitra et al., 
2015). Homologous recombinant expression of xylanases has been achieved in 
various microbial hosts. Trichoderma is a typical example (Wang et al., 2014). 
A thermostable xylanase of Acremonium cellulolyticus was purified, cloned and 
expressed homologously and the purified recombinant xylanase showed high 
thermostability (Tm 80.5°C) with a broad pH optimum (pH 4-8) (Kishishita et 
al., 2014). The homologous expression of the xylanase gene from the 
thermophilic fungus Malbranchea cinnamomea strain s168 was purified and 
the optimum temperature was 80oC at pH 6.5. The enzyme showed a broad 
range of pH stability (pH 4.0-10.5) and was stable up to 70oC with a thermal 
denaturing half-life (Thalf) of 76 min (Fan et al., 2014). With a large variety of 
xylanases, the key selection features for the industrial use are the enzyme 
production levels in the industrial production host and the activity and stability 
of the enzyme in the industrial application. 
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Challenges with expression in E. coli 

There are several reasons why many heterologous proteins cannot be expressed 
efficiently in E. coli, such as the relatively abundant occurrence of rare codons, 
the need for specific post-translational modifications, structural complexity of 
the protein, toxicity of the coded protein to the host cell, and susceptibility of 
the foreign protein to proteases encoded by E. coli (Kulkarni et al., 1999). It is 
well-known that the highest expression levels are found in the homologous host 
systems. The low expression level has also been attributed to the weak 
recognition of the expression signals in the host strain. Improvement of the 
xylanase production has been obtained by chromosomal gene integration in the 
alkalophilic thermophilic Bacillus sp. and Aspergillus tubingensis (Nikolaev et 
al., 2013). Chromosomal integration of genes is important for continuous 
production of using the recombinant protein in large scale fermentation process 
as genes on plasmids are subject to instability and there is a constant 
requirement for antibiotic selective pressure for maintaining plasmids in the 
cells. However, even low expression levels in E. coli are usually enough for 
testing the enzymes for key industrial properties.  

1.2.3 Protein engineering 

Protein engineering is a successful methodological approach for developing new 
biocatalysts with improved efficiency for industrial applications. Protein 
engineering has great potential also in developing novel metabolic pathways 
and synthetic biological cell components. Protein engineering strategies 
including directed evolution and rational design have been conducted to 
generate qualitative variants of xylanases in which the activity and stability of 
the enzyme have been improved for industrial processes. The two protein 
engineering approaches are summarized in Figure 3. Rational design can 
surpass the mechanistic limitations of random mutations and the changes can 
be introduced into the critical regions with respect to the desired property. 
Directed evolution can produce mutations impossible for the designer to 
foresee, and the method does not require structural knowledge, although in 
combination approaches, the structural information can be useful in focusing 
the directed evolution effort to limited areas. Directed evolution relies on the 
simple yet powerful Darwinian principles of mutation and selection 
(Bornscheuer and Pohl, 2001; Johannes and Zhao, 2006).  
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Figure 3. A comparison of the processes involved in directed evolution and rational design. 
Adapted from Bornscheuer and Pohl, 2001; Damborsky, 2007 and O’Reilly et al, 2011. Directed 
evolution starts with the preparation of mutant gene libraries by random mutagenesis, which are 
then expressed in the host organism. Protein libraries are usually screened in microtiter plates 
using a range of selection parameters. In rational design, mutants are designed based on the 
protein structure. After transformation in the host organism, the variant is expressed, purified and 
tested for the desired properties. Protein characterization and product analysis sorts out desired 
and negative mutations. The processes of both protein engineering approaches can be repeated 
or combined until the enzyme of desired properties are generated. A combination of random and 
design methods including computational approaches are often utilized today. 

Engineering approaches for xylanases  

GH11 xylanases have been engineered widely during recent years by rational 
design (Wakarchuk et al., 1994; Sung et al., 1998, 2000; Georis et al., 2000; 
Turunen et al., 2001, 2002; Fenel et al., 2004; Xiong et al., 2004) and directed 
evolution or other random methods to improve the thermostability of xylanase 
(Arase et al., 1993; Palackal et al., 2004; Miyazaki et al., 2006; Dumon et al., 
2008; Stephens et al., 2007, 2009; Ruller et al., 2008; Hokanson et al., 2011). 
The engineering of the pH activity range has also gained significant attention 
(Joshi et al., 2000, 2001; Chen et al., 2001; Shibuya et al., 2005; Yang et al., 
2008; Al Balaa et al., 2009; Umemoto et al., 2009), as well as improving the 
biomass-degrading activity (Song et al., 2012). The thermostability range has 
been increased by approximately 20oC or more by rational design (Xiong et al., 
2004), Gene Site Saturation Mutagenesis (GSSM) (Dumon et al., 2008) and 
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error-prone PCR + gene shuffling (Ruller et al., 2008), including even a 34oC 
increase in the melting point (Tm) by GSSM (Palackal et al., 2004). 

Directed evolution  

Altogether, many directed evolution studies have been conducted with GH11 
xylanases. Among these types of methods, the GSSM has produced most 
impressive results; namely 25oC (Dumon et al., 2008) and 34oC (Palackal et al., 
2004) increase of Tm. In both of these studies, the screening was based on 
stability and, therefore, the activity at high temperature did not increase as 
much as the stability. Several other studies with varying success, have also been 
performed. Stephens et al. (2007) reported five GH11 xylanase mutants from 
Thermomyces lanyginosus that displayed both higher stabilities and activities 
than the wild-type XynA. The mutant 2B7-10 retained 71% of its activity after 
treatment at 80oC for 60 min and had a half-life of 215 min at 70oC, which is 
higher than the level attained by the wild-type XynA. The catalytic efficiency 
(kcat/Km) of the two variants 1-B6 and 2-H6 of Geobacillus stearothermophilus 
GH10 xylanase were increased by 25% and 89% compared to the wild-type 
enzyme, respectively (Wang et al., 2013).  A GH11 xylanase variant containing 
eight mutations was isolated from Bacillus subtilis that presented a temperature 
optimum of 80°C (wild-type was 50oC), together with a 3-fold increase in the 
specific activity compared to the wild-type enzyme at pH 8.0, as well as half-life 
around 60 min at 80°C (wild-type was <2 min) (Ruller et al., 2014). Recently, a 
xylanase mutant from Bacillus amyloliquefaciens was identified by an error-
prone touchdown PCR and the specific activity of the purified mutant was 9.38 
U/mg, which was 3.5 times higher than that of the wild-type enzyme; moreover, 
the mutant was more stable than the wild-type under thermal and extreme pH 
treatment (Xu et al., 2016). In another study, Qian et al. (2015) reported that 
directed evolution was employed to enhance the thermostability of a 
metagenomics-derived novel xylanase and, as a result, two mutants showed a 
250-fold increase in half-life at 55oC, with a 10oC increase in optimal 
temperature from the level of the wild-type enzyme. The alkalophilic variant 
xylanases were engineered from the anaerobic fungus Neocallimastix 
patriciarum through directed evolution using an error-prone PCR. The activity 
of the xylanase mutant retained a greater proportion at pH 9.0, and its activity 
at acid pH was not lower than that of the wild-type (Chen et al., 2001). 

Rational design   

Rational design can sometimes be more accurate and efficient compared with 
directed evolution (Labrou, 2010; Romero and Arnold, 2009). It is a very 
information-intensive molecular engineering strategy, as it requires structural 
information of the proteins and knowledge about the relationships between 
sequence, structure and function or stability. Both protein stability and activity 
can be improved by utilizing structural information to plan amino acid changes. 
The stability of the proteins can be increased via binding amino acids or protein 
regions such as mobile loops more tightly to the protein body. For this purpose, 
the stabilizing interactions can be hydrogen bonds from the mutated side chain 
to its environment, stronger hydrophobic interactions formed by a bigger 
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hydrophobic side chain and covalent bonds formed by disulphide bridges, etc 
(Eijsink, 2004; Li et al., 2005). Higher stability is often linked to higher regional 
rigidity that can be increased also by increasing the secondary structure 
propensity (helix, strand, turn). Higher number of ionic interactions, including 
salt bridges, is also correlated to higher thermostability. Various mutation 
principles and positions produce largely differing effects, some scarcely seen 
and the best improvement being close to 15oC stability increase by an N-terminal 
disulphide bridge (Turunen et al., 2001; Fenel et al., 2004; Xiong et al., 2004). 

Cheng et al. (2015) reported that the catalytic performance of a GH11 xylanase 
was improved by rational protein engineering (several active site residues were 
modified). Rational protein engineering was also applied to improve 
alkalophilic adaptation of Aspergillus niger xylanase XynB. The mutation 
Q178R raised the optimum pH of XynB from 5.5 to 6.0 and retained 37% of the 
maximum activity at pH 8.0 (Xu et al., 2013). Aromatic residues were 
introduced into the N-terminus of the alkaline xylanase by which the thermal 
stability of Xyn11A-LC was enhanced. The mutantions increased the optimum 
temperature 5oC. The Thalf of the mutant was 106 min at 65oC and pH 8.0, 
whereas the Thalf of the wild-type was 22 min under the same conditions. The 
melting temperature of the wild-type and the mutant were determined by 
circular dichroism (CD) spectroscopy to be 55.3oC and 67.9oC, respectively (Bai 
et al., 2014).  

Some researchers have also reported on the improved alkalistability and 
thermostability of the xylanase by directed evolution and rational design. The 
xylanase mutants from Geobacillus stearothermophilus was engineered to 
improve the thermostability of the enzyme, and the results showed that the half-
life of inactivation of the most thermostable mutant enzyme was 52-fold higher 
than that of the wild-type enzyme. The optimal temperature also increased from 
77oC to 87oC and catalytic efficiency (kcat/Km) increased by 90% (Zhang et al., 
2010). Zheng et al, (2014) reported that the alkalistability and thermostability 
of Paenibacillus campinasensis xylanase were altered in the mutant XynG1-
1B43. The optimum pH was increased by 2 units from pH 7 to 9 by directed 
evolution, and the even more thermostable mutant exhibiting a 10oC increase in 
the optimum temperature (60-70oC) was obtained by introducing a disulfide 
bridge and a single amino acid substitution to XynG1-1B43 using site-directed 
mutagenesis. In conclusion, many rational design studies have produced 
significant improvements. The strength of a rational design can, at best, be that 
by minimal amount of mutations one can obtain a promising result.  

1.3 Enzymes at extreme conditions 

To meet the growing needs for efficient and cost-effective industrial production, 
a large number of new enzymes from a wide range of organisms in nature (e.g. 
extremophiles) have been studied. The extreme conditions of many industrial 
applications are often challenging for the performance of traditional enzymes 
found from nature. On the other hand, most thermophilic enzymes may show 
production and activity problems (Sarmiento et al, 2015). Accordingly, various 
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functional properties of these enzymes that are relevant to industrial use have 
been improved and optimized by protein engineering.  

1.3.1 High temperature  

High temperature increases the rate of enzymatic reactions, improves substrate 
solubility, decreases viscosity, improves mass transfer, and reduces end product 
inhibition, which all could increase the yield (Viikari et al., 2007; Zhang et al., 
2011; Teugjas and Väljamäe, 2013; Hämäläinen et al., 2016). The risk of 
contamination is also decreased at high temperature (Bhalla et al., 2013). 
Futhermore, reducing the viscosity at high temperature improves the use of 
higher solids concentration, and also saves pumping and mixing costs 
(Christopher, 2012). Thus, at high temperature, the hydrolysis yield can be 
higher, the required reaction time could be reduced and the necessary enzyme 
load could be reduced, which would create immediate increase in profitability.  

Enzymes from thermophiles  

Enzymes from thermophiles are superior to those from mesophiles in durability 
and they can better withstand the recycling of enzymes, various additives, and 
even ionic liquids (Bragger et al., 1989; Park et al., 2012). Hyperthermophilic 
enzymes are also easier to purify from impurities by heat denaturation when the 
enzymes are expressed in mesophilic hosts. Their thermostability is also 
associated with a higher resistance to chemical denaturants (Vieille and Zeikus, 
2001). Hyperthermophiles are microbes that grow optimally at temperatures of 
80-110oC. For example, Pyrolobus fumarii strains grow optimally even at 
temperatures of 113-121°C (Blöchl et al., 1997). A number of thermostable 
xylanases have been isolated from various thermophilic (optimal growth 
temperature at 50-80oC) and hyperthermophilic (optimal growth temperature 
at >80oC) organisms, living in thermal springs, hot pools, terrestrial and marine 
solfataric fields, and self-heating decaying organic debris (Vieille and Zeikus, 
2001; Sunna and Bergquist, 2003; Cannio et al., 2004; Collins et al., 2005). 
Thermophilic xylanases mainly belong to families GH10 and GH11. The 
thermophilic and hyperthermophilic xylanases have been isolated, for example, 
from Bacillus stesrothermophilus (Khasin et al., 1993), Thermoascus 
aurantiacus (Lo Leggio et al., 1999), Rhodothermus marinus (Abou-Hachem et 
al., 2003), Caldicellulosiruptor sp. (Lüthi et al., 1990), Thermotoga sp. 
(Simpson et al., 1991), Anoxybacillus flavithermus (Ellis and Magnuson, 2012), 
D. thermophilum (McCarthy et al., 2000), Bacillus subtilis (Paice et al., 1986), 
Talaromyces cellulolyticus (Kataoka et al., 2014) and Nonomuraea flesuosa 
(Hakulinen et al., 2003). The GH10 xylanase from Thermotoga sp. is one of the 
most thermostable xylanases with an apparent temperature optimum of 105oC 
for activity, with Thalf of 90 min at 95oC. D. thermophilum and Nonomuraea 
flesuosa represent the most thermostable GH11 xylanases with the apparent 
temperature optimum of 90oC and 80oC, respectively.  

By comparing the mesophilic and thermophilic GH11 xylanase structures, it 
has been concluded that the increased number of salt bridges and hydrogen 
bonds is associated with higher thermostability (Hakulinen et al., 2003). The 
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thermostability of both mesophilic and thermophilic xylanases has been 
enhanced by targeted mutations, such as introducing disulphide bridges at the 
protein N-terminus or in the -helix region (Wakarchuk et al., 1994; Turunen 
et al., 2001; Fenel et al., 2004; Xiong et al., 2004; Li et al., 2013), increasing the 
number of charged surface residues and improving other interactions (Sung et 
al., 1998, 2000; Georis et al., 2000; Turunen et al., 2001, 2003; Xiong et al., 
2004; Fenel et al., 2006; Alponti et al., 2016), and using a thermostabilizing 
domain in the enzyme (Jun et al., 2009). Directed evolution and other random 
mutation studies of GH11 xylanases have shown that the thermostabilizing 
mutations can be found in surprising places of the protein structure and the 
stabilization principles can be such that a rational designer would most likely 
face major challenges in planning such mutations (Arase et al., 1993; Palackal 
et al., 2004; Miyazaki et al., 2006; Stephens et al., 2007, 2009; Dumon et al., 
2008; Ruller et al., 2008; Hokanson et al., 2011).  

1.3.2 High pressure 

High pressure technology has been applied in the production of ceramics, 
plastic, artificial diamonds and composite materials for many years, and it is 
utilized also in the food industry for sterilization and preservation with potential 
to modify the properties of macromolecules and influence physiological 
processes (Figueiredo et al., 2010; Ferreira et al., 2011; Rivalan et al., 2010; 
Reed et al., 2013; Tabilo-Munizaga et al., 2014; Patrignani and Lanciotti, 2016). 
During several decades, the effect of high pressure has been studied in biological 
applications. Notably, pressure can stabilize the enzymes or increase the 
enzyme activity in different operational conditions, including the improvement 
of enzymatic hydrolysis during the pre-treatment process and the reuse of waste 
paper (Eisenmenger and Reyes-De-Corcuera, 2009; Park, 2000; Salgueiro et 
al., 2016). The theoretical basis for the effect of high pressure on protein stability 
has also been studied (Mombelli et al., 2002; Heremans, 2005; Cinar and 
Czeslik, 2015). Pressure first stabilizes the proteins against unfolding under 
high temperature, but unfolding follows when the pressure has become too high 
(Van Eylen et al., 2006; Li et al., 2012; Okunade et al., 2015; Halalipour et al., 
2016). It has been suggested that first pressure induces the penetration of water 
into the protein interior, and then it causes protein unfolding (Meersman et al., 
2006). Kim and Dordick (1993) studied the effect of pressure on enzyme activity 
in organic solvents. The results suggested that pressure enhances the stripping 
of water off an enzyme in polar organic solvents, which then leads to decreased 
enzymatic activity.  

Effects of pressure and temperature on enzyme stability and activity 

A relationship between the effects of pressure and temperature on enzyme 
conformation can be described as an elliptical diagram showing the native and 
denatured protein regions (Figure 4). The equilibrium concentrations of native 
and denatured forms of the enzyme are equal in the reversible denaturation 
zone. The theoretical generic pressure-temperature diagram shows that 
increasing both temperature and pressure simultaneously leads to the highest 



Introduction 

26 

protein stabilization (Hawley, 1971; Smeller, 2002; Eisenmenger and Reyes-De-
Corcuera, 2009). The pressure of 25-100 MPa usually increases the stability and 
activity of enzymes (Miller et al., 1989; Robb and Clark, 1999; Sun et al., 1999). 
The activity of hydrogenase from M. jannaschii increased 3-fold when the 
pressure elevated from 0.75 to 26 MPa at 86oC (Miller et al., 1989). The activity 
and thermostability of a hyperthermophilic protease from a deep-sea 
methanogen increased by pressure of 50 MPa at 125oC, so that the reaction rate 
was 3.4-fold higher and the thermostability 2.7-fold higher (Michels and Clark, 
1997). The thermostability of glutamate dehydrogenase from the 
hyperthermophile Pyrococcus furiosus increased 36-fold by 76 MPa pressure at 
110°C (Sun et al., 1999). Even higher pressure could increase the enzyme 
stability and activity. Vila-Real et al. (2010) reported that a 4-fold increase on 
naringinase thermostability was observed under 150 MPa at 80oC. Moreover, it 
was observed that the thermal stability of inulin fructotransferase improved 
2.24-fold under the pressure of 200 MPa at 80oC (Li et al., 2015). The enzymatic 
activity of alpha-chymotrypsin was increased by 6.5-fold at the pressure of 470 
MPa when compared with the activity at atmospheric pressure (Rivalain et al., 
2010). A significant stabilization of glucoamylase from Aspergillus niger 
against heat inactivation was observed even at 550 MPa (Buckow et al., 2005). 
In addition, a recombinant Aspergillus aculeatus enzyme with high -helix 
content was not inactivated at pressures upto 700 MPa at room temperature, 
but there was a significant decrease of activity at 200 MPa, temperatures above 
60oC (Dirix et al., 2005).  

 

Figure 4. Theoretical generic pressure-temperature diagram with native and denatured protein 
regions, separated by a zone of reversible denaturation. The arrows marked by the letters P, H 
and C describe the specific denaturation ways known as pressure, heat and cold denaturation. 
Adapted from Smeller, 2002. 

Only few earlier studies have been published on the effect of high pressure on 
activity and stability of xylanases (Gogou et al., 2010). The effect of pressure and 
temperature on the inactivation of a moderately thermophilic Thermomyces 
lanuginous xylanase was studied over a pressure range of 100-600 MPa and a 
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temperature range of 50-70oC. The study indicated that the enzyme inactivation 
was synergistic for pressure and temperature, and the enzyme was very sensitive 
to changes in pressure and temperature (Gogou et al., 2010). Research for the 
present thesis also provided new results and conclusions for mutated enzymes 
with respect to pressure stability. 

Enzymatic biotechnological processes utilized high pressure 

Some biotechnological processes may require the use of enzymes at high 
pressure. Starch liquefaction is an enzymatic biotechnological process in which 
amylases are used for five minutes at a temperature of approximately 106oC and 
at elevated pressure, in order to facilitate gelatinization (Cates et al., 2010). 
Kirsh et al. (2011) reported that the pressure of 20 MPa increases enzyme 
stability, which is beneficial for the process of lignocellulose hydrolysis. Several 
researchers have also reported that high pressure can be utilized in 
lignocellulose pretreatment and food treatments (Castro et al., 2007; Chen et 
al., 2010; Knorr et al., 2006; Vani et al., 2012). Eucalypus globulus Kraft 
bleached pulp was pretreated at hydrostatic pressure of 300-400 MPa for 15-45 
min and this caused a 5-10-fold increase in the initial hydrolysis rate of xylan by 
xylanase (Oliveira et al., 2012). Salqueiro et al. (2016) reported that the paper 
making properties of recycled pulp were improved by 30% after Thermomyces 
lanugunosus xylanase treatment under the optimal pressure of 400 MPa. 
Pressure above 300 MPa for processing barley and wheat flour slurries caused 
an increase in the action of barley - and -amylase (Gomes et al., 1998). High 
pressure has been shown to increase the enzymatic stability against the 
inactivation from ionic liquid. Salvador et al. (2010) reported that cellulase 
activity was improved in 10% of 1-butyl-3-methylimidazolium chloride 
([BMIM][Cl]) under pressure compared to results at the atmospheric pressure, 
varying from equal (at 600 MPa) to 1.7-fold higher (at 100 MPa). Therefore, the 
utilization of enzymes under high pressure offers an interesting option for 
biotechnological processes. 

1.3.3 Alkaline and acidic conditions 

The natural environments on Earth are mostly close to the neutral pH region 
with pH values between 5 and 9. However, the alkaliphilic and acidophilic 
environments in nature have a pH above 9 or below 5, respectively. Acidic 
environments are found in hot springs, active or abandoned mines and deep-
sea hydrothermal vents. Alkaline environments result from high concentration 
of carbonate ions, such as is evident in soda lakes, insect guts and pancreatic 
juice (Dhakar and Pandey, 2016). With an increasing demand for industrial 
enzymes in global markets and hydrolases representing approximately 75% of 
the industrial enzyme markets, there is a need to find new xylanases with wide 
pH tolerance having potential applications in the pulp and paper, animal feed, 
food and biofuel industries.  
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Alkaliphilic xylanases  

The first alkaliphilic xylanase was produced by using Bacillus No. C-59.2 in 1973 
and the enzyme was found to be most active at pH 5.5-9 (Horikoshi and 
Atsukawa, 1973). Thereupon, a number of xylanases have been isolated from 
various acidophilic and alkaliphilic microorganisms, such as Aspergillus sp., 
Penicillium sp., Streptomyces sp., Bacillus sp. (Fushinobu et al., 1998; Kimura 
et al., 2000; Bajaj and Singh, 2010; Zhang et al., 2016). It was determined that 
the xylanases produced from alkaliphilic microorganisms showed their activity 
optimum pH at around neutral pH region, but they were stable at high pH (Chi 
et al., 2012; Bai et al., 2015). Nevertheless, other xylanases with high optimum 
pH have also been identified. The optimum activity of a xylanase from 
Penicillium citrinum was shown to be at pH 8.5 at 50oC (Dutta et al., 2007), 
whereas the xylanase from Bacillus pumilus Braz was optimally active at pH 9.0 
(Duarte et al., 2000). One of the most alkaliphilic xylanases has been found 
from Bacillus halodurans PPKS-2 showing a maximum activity at pH 11 at 70oC 
(Prakash et al., 2012).  

Acidophilic xylanases 

Some acidophilic xylanases have also been discovered. It has been shown that 
Penicillin ramulosum N1 produces a protease-resistant acidophilic xylanase, for 
which the optimum activity of enzyme is at pH 3.0 (Lin et al., 2015). An acidic 
xylanase from Bispora sp. showed maximum activity at pH 3.0 in 60oC, and was 
stable over a broad pH range from pH 1.0 to 6.0 (Luo et al., 2010). Ohta et al. 
(2001) detected that the activity of an acidophilic xylanase from Aureobasidium 
pullulans var. melanigenum was optimal at pH 2.0 at. Aspergillus kawachii 
xylanase is also an acidophilic enzyme with an optimum pH of 2.0 (de Lemos 
Esterves et al., 2004). 

Amino acid residues and pH profiles  

The pH profiles of enzymes are influenced by the nature of the amino acid 
residues surrounding the catalytic residues, and the pKas of the catalytic 
residues are tuned by a complex hydrogen bond network (Nielsen et al., 2001; 
de Lemos Esterves et al., 2004). A structure study of xylanase from Aspergillus 
kawachii indicated that the acidophilic enzymes are rich in acidic residues on 
the protein surface, which are believed to reduce the electrostatic repulsion of 
the positively charged amino acid residues at acidic pH maintaining, in this way, 
the protein stability (Fushinobu et al., 1998). In contrast, the analysis of 
molecular phylogeny of an alkaliphilic subtilisin family of serine proteases 
revealed a decrease in the number of negatively charged amino acid residues 
and an increase in arginine and neutral hydrophilic amino acids residues (Shirai 
et al., 1997; Turunen et al., 2003). For instance, mutant enzymes from T. reesei 
were prepared by introducing an excess of arginine residues on the protein 
surface and, consequently, the activity profile was shifted to the alkaline region 
by approximately 0.5-1.0 pH units (Turunen et al., 2002). Furthermore, 
Umemoto et al. reported that the optimum pH of the xylanase from Bacillus sp. 
shifted from 8.5 to 9.5 by reinforcing the characteristic salt bridge in the 
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catalytic cleft and introducing excess arginine residues on the protein surface 
(Umemoto et al., 2009). 

1.3.4 Ionic liquids 

Ionic liquids (ILs) are considered to be the most important green solvents which 
have generally been defined as salts which melt below 100oC, and are composed 
of an organic cation and inorganic or organic anion (Sun et al., 2010). The 
typical structures of cations and anions of ILs are shown in Figure 5. Acetate, 
propionate and chloride are also used as inorganic anions.  

 
Figure 5. Structures of typical cations and anions of ILs. Adapted from Flieger, J., 2014 and 
Kambic et al., 2014. Figures were prepared with ChemDraw Professional 15.0.  

ILs have been presented as tunable and multipurpose materials for a variety 
of applications due to their attractive properties. Namely, they possess low 
flammability and vapor pressure, great thermal and chemical stability, large 
liquid state temperature range and wide electrochemical window (Makiabadi et 
al., 2016). The desired physical properties of ILs are achieved by selecting or 
modifying ions depending on the needs of the user by using advanced materials 
with specific chemical properties (Smiglak et al., 2007). ILs can be acidic, 
neutral or basic depending on their ionic composition (MacFarlane et al., 2006). 
Typical ILs are described as “neutral” which only exhibit weak electrostatic 
interactions with the cations; the anions in this class are such as 
hexafluorophosphate, methane sulfonate, thiocyanate, bis(triflyl)amide, 
tetrafluoroborate, tricyanomethanide and p-toluenesulfonate (Suarez et al., 
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1996; Golding et al., 2002; Makiabadi et al., 2016; Bonhôte et al., 1996; 
Efthimiadis et al., 2003; Forsyth et al., 2004). ILs formed from these anions are 
satisfactory in thermal and electrochemical stability. Acidic ILs are based on the 
protic ammonium, pyrrolidinium and imidozolium ions while the anions of 
basic ILs include lactate, formate, acetate and the dicyanamide (MacFarlane et 
al., 2006).  

ILs dissolving lignocellulose both destabilize and stabilize enzymes 

The pretreatment of lignocellulose is the key for improving the enzymatic 
hydrolysis of cellulose. Recently, it was found that ILs can be successfully used 
as dissolving agents in the pretreatment process. ILs can remove lignin, reduce 
the cellulose crystallinity and increase the cellulose porosity to effectively 
increase the enzymatic degradation of lignocellulosic biomass at high solid 
loadings and low enzyme concentrations (Zhao et al., 2009; Mäki-Arvela et al., 
2010; Ang et al., 2012; Cruz et al., 2013). The pretreatment processes are 
potentially less energy consuming and less waste producing by using ILs, and 
ILs can even be recycled for reuse (Phillips et al., 2004; Li et al., 2008). 

ILs dissolving lignocellulose may be destabilizing for the enzymes, even when 
present at low concentrations. ILs decrease the enzyme activity by disrupting 
hydrogen bonding and hydrophobic interactions as well as depriving the water 
hydration shell of protein (Parks and Kazlauskas, 2003; Dadi et al., 2006; 
Constatinescu et al., 2010; Bose et al., 2010). Enzyme stability is also increased 
in certain ILs, e.g. 1-butyl-3-methylimidazolium hexafluorophosphate 
([BMIM][PF6]), 1-hexyl-3-methylimidazolium hexafluorophosphate 
([HMIM][PF6]), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ([EMIM][Tf2N]) (Zhao, 2010).  

Some enzymes are fairly stable in ILs. Bose et al. (2012) reported that a pure 
cellulase from Aspergillus niger not only shows higher tolerance to ILs but it 
had also an enhanced thermostability in the presence of the tris-(2-
hydroxyethyl)-methylammonium methylsulfate (HEMA). A mixture of 
cellulases (Celluclast1.5L, from T. reesei) and -glucosidase (Novozyme188 
from Aspergillus niger) retained high activity in 15% 1-ethyl-3-
methylimidazolium acetate ([EMIM][OAc]) to hydrolyze the lignocellulosic 
biomass (Wang et al., 2011). Hyperthermostable Pyrococcus horikoshii 
endoglucanase is highly tolerant to ILs (Datta et al., 2010) similar to the highly 
thermostable Thermopolyspora flexuosa (T. flexuosa) and Thermotoga 
maritima xylanases (Yu et al., 2016; Anbarasan et al., 2017). Cellulases from a 
metagenomic library were active and stable in the presence of approximately 
30% biomass-dissolving ILs (1-butyl-1-methylimidazolium 
trifluoromethanesulfonate ([EMIM][otf])) (Pottkämper et al., 2009). An 
approach to improve the cellulase stability against [BMIM][Cl] was proposed 
based on coating of immobilized enzyme particles with hydrophobic ILs 
(Lozano et al., 2011). It has been suggested that the cellulases with haloalkalicity 
and thermostability appear to have improved the tolerance with ILs to a high 
level (Zhang et al., 2011). Molecular dynamics simulations indicated that 
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negative surface charges make the proteins more resistant to destabilization by 
ILs (Jaeget al., 2015). 

Xylanases have also been studied in the presence of ILs. Jaeger et al. observed 
that GH11 xylanase from Trichoderma longibrachiatum maintained significant 
activity in 10% ILs ([EMIM][OAc]) or 1-ethyl-3-methylimidazolium ethyl 
sulfate ([EMIM][EtSO4]) (Jaeger and Pfaendtner, 2013). It was shown that 
thermostable GH10 xylanases are fairly tolerant to aqueous solutions of less 
than 50% ILs (Chawachart et al., 2014; Yu et al., 2016; Anbarasan et al., 2017). 
Chawachart et al. (2014) demonstrated that the presence of 30% concentration 
of [EMIM][OAc] only had a small effect on the stability of Thermoascus 
aurantiacus GH10 xylanase. Namely, Tm decreased by only 5oC, whereas the 
enzyme activity was more affected. Accordingly, developing enzymes with high 
stability and tolerance to ILs is required for more efficient usage of enzymes and 
ILs together for hydrolyzing or modifying the lignocellulosic biomass. 
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2. Aims of the study 

Increased demands for enzymes are presented by industry and society, driven 
by a need for more sustainable industrial processing. In order to answer these 
demands, it is necessary to study and develop the use of novel enzyme 
engineering technologies for the production of enzymes that perform effectively 
in the harsh process environments, which challenge the activity and the 
performance of many enzymes. Accordingly, the goals of the present study were 
to elucidate how engineered enzymes function at extreme conditions, including 
high temperature, high pressure, low pH and in the presence of ionic liquids. 
The research focused on previously published T. reesei XYNII (TrXYNII) 
mutants and unpublished mutants of highly thermostable T. flexuosa XYN11A 
(TfXYN11A) and D. thermophilum XYNB (DtXYNB). More specifically, the aims 
were to: 

 Test the stability and activity of TrXYNII mutants in extreme conditions, 
such as high pressure, low pH and high temperature. New kinetic data for 
the stability in high pressure was to be measured and the thermodynamic 
behaviour of the mutants was to be compared to better understand the 
relationship between thermostability and pressure stability. 

 Study how biomass-dissolving ionic liquid ([EMIM][OAc]) affects the 
stability and activity of hyperthermophilic DtXYNB and its stabilized 
mutant. 

 Purify TfXYN11A mutants with altered pH activity profile, and to test their 
properties in functional assays and the effect of ionic liquid 
([EMIM][OAc]) on the activity of TfXYN11A. The goal with respect to IL 
was to see how negatively charged amino acids introduced by mutagenesis 
affect the tolerance to ionic liquids. 

 Examine the pressure stability of the most thermophilic DtXYNB and its 
stabilized mutant as a continuation of the pressure studies. 
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3. Materials and methods 

A summary of the materials and methods used in the thesis is presented in this 
section. More detailed descriptions can be found in the appended publications. 

3.1 Production of xylanases  

A list of produced xylanases and their mutants studied in this thesis is presented 
in Table 3. Swiss-PdbViewer (http://www.expasy.ch/spdbv/) (Guex and 
Peitsch, 1997) was used to examine the enzyme structures of for designing the 
N-terminal disulphide bridge (mutations T1C and T27C) into DtXYNB (protein 
data bank (PDB) code 1F5J) and the mutations into the active site of Tf XYN11A 
(PDB code 1M4W). Wild-type TrXYNII and its thermostable mutants DS2, DS5 
and DB1 created by site-directed mutagenesis were from earlier studies 
(Turunen et al., 2001, 2004; Xiong et al., 2004). More detailed descriptions can 
be found in publications I-IV. 

Table 3. Productions of xylanases and their mutants in this thesis. 

Wide type TrXYNII DtXYNB TfXYN11A 

Mutant Code DS2 DS5 DB1 DtXYNB-DS N46D V48D L31E 

Mutations 
S110C-
N154C 

 

S110C-
N154C, 
N11D, 
N38E, 
Q162H 

 

T2C-T28C, 
(Y27F), 
S110C-
N154C,       

N11D, N38E, 
Q162H 

T1C-T27C N46D V48D L31E 

Expression 
Strain E. coli XL1 Blue E. coli XL1 Blue E. coli XL1 Blue 

Cultivation 
LB broth+ 125 mg/mL Ampicillin 

37oC, 220 rpm 

LB broth+ 125 
mg/mL Ampicillin + 

1.0 mM IPTG 
37oC, 220 rpm 

LB broth+ 125 mg/mL 
Ampicillin 37oC, 220 

rpm 

Used in Publication I Publications II and 
IV Publication III 
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3.2 Protein purification 

3.2.1 T. reesei XYNII and its mutants 

The secreted enzymes were collected from the culture broth and without further 
purification used in the pressure experiments. 

3.2.2 D. thermophilum XYNB and its mutant 

The secreted enzymes were collected from the culture broth and used in the 
stability and activity experiments. For protein purification, the enzymes in the 
culture supernatant were precipitated with 70% saturated ammonium sulfate 
and dialyzed against 10 mM sodium acetate buffer (pH 5.5). Protein purification 
was performed in Äkta Purifier (GE Healthcare) with cation exchange (Hiload 
26/10 SP Sepharose High Performance) and gel filtration (Hiload 16/60 200 
Superdex prep grade) chromatography. Cation exchange binding buffer was 10 
mM sodium acetate, pH 5.5, and elution buffer contained, in addition, 0.3 M 
sodium chloride. Gel filtration buffer was 10 mM sodium acetate, pH 5.5, with 
0.3 M sodium chloride. The proteins were 70-80% pure in SDS-PAGE (assessed 
by densitometry) and the protein concentration was determined by absorbance 
A280 in EON Microplate Spectrophotometer (BioTek) with Take3 plate. 

3.2.3 T. flexuosa XYN11A and its mutants 

The secreted enzymes were collected from the culture broth and used without 
further purification in the stability and activity experiments. It appeared that 
the E. coli cells contained a substantial amount of the enzyme intracellularly (or 
in the periplasmic place) and this source was also used for protein purification. 
To purify the enzymes, the E. coli cells were suspended in 20 mM Tris-HCl (pH 
7.5), sonicated, and the supernatant was used for protein purification in Äkta 
Purifier (GE Healthcare), first by using hydrophobic interaction 
chromatography (HIC) with Hiload 16/10 Phenyl Sepharose High Performance 
column. The HIC binding buffer was 20 mM Tris-HCl with 30% ammonium 
sulphate and 1 mM magnesium chloride, pH 7.5, and the elution buffer was the 
same but without 30% ammonium sulphate. Anion exchange chromatography 
was performed with Hiload 16/10 Q Sepharose High Performance column. The 
anion exchange binding buffer was 20 mM Tris-HCl with 15 mM sodium 
chloride, pH 7.5, and the elution buffer contained 1.0 M sodium chloride. Gel 
filtration chromatography was performed with Hiload 16/60 Superdex 200 
prep grade column. The gel filtration buffer was 20 mM sodium acetate with 
0.15 M sodium chloride and pH 7.5. The proteins were concentrated by Vivaspin 
tubes (Sartorious Stedim Biotech). The protein concentration was determined 
by densitometry of the SDS-PAGE gels by Image J software (National Institutes 
of Health), and bovine serum albumin (BSA) was used as the standard.  

With all xylanases, the non-purified proteins were used in the stability, activity 
or pressure experiments. Purified xylanases (DtXYNB, DtXYNB-DS, TfXYN11A 
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and TfXYN11A mutants) were used in the kinetic, hydrolysis and CD 
spectroscopy experiments.  

3.3 Enzyme activity assays 

Xylanase activity was assayed at absorbance 540 nm for determining the 
amount of reducing sugars liberated in the hydrolysis of solubilized 1% birch 
wood xylan substrate in the 3, 5-dinitrosalicylic acid (DNS) method (Bailey et 
al., 1992). The assays were performed in 50 mM citrate phosphate buffer, at 
chosen pH and temperature depending on the properties of the enzymes. The 
length of assay was mostly 30 min, unless otherwise indicated. 

Residual activity was determined by incubating enzyme samples without 
substrate at different temperatures for different lengths of time, and after that 
the remaining activity was measured.  

The enzyme activity and residual activity assays were also determined in the 
presence of [EMIM][OAc]. 

In the half-life assay, the enzyme samples were incubated for different lengths 
of time at high temperature, then measuring the remaining activity. Thalf values 
were also measured at high pressure.  

More detailed descriptions of the conditions can be found in publications I-
IV.  

3.4 Pressure experiments 

A U111 high-pressure device (Unipress, Poland), was used to generate pressure 
for stability, activity and hydrolysis experiments in which hydrostatic pressure 
could be formed up to about 500 MPa. The temperature of the sample could be 
heated up to 80oC in a water bath. Plastic tubes were used as containers for the 
incubation of sample, and water was used as the compression medium in the 
pressure experiments. The device contains three sample sites. 

3.5 Kinetic experiments  

The kinetic parameters were determined by using purified enzymes with 0.5-15 
mg/ml birchwood xylan as the substrate. 0.1 mg/mL BSA was used as a 
stabilizer in the reactions. Km and Vmax were calculated by the hyperbolic 
regression analysis function of the Hyper 32.exe software. Km is expressed as 
mg/mL of substrate, kcat is 1/s. Vmax is defined as mol product/min/mg enzyme 
(=U/mg). In calculating the kcat values, the theoretical molar mass was 22,295.4 
g/mol for DtXYNB and 22,329.5 g/mol for DtXYNB-DS. 

3.6 Hydrolysis experiments 

The cleavage products of the carbohydrate substrate were analyzed by high 
performance liquid chromatography (HPLC) (Water Alliance 2695) with lead 
column from Bio-Rad (Aminex HPX-87P, 300x78 mm column) and a detector 



Materials and methods 

36 

(Waters 2414 refractive index detector). The reaction mixtures included enzyme 
solution with birchwood xylan as substrate, and BSA as a stabilizer. The 
cleavage products were produced by different methods. First, for the hydrolysis 
pattern as a function of temperature, the reaction mixtures were incubated for 
3 h at temperature range 50-100oC. Secondly, for the hydrolysis pattern as a 
function of time, the reaction mixtures were incubated for 3-24 h. The degree of 
hydrolysis was also determined for the pressure range 0.1-300 MPa at 80°C. In 
these experiments, the level of actual enzyme activity at each experiment was 
adjusted to be identical. The enzyme reaction was stopped by adding 0.5 mL of 
0.25 M H2SO4 solution to 0.5 mL of the reaction mixture, spinning it for 30 
min, removing the cell pellet, and then adding o.5 mL of 0.5 M NaOH to 
neutralize the supernatant, and finally filtering the solution. Xylose, xylobiose, 
xylotriose, and xylotetraose were used as the standards.  

3.7 CD spectroscopy  

The CD spectra of DtXYNB and DtXYNB-DS were determined in 10 mM sodium 
phosphate buffer at pH 6.5 using a ChirascanTM CD spectrophotomerter 
(Applied Photophysics, Leatherhead, UK). The measurements were performed 
at a temperature range 25-93oC. The CD spectra were recorded using a 1-mm 
cell and bandwidth of 1 nm between 240 nm and 190 nm UV light. 

3.8 Molecular docking experiments 

Molecular docking is a computational technique, which predicts the interactions 
between two molecules. The binding of [EMIM]+ cation to TfXYN11A (PDB code 
1M4W) and its modelled mutants N46D and V48D were analyzed using 
SwissDock (Grosdidier et al 2011). [EMIM]+ cation was energy-minimized by 
MM2 in ChemBio3D Ultra 12.0 (Cambridge Soft) before docking. The accurate 
mode was used in SwissDock.
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4. Results and Discussion 

In this study, the stability and activity of engineered GH11 xylanase enzymes 
were investigated at extreme or otherwise challenging conditions. GH11 
xylanases were used as models to study the general behavior of enzymes under 
these conditions. The functional effects of designed amino acid mutations in 
mesophilic, highly thermostable and extremely thermostable GH11 xylanases 
were also investigated.  

4.1 Effect of mutations on GH11 xylanases (I, II, III, IV) 

Directed evolution and rational design methods have been widely used to 
develop industrial enzymes, including xylanases (Leisola and Turunen, 2007; 
McHunu et al., 2009; Bommarius et al., 2011; Song et al., 2015; Xu et al., 2016). 
In this thesis, GH11 xylanases were used as models to study how engineered 
enzymes work at extreme conditions, such as high temperature, high pressure, 
low pH and the presence of ionic liquids. The family GH11 xylanases have one 
single -helix and two large -pleated sheets forming a -jelly roll structure, 
with the size of about 20 kDa (Paës et al., 2012). Purmonen et al. (2007) have 
pointed out that the N-terminus is notable for the initiation of unfolding in GH11 
xylanases, and the unfolding may proceed to the finger region of the -sheets. 
Nevertheless, the xylanases can be stabilized by engineering mutations in the 
N-terminal region, -helix region, cord region, finger region and the active site 
or close to it to block the unfolding process (Sung et al., 1998; Fenel et al., 2004, 
2006; Jänis et al., 2004; Turunen et al., 2001, 2002; Morley and Kazlauskas, 
2005). The directed evolution studies showed that most stabilizing mutations 
exist in the N-terminal region and quite close to it, although other areas also 
contain sites harbouring stabilizing mutations (e.g., Palackal et al., 2004; 
Dumon et al., 2008). Here, the functional effects of various mutations on 
different regions of the protein structure of GH11 xylanases (DtXYNB, 
TfXYN11A and TrXYNII) were studied.  

4.1.1 Effect of  mutations on the thermal properties  

As the thermal properties of GH11 xylanases have been studied extensively, a 
goal in this study was to explore how mutations, known to stabilize lower 
stability GH11 xylanases, stabilize an extremely thermostable DtXYNB with its 
temperature optimum at 90oC. The further stabilized enzyme version of already 
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highly stable DtXYNB was created by introducing an N-terminal disulphide 
bridge, which prevents the unfolding of the N-terminal loop covering the side 
edge of the two-layered -sheet (Figure 6). The disulphide bridge mutation 
increased significantly the stability and activity at the boiling point, 100oC. The 
results showed that the disulphide bridge elevated the apparent temperature 
optimum about 5oC (Figure 7), which is less than the corresponding increase in 
mesophilic TrXYNII xylanase (~13oC) and moderately thermophilic T. 
lanuginosus xylanase (~10oC) (Fenel et al., 2004; Wang et al., 2012). A 
remarkable effect was that the disulphide bridge doubled the activity at 
temperature 100-110oC (Figure 7). In addition, the inactivation half-life of the 
wild-type enzyme was 4 min and the half-life of the mutant was 39 min at 100oC. 
The disulphide bridge increased the half-life 10-fold.  

 

Figure 6. The schematic structure of DtXYNB-DS. The -strands are shown in yellow, -helix in 
red and the catalytic residues (nucleophile Glu90 and acid/base Glu180) in red. The covalent N-
terminal disulphide is shown between the introduced cysteines at amino acid positions 1 and 27. 
The structural image was created by PyMol (Publication II). 

The residual activity of the wild-type and its mutant was tested after 30 min 
incubations at different temperatures. The thermostability region in this assay 
increased about 5-8oC by the disulphide bridge (Figure 8). The inactivation of 
the mutant was slower with increasing temperature than that of the wild-type 
enzyme. Even at 100oC, above 60% of the residual activity of the disulphide 
bridge mutant still remained, whereas the wild-type enzyme was completely 
inactivated. These results showed that the N-terminus is unfolding at the very 
high temperatures in a GH11 enzyme having otherwise a highly stable structure. 
However, the stabilization was much lower than in the less stable enzymes. The 
comparison of Figures 7 and 8 shows that, although the wild-type enzyme 
experiences a total inactivation in 30 min at 100oC, in the presence of substrate, 
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~50% activity is left. This indicates that the substrate protects the enzyme even 
at 100-110oC. Although the hydrogen bonds become weaker at 100oC, there are 
also hydrophobic interactions between the substrate and the enzyme allowing 
the rather strong binding of the substrate to the active site. The strength of 
hydrophobic interactions becomes stronger at an elevated temperature 
(Schellman, 1997), thus compensating the decrease in the strength of hydrogen 
bonds. 

 
Figure 7. The activity of DtXYNB and DtXYNB-DS as a function of temperature. 30 min activity 
assay at each temperature. Symbols: DtXYNB, open symbols; DtXYNB-DS, filled symbols. 

 
Figure 8. Residual activity of DtXYNB and DtXYNB-DS as a function of temperature. 30 min 
incubation at each temperature before measuring the residual activity. Symbols: DtXYNB, open 
symbols; DtXYNB-DS, filled symbols. 
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When examining the folding of the N-terminal region over the two-layered -
sheet (Figure 6), it is possible to conclude that the N-terminal loop spanning the 
two -sheet layers may prevent the separation of the two -sheets from each 
other at high temperature thus preventing the penetration of water into the 
space between the -sheets. The disulphide bridge only on the inner side (side 
of active site cleft) of the double-layered -sheet in TrXYNII (at positions 7-16) 
prevented larger unfolding increasing the stability but did not bind the -sheet 
layers together like the disulphide bridge at 2-28 (corresponding to the bridge 
1-27 in Figure 6) (Xiong et al., 2004). The result was that the activity did not 
increase at higher temperature. This may indicate that the loose loop even in the 
bridge 7-16 allowed local unfolding of the terminal six amino acids leaving the 
interior of the -sheet layers unprotected from the penetration of water. 

Together with the D. thermophilum enzyme, TfXYN11A is one of the most 
known thermostable GH11 xylanases. The characterization of the recombinant 
enzyme and its crystal structure have been reported earlier (Hakulinen et al., 
2003; Leskinen et al., 2005). In the crystallization study of T. flexuosa and 
Chaetomium thermophilum GH11 xylanases, a comparison of mesophilic and 
thermophilic enzyme structures was performed. The results indicated that 
several minor modifications, such as higher Thr/Ser ratio, increased number of 
charged residues, and longer -strands, are responsible for the increased 
thermal stability of GH11 xylanases, (Hakulinen et al, 2003). Increased number 
of Arg in thermophilic GH11 enzymes was in line with the experimental finding 
that an addition of Arg to the Ser/Thr surface improves the thermal 
performance (Turunen et al., 2002; Hakulinen et al., 2003). A special feature of 
DtXYNB is a long C-terminal strand that may also increase the thermostability 
(McCarthy et al., 2000). These kinds of rigidifying structural elements in many 
places of the enzyme may reduce the activity at lower temperatures, but are 
necessary for activity at higher temperatures. The specific activity of the mutant 
with an N-terminal disulphide bridge was not measured, but experiments with 
T. reesei have indicated that this enzyme modification apparently may not 
reduce the specific activity, although it increased the apparent temperature 
optimum by some 13oC (Fenel et al., 2004). Therefore, by protein engineering 
(Tadokoro et al., 2013; Lee et al., 2014; Jamil et al., 2015; Zouari Ayadi et al., 
2015), it is possible to find mutations that remarkably enhance the enzyme 
stability, but apparently do not rigidify the enzyme and, thus, decrease the 
activity.  

4.1.2 Effect of  mutations on catalytic activity and pH-activity  

The active site of GH11 xylanases is narrow and it is not likely that this allows 
the free introduction of new bulky side chains. However, the active site of GH10 
xylanases is wide and it harbors a larger number of bulky side chains. A histidine 
residue close to the catalytic acid/base was observed to maintain its 
extraordinary high pKa of 9.4 in Streptomyces lividans (Roberge et al., 1998). 
Active site mutations easily decrease the enzyme thermostability as was shown 
in GH10 xylanase and xylose isomerase (Roberge et al., 1998; Karimäki et al., 
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2004). Once the enzyme is already highly thermostable, then the otherwise 
useful mutation can be allowed to be such that it decreases the thermostability 
to a certain degree. Thus, the thermostability can be allowed to be decreased by 
the mutations if the main effect of the mutation is useful, e.g. increase of activity 
(Tokuriki and Tawfik, 2009). Nevertheless, the thermostability can also be 
improved by active site mutations in GH10 xylanase (Wang et al., 2014). 

In the studies of this thesis, three mutations were designed to the active site 
of TfXYN11A. One side chain (L31E) was towards the protein interior and the 
other two side chains (N46D and V48D) were upwards in the active site cleft. 
Mutations N46D and V48D introduced an acidic side chain close to the catalytic 
residues. However, L31E was also a mutation introducing a negatively charged 
side chain. Therefore, the mutation L31E functioned as a control, which was 
close to the bottom of the active site cleft, but in a long distance from the 
catalytic amino acids. The goal was to study how an acidic side chain affects the 
pH activity profile when the effect comes from different directions. Earlier 
studies have indicated that a negative charge close to a carboxylic acid side chain 
supports its high pKa and, thus, keeps the activity at higher pH, whereas nearby 
Arg lowers the pKa of the carboxylic acid group (Nielsen et al., 2001; Kongstedt 
et al., 2007). The lower pKa of nucleophile controls the acidic limb of the pH 
profile and the higher pKa of acid/base controls the position of the alkaline limb. 
Therefore, the side chains close to the acid/base and nucleophile have an 
important role for protonation state of the catalytic residues and therefore for 
the pH activity profile. 

However, from the other members of the GH11 family (Bacillus circulans 
xylanase), it is known that when a residue corresponding to N46 in TfXYN11A 
in H-bonding distance from the acid/base (Figure 9) was changed to aspartic 
acid, the pH activity profile of the enzyme shifted to acidic pH (Joshi et al., 
2000, 2001; Kongsted et al., 2007), contrary to what would be expected for the 
effect of nearby negative charge. In the studies of this thesis, none of the 
mutations N46D, V48D and L31E shifted the alkaline limb to higher pH, but 
N46D and V48D shifted it to an opposite direction (Figure 10), indicating that 
the pKa of the acid/base is not determined only by the nearby charged residues, 
or the effect is more complex than expected by the simple pKa effect rules 
described by Nielsen et al. (2001). The mutation V48D changed the nearby 
hydrophobic residue to polar. If Val together with other nearby hydrophobic 
residues is needed to keep the high pKa of acid/base, then breaking the 
hydrophobic zone by negatively charged residue may cause an opposite effect (a 
similar pH effect was found with a similar Val to Asp mutation in a beta-
glycosidase by Anbarasan et al. (2015). With N46D, it is known that this 
mutation in other GH11 xylanases causes the negative charge to probably 
immobilize the proton of acid/base and thus stop the catalysis at high pH (Joshi 
et al., 2000, 2001; Kongsted et al., 2007). These considerations show that the 
pH effect of mutations seems to depend on several molecular details. 
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Figure 9. Structure of the catalytic site of TfXYN11A with mutations N46D and V48D and modeled 
xylotetraose. The catalytic nucleophile Glu87 (E87) and acid/base Glu176 (E176) are shown. The 
glycosidic oxygen approached by the acid/base is indicated by a white asterisk. Glycerol (GOL) 
from the crystal structure 1M4W is also shown. The figure was created with PyMol (Publication 
III).    

 
Figure 10. pH-dependent activity of TfXYN11A and its mutants at 60oC. Symbols: XYN11A ( ); 
N46D ( ); V48D ( ); L31E ( ) (Publication III).    

The effect of the mutations on the enzyme activity was tested for the purified 
enzymes. The specific activity (U/mg enzyme) of TfXYN11A and its mutants was 
determined at 60oC with 1% birchwood xylan as the substrate. At pH 6, the 
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specific activities were; TfXYN11A: 2,134±124 U/mg, N46D: 1,666±92 U/mg, 
V48D:133±3 U/mg and L31E: 1,273±51 U/mg. The specific activity after the 
mutations N46D and L31E was only slightly decreased compared with the wild-
type, but the specific activity after the mutation V48D showed a substantial 
decrease. The results also showed that the optimum pH of the wild-type 
TfXYN11A was approximately 6.5 (Figure 10), and at least 50% activity was 
detected between pH 4.5 and 8.0. The mutations N46D, V48D and L31E 
decreased the optimum pH approximately 1.2, 1.8, and ~0.5 pH units, 
respectively. The results indicated that the substitution of aspartic acid into the 
positions 46 or 48 in the active site decreased the optimum pH, and shifted the 
whole pH profile to the acidic direction. The mutation L31E only showed a small 
shift to the acidic direction. At pH 3-4, only the mutation N46D showed higher 
specific activity than the wild-type enzyme, indicating it was the only mutation 
that actually increased the acidic activity among the tested mutations. 

Temperature-dependent activity of TfXYN11A and the mutants are shown in 
Figure 11. The results indicate that N46D has a similar apparent temperature 
optimum to the wild-type, which was approximately 78oC. However, the 
mutations V48D and L31E decreased the apparent temperature optimum by 
about 10oC and 15oC, respectively. The thermostability of TfXYN11A, as 
measured by residual activity assay, was reduced by all mutations as shown in 
Figure 12. The mutation N46D showed the smallest effect. One explanation 
could be that the potential charge of Asp at position 46 has more freedom, 
whereas the potential charges at positions 31 and 48 with tighter space may have 
destabilizing contacts with the nearby atoms.  

 
Figure 11. Temperature-dependent activity of TfXYN11A and its mutants at pH 5. Enzyme activity 
was determined at each temperature with 30 min assay. Symbols: TfXYN11A, circle; N46D, 
diamond; V48D, triangle; L31E, square (Publication III).                                                                                              
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Figure 12. Residual activity of TfXYN11A and its mutants as a function of temperature. Enzymes 
were incubated 30 min at each temperature (pH 6) before measuring the residual activity. 
Symbols: TfXYN11A, circle; N46D, diamond; V48D, triangle; L31E, square (Publication III).     

4.1.3 Effect of TfXYN11A mutations on kinetic parameters  

Purified enzymes were used for kinetic experiments at pH 6. Km and Vmax were 
2.5 mg/ml and 3110 U/mg for TfXYN11A, 1.9 mg/ml and 1582 U/mg for N46D, 
11.6 mg/ml and 315 U/mg for V48D, and 2.1 mg/ml and 2300 U/mg for L31E, 
respectively (see also Table 4). The results showed that the value of Km of N46D 
and L31E was not much different compared to the wild-type, but the Vmax was 
lowered. This indicated that the aspartic acid at position 46 and glutamic acid 
at position 31 slightly impaired the catalytic efficiency by decreasing Vmax. Km of 
V48D increased by 4.6-fold and Vmax decreased by 9.9-fold, hence the aspartic 
acid at position 48 had a large effect on catalytic efficiency by weakening both 
Km and Vmax. These results showed how the different active site mutations affect 
the catalytic efficiency. The mutations with minor effect caused the effect by 
modulating Vmax, whereas the mutation with larger effect affected both Km and 
Vmax. This further supports the conclusion that the mutation V48D may have 
caused structural changes. Kinetic experiments at pH 4 and 5 were also 
conducted. Km values were lower at pH 4-5 than at pH 6. At pH 5 and 6, 
TfXYN11A showed a higher catalytic efficiency than N46D, whereas at pH 4, 
N46D showed a higher catalytic efficiency than TfXYN11A in line with the pH 
activity profile (Figure 10).  The finding that Km is lower at pH 4-5 than at pH 6, 
indicates that at lower pH containing a higher amount of solution protons, the 
substrate binding is stronger. Change in pH may change shape and charge of 
both enzyme and substrate, thus affecting the interaction between them. 

 

0

20

40

60

80

100

50 60 70 80 90 100

Temperature (oC)

R
es

id
u

al
ac

ti
vi

ty
 (

%
)



Results and Discussion 

45 

Table 4. Kinetic parameters of TfXYN11A and its mutants (Publication III).  

 Km (mg/ml) Vmax (U/mg) Vmax/Km 

pH 6  

TfXYN11A 2.5 ±0.1  3110 ±31 1244 

N46D 1.9 ±0.1 1582 ±58 833 

V48D 11.6 ±0.9 315 ±32 27 

L31E 2.1 ±0.2 2300 ±72 1095 

pH 5    

TfXYN11A 1.5 ±0.1  1799 ±75 1199 

N46D 1.4 ±0.1 1500 ±21 1074 

V48D 9.0 ±0.6 373 ±28 41 

pH 4    

TfXYN11A 1.6 ±0.1 772 ±52 483 

N46D 1.7 ±0.2 1047 ±13 616 

pH 6 (with 5% [EMIM][OAc])  

TfXYN11A 6.1 ±0.1 2945 ±28 483 

N46D 6.3 ±1.3 1564 ±120 248 

V48D 28.1 ±2.8 184 ±6 7 

L31E 4.8 ±0.5 1855 ±143 386 

4.1.4 Effect of mutations on xylan hydrolysis patterns   

Binding strength between the substrate and the enzyme is reflected in the 
kinetic Km value. Km was shown to increase in DtXYNB as a function of 
temperature, meaning that the substrate binding to enzyme became weaker. 
The decreasing of binding efficiency was thought to be possibly seen also as the 
slower hydrolysis rate of short oligosaccharides at a higher temperature, since 
their binding to enzyme was assumed to be negatively affected by the high 
temperature. Xylose, xylobiose, xylotriose and xylotetraose are xylan hydrolysis 
products, which were identified by the HPLC. In the hydrolysis by GH11 
xylanases, xylobiose and xylotriose were the main products in all the studied 
conditions.  

DtXYNB-DS was used for examining how temperature, time and pressure 
affect the xylan hydrolysis pattern. The results are shown in Table 5. Since the 
elevation of the temperature increases the enzyme activity, the same enzyme 
activity amount was administered at each temperature to secure that the 
hydrolysis product pattern is not affected by differing amounts of enzyme 
activity.  
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Table 5. Hydrolysis pattern as a function of temperature, time and pressure in hydrolysis with 
DtXYNB-DS. 20 g/L of xylan was used as substrate. (Publication IV) 

Hydrolysis pattern as a function of temperature 

Temp 
(oC) 

Enzyme 
(U/reaction) 

X 
(%) 

X2 
(%) 

X3 
(%) 

X4 
(%) 

Total 
(g/L) 

50 2.7 1.2±0.2 37.0±0.5 57.7±0.6 4.1±0.9 6.5±0.2 

60 2.7 1.2±0.1 34.8±0.7 58.7±0.3 5.3±0.7 6.8±0.3 

80 2.7 1.2±0.1 24.8±1.2 58.4±0.7 15.6±1.8 8.1±0.1 

90 2.7 1.1±0.1 20.5±1.7 58.6±0.9 19.8±1.2 8.1±0.2 

100 2.7 1.8±0.2 20.2±0.7 57.2±1.5 20.8±0.7 8.2±0.2 

Hydrolysis pattern as a function of time at 50oC and 90oC 

Temp 
(oC) 

Enzyme 
(U/reaction

) 

Time 
(h) 

X 
(%) 

X2 
(%) 

X3 
(%) 

X4 
(%) 

Total 
(g/L) 

50 2.7 3 1.2±0.2 37.0±0.5 57.7±0.6 4.1±0.9 6.5±0.2 

50 2.7 7 2.0±0.2 43.3±0.2 52.3±0.4 2.4±0.1 6.6±0.1 

50 2.7 24 3.6±0.2 51.4±0.3 43.6±0.2 1.4±0.1 7.3±0.3 

90 2.7 3 1.1±0.1 20.5±1.7 58.6±0.9 19.8±1.2 8.1±0.2 

90 2.7 7 2.3±0.2 25.1±0.4 56.4±1.1 16.2±0.7 7.9±0.1 

90 2.7 24 7.0±0.4 29.8±0.7 50.2±0.1 13.0±1.1 7.6±0.1 

90 27 3 3.9±0.4 39.8±1.1 51.4±0.7 4.9±0.4 9.5±0.3 

Hydrolysis pattern as a function of pressure after 3h incubation at 80oC 

Pressure 
(MPa) 

Enzyme 
(U/reaction) 

X 
(%) 

X2 
(%) 

X3 
(%) 

X4 
(%) 

Total 
(g/L) 

0.1 5.4 1.4±0.1 35.8±0.2 58.0±0.7 4.8±0.5 8.5±0.2 

100 5.4 2.2±0.1 43.0±0.2 53.8±1.2 1.0±0.9 8.0±0.1 

200 5.4 3.4±0.1 48.6±0.2 48.1±0.2 0.0 7.1±0.2 

300 5.4 4.5±0.3 54.2±0.5 41.3±0.2 0.0 6.7±0.2 
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It was observed that the accumulation of xylotetraose increased and the 
accumulation of xylobiose decreased with increasing temperature, whereas the 
accumulaton of xylose and xylotriose remained the same. These results indicate 
that the binding of xylotetraose and, thus, its hydrolysis rate was probably 
weakened at higher temperatures. Therefore, xylotetraose accumulated at a 
higher rate when less cleavage of it occurred, and simultaneously the higher 
xylans were efficiently cleaved. Although hydrolysis of xylotetraose was 
decreased at higher temperatures, it was still hydrolyzed as a function of time, 
although it was not completely hydrolyzed even after a 24 h incubation at 90oC. 
Concurrently xylotriose was also slowly hydrolyzed as a function of time, and 
the hydrolysis rate was higher at a lower temperature than at a higher 
temperature. The accumulation of xylobiose continuingly increased, and it was 
not hydrolyzed even after 24 h of reaction. This study indicated that binding of 
xylotriose and xylotetraose to the enzyme is temperature-dependent. A similar 
finding concerning binding of short carbohydrates to the enzyme active site was 
that the end-product inhibition of cellulases weakens at higher temperatures 
(Teugjas and Väljamäe, 2013). Apparently, the weakening of hydrogen bonds 
could be the main reason for this finding. Although the high temperature 
weakened the hydrolysis of xylotriose and xylotetraose, they still bound to the 
enzyme and were hydrolyzed, and thus they could function as the substrate even 
at 90oC. 

As a compressing effector, pressure could have an opposite effect to 
temperature on the binding of short oligosaccharides. The effect of pressure was 
studied in the oligosaccharide hydrolysis experiments. The results showed that 
the high pressure increased the hydrolysis rate of xylotriose and xylotetraose, 
and the accumulation of xylose and xylobiose was also increased. The high 
pressure did not cause the hydrolysis of xylobiose, indicating that the 
disaccharide has fundamental problems in binding to the correct place for 
cleavage to happen.  

TfXYN11A and its mutants (N46D and V48D) were used for studying how the 
low pH affects the xylan hydrolysis pattern. The same amount of enzyme activity 
was used in each experiment (Table 6). Xylobiose was not hydrolyzed at all 
under different conditions and, therefore, its amount increased during the 
hydrolysis. Xylotriose was not hydrolyzed by TfXYN11A or N46D at pH 6, but it 
was hydrolyzed slowly at pH 4. It was observed that the xylotetraose was 
hydrolyzed faster at pH 4 than at pH 6. The amount of xylose increased during 
the hydrolysis at pH 4 and pH 6. For the mutation V48D, no xylose was 
produced, the rate of hydrolysis of xylotetraose was slow and the xylotriose was 
not hydrolyzed at all. Therefore, the mutation V48D probably disturbed the 
corresponding binding site for the xylose unit. This also explains why V48D 
decreased the enzyme activity and the Km value increased 4-6-fold (Table 1 in 
Publication III). 
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Table 6. Pattern of xylan hydrolysis products by TfXYN11A, N46D and V48D. The values for 
xylose (X), xylobiose (X2), xylotriose (X3), and xylotetraose (X4) are expressed as a percentage 
of the total of the four carbohydrates. Hydrolysis of xylan (10 mg/ml) was performed at 50oC. The 
used amount of enzyme was 0.5 U/reaction in each pH. The total is the sum for the amounts of 
X, X2, X3, and X4 (Publication III).  

Enzyme type pH 
Time 

(h) 
X 

(%) 
X2 
(%) 

X3 
(%) 

X4 
(%) 

Total 
(g/L) 

TfXYN11A 

6 3 0.6 ±0.8 26.6 ±3.0 57.3 ±0.7 15.5 ±4.2 2.7 ±0.1 

6 6 2.4 ±0.9 30.1 ±1.5 56.4 ±0.3 11.2 ±1.8 2.9 ±0.1 

6 24 4.6 ±2.2 39.2 ±1.4 56.3 ±0.9 0 3.1 ±0.2 

N46D 

6 3 1.4 ±1.0 29.7 ±3.8 55.6 ±1.6 13.3 ±5.3 2.8 ±0.1 

6 6 3.0 ±1.5 33.7 ±2.5 54.7 ±0.5 8.7 ±3.1 3.0 ±0.1 

6 24 7.0 ±3.9 41.8 ±2.8 51.2 ±3.3 0 3.3 ±0.1 

TfXYN11A 

4 3 2.3 ±0.6 37.9 ±3.2 56.1 ±2.7 3.8 ±4.7 2.8 ±0.2 

4 6 2.4 ±1.0 42.5 ±3.8 55.0 ±3.8 0 3.2 ±0.1 

4 24 4.9 ±0.9 49.4 ±3.2 45.8 ±3.0 0 3.8 ±0.3 

N46D 

4 3 3.1 ±0.6 38.6 ±3.4 54.7 ±3.0 1.3 ±2.1 3.0 ±0.2 

4 6 4.1 ±0.9 44.3 ±3.6 51.6 ±3.6 0 3.4 ±0.1 

4 24 8.4 ±1.0 51.8 ±3.4 39.8 ±3.1 0 4.1 ±0.3 

V48D 

5 3 0 12.9 ±1.6 56.3 ±1.5 30.8 ±3.0 2.4 ±0.1 

5 6 0 15.2 ±2.0 56.2 ±2.4 28.5 ±4.3 2.7 ±0.2 

5 24 0 24.2 ±2.3 57.2 ±1.0 18.6 ±2.6 3.1 ±0.2 

4.2 Effect of temperature on the kinetic parameters ( ) 

Substrate binding is regarded as one of the rate-limiting steps before the 
catalytic reaction itself in homogeneous reaction systems (Gao et al., 2013). 
Since the elevation of temperature increases the motion of atoms, it is also likely 
to decrease the binding strength of substrate to the enzyme. In the present 
thesis, the effect of temperature on the enzymatic kinetic parameters was 
studied with extremophilic xylanases. The experiments were conducted at the 
temperature range of 60-100oC with DtXYNB and DtXYNB-DS enzymes. The 
results of kinetic parameters are shown in the Table 7. The Km and Vmax of both 
enzymes increased as a function of temperature. Vmax/Km also increased from 
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temperature 60 to 90oC, but then decreased at temperature 100oC. Vmax 
increased steadily up to 100oC, whereas Km experienced a strong increase at 
100oC. 100oC affected Km notably more strongly than Vmax; the effect on Km was 
negative and the effect on Vmax was a temperature-dependent positive. These 
results indicate that the extreme temperature of 100oC, which is above the 
apparent temperature optima of DtXYNB and DtXYNB-DS (90oC and 95oC, 
respectively), dramatically causes a decrease in the substrate binding. Thus, 
higher substrate concentration is needed for the activity, whereas the catalytic 
event itself does not weaken and the rate is higher than at 90oC. It may be 
postulated that the strong increase of Km at 100oC is caused by a loosening 
(starting of unfolding) of the enzyme structure, since the N-terminal disulphide 
bridge stabilizing the enzyme structure most likely helped to maintain a lower 
Km at 100oC than with the wild-type enzyme (Table 7). Km of DtXYNB was two 
times higher than that of DtXYNB-DS at 100oC.  

Table 7. Effect of temperature on Km and Vmax of DtXYNB and DtXYNB-DS at pH 6.5 with 0.5-
15 mg/mL birchwood xylan as the substrate (Publication IV). 

Temperature Km (mg/mL) Vmax (U/mg) Vmax/Km 

(oC) DtXYNB 
DtXYNB-

DS DtXYNB 
DtXYNB-

DS DtXYNB 
DtXYNB-

DS 

60 1.4±0.1 1.5±0.1 673±89 589±29 481 393 

70 1.9±0.5 1.9±0.4 1108±66 995±53 583 524 

80 2.0±0.1 2.1±0.3 1451±117 1273±29 726 606 

90 2.8±0.2 2.9±0.5 1782±187 1682±89 636 580 

100 13.2±0.9 5.9±1.6 1955±71 1784±79 148 302 

CD spectroscopy was used to analyse the stability of DtXYNB and DtXYNB-
DS at high temperatures. The CD profiles of DtXYNB and DtXYNB-DS showed 
a typical shape of a -sheet secondary structure, which is similar to other family 
GH11 xylanases, with defined positive values at 199 nm and negative values at 
218 nm (Oakley et al., 2003; You et al., 2010). In the CD spectra (Figure 13), the 
signal of the peptide bond is below 240 nm, the aromatic amino acid side chains 
are in the range 260 to 320 nm and disulphide bonds at approximately 260 nm. 
The results from Figure 13 indicated that the enzymes did not denature even at 
93oC, so the unfolding structure could not be determined in this experiment. 
Comparing the temperature effect at 25oC and 93oC in the CD spectra profiles, 
the secondary structures of both enzymes were similar at 210-220 nm. There is 
a larger difference at the positive band 199 nm between the low and high 
temperature, which indicates that some structural changes started to occur in 
the -strands at 93oC. Similar temperature-dependent changes were 
documented also earlier (Brahms et al., 1977; Greenfield, 2006). The shift of 
DtXYNB-DS is smaller than that of DtXYNB at 199 nm, possibly indicating that 
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the disulphide bridge prevented partially the structural change at the high 
temperature. 

 
Figure 13. CD spectra of DtXYNB and DtXYNB-DS. DtXYNB is shown by solid line and DtXYNB-
DS by dashed line for 25°C; DtXYNB is shown by dotted line and XYNB-DS by dashed/dotted 
line for 93°C (Publication IV). 

4.3 Effect of pressure on stability and activity (I, IV) 

High non-atmospheric pressure is a phenomenon that exists in nature under 
the solid and liquid surfaces of Earth. Life exists also in high-pressure 
conditions and the resident organisms are known as barophiles. Quite recently 
reported results have indicated that pressures between 20-700 MPa are relevant 
in processing of lignocellulosic biomass. For example, the tensile strength and 
burst resistance of papermaking properties of recycled pulp were enhanced after 
high pressure-promoted (600 MPa) xylanase treatment (Salgueiro et al., 2016). 
Enzymatic treatment (combination of cellulose and xylanase) at 100 and 200 
MPa of high pressure resulted in a higher pectin yield from dried lime peel than 
a treatment using an acid and aqueous extraction (Rastogi, 2013). The stability 
and activity of proteins under high pressure has been reported in many studies 
(e.g. Heremans, 2005; Meersman et al., 2006; Okunade et al., 2015). A 
moderate pressure can potentially even increase the activity and stability of 
enzymes. It is known that some destabilizing amino acid mutations affect the 
pressure stability. Cavity forming mutations cause the protein to unfold at a 
lower pressure than in the wild-type enzyme (Cioni, 2006). Fusi et al. (1997) 
also determined that a cavity forming mutation decreased the pressure stability 
of an extremophilic protein. Electrostatic repulsion introduced by site-directed 
mutations has also been reported to be correlated with higher pressure stability 
(Sun et al, 2001). It is evident from earlier studies that protein thermostability 
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may increase the pressure stability (Hei et al., 1994). Bruins et al. (2009) found 
that the thermophilic Pyrococus furiosus -glucosidase partly tolerated 
pressure even at 600 MPa. In this study, we investigated, by a series of 
thermostabilizing mutations, how thermostability and pressure stability 
correlated with each other. 

4.3.1 Effect of pressure on stability  

Three thermostable mutants of TrXYNII created earlier by introducing disulfide 
bridges and other mutations at the N-terminal region and the -helix region 
(Turunen et al., 2001; Jänis et al., 2004, 2008; Xiong et al., 2004) were studied 
to explore the relationship between pressure stability and thermostability. The 
details of mutations in DS2, DS5 and DB1 are described in the Materials and 
Methods, and their thermostability properties are summarized in Table 8. The 
thermostablilty order is TrXYNII < DS2 < DS5 < DB1. With respect to activity 
at high temperature, only DB1 has a higher apparent temperature optimum than 
the wild-type. Instead, DS2 has an increased stability at a high temperature but 
a decreased apparent temperature optimum (Turunen et al., 2001).  

Table 8. Thermostability of TrXYNII mutants. Apparent temperature optimum (Topt), half-life (Thalf) 
without substrate, melting temperature (Tm) determined by H/D exchange rate and Gibbs energy 
of activation ( ‡Go) are shown (Jänis et al., 2004, 2008).                                                                                           

Xylanase Topt (°C) Thalf (at 65oC) Tm (°C) ‡Go (at 25oC) 

TrXYNII 56-62 <1min 63 29.7 

DS2 52-59 10min 65 33.1 

DS5 56-62 110min 68 33.4 

DB1 63-74 >56h 82 37.5 

   The pressure stability of TrXYNII mutants was determined at the pressure 
range of 100-500 MPa, also by varying the temperature from 22oC to 40oC. The 
inactivation of TrXYNII was measured as a function of time (from 0 to 24 h) at 
pressure 50 MPa, 200 MPa and 450 MPa at temperatures 22oC, 30oC and 40oC. 
It was also tested whether it is possible to use long incubation times in the 
inactivation assays at high pressure. The results showed that 17 h could be used 
as the incubation time: although the reaction proceeds via first-order kinetics, 
the inactivation was fairly linear up to 24 h (data not shown). When a double 
amount of enzyme was used in the reactions at 22oC and 40oC, the inactivation 
of TrXYNII also followed the same trend as with the standard amount of 
enzyme. 

Figure 14 shows the results from the residual activity assays. The enzyme 
samples were incubated in the pressure device for 17 h before measuring the 
residual activity. The results showed that TrXYNII and its mutants were quite 
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stable at pressures up to 400 MPa at 22oC; the activity was then lost rapidly 
above 400 MPa. However, even at 500 MPa, 25-40% of maximum activity still 
remained. The mutants showed a higher stability than the wild-type, indicating 
that the thermostability protected against the inactivation by high pressure. The 
pressure stability showed correlation with thermostability. When heat was 
introduced into the system, the pressure stability decreased, and especially the 
stability of wild-type TrXYNII decreased even at a lower pressure. The most 
thermostable mutant lost about 20% of its activity at 40oC and 400 MPa, in 
which TrXYNII lost about 90% of its activity. This indicated that the mutations 
increasing the thermostability protected against the harmful effect of combined 
heat and pressure. However, at a lower temperature (22oC), the 
thermostabilizing mutations showed only minor stabilising effect against 
pressure. It can be concluded that the thermal energy is a strong inactivating 
factor under high pressure. Therefore, protein stability is more important for 
preventing inactivation by pressure at 40oC and not as necessary at 22oC.  

 
Figure 14. Inactivation of TrXYNII and its mutants as a function of pressure. The results are 
shown for the experiments at 22oC (A), 30oC (B) and 40oC (C). Symbols: TrXYNII (o), DS2 ( ), 
DS5 ( ), and DB1 ( ). The symbols show the experimentally measured values. Error bars 
(standard deviation) are shown for them. The lines show the kinetically calculated fitting 
(Publication I).  
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To explore how extreme thermostability protects against high pressure, 
DtXYNB was tested at the pressure of 500 MPa combined with different 
temperatures between 22oC and 80oC. DtXYNB retained 99% and 90% of its 
maximum activity in 500 MPa at 22oC and 50oC, whereas the most thermostable 
TrXYNII mutant retained 40% and 18% of its maximum activity, respectively, 
under the same conditions (Figure 2 in Publication IV). This indicated that the 
hyperthermostable D. thermophilum xylanase was extremely stable at high 
pressure and high temperature, whereas the most thermostable TrXYNII 
mutant was much less tolerant to high pressure. The stability of both DtXYNB 
and DtXYNB-DS as a function of pressure at 80oC was also investigated. The 
results showed no significant difference in the pressure stability of DtXYNB and 
DtXYNB-DS. Both enzymes showed equally high stability even at pressure 500 
MPa, and only some 20% of the maximum activity was lost (Figure 15). The 
residual activity of DtXYNB decreased 40% at pressure 500 MPa when 
temperature increased from 22oC to 80oC, whereas the residual activity of 
DtXYNB decreased only 20% at 80oC and pressure increased from 0.1 to 500 
MPa (See also Figure 2 in Publication IV). In conclusion, the temperature 
inactivated the enzymes more than the pressure.  

 
Figure 15. Residual activity as a function of pressure at 80oC. 100% was defined as the activity 
at 0.1 MPa and 80oC. Symbols: DtXYNB ( ); DtXYNB-DS ( ) (Publication IV). 

Many earlier studies have confirmed that the pressure also protects against 
the heat inactivation. For example, the thermostability of glutamate 
dehydrogenase increased 36-fold by 76 MPa pressure at 110°C; the naringinase 
thermostability increased by 4-fold under 150 MPa at 80oC; the thermostability 
of an alpha chymotrypsin increased by 6.5-fold at 470 MPa (Sun et al., 1999; 
Vila-Real et al., 2010; Rivalain et al., 2010). Dirix et al. (2005) also reported the 
protective effect of high pressure (400 and 700 MPa at 60oC) against thermal 
inactivation of the recombinant Aspergillus aculeatus pectin methylesterase. In 
our study, the high pressure did not increase the thermostability of the enzymes 
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in the used conditions in residual activity assays. However, it was seen that 
stabilizing mutations increase the stability against the heat inactivation under 
high pressure (studies with TrXYNII mutants), but there is a limit after which 
the further stabilization does not protect against the heat inactivation under 
high pressure (studies with DtXYNB and DtXYNB-DS). The DtXYNB enzyme is 
so stable that the further stabilization appeared not to increase the stability 
against the heat inactivation under high pressure. 

4.3.2 Effect of pressure on activity  

To be able to use long incubation times (17 h) also in the activity assays, the 
incubation times 6, 12, 17 and 24 h at high pressure (300 MPa) were tested. The 
results showed a constant reaction rate up to 24 h as a function of time (data not 
shown). This indicated that the results were reliable by using 17 h as the 
incubation time for investigating the effect of high pressure on enzyme activity. 
The long assay time also minimized the effect of the product accumulation when 
the sample was at low pressure for a short time before achieving the desired 
pressure and also after the pressure treatment. The self-hydrolysis of the 
substrate was excluded by incubating the substrate without the enzyme for 17 h.  

The effect of pressure on enzyme activity of TrXYNII and its mutants was 
performed at 22oC and the experiments with DtXYNB and XYNB-DS were 
performed at 80oC (Figure 16). It was observed that the pressure increased the 
enzyme activity at lower pressure levels at 22oC and 80oC (under about 200 
MPa). When higher pressure was introduced to the system, the enzyme activity 
started to decrease gradually. At 500 MPa, the activity of DtXYNB and DtXYNB-
DS was 30% of the maximum activity, which was measured at 0.1 MPa at the 
temperature of 80oC. The higher thermostability caused by the disulphide 
bridge mutation did not cause any larger difference in the activity at the highest 
pressure. Instead, the activity of the most thermostable mutant of TrXYNII at 
500 MPa was above 60% of the maximum activity, which was measured at 0.1 
MPa at the temperature of 22oC, and the activity of the wild-type was 40%.  
These results indicated that the stability of DtXYNB was high enough to tolerate 
the used pressures without any further stabilization. However, for the 
mesophilic TrXYNII enzyme the situation was different. The most stable mutant 
(DB1) was, nonetheless, not stable enough to tolerate the high pressure in the 
activity assays. 
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Figure 16. Relative activity as a function of pressure. The results are shown for experiments at 
22oC for TrXYNII and its mutants (A) and at 80oC for DtXYNB and DtXYNB-DS (B). Symbols (A): 
TrXYNII (o), DS2 ( ), DS5 ( ), and DB1 ( ). Symbols (B): DtXYNB ( ); DtXYNB-DS ( ) 
(Publications I and IV). 

4.3.3 Kinetic effects of pressure 

The TrXYNII and its mutants were used as models for the kinetic analysis of the 
enzyme behaviour under high pressure. The denaturation rate constant kD,0 was 
estimated by the first-order kinetics equation, when p0 = 0.1 MPa; V‡, the 
molar volume change; and ‡, the molar compressibility. The residual activity 
of TrXYNII and its mutants at 22oC, 30oC and 40oC at pressure 0.1-500 MPa 
was calculated by the equation 5 in Publication I. The results showed that the 
model corresponds to the experimental results (shown in Figure 14) with a high 
accuracy.  

The denaturation rate constant (kD,0 at p = 0.1 MPa) of the TrXYNII and its 
mutants (Table 9) was calculated and the results followed the same stability 
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order as described in Table 8. However, the denaturation rate constant of the 
TrXYNII deviated from the pattern at 30oC, which was smaller than that of DS2 
and DS5. The reason could be the disulfide bridge located in the -helix (in DS2 
and DS5), which appears to have a dual effect on thermostability. The other 
mutations in DB1 probably counteracted the negative effect of the -helix 
disulfide bridge. In a similar way, the small volumetric change in DS2 and DS5 
was probably also caused by the disulfide bridge in the -helix at high pressure 
(Table 9). Additionally, compressibility reflected this behaviour at 30oC. 
Nevertheless, the compressibility fully reflected the thermostability order of the 
mutants at the other two temperatures. In addition, the most thermostable 
mutant DB1 showed the highest compressibility at all temperatures (Table 9). 
This indicated that the thermostabilizing mutations increased the protein 
compressibility. It has been shown earlier that the higher compressibility 
reflects a higher stability (Gekko et al., 1986; Dadarlat and Post, 2003; Bruins 
et al., 2009). Some studies have also reported that cavity forming mutations 
decreased the pressure stability (Fusi et al., 1997; Cioni, 2006). There are no 
cavity filling mutations in DS2, DS5 and DB1. These mutations are located on 
the protein surface and they probably increase the rigidifying interactions. 
Therefore, it is likely that the ability of the proteins to withstand the increasing 
pressure without unfolding, increases along with the increased stabilization by 
the combined mutations. This is probably the reason for the increase of 
compressibility with increasing thermostability.  

Table 9. The calculated activation parameters. kD,0 is the denaturation rate constant when p0 = 
0.1 MPa, V‡ is the molar volume change, and ‡ is the molar compressibility change 
(Publication ). 

22°C 

 DB1 DS5 DS2 WT 

kD,0 (10 3 h 1) 0.9 2.9 3.7 4.4 

V‡ (cm3/mol) ~0 0.067 ~0 ~0 

‡ (10 4 cm3/mol MPa) 57 47 43 42 

30°C 

 DB1 DS5 DS2 WT 

kD,0 (10 3 h 1) 2.2 12.2 26.1 9.1 

V‡ (cm3/mol) ~0 0.27 0.25 ~0 

‡ (10 4 cm3/mol MPa) 52 41 34 47 

40°C 

 DB1 DS5 DS2 WT 

kD,0 (10 3 h 1) 5.0 46 83.3 25000 

V‡ (cm3/mol) ~0 0.15 0.16 0.0004 

‡ (10 4 cm3/mol MPa) 44 23 221 0.2 
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Unlike above 20oC, there probably is no difference in the pressure stability 
between TrXYNII and its stabilized mutants at lower temperatures below 20oC 
(Figure 3 in Publication I). The denaturation rate constant kD of XYNII was 
dependent on pressure at 22oC and 30oC, but it was no longer dependent on 
pressure at 40oC (data not shown). These results indicate that the temperature 
dominates the denaturation. Hence, the higher thermal energy rather than the 
volumetric change caused by pressure leads to unfolding. The denaturation rate 
constants of the TrXYNII mutants with higher stability were dependent on 
pressure at 40oC (Figure 17), but how the kD behaves at higher temperature was 
not studied. Moreover, kD of the mutants followed the stability order at 40oC 
(Figure 17) and also at 22oC and 30oC, except at 30oC the wild-type deviated 
from the pattern in the same way as with kD,0 (data not shown). Altogether, the 
inactivation caused by pressure is much stronger at 40oC than 22oC and 30oC. 
Feller (2010) has found that at 20oC the hydrophobic stabilization forces are 
strongest in all proteins (psychrophilic, mesophilic and thermophilic). It can be 
concluded that when hydrophobicity has its strongest power to keep the 
proteins intact, pressure stability is also so high that the thermostabilizing 
mutations have no effect or the effect is very small. 

Figure 17. Inactivation constant (kD) values at 40oC as a function of pressure. XYNII mutants: 
DS2 ( ), DS5 ( ), and DB1 ( ) (Publication ). 

4.4 Effect of [EMIM][OAc] (II, III) 

Only a limited amount of data (Chawachart et al., 2014) was available on the 
effect of lignocellulose-dissolving ionic liquids on the kinetic behaviour of 
glycoside hydrolases. A deeper understanding of kinetic behavior of enzymes in 
ionic liquids would be useful for choosing the optimal glycoside hydrolase 
enzymes for lignocellulose treatments containing ionic liquids. Chawachart et 
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al. (2014) showed that [EMIM][OAc] caused an increase of Km indicating that 
competitive inhibition was a major reason causing the enzyme activity decrease 
in the ionic liquid. In the present work, the effect of ionic liquid ([EMIM][OAc]) 
on kinetic parameters was studied by using TfXYN11A and its mutants, and aslo 
DtXYNB and DtXYNB-DS. In addition, the effect of [EMIM][OAc] on the 
thermal behaviour was studied by using DtXYNB and DtXYNB-DS.  

4.4.1 Effect of [EMIM][OAc] on  kinetic parameters  

Purified enzymes of TfXYN11A and its mutants were used for kinetic 
experiments with and without 5% [EMIM][OAc] at pH 6. The results shown in 
Table 4 (see also Appendix Figure 1) indicated that Km values became 
significantly higher in the wild-type and the mutants (2.3-3.3-fold increase) in 
the presence of ionic liquid. Vmax remained close to the same level as without 
ionic liquid in TfXYN11A and the mutant N46D, but not in the mutants V48D 
and L31E, which experienced 42% and 19% decrease in the Vmax value, 
respectively. The effect [EMIM][OAc] on kinetic parameters for DtXYNB and 
DtXYNB-DS was also determined (Table 10; see also Appendix Figure 2). These 
results indicated that Km and Vmax for both enzymes were not much affected with 
1.5% [EMIM][OAc]. However, 15% [EMIM][OAc] increased the Km 
significantly, but did not affect as much the Vmax. We observed earlier that 
[EMIM][OAc] typically increases Km, whereas Vmax remains at the same level 
(Chawachart et al., 2014). This kind of effect indicates competitive inhibition. 
The effect was similar in TfXYN11A and N46D. In V48D and L31E more effects 
seem to have occurred, since Vmax also changed. Therefore, although both 
aspartic acids (N46D and V48D) increased the vulnerability of the enzyme to 
the detrimental effect of the ionic liquid, the effect of V48D was stronger. 

Table 10. Effect of [EMIM][OAc] on Km and Vmax of DtXYNB and DtXYNB-DS (Publication II).                    

 Km (mg/mL) Vmax (U/mg) Vmax/Km 

DtXYNB 1.86 1108 595.7 

DtXYNB +1.5% [EMIM][OAc] 2.62 1219 465.3 

DtXYNB +5% [EMIM][OAc] 4.96 1199 241.7 

DtXYNB +15% [EMIM][OAc] 17.70 892 50.4 

DtXYNB-DS 1.90 995 523.7 

DtXYNB-DS +1.5% [EMIM][OAc] 2.49 1047 420.5 

DtXYNB-DS +5% [EMIM][OAc] 4.88 1072 219.7 

DtXYNB-DS +15% [EMIM][OAc] 15.10 767 50.8 
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There are some possible reasons for the effect of [EMIM][OAc] on the mutants 
N46D and V48D, which were suggested by molecular docking. [EMIM]+ cation 
was energy minimized and docked to the TfXYN11A structure (1M4W), and the 
modelled structures of N46D and V48D mutants. The binding sites close to the 
catalytic residues, which had the highest binding energy were identified (Figure 
18). It was seen that the exact binding positions depend on the nearby aspartic 
acids (N46D and V48D). The binding energies of wild-type, N46D and V48D 
were -7.5 kcal/mol, -8.0 kcal/mol and -8.2 kcal/mol, respectively. The probably 
negatively charged aspartic acids increased the binding energy of the highest 
energy poses of the positively charged [EMIM]+ cation. V48D had the strongest 
effect. The differing molecular structures of the mutants close to the catalytic 
amino acids and the substrate binding Trp20 side chain could cause differing 
interactions of the [EMIM]+ cation, as indicated by molecular docking, thus 
causing differing effects on the activity. 
 

 
 
Figure 18.  The highest energy poses of [EMIM]+ cation in docking to the active site of TfXYN11A 
and its mutants N46D and V48D in SwissDock. [EMIM]+ cation is shown in red for docking to the 
wild-type (binding energy G: -7.5 kcal/mol), in white for N46D ( G: -8.0 kcal/mol), in pink for 
down position of V48D ( G: -8.2 kcal/mol), and in green for up position of V48D (-8.2 kcal/mol). 
D48 is shown in pink for down position and in green for up position. Positive charges of [EMIM]+ 
cation are shown. E176 is the acid/base and E87 is the nucleophile. D46 is roughly in the same 
conformation as N46, whereas two possible conformations were modeled for D48 (Publication 
III). 

4.4.2 Effect of [EMIM][OAc] on thermal behaviour 

DtXYNB and DtXYNB-DS were used to study how [EMIM][OAc] influences the 
thermal behaviour of enzymes. The thermostability and activity of both enzymes 
were tested in the presence of 0-30% [EMIM][OAc]. These experiments showed 
that the activity of DtXYNB and DtXYNB-DS decreased almost linearly with 
increasing the concentration of [EMIM][OAc] (Figure 19). 5% [EMIM][OAc] 
decreased activity by 20% and 25% [EMIM][OAc] decreased activity by over 
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80%, the enzyme being probably fully inactivated when the concentration of 
[EMIM][OAc] is over 30%. This indicated that both DtXYNB and DtXYNB-DS 
are far from being active in pure [EMIM][OAc]. Therefore, the enzymatic 
treatment in pure [EMIM][OAc] fully dissolving cellulose is not possible with 
this enzyme. 

Figure 19. Effect of [EMIM][OAc] on the activity. The activity was measured at 75oC (Publication 

II). 

The thermostability of DtXYNB and DtXYNB-DS in the presence of 
[EMIM][OAc] was tested at temperatures 50-100oC (Figure 20). The enzyme 
samples were incubated with [EMIM][OAc] at each temperature for 30 min and 
then the remaining activity was measured. Although the IL decreased the 
thermostability to a certain degree, the results showed that both enzymes were 
still very stable. The thermostability of both enzymes decreased as a function of 
the concentration of [EMIM][OAc]. 10% [EMIM][OAc] decreased the 
thermostability only slightly and even 30% [EMIM][OAc] decreased the 
thermostability less than 10oC. Although the information in Figures 20 and 21 
is not fully comparable, the thermostability in the presence of IL appeared to 
suffer less than the activity in the presence of IL. Therefore, high thermostability 
appears to protect against the unfolding effect of IL on protein structure, but 
not against competitive inhibition by IL. 

A unique feature was found with T. flexuosa XYN10A as its thermostability 
increased in the presence of 15 and 35% [EMIM][OAc] at 75-80o (Anbarasan et 
al., 2017). Moniruzzaman and Ono (2013) reported that the stability of laccase 
was enhanced significantly at 50oC in the presence of 2.5% [EMIM][OAc]. Some 
other studies have also confirmed that the presence of such an IL at a low 
concentration, enhances the stability of many enzymes in aqueous media 
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(Moniruzzaman et al, 2010; Shipovskove et al., 2008). Since [EMIM]+ cation 
can have both hydrophobic and polar interactions, it is possible that it forms in 
suitable positions of the protein structure interaction bridges that stabilize the 
protein. In our studies, D. thermophilum enzymes did not show this kind of 
behavior. It is possible that the stabilization effect is fortuitous and occurs 
randomly. 

 

Figure 20. Residual activity with 0-30% [EMIM][OAc]. Symbols: DtXYNB, open symbols; 
DtXYNB-DS, filled symbols; 0% [EMIM][OAc], circle; 10% [EMIM][OAc], triangle; 20% 
[EMIM][OAc], diamond; 30% [EMIM][OAc], square (Publication II). 

To determine how much [EMIM][OAc] affects the thermostability of the 
enzymes, also a half-life assay was carried out at 90oC. The half-life of DtXYNB 
and DtXYNB-DS at 90oC was 110 min and 515 min, respectively, and with 10% 
[EMIM][OAc] it was 65 min and 333 min, respectively. The results showed that 
the half-life of DtXYNB-DS was about 5-fold higher than that of DtXYNB with 
or without [EMIM][OAc]. 10% [EMIM][OAc] decreased the half-life only 
slightly (35-40%), and it did not change the stability difference between 
DtXYNB and DtXYNB-DS. The half-life of Dt-XYNB-DS with [EMIM][OAc] was 
still 3-fold higher than the half-life of the wild-type DtXYNB without IL. 
Therefore, it is evident that the increase of thermostability increases 
considerably the tolerance of enzymes to denaturing effect of ILs and the 
increased stability could be especially beneficial in long enzymatic reactions in 
the presence of ILs.  

The temperature-dependent activity of DtXYNB and DtXYNB-DS was tested 
in the presence of [EMIM][OAc] (0-20%) (Table 11). The apparent temperature 
optimum of DtXYNB-DS was 95oC without [EMIM][OAc], which is 5oC higher 
than in DtXYNB. The apparent temperature optimum was the same in 5-20% 
[EMIM][OAc] for both DtXYNB and DtXYNB-DS. In 5% [EMIM][OAc], the 
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optimum was at 80-85oC, in 10% [EMIM][OAc] at 80oC, in 15% [EMIM][OAc] 
at 75-80oC and in 20% [EMIM][OAc] at 75-80oC. The results indicated that the 
apparent temperature optimum decreased first gradually when the 
concentration of [EMIM][OAc] was increased, but then the apparent 
temperature optimum remained at a similar level in 10-20% [EMIM][OAc]. The 
decreases of the apparent temperature optimum were 10-20oC for both 
enzymes. Even with 20% [EMIM][OAc], the apparent temperature optimum of 
DtXYNB and DtXYNB-DS was at a high thermophilic level. Although the 
temperature optima remained at a high level, the activity level suffered from the 
presence of ILs considerably. Chawachart et al. (2014) reported that the 
apparent temperature optimum of GH10 xylanase from Thermoascus 
aurantiacus strain SL16W decreased only 3oC  at pH 7, whereas the enzyme 
activity was reduced by 38% in the presence of 20% [EMIM][OAc] at pH 6 
(60oC). Another study from Anbarasan et al. (2017) reported that the apparent 
temperature optimum of T. flexuosa XYN10A decreased only ~7oC at pH 7, 
whereas the enzyme activity was reduced by 25% in the presence of 20% 
[EMIM][OAc] at pH 7 (60oC). This comparison indicates that GH11 xylanases 
are more sensitive to thermostability and activity changes in the presence of ILs 
than GH10 xylanases.  

Table 11. Apparent temperature optima of DtXYNB and DtXYNB-DS with [EMIM][OAc] 
(Publication II). The length of assay was 30 min. 

[EMIM][OAc]     0%       5%     10%    15%    20% 

DtXYNB    90oC   80-85oC     80oC 75-80oC 75-80oC 

DtXYNB-DS    95oC   80-85oC     80 oC 75-80oC 75-80oC 

We also found that the Km values of DtXYNB and DtXYNB-DS were increased 
9.5-fold and 7.9-fold, respectively, in the presence of 15% [EMIM][OAc] 
compared to that with 0% [EMIM][OAc] (Table 2 in Publication II, 
Corrigendum), indicating that [EMIM][OAc] functions as a competitive 
inhibitor in the reaction. However, with T. flexuosa XYN10A, 15% [EMIM]OAc 
increased the Km only 1.9-fold (Anbarasan et al., 2017), and with T. aurantiacus 
GH10 xylanase, the increase of Km by 15% [EMIM]OAc was 3.4-fold 
(Chawachart et al., 2014). This comparison shows that the increase of Km was 
much higher in GH11 than in GH10 xylanases, indicating a stronger activity 
inhibition in GH11 by the competing active site binding by the IL molecules. It 
has also been observed by molecular docking that the active site of GH10 
xylanase binds less [EMIM] cations than the active site of GH11 xylanase 
(Chawarchat et al. 2014). This finding may explain why there is a difference 
between GH10 and GH11 in the apparent competition between [EMIM]+ 
binding and the substrate binding to the active site.

Gladden et al. (2014) expressed and characterized many cellulases derived 
from a thermophilic switchgrass-adapted microbial community. This study 
indicated that the thermotolerance could be used as screening criteria for 
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discovering IL-tolerant enzymes. It was found that most of the enzymes possess 
both the thermostability and IL tolerance (Gladden et al., 2014). 

The conclusion from our and other studies (Chawachart et al., 2014) is that 
although high thermostability protected the enzymes from unfolding by ILs and 
the enzymes remained partially active at high temperatures in the presence of 
low concentrations of ILs, the GH11 xylanases suffered notably more than GH10 
xylanases from the activity inhibition by ILs. Therefore, also other reasons, in 
addition to thermostability, are important in tolerance to ILs and, thus, high 
thermostability is not the only reason for protecting enzymes from the negative 
effect of ILs. One such reason turned out to be the properties of the active site 
in binding the substrate and the inhibiting IL molecules. Later studies 
(Anbarasan et al., 2017) indicated that the high binding affinity of enzyme to the 
substrate appears to be important in resisting the competitive inhibition by IL 
molecules.
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5. Conclusions and future perspectives 

In this thesis an N-terminal disulphide bridge mutation of the extremophilic D. 
thermophilum GH11 xylanase was designed. The N-terminal disulphide bridge 
mutation increased activity and stability of the D. thermophilum GH11 xylanase 
at 100-110oC, but the effect was not as strong as in the mesophilic and 
moderately thermophilic xylanases. Therefore, the thermophilic GH11 
xylanases have a more stable N-terminus than the mesophilic counter parts. The 
extremophilic D. thermophilum GH11 xylanase showed a high structural 
stability at high temperature in circular dichroism spectroscopy. The industrial 
application potential of these types of thermostable GH11 xylanases is, for 
example, in the pulp and paper, feed and biofuel industry.   

Since pH engineering of xylanases can be important in pulp and paper and 
animal feed industries, we studied how to engineer the enzyme active site by 
introducing acidic side chains close to the catalytic residues in the active site of 
T. flexuosa GH11 xylanase. Two mutations (N46D and V48D) in the vicinity of 
the catalytic acid/base shifted the pH activity profile of this GH11 xylanase 
towards an acidic pH. L31E was a control mutation situated at a longer distance 
from the catalytic amino acids, but it also showed a slight shift to the acidic 
direction. Only the mutation N46D increased the enzyme activity in acidic pH. 
The other mutations, excluding N46D, decreased the apparent temperature 
optimum and all mutations decreased the thermostability, indicating that the 
active site is very sensitive to the harmful effects of mutations. The kinetic 
parameter Km values of T. flexuosa GH11 xylanase wild-type and the mutant 
N46D were lower and the hydrolysis of xylotetraose rate was faster at pH 4 than 
at pH 6. They also had an increased hydrolysis rate for xylotriose at lower pH. 
Nevertheless, the hydrolysis of xylotetraose was slow. The mutant V48D did not 
hydrolyze xylotriose at all and the Km value increased 4-6-fold, which indicates 
the weakening of the binding affinity of the substrate to the active site. Both the 
N46D and V48D mutations increased the enzyme inactivation by the ionic 
liquid [EMIM][OAc]. It can be concluded that the pH activity profile can be 
shifted to a more acidic pH by two similar mutations on two different sides of 
the catalytic residues, but the tightly packed GH11 active site can cause steric 
and electrostatic problems for the mutations. The rationale behind this study 
was to determine how the location and direction of the mutation in respect to 
the catalytic residue affects the pH profile. Further studies should more 
systematically attempt to reveal how the location and distance of mutations 
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affects the activity. This could also reveal how different enzymes in the same 
family fine-tune their activity. 

Enzymes from mesophilic and extremophilic microorganisms are stabilized 
by moderately high pressure (Michels and Clart, 1997; Summit et al., 1998). In 
this thesis, the activity and stability of mesophilic T. reesei GH11 xylanase and 
extremophilic D. thermophilum xylanase at high pressure with or without high 
temperature were studied. The inactivation of T. reesei GH11 xylanase was 
strongest above 400 MPa at room temperature. When high pressure was 
combined with high temperature, the activity and stability of T. reesei GH11 
xylanase was lost more easily. Thus, thermal inactivation dominates in pressure 
inactivation. However, the extremophilic D. thermophilum GH11 xylanase was 
extremely stable even at 80°C at a pressure up to 500 MPa. The mutations, 
which included disulphide bridges in T. reesei GH11 xylanases, increased the 
stability against heat inactivation under high pressure. Nevertheless, the 
extremophilic D. thermophilum GH11 xylanase remained so stable that the 
further stabilization by a disulphide bridge appeared not to increase the stability 
against the heat inactivation under high pressure. The pressure stability and 
compressibility correlated with the thermostability order of T. reesei GH11 
xylanase mutations, probably because of the key role of thermal energy in the 
inactivation at high pressure.  

The extremophilic D. thermophilum GH11 xylanase showed wide tolerance to 
various harmful conditions. It may be noted, that Novozymes A/S. published 
recently a patent application for an engineered D. thermophilum GH11 xylanase 
to be used at high pH and high temperature in pulp bleaching (Widner et al., 
2016). This indicates that even the most thermophilic enzymes can be 
engineered for industrial use. In this respect, studying the most thermostable 
enzymes may still generate new useful tools to industrial applications.  

The effect of high temperature on the ability of xylanases to hydrolyze short 
xylan substrates was tested with D. thermophilum GH11 xylanase. The enzyme 
reaction with xylotetraose and xylotriose decreased at high temperature (80-
100°C), whereas there was an opposite effect under high pressure, probably 
because the high pressure presses the weakly binding short substrate molecules 
to the active site. Therefore, the oligosaccharides may be hydrolyzed to a higher 
degree under high pressure. This aspect requires further studies, especially with 
respect to its application potential. Kinetic parameters Km and Vmax were 
determined at a temperature range of 60-100°C. Km value increases strongly at 
100°C, but the effect was not as strong for Vmax, indicating that the interaction 
of the substrate with the active site suffers before the catalytic reaction begins 
to drop as the temperature rises. The N-terminal disulphide bridge lowered the 
increase of Km at 100oC by stabilizing the protein structure.  

Hydrophilic ionic liquids show application potential in dissolving cellulose, 
but these ILs are harmful to the enzymes. The increasing concentration of the 
IL ([EMIM][OAc]) quite linearly increased the inactivation of enzyme activity; 
the enzyme became almost fully inactivated at 25% [EMIM][OAc]. The value of 
Km was also increased in the presence of [EMIM][OAc]. Thus, the ionic liquid 
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appeared to affect the functioning at the enzyme active site, especially the 
interaction with the substrate by competing with the substrate in binding to the 
active site. However, the effect of IL on the protein thermostability was rather 
low in an already thermostable protein structure of DtXYNB. Future work with 
this enzyme could involve improving the active site properties by protein 
engineering for improved functioning in the presence of high concentration of 
ILs, once the enzyme structure is quite stable in the presence of ILs.  

GH11 xylanases have been intensively studied and used as biotechnology tools 
in various industrial applications. However, there are still many challenges in 
the enzymatic biotechnology processes, e.g. the development of more 
thermostable and highly active enzymes, controlled destructuration and 
degradation processes of lignocellulosic materials, as well as development of 
cold-active enzymes for some industrial processes. The production levels of 
xylanases in the bioreactor is one of the main economic bottlenecks in the 
commercial application of otherwise promising xylanases; this also can be 
approached by protein engineering. The industrial use of enzymes in the future 
may require that they function under increasingly demanding application 
conditions and across a wider range of conditions. To be able to answer these 
challenges, the enzymes should be studied under such potential future 
conditions and their structure-function relationships should be clarified in 
order to facilitate the development of new enzymes for future world markets.  
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Appendix 

Figure 1. The velocity versus substrate concentration for TfXYN11A and its mutants without 
[EMIM][OAc] by solid line and with 5% [EMIM][OAc] by dashed line. XYN11A ( ); N46D ( ); V48D 
( ); L31E ( ). These results were calculated from Table 1 in Publication . 

 

Figure 2. The velocity versus substrate concentration for DtXYNB and DtXYNB-DS by solid line 
and dashed line, respectively. Without [EMIM][OAc] ( ). 5% [EMIM][OAc] ( ), 15% [EMIM][OAc] 
( ). These results were calculated from Table 2 in Publication 
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