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Glycoside hydrolases are enzymes that cleave the glycosidic bonds in carbohydrates and 
glycoconjugates. Cellulases, xylanases and other glycosidases play a vital role in producing sugars 
from lignocellulosic biomass, which then be converted to fuels and chemicals to replace fossil-
based fuel. Xylan is the second most abundant polysaccharide next to cellulose, plays a significant 
role in the total hydrolysis of biomass. Xylanases can be used in the processing of biomass to 
monosaccharides or other products. This study aims to analyse the working capacity of GH10 
xylanases obtained from T. flexuosa (TfXYN10A) and T. aurantiacus (TasXYN10A) at high 
temperature and in the presence of ionic liquids and to understand the various effects of active site 
mutations in a disaccharide hydrolysing GH1 β-glycosidase from S. acidocaldarius. TfXYN10A 
expressed in E. coli produced more thermostable enzyme than the same expressed in T. reesei, 
probably due to the destabilizing effect of glycosylation in T. reesei. CBM mediated reduction 
and substrate mediated increase of thermostability showed the significance of covalent and 
non-covalent molecular contacts by the intramolecular or external environment in the enzyme’s 
activity and stability. Analysis of the end-products of xylan hydrolysis exhibited high temperature 
apparently reduced the binding of short substrate. Ionic liquids (IL) are salts with melting point 
below 100°C and are used in lignocellulosic biomass hydrolysis. ILs adversely affect the enzyme 
stability and activity, though they can be beneficial in the pretreatment of lignocellulose before 
the enzymatic hydrolysis. TfXYN10A and TasXYN10A can remain significantly active in the 
presence of 30–40% of ILs, but restrains the activity in > 50% IL. Also, the optimum temperature 
for hydrolytic activity decreases with increase in the IL concentration. With both xylanases, ILs 
affect the activity more than the stability. Thermostability tends to cease the unfolding of enzyme 
caused by ILs, but the active site remains available for inhibition by ionic liquids. Elevated Km in 
the presence of ILs suggests the idea of competitive inhibition between the substrate and ILs, this 
is further confirmed by molecular docking studies.
      S. acidocaldarius β-glycosidase was studied to explore the effect of active site mutations on the 
enzyme activity, especially on pH activity. One mutant (V212T) proved its efficiency by increasing 
the thermostability and extending the pH activity range to more acidic pH. Despite of the increased 
Km in V212T, the hydrolytic activity increased significantly at higher substrate concentrations and 
the total activity is higher with lactose than cellobiose. Change in the end-product inhibition with 
glucose, turned out not to be the reason for increased activity with cellobiose, but apparently was 
a reason for increased activity with lactose. Further studies revealed that V212T had a remarkable 
lowering effect on the transglycosylation activity.
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1.  Introduction 

1.1. Xylanases 
 

1.1.1. Background 
 
Role of enzymes in many biological processes has been known for a long time. In ancient 
times, humankind used microbial fermentation in food processing, without even know-
ing the nature or the functions of enzymes. The history of enzymes started from Egypt 
and continued to Greece, Germany, Denmark, Japan and around the world. The word 
“enzyme” is derived from the Greek word (“en” – in + “zyme” –yeast) (Christakopoulos 
and Topakas, 2012). Only in the 19th century did the enzymes responsible for the bio-
chemical reactions become known and the process details behind fermentation were un-
masked. Enzymes are proteins that can catalyse chemical reactions in living organism. 
Enzymes are able to catalyse all kinds of chemical reactions in a short period of time that 
would take otherwise much longer time without their participation (Otten and Quax, 
2005). Enzymes are imminent in many industrial processes as they offer fast and envi-
ronmental friendly production methods. Furthermore, enzymes can catalyse reactions 
that are difficult to perform by chemical methods, and as a result industrial and house-
hold catalysis has become more and more dependent on enzymes.  Numerous enzyme-
based processes have been commercialized for the production of several valuable prod-
ucts since the biocatalysts were first introduced (Choi et al., 2015).  

Enzymes evolved along with the cells to catalyse the reactions within the environmen-
tal conditions of the cell (Sarrouh et al., 2012). Despite the great potential of enzymes, 
their industrial application has been hampered owing to undesirable properties in terms 
of stability, catalytic efficiency and specificity (Choi et al., 2015). Industrial reactions that 
produce chemicals and pharmaceuticals are often carried out under diverse conditions 
such as at high temperature and pressure, at non-neutral pH and in nonaqueous envi-
ronments to increase the production rate. Therefore, many industrial reaction conditions 
are detrimental to enzymes. Discovering and/or engineering enzymes that function un-
der unusual conditions is important, as the industrial processes and product demands 
for the enzymes keep growing all the time (Liszka et al., 2012). Extremophilic organisms 
living under extreme conditions produce enzymes that can tolerate more than one ex-
treme environment, but can still have limitations in the industrial applications 
(Rampelotto, 2013). As a result of these limitations to the bioprospecting of extremo-
philic enzymes, much effort has been devoted to engineering well-characterized meso-
philic enzymes for stability and tolerance to extreme conditions. Structural and func-
tional analysis of naturally occurring extremophilic enzymes allows the factors responsi-
ble for enhanced stability and activity to be determined (Liszka et al., 2012). 

Xylanases are hydrolytic enzymes that catalyse the hydrolysis of β-1,4-glycosidic link-
age connecting xylose units of xylan, which is a complex cell wall polysaccharide. This 
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thesis studies and discusses the function of extremophilic hydrolytic enzymes, especially 
two of the GH10 xylanases and a β-glycosidase in the area of their application including 
pulp bleaching and biomass hydrolysis for various economically valuable purposes. 
 
1.1.2. Lignocellulosic biomass  

 
“Biorefining is the sustainable processing of biomass into a spectrum of marketable 
products and energy” – (de Jong, 2014) 

Research on renewable sources of fuels to replace fossil fuels has been of great interest 
over the past two decades, both for environmental and economic reasons. First genera-
tion biofuels are produced from agricultural starch-based sugars, (e.g. obtained from 
corn or sugar cane) which has lead to the Food vs Fuel controversy (Valentine et al., 
2012). Lignocellulosic biomass is the most abundant raw material on the earth with rel-
atively low cost (Yang et al., 2011) and conversion of abundant lignocellulosic biomass to 
biofuels is a potential option for improving energy security and reducing greenhouse gas 
emissions (Prasad et al., 2016). In nature, hemicellulolytic enzymes along with cellulases 
and lignolytic enzymes are responsible for the conversion of structural plant polymers to 
fermentable monomeric sugars. When utilizing a variety of these natural enzymes ex-
pressed in industrial production systems, one can transform the lignocellulosic feedstock 
to sugars, which can then be converted to desired end-products like biofuels, chemicals 
or biomaterials. 

The European agro-forestry sector is active across the entire continent. It is evenly 
split between forestry (covering 42% of total European land) and agriculture (a further 
40% or 170 million hectares). In Nordic countries forestry predominates, comprising up 
to 70% of the land area. Consequently, a wide variety of biomass is available in Europe 
and is potentially available for nonfood use. The amount of biomass availability depends 
both on the development of forestry, local agriculture, and global food demand (Luguel, 
2011). 

“Everything that’s made with fossil fuels today can be made from a tree tomorrow” – 
(Mayes, 2015). 

Lignocellulose is a term collectively used for cellulose, hemicellulose and lignin. It is 
the main building block of plant cell walls and comprises primarily of cellulose (40–
60%), hemicellulose (20–30%), lignin (15–30%) and small amounts of extractives (sol-
uble non structural materials such as non structural sugars, nitrogenous materials, chlo-
rophyll, waxes and ash) (Himmel et al., 2007; Isikgor and Becer, 2015) (Fig. 1). In total, 
lignocellulosic biomass contains approximately 50–70% polysaccharides by weight 
(Peleteiro et al., 2015) 
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Figure 1. The main components and structure of lignocellulose. “GI” represents glu-

curonic acid and “Fer” represents esterification with ferulic acid, which is characteristics 
of xylan. (Figure is reproduced from Isikgor and Becer, 2015). 

 
Cellulose is the primary structural component in plant cell walls and is found in the 

organized fibrous structure. It is a linear, homopolymer of D-glucose units linked by β-
1,4-glycosidic bonds that makes 40%–47% of the wood (Yang et al., 2011). From a stere-
ochemistry aspect, the constraints exerted by the glycosidic linkage create a linear ex-
tended glucan chain in which every other glucose unit is rotated ~180° with respect to its 
neighbour. Consequently, cellobiose not glucose is the basic repeating unit of the cellu-
lose molecule (Wyman et al., 2005). Cellulose is formed of highly organized crystalline 
regions, which are hard to digest by cellulases, and amorphous or soluble regions, in 
which the molecules are less compact and more prone to hydrolysis by cellulases (Agbor 
et al., 2011). The size of the cellulose chain depends on the degree of polymerization (DP) 
i.e. the number of glucose units. Cellulose has the highest DP among the lignocellulosic 
polymers, which can be up to 10000 or higher (Pinkert et al., 2009; Pu et al., 2013). The 
linear confirmation of the chains packed with inter and intra molecular hydrogen bonds 
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and hydrophobic interactions, forms elementary fibrils, which then form microfibrils 
that are further organized into microfibrillar bands and cell wall fibres. The high chemi-
cal and mechanical stability of cellulose, its hydrophobic nature and the huge degree of 
both intra and inter molecular hydrogen bonding (Kang et al., 2016; Zhu et al., 2006) 
along with van der Waals interactions between sheets, enable the tight and ordered pack-
ing of cellulose and contribute to the polymer’s insolubility in water and most solvents 
(Swatloski et al., 2002). 

Hemicelluloses are a group of homo and heteropolymers consisting of D-xylopyra-
nose, mannopyranose, gucopyranose and galactopyranose main chains with a number of 
substituents. The term hemicellulose describes polymers made of β-1,4-linked  highly 
branched polymer of five carbon (pentoses) and six-carbon (hexoses) sugars (Balat, 
2011). Hemicellulose is structurally more complex than cellulose (Yang et al., 2011). The 
major hemicellulose components are mannan-based in softwood and xylan-based in 
hardwood.  Xylan is the second most abundant biopolymer in the world after cellulose 
and the major hemicellulosic polysaccharide found in the plant cell wall (Menon et al., 
2010; Scheller and Ulvskov, 2010). These linear polymers tend to be insoluble, and be-
cause of this, they are usually substituted with other sugar side-chains to prevent the 
formation of crystalline structures and to increase their overall solubility. Hemicelluloses 
bind to the outer surface of cellulose microfibrils, forming a ‘hairy’ coat, which prevents 
microfibrils from directly contacting one another. However, hemicelluloses effectively 
link cellulose microfibrils and produce a cohesive network. Hemicellulose also serves as 
a connection between lignin and cellulose fibres and gives more rigidity to the whole cel-
lulose–hemicellulose–lignin network (Hendriks and Zeeman, 2009). 

 Of the three major biopolymers, lignin is distinct from the other two polysaccharides 
as it comprises of a network of amorphous polyphenolic units and 18% to 38% of the 
wood content is made up of lignin. Lignin is a complex polymer of phenylpropane units 
that are cross-linked to each other with various chemical bonds. Lignin acts as a “glue” 
binding hemicellulose and cellulose by ester linkages and hydrogen bonds respectively 
(Pu et al., 2013; Yang et al., 2011). Lignin is the most recalcitrant component of plant cell 
wall and forms a physical restriction on the surface for enzymatic penetration and activ-
ity (Chundawat et al., 2011; Pu et al., 2007). Lignin binds the plant cells together, provid-
ing mechanical strength and rigidity that allows the wood to resist external forces, such 
as wind, and it also forms a barrier against microbial attack (Kilpeläinen et al., 2007).  

 
1.1.3. Xylan 
 
Xylans are interspersed, intertwined and covalently linked at various points with the 
overlying sheath of lignin and produce a coat around underlying cellulose (Pillai, 2012). 
Xylan molecules make covalent links with lignin-phenolic residues and non-covalent 
links to cellulose via hydrogen bonding (Patel and Savanth, 2015). Arabinose in the hem-
icellulose, crosslinks lignin through an ether linkage and glucuronic acid, crosslinks lig-
nin through an ester linkage and ferulolyl groups are also take part in the crosslinking of 
xylan and lignin (Masarin et al., 2011). The xylan layer with the covalent linkage to lignin 
and non-covalent interaction with cellulose, may be important in maintaining the integ-
rity of the cellulose and in helping the fibres to protect against degradation by cellulases 
(Collins et al., 2005).   
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Figure 2.  Structure of xylan and the sites of its attack by xylanolytic enzymes. The back-
bone of the substrate is composed of 1,4-β-linked xylose residues. Ac., Acetyl group; α-
araf., α-arabinofuranose; α-4-O-Me-GlcUA., α-4-O-methylglucuronic acid; pcou., p-cou-
maric acid; fer., ferulic acid. (b) Hydrolysis of xylo-oligosaccharide by β-xylosidase. (Fig-
ure is reproduced from Collins et al., 2005). 
 

Xylan is the major hemicellulose in hardwood (15%–30%) but is less abundant in soft-
wood (7% –12%) (Menon et al., 2010; Patel and Savanth, 2015) and is found in grass also 
(20%) (Kulkarni et al., 2012). Xylans occur as heteropolysacchrides containing different 
substituent groups in the backbone and side chains. The main heteropolymers of the 
hemicellulosic component are xylans, mannans, galactans and arabinans. D-xylose, D-
mannose, D-galactose and L-arabinose are examples of sugar moieties that are com-
monly attached with the heteropolymers and on the basis of which these heteropolymers 
are classified as homoxylan, arabinoxylan, glucuronoxylan or glucuronoarabinoxylan 
(Motta et al., 2013).  Xylan molecules are mainly constituted with D-xylose as the mon-
omeric units substituted with acetyl groups and other sugar residues on the backbone of 
xylan (Dhiman et al., 2008; Mandal, 2015) (Fig. 2). Depending on the origin of the wood 
species, their degree of polymerization varies from 70–130 (softwood xylans) and 150–
200 (hardwood xylans) (Viikari et al., 1994). Homoxylans, consisting exclusively of xy-
losyl residues, are not widespread in nature, but they have been isolated from esparto 
grass, tobacco stalks and guar seed husk (Dhiman et al., 2008). Xylan of hardwood is O-
acetyl-4-O-methylglucuroxylan (MeGA) and consists of at least 70 β-xylanopyranose res-
idues linked by 1-4-β glycosidic bonds (Dodd and Cann, 2009). Every tenth xylose resi-
due carries a 4-O-methylglucuronic acid attached to the position C-2 of xylose (Beg et al., 
2001). Hardwood xylans are highly acetylated and acetylation occurs usually at the C-3 
rather than the C-2 position. The presence of these acetyl groups is responsible for the 
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partial solubility of xylan in water (Xu et al., 2015). Xylans from softwood are composed 
of arabino-4-O-methylglucuroxylans and have a higher content of 4-O-methylglucuronic 
acid content (that is attached to the C-2 position) than hardwood xylan. Softwood xylans 
are not acetylated but they have α -L—arabinofuranose units linked by α-1,3-glycosidic 
bonds. The ratio of β-D-xylopyranose, 4-o-methylglucuronic acid and α-L—arabinofura-
nose is 100:20:13 (Kumar et al., 2013). In addition, softwood xylans are shorter than 
hardwood xylans and are less branched (Dhiman et al., 2008). 
 
1.1.4. Xylans in pulp production 

 
In industrial pulping processes, hemicellulose is partly removed from the lignocellulosic 
biomass along with lignin. The solubilized hemicellulose together with lignin is burnt for 
energy production and also used for the recovery of inorganic chemicals (Johakimu and 
Andrew, 2013). The trivial combustion value of hemicellulosic polysaccharides compared 
with lignin, lead to the alternative use of the hemicellulosic polysaccharides as a substrate 
for biotechnological conversions (Brant et al., 2013). In chemical pulping processes, the 
dissolved hemicelluloses are gradually hydrolysed to monosaccharides. Hence, isolation 
of solubilized xylan from the spent liquor is complicated and the black liquor of standard 
kraft pulping processes has no potential as a source of mono or oligosaccharides. Inspite 
of the higher glucomannan content in softwood, xylan levels of both softwood and hard-
wood pulp fibre are similar as a consequence of glucomannan sensitivity to cooking con-
ditions (Sharma and Kumar, 2013). However, separation of xylan polymer from spent 
liquor and the potential applications were also reported (Sixta et al., 2013) and a patent 
was registered for separating polymeric pentose from a liquid/slurry (Dahlman et al., 
2007). Though the dissolved xylan from pulping and other fractionation processes can 
be considered as a fermentation substrate, an additional hydrolysis step is needed, which 
depends on the further process conditions. Microbial conversion of xylose to alcohols, 
organic acids, polyols, ketones and gases has been demonstrated by various researchers 
(Alonso et al., 2010; Canilha et al., 2013; Chen et al., 2010). But the conversion yield from 
xylose is lower than the yield from glucose. Fermentation of xylose from pulping liquor 
is often complicated by inhibitory degradation products (Jönsson et al., 2013). Moreover 
the complicated separation techniques needed to purify the carbohydrates prior to fer-
mentation limits the industrial interest to utilize xylose from this source. 

In industrial chemical pulping, almost half of the xylan of wood is retained with the 
average xylan content of the resulting pulp begins about 10% (Wu et al., 2015). Along 
with increasing the pulp yield, the xylans significantly increase the strength properties of 
the pulps in paper making (Li et al., 2011). Although, most of the xylan in wood is dis-
solved in the liquor during cooking under alkaline condition, as the alkalinity reduces in 
the end of the pulping process, the dissolved xylan precipitates back onto the cellulose 
fibres (Fig. 3). 
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Figure 3. A hypothetical structure of Kraft pulp fibres. Xylanases are thought to pro-
mote pulp bleaching via the hydrolysis of the re-precipitated xylan. (Figure is reproduced 
from Saul et al., 1998). 
 

Xylan is more resistant than the side chain groups, hence loss of side groups during 
the cooking might also render the xylan to re-precipitate and this re-precipitated xylan 
is less soluble than the native xylan. Re-precipitated xylan in cellulose fibres can be pre-
sent in three different forms i) loosely bound/adsorbed on the pulp, ii) crystallized on 
the cellulose fibres, iii) chemically linked to cellulose (Danielsson, 2007; Saul et al., 
1998). Thus, the xylan of cellulose pulps might differ vastly from the xylan of the ligno-
cellulosic biomass with respect to substitution, chain length and physical properties. The 
formation of new bonds between lignin and pulp carbohydrates after pulping processes 
is also reported (Laine et al., 2004). These differences might be significant, especially 
when the enzymatic treatments of pulp are considered. 

 
1.1.5. Glycoside hydrolases 

 
Glycoside hydrolases (glycosidases or glycosyl hydrolases or carbohydrases) are a wide-
spread group of enzymes catalysing glycolytic cleavage of O-glycosidic bond between two 
or more carbohydrates or between a carbohydrate and a non-carbohydrate moiety 
(Vuong and Wilson, 2010). Enzymatic hydrolysis of the glycosidic bond takes place via 
the coordinated actions of general acid catalysis of a proton donor and nucleophilic at-
tack by a nearby glutamate or activated water (Bhatia et al., 2002; Davies and Henrissat, 
1995). This hydrolysis occurs via two major mechanisms giving rise to either an overall 
retention or an inversion of the anomeric configuration. In inverting GHs, the catalytic 
acid residue donates a proton to the anomeric carbon while the catalytic base residue 
removes a proton from a water molecule, increasing its nucleophilicity, facilitating its 
attack on the anomeric centre. In retaining GHs, a general acid/base catalyst works first 
as an acid and then as a base in two consecutive steps: glycosylation and deglycosylation, 
respectively. In the first glycosylation step, it facilitates departure of the leaving group by 
donating a proton to the glycosyl oxygen atom while the nucleophile forms a covalent 
intermediate bond to the anomeric carbon. In the second deglycosylation step, the depro-
tonated acid/base acts as a general base to activate a water molecule that carries out a 
nucleophilic attack on the glycosyl-enzyme intermediate, with the two inversion steps 
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leading to retention of the stereochemistry at the anomeric centre (Fig. 4) (Vuong and 
Wilson, 2010). In both the retaining and inverting mechanisms, the position of the pro-
ton donor is identical, in other words it is within the hydrogen-bonding distance from 
the glycosidic oxygen. In most glycoside hydrolases studied, only glutamate and/or as-
partate residue have been found to perform catalysis, however, other residues may also 
be involved in glycosidic bond cleavage. An example is the nearby tyrosine, which helps 
in stabilizing the transition state in some enzymes (Davies and Henrissat, 1995) and  
other variations of the mechanism are also known to exist (Vuong and Wilson, 2010). 
 
 

 
 

Figure 4.  Proposed inverting (a) and retaining (b) mechanism of glycosidic bond hy-
drolysis. AH - a catalytic acid residue; B - a catalytic base residue; Nuc - a nucleophile 
and R - a carbohydrate derivative. HOR - an exogenous necleophile, often a water mole-
cule. (Figure is reproduced from Vuong and Wilson, 2010).    
 

The simplest classification of glycoside hydrolases is based on their substrate speci-
ficities. This classification is the basis of the recommendations of the International Union 
of biochemistry and Molecular Biology (IUBMB) and is expressed in the Enzyme com-
mission number (EC number) for a given enzyme. It is extensively applied as a standard 
means for description of the glycoside hydrolases because of its simplicity. The inherent 
problem with this classification is that, it does not appropriately accommodate enzymes 
that act on several substrates like endoglucanases, which act on complex polysaccharides 
(Henrissat and Davies, 1997). Classification based on the mode of action is also a possi-
bility for glycoside hydrolases. “Exo” or “endo” relates to its action on a polysaccharide, 
whether the enzyme attacks from the termini or within the polymer chain. Though the 
exo versus endo distinction appears to be powerful, in practice, this distinction is remark-
ably difficult to measure as many enzymes display properties that appear to be interme-
diate between exo and endo (Henrissat and Davies, 1997). 
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A complete classification system based on the primary structure and comparison of 
the catalytic domains, which allowed the classification of the whole glycoside hydrolase 
families was introduced by Henrissat in the year 1991 (Henrissat, 1991). The idea under-
lying this classification was that the proteins in a given family would have a fold suffi-
ciently similar to allow homology modelling. In this classification, enzymes with different 
substrate specificities are sometimes found in the same family, indicating an evolution-
ary divergence to acquire new specificities. On the other hand, enzymes that hydrolyse 
the same substrate are sometimes found in different families. This sequence and hence 
the structure-based classification is different from the nomenclature of the enzymes 
based on substrate specificity (Davies and Henrissat, 1995). The sequence-based classi-
fication has become the standard means for the classification of glycoside hydrolases, as 
it groups enzymes in families related to differing sequences. The initial classification 
grouped glycoside hydrolases into 6 families, which was updated to 77 in 1999 and it 
continues to grow as new glycoside hydrolases sequences are identified. 133 glycoside 
hydrolase families are currently present in the CAZY database (https://www.ca-
zypedia.org/index.php/Glycoside_Hydrolase_Families). 

Xylanases are classified to glycoside hydrolase families 5, 7, 8, 10, 11 and 43 which 
have truly distinct catalytic domains with endo-1,4-β-xylanase activity. Enzymes with in 
a particular family have a similar three-dimensional structure similar molecular mecha-
nism and have similar specificity of action on synthetic substrates. Xylanases in families 
5, 7, 10 and 11 catalyse the hydrolysis with retention mechanism whereas family 8 and 
43 enzymes catalyse through inversion. Within this classification system the most thor-
oughly studied xylanases are in families 10 and 11, and details of the catalytic properties 
of the members in the remaining families (5, 7, 8 and 43) are still limited. However, these 
two distinct families of xylanases (10 & 11) have evolutionary origins that differ from each 
other, family 10 is more related to family 5 and family 11 is more related to family 12 
(Motta et al., 2013). 
 
1.1.6.   Enzymatic hydrolysis of xylan 

 
Xylans can be converted to monosaccharides by acid or enzymatic hydrolysis. Acid hy-
drolysis is non-specific and faster compared to enzymatic hydrolysis, but it also produces 
degradation products of monosaccharides. Enzymatic hydrolysis is thus advantageous 
because of its specificity and milder reaction conditions (Dodd and Cann, 2009).  

Endo-β-1,4-xylanases (1,4-β-D-xylan xylanaohydrolase, EC 3.2.1.8) hydrolyse the β-
xylosidic bond between two D-xylopyranosyl residues. While endoxylanases hydrolyse 
randomly and releases xylooligosaccharides and xyloses, exoacting β-xylosidases (1,4-β-
D-xylan xylanohydrolase, EC 3.2.1.37) hydrolyse the xylooligosaccharides to xylose 
(Bhardwaj et al., 2012; Collins et al., 2005). The concept of xylan hydrolysis by microor-
ganisms was introduced at the end of nineteenth century and the first microbial prepa-
ration called as “xylo-dextrinases” and partial purification of the enzyme was demon-
strated from Aspergillus foetidus by Whistler and Masek (Whistler and Masek, 1995). 
When Howard and his group isolated xylanases from rumen bacteria in 1960, they were 
known as “pentosanases” (Howard et al., 1960). Recognized by the IUBMB in 1961, xy-
lanases were assigned to the enzyme code EC 3.3.1.8 (Kanwar and Devi, 2012) 

The complex structure of xylan needs the synergistic effect of different enzymes for 
complete degradation or modification (Van Dyk and Pletschke, 2012). Apart from endo 
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-1,4-β-xylanase and β-xylosidase, xylan hydrolysis demands debranching enzymes such 
as α-arabinofuranosidase, α-glucoronidase, acetylxylan esterase and hydroxycinnamic 
acid esterases that cleave the side chain residues from the xylan backbone (Kumar and 
Wyman, 2009).  Among all the hemicellulases, endoxylanases are the most important 
group, due to their direct involvement in cleaving the glycosidic bonds and liberating 
xylooligosaccharides. Xylanases are produced mainly by microorganisms and the com-
plete xylanolytic enzyme systems have been found to be widespread among fungi, acti-
nomycetes and bacteria (Motta et al., 2013). Some of the most important xylanolytic en-
zyme producers are Aspergilli, Trichodermi, Streptomycetes, Phanerochaetes, Chytridi-
omycetes, Ruminococci, Fibrobacteres, Clostridia and Bacilli (Collins et al., 2005; Motta 
et al., 2013). The ecological niches of xylanases producing microorganisms are wide-
spread and diverse and they typically include environments, where plant materials accu-
mulate and deteriorate (Subramanian and Prema, 2002).  

Although the xylanase activity is found to be higher in fungi, disadvantages like low 
pH, temperature optima and the associated production of cellulases limit their uses in 
the industrial applications (Gangwar et al., 2014). Industrial applications of xylanases, 
especially, in pulp and paper industries require enzymes that are active at alkaline pH 
and elevated temperature (Mandal, 2015). Many bacterial xylanases have been reported 
with either high optimum pH or with high temperature optimum and are thus more suit-
able for pulp and paper industry. In recent years, number of xylanases that have both 
alkalophilic and thermophilic activity have been reported and the list keeps growing 
(Kanwar and Devi, 2012; Shi et al., 2015) 

Since the heterogeneity and complex structure of xylan resulted in a variety of xy-
lanases with different specificities and primary structure, the classification based on sub-
strate specificity may not be an accurate method for classification. Wong et al. (1988) 
classified them into two groups based on their physicochemical properties such as mo-
lecular weight and isoelectric point (pI). High molecular mass (above 30 kDa) endoxy-
lanases with low pI were grouped into family F and low molecular mass (below 30 kDa) 
endoxylanases with high pI were grouped into family G. This classification was found to 
be ineffective because it is not sufficient to describe all xylanases. Consequently, a more 
complete classification system based on the primary structure and comparison of the 
catalytic domains by Henrissat (1991), which classified  xylanases to glycoside hydrolase 
families 5, 7, 8, 10, 11 and 43 although GH10 and GH11 harbour most of the xylanase 
enzymes. There are excellent reviews available on xylanases, classification and applica-
tions (Beg et al., 2001; Collins et al., 2005; Dhiman et al., 2008; Dodd and Cann 2009; 
Garg et al., 2010; Juturu and Wu, 2012; Motta et al., 2013; Polizeli et al., 2005). A de-
scriptive review on the thermostable xylanases was given recently by Kumar et al. (2016).  

 
1.1.6.1. GH10 xylanases  
 
Family 10 xylanases are high molecular weight xylanases that are typically composed of 
a catalytic domain and a carbohydrate binding domain. Endo-1,4- -xylanases (EC 
3.3.1.8) are classified to glycoside hydrolase family GH10 along with endo-1,3- -xy-
lanases (EC 3.3.1.32) and cellobiohydrolases (EC 3.3.1.91), though endo-1,4- -xylanases 
are the major enzymes in this family. GH10 xylanases show hydrolytic activity also on 
lower molecular mass cellulose substrates like aryl-cellobiosides and certain cello oligo-
saccharides that makes family GH10 xylanases less selective and non-specific (Collins et 
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al., 2005). A one or two xylose residue replacement by glucose can be tolerated by GH10 
xylanases thus results in broader substrate selection but lower catalytic efficiency (Motta 
et al., 2013). Alteration of the xylan main chain by replacing -1,4-linkages to -1,3-link-
ages creates a significant steric barrier for GH11 endoxylanases, whereas GH10 xylanases 
hydrolyse heteroxylans and rhodymenan (a linear algal -1,3- -1,4-xylan) to a greater 
extent than GH11 xylanases. GH10 xylanases are better able to cleave glycosidic linkages 
in the xylan main chain that are near substituents such as MeGlcA and acetic acid, thus 
producing shorter end-products than GH11 xylanases (Zhang et al., 2011;BB). Thus 
GH10 xylanases can hydrolyse the shorter branched xylooligosaccharides released by 
GH11 xylanases. 

This higher activity on smaller oligosaccharides, indicates that GH10 xylanase has a 
smaller substrate binding sites in the catalytic domain (Van Gool et al., 2012). The GH10 
xylanase active site can accommodate four to seven xylose residues (Lo Leggio et al., 
2001), and the  region in the active site that accommodates xylose is called as the subsite. 
A positive or negative number can be given to the subsite according to the binding to 
glycone or aglycone regions of the substrate. Hydrolysis of the glycosidic bond occurs at 
the -1 to +1 subsite (Lo Leggio et al., 2001; Zhan et al., 2014). GH10 xylanase can accom-
modate linkages on xylose at the +1 subsite (Kaneko et al., 2004).  Structure of the glycon 
side of the active site in GH10 xylanases is highly conserved, especially -1 and -2 subsites, 
which play a key role in substrate recognition, whereas in the aglyconic side the struc-
tures are very different. This is in accordance with the fact that the glycosidases are highly 
specific for the glycon part of the substrate with a wider tolerance for structural varia-
tions of the aglycon moiety (Kaneko et al., 2004)  

The catalytic domain of GH10 xylanases is a (α/β)8 TIM barrel fold, that consists of 
an eightfold repeat of (αβ) units, such that eight parallel β-strands arranged side-by-side 
forming a cylinder in the centre are covered by eight α helices on the outside (Fig. 5). The 
β-strands and the α helices are numbered sequentially from the N-terminus as β1- β8 and  
α1- α8; the connecting loops are referred to as βα loops and αβ loops such that  βα loop 
1 follows after stand β1  and αβ loop 1 follows after α1 (Richard et al., 2014). Combinatorial 
mutagenesis and computational studies showed that the loops at the bottom of the barrel 
(the αβ -loops) are more important for stability than those at the top (βα -loops), sug-
gesting a ‘‘division of labour” between the two faces of the protein (Bhardwaj et al., 2012). 
The catalytic acid-base and nucleophile residues are located at the end of β-barrels 4 and 
7 respectively (Cantarel et al., 2009; Ducros et al., 2000; Henrissat and Davies, 1997). 
GH10 glycoside hydrolases are more structurally conserved than others such as GH 5 
and GH13, which display much greater diversity of sequence and structure (Ducros et al., 
2000). 
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(b) 

 
Figure 5. (a) Common illustration of the tertiary structure and topology of TIM barrel. 
(b) Division of labour within the (α/β)8-barrel fold. (Figure is reproduced from Sterner 
et al., 2005). 

 
Modular xylanases carry at least one additional accessory domain in addition to the 

catalytic region, which is most likely a carbohydrate binding module (CBM), although, 
carbohydrate binding is not the sole function of the non-catalytic module (Gilbert et al., 
2013). CBMs are thought to have one or more of the following functions: (i) increase the 
enzyme concentration on the surface of the substrate, (ii) non-hydrolytic substrate dis-
ruption and (iii) surface/interfacial modifications (Arantes and Saddler, 2010). Xy-
lanases do not usually possess xylan-specific binding domains except for a few xylanases 
that possess these XBDs (Zhang et al., 2013). Typically they act as cellulose binding do-
mains (CBD), probably help the xylanase to indirectly localize the xylan substrate since 
xylan is in close association with cellulose (Gilbert et al., 2013; Paes et al., 2012). Several 
xylanases are reported to have XBDs that affect the thermostability as well as the binding 
abilities with insoluble substrates (Liu et al., 2015). Substrate binding domains are more 
common in GH10 xylanases than in GH11 xylanases (Paes et al., 2012). The substrate 
binding domain enhances the catalytic efficiency by increasing the effective enzyme con-
centration on the surface of the insoluble polysaccharide substrate. CBM could be pre-
sent both in N- and/or C-terminal of the catalytic domain connected by a linker sequence 
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rich in serine and threonine (Paes et al., 2012). So far, there are 81 families of CBMs 
catalogued in the CAZy database. The catalytic domain and CBMs interact, which affects 
their properties (Dias et al., 2004; Verjans et al., 2010). These domains are separated by 
flexible hydroxyaminoacid-rich linker sequences of different lengths (Meng et al., 2015) 
and linkers seemed to mediate proper interaction between the domains (Kataeva et al., 
2001). Recombinant xylan specific CBMs enhance the catalytic performance of GH11 en-
doxylanase (Hoffmam et al., 2016). In the studies by Moilanen et al., the CBM of N. flex-
uosa GH11 xylanase not only increased the adsorption and hydrolytic efficiency on insol-
uble oat spelt xylan but also decreased the non-productive adsorption of the enzyme with 
lignin (Zhang et al., 2013). With some GH10 xylanases, CBD did not enhance the hydro-
lytic activity against soluble xylan (Dias et al., 2004; Pell et al., 2004), with some xy-
lanases that possess CBD, the activity is higher than their counterpart without CBD (Ver-
jans et al., 2010), and hence the role of CBD remains obscure.  Najmudin et al. (2010) 
suggested that the CBM is recruited into the substrate binding cleft to feed the substrate 
into the active site. 

 
1.1.6.2. GH11 xylanases 
 
The family of GH11 xylanases contains exclusively endoxylanases that show a vast varia-
tion in biochemical characteristics like pI, pH profiles and catalytic efficiency. However, 
they are smaller in size (20–25 kDa) compared to the GH10 xylanases (over 30 kDa), 
exhibit high substrate specificity and do not tolerate the substitutions on the xylan back-
bone (Kirikyali and Connerton, 2015). The catalytic domain displays a β-jelly-roll archi-
tecture, composed of two anti-parallel β-sheets forming a deep and long cleft (Paes et al., 
2012). The active site residues Glu (nucleophile) and Glu (acid/base) are on the inner β-
sheet surface (Vardakou et al., 2008), and catalyse the double displacement mechanism 
similar to the GH10 xylanases. The topology of the GH11 xylanases have been described 
as a partly closed right hand with the two β-sheets and one α-helix forming a palm and 
fingers and two loop regions forming the thumb and cord (Paes et al., 2012; Purmonen 
et al., 2007). Disulphide bridges that confer stability to most of the GH11 xylanases and 
N-terminal regions that initiate the protein unfolding are found in fungal GH11 xylanases 
(Purmonen et al., 2007). Engineering of the N-terminal disulphide bond has been re-
ported to enhance enzyme thermostability (Fenel et al., 2004; Jänis et al., 2004; Wang 
et al., 2012;BT). Connecting the C and N terminus with a disulphide bond resulted in a 
greater increase in the thermostability in B. circulans GH11 xylanase (Davoodi et al., 
2007). In spite of the high substrate specificity and better fiber penetration of GH 11 xy-
lanases that are considered advantageous in commercial applications, they still have re-
strictions. But owing to the wider substrate specificity, smaller end-product results, tol-
erance to the plant xylanase inhibitors and possessing the most thermostable xylanases, 
GH10 xylanases could potentially be exploited in industrial applications. 
 
1.1.7. Thermostable enzymes in biotechnological applications. 

  
An enzyme or protein is called thermostable when a high defined unfolding (transition) 
temperature (Tm) or a long half-life at a selected temperature is observed (Turner et al., 
2007). Thermostable enzymes have attracted increased attention in industrial applica-
tions as they have increased stability over their mesophilic counterparts that makes them 
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suitable for harsh industrial conditions. In addition, an enzyme’s thermostability is often 
associated with higher resistance to other denaturants such as detergents, organic sol-
vents and proteolytic enzymes commonly used in many industrial reactions and high sta-
bility to changes in pH (Synowiecki, 2010; Yeoman et al., 2010). A high temperature re-
action increases process yields because of (1) higher enzymatic reaction rates (2) de-
crease in viscosity (3) increase in the diffusion coefficient of the substrate (4) increase in 
solubility of substrates and products (5) a favourable equilibrium displacement in endo-
thermal reactions (6) also risk of contamination with mesophiles decreases with increas-
ing temperatures (Viikari et al., 2012). A 10°C increase in temperature approximately 
doubles the reaction rate, which in turn decreases the amount of enzyme needed. To 
some extent, this rule holds true for all enzymatic reactions but after a certain point, 
however, an increase in temperature causes a decrease in reaction rate due to denatura-
tion of the protein structure and disruption of the actives site (Vieille and Zeikaus, 2001).  
Another important advantage of thermostable enzymes in enzyme production and puri-
fication is that it is easier to purify by heat treatment. Moreover some thermostable en-
zymes display decreased activity at lower temperature and this can be exploited by just 
cooling the reaction that results in inactivation of the enzyme, thus terminating or reduc-
ing the reaction (Synowiecki, 2010). The discovery of extremophilic microorganisms and 
their enzymes had a great impact on the field of biocatalysis. Thermostable enzymes are 
produced by both thermophilic and mesophilic organisms (Viikari et al, 2007). Industri-
ally produced thermostable cellulases and xylanases belong to the most efficient micro-
bial groups in the degradation of lignocellulosic biomass (Maki et al., 2009).  The ther-
mophilic proteins produced in a mesophilic host are able to maintain their thermostabil-
ity, be correctly folded and not become hydrolysed by the host proteases, and addition-
ally, the enzyme purity is generally adequate for the industrial applications (Turner et 
al., 2007).  

Comparison studies between the mesophilic and thermophilic enzymes have revealed 
significant differences between them. Several researchers elucidated the factors like hy-
drophobicity, salt bridges, packing density, number of disulphide bonds, strength of elec-
trostatic interactions, length of surface loops, conformational rigidity, amino acid cou-
pling patterns and local structural entropy are associated with the thermal stability 
(Vieille and Zeikaus, 2001). These factors not only provide information about resistance 
to thermal denaturation and inactivation of proteins but also reveal the challenges in the 
development of thermostable proteins. By introducing mutations to modify these factors, 
thermostability of the enzymes of interest could be modified.  

Hydrolysis of lignocellulosic materials at high temperature with thermostable and ex-
tremophilic enzymes offers many potential advantages like increased solubility of reac-
tants, reduced enzyme amount, shorter hydrolysis time, and decreased cost of cooling 
after pretreatment (Hämäläinen et al., 2015; Taylor et al., 2009; Viikari et al., 2007; 
Zhang et al., 2011:BB).  

 
1.1.8. Thermostability of GH10 xylanases  

 
A variety of bacteria and fungi produce thermophilic GH10 xylanases, like for example, 
Malbranchea flava, Thermoascus aurantiacus, Penicillium funiclosum (Lee et al., 2007; 
Zhang et al., 2011:BB). Bacterial xylanases producers are e.g. from the families Bacillus, 
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Geobacillus, Thermotoga, Acidothermus, Thermoanaerobacterium, Actinomadura, Al-
icyclobacillus and Enterobacter (Beg et al., 2001; Sharma and Kumar, 2013). Bacterial 
thermophilic xylanases are preferred for lignocellulosic biomass hydrolysis over fungal 
xylanases because of their higher optimum temperature and wider pH activity region 
(Shrinivas et al., 2010; Yeoman et al., 2010).  Hyperthermophilic xylanases from Ther-
motoga, Dictyoglomus, Sulfolobus, Pyrococcus and Pyrodictium were isolated with op-
timal temperatures at or above 90°C (Viikari et al., 2007). Thermophilic and alkalophilic 
xylanases from thermophilic fungi such as Chaetomium thermophilum, Humicola in-
solens, Melanocarpus sp., Malbranchea sp. and Thermoascus aurantiacus have proved 
their efficiency in assisting pulp bleaching (Ghatora et al., 2006).  Winterhalter and Liebl 
(1995) identified two thermostable GH10 xylanases from Thermotoga maritima with 
optimum temperatures at 90-100°C. GH10 xylanase from T. maritima xylanase has its 
temperature optimum at 100°C and can remain active at 105°C in a 30-min assay (Yu et 
al., 2016). GH10 xylanase that has an optimum temperature above 100°C was identified 
from T. neopolitana by Zverlov et al. (1996). Among the extremophilic xylanases identi-
fied till date, the xylanase from Thermotoga sp. strain FjSS3-B1 is the most hyperther-
mophilic xylanase, with an optimal temperature of 115°C (Yu et al., 2016). 

Comparative structure analysis of mesophilic and thermophilic xylanases highlighted 
the subtle sequence and structural modifications that may give rise to significant ther-
mostability differences (Collins et al., 2005; Hakulinen et al., 2003). It has been found 
that the approaches aimed to increase the thermostability of xylanases, in many in-
stances, also increase the alkali stability (Kumar et al., 2016). The TIM barrel i.e. (α/β)8 
barrel, has been found in about 10% of enzymes, including GH10 xylanases, and has often 
been engineered for improved thermostability. The residues in the hydrophobic clusters 
and their long range interactions are crucial for stabilizing the TIM barrel fold of ther-
mophilic GH10 xylanases (Lo Leggio et al., 1999; Xie et al., 2006).  

Increased thermal activity can be achieved by the stabilization of N- and C- terminal 
regions of the enzyme, a better packing through hydrophobic contacts or hydrogen bonds 
and increased rigidity through the introduction of proline and glutamate residues 
(Bhardwaj et al., 2008, 2012; Kamondi et al., 2008; Kumar et al., 2016; Liu et al., 2011; 
Song et al., 2015; Wang et al., 2014). In addition, the introduction of new disulphide 
bonds increased the thermostability (Andrews et al., 2004). Filling the hydrophobic cav-
ities by introducing additional hydrogen bonds or aromatic residues, to improve thermo-
stability by tight packing of enzyme was also demonstrated in various studies (Gallardo 
et al., 2010; Song et al., 2015; Xie et al., 2006), however,  improvement of  the thermo-
stability of this enzyme group may not be a major target. The major goal of thermosta-
bility engineering is to secure the high enzyme activity also at low temperatures and to 
secure high thermostability. Whether it is better strategy to increase the thermostability 
of highly active low temperature enzymes or increase the activity of hyperthermostable 
enzymes probably depends on the individual properties of the enzymes, including ex-
pression level in the production host. 
 
1.1.8.1. T. flexuosa and T. aurantiacus GH10 xylanase  
   
TfXYN10A is a thermophilic GH10 xylanase produced by a thermophilic actinomycete 
Thermopolyspora flexuosa. This actinomycete produce both GH10 and GH11 xylanases 
with high thermostability (Leskinen et al., 2005; Li and Turunen, 2015; Zhang et al., 
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2013). The optimum temperature for the GH10 xylanase activity is between 70 and 80°C 
with optimum pH at 7. TfXYN10A has a C-terminal family 13 carbohydrate binding mod-
ule connected by a loop to the catalytic domain.  This CBM could be a cellulose binding 
domain (CBD) or xylan binding domain (XBD). XBD generally increase the activity 
against insoluble xylan (Matsuzawa et al., 2016), though it binds also with soluble xylans 
(Liu et al., 2015).  

Thermoascus aurantiacus is a promising fungal species for the production of a ther-
mophilic enzyme cocktail for lignocellulose deconstruction (McClendon et al., 2012). Xy-
lanases from this organism have half-life of 41–88 min at 80°C (Zhang et al., 2011; BB). 
The long calcium binding loop that initiates the unwinding of the protein structure in 
other GH10 xylanase is absent in T. aurantiacus GH10 xylanase (Zhang et al., 2011; BB). 
This xylanase has a very compact structure and its βα-loops are similar or shorter in 
length than in most other structures solved for GH10 xylanases (Paper 2). The GH10 
xylanase of T. aurantiacus can interact with xylan that have sugar chain side groups, via 
extended network of direct and indirect hydrogen bonds. Thus, the removal of side chain 
groups, which is a pre-requisite for the efficient hydrolysis of xylan, can be achieved by 
T. aurantiacus GH10 xylanases (Vardakou et al., 2005). 
 
1.1.9. Industrial applications of xylanases 

 
Xylanases have been characterized as one of the most industrially important enzyme 
group (Collins et al., 2005; Haki and Rakshit, 2003). Xylanases play significant roles in 
many industrial applications from pulp and paper industry, food and beverage industry 
and textile industry to animal feed industry. Playing a significant role in different sectors 
of enzyme markets, xylanases are used either together with other industrial enzymes or 
sometimes it is the only added enzyme in the process. Increasing the bleachability of the 
kraft pulps is the most promising utilization of xylanases. Recently, use of xylanases in 
lignocellulose biomass conversion has gained attention in biorefinery. Xylanases are ap-
plied in textile industry in the production of rayon, cellophane and cellulose esters and 
cellulose ethers, where the pulp is dissolved and the cellulose fibres are purified from 
other carbohydrates (Subramaniyan and Prema, 2002). Xylanase were used in the ani-
mal feed preparation initially in the 1980s and later used in food, textile, paper and 
chemical industries. Xylanases along with cellulases and pectinases accounts for 20% of 
the world enzyme market (Polizeli et al., 2005). 
 
1.1.9.1. Pulp and paper industry 

 
Studies of Viikari et al. in the year of 1986 about applying xylanases in the bleaching of 
the pulp offered a milestone in xylanases research. Bio-bleaching became an important 
use of xylanases and gained attention as a way to reduce the use of toxic chlorine chemi-
cals (Kumar et al., 2016). Bleaching with enzymes or whole microorganisms is called bi-
obleaching and treatment with xylanases increase the extractability of lignin from the 
kraft pulps in the subsequent bleaching techniques (Suurnakki et al., 1997; Yin et al., 
2015). Application of xylanases in biobleaching reduces the chlorine requirement by 
about 10–50% (Kumar et al., 2016). Along with cost reduction, the use of xylanase also 
enhances the paper quality. Hexenuronic acid produced from the sidechain group of xy-
lan during alkaline cooking contributes to reduced kappa number and pulp yellowing 
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(Roncero et al., 2003) and the xylanase treatment results in the discharge of hexenuronic 
acid, consequently, increasing pulp brightness (Kumar et al., 2016).   

The mechanism by which xylanases assist the bleaching is not fully understood. Xy-
lanase does not bleach the pulp, instead it changes the pulp structure. Few possible hy-
pothesis exist for describing the mechanism. One is, xylanases depolymerize the hemi-
cellulose precipitated during the cooking of wood chips on the cellulose fibre. The pre-
cipitated, less soluble xylan physically entraps the lignin and influence the fibre swelling, 
and thus hinders the removal of lignin by the bleaching agent (Gangwar et al., 2014). 
Experiments proposed a hypothesis that xylanase removes the chromophores associated 
with the carbohydrates (Chapla et al., 2012). However, the cleavage of carbohydrate-lig-
nin complex to separate the carbohydrate and facilitate the removal of smaller lignin 
molecules, which are responsible for the brown colour, is also a plausible mechanism 
(Viikari et al., 1994). Apparently, the main theory is, by hydrolysing the xylan, which is 
precipitated on the cellulose fibres, xylanases are making holes in the pulp structure that 
enhance the access of bleaching chemicals to lignin (Lei et al., 2008). At present, biolog-
ical bleaching of pulp has been achieved mainly by lignolytic and hemicellulolytic en-
zymes (Iqbal et al., 2013).  

 Several studies have highlighted the high temperatures (>50°C) employed in indus-
trial bio-bleaching process (Dedhiya et al., 2014). Thus, an interesting xylanase from the 
industrial point of view should be very thermostable and remain active preferably at al-
kaline pH. In order to avoid the cellulose hydrolysis by hemicellulases, the enzymes used 
in these processes should lack cellulolytic activity. They should also be of low molecular 
mass in order to diffuse well in the pulp fibres and be easy to obtain at low cost (Mamo 
et al., 2006). GH11 xylanases have small size but GH10 xylanases also have been shown 
to function in pulp bleaching. Studies suggested that the GH10 xylanases had broader 
catalytic specificity and that this enzyme might prove to be a better candidate for enhanc-
ing the hydrolysis of more realistic biomass substrates (Gao et al., 2011; Hu et al., 2013).  
Thermostable and alkaline-active xylanases have been found from Chaetomium ther-
mophilum, Humicola insolens, Melanocarpus sp., Malbranchea sp and Thermoascus 
aurantiacus, and they have proved their efficiency in pulp biobleaching (Ghatora et al., 
2006). Today about 10% of all kraft pulp is manufactured with xylanase prebleaching. 
AB enzymes, DuPont and Novozymes are among the globally leading xylanase enzyme 
suppliers (Bajpai, 2015). 

 
1.1.9.2. Enzymatic lignocellulose  hydrolysis 

 
The microbial conversion of the hemicellulose fraction to monomeric sugars is also es-
sential to increase the yield of monosaccharides from lignocellulosic material (LCM). 
Hemicellulose consists almost one third of the LCM and the profitable use of hemicellu-
lose fraction is important for economical production of bioethanol from lignocellulose 
(Girio et al., 2010). During the decomposition of lignocellulosic material, it must be con-
sidered that D-xylose is the second important sugar which has to be broken down as is 
found in high portion in the feedstock (Achinas and Euverink, 2016).  

The residual hemicellulose (present on the cellulose surface as well as diffused 
through fibre pores) after the pretreatment is known to limit the hydrolysis of cellulose 
by acting as a physical barrier that limits the accessibility of cellulose by cellulase en-
zymes (Zhao et al., 2012). The hemicellulose degrading enzyme activities found in most 
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of the commercial cellulase mixtures was earlier critically low to achieve significant hy-
drolysis of the residual hemicellulose (Berlin et al., 2007). Therfore, supplementation of 
the cellulose enzyme with xylanases is the practical solution to increase the overall fer-
mentable sugar yield from pretreated LCM (Hu et al., 2015; Kumar and Wyman, 2009). 
Xylooligosaccharides are strong inhibitors of cellulases and can adversely affect the over-
all hydrolysis of the LCM (Qing et al., 2010) and this inhibition can be overcome by xy-
lanase supplementation (Qing and Wyman, 2011). Altogether, addition of xylanases re-
duces the cellulase loading as well as the enzyme cost required to achieve the targeted 
glucan hydrolysis yield from the cellulose (Hu et al., 2011; Inoue et al., 2014). The rate 
limiting step during hydrolysis is not the catalytic cleavage of the cellulose chain but ra-
ther the limited accessibility of the enzymes to cellulose chains due to the physical struc-
ture of the cellulose substrate (Arantes and Saddler, 2011).  Based on the protein loading, 
the optimal ratio of the lignocellulose hydrolysing enzymes in the commercial cellulose 
mixture are roughly CBHI 50–60%; CBHII 10–30%; EG 10–30%; xylanases 5–10% and 
less than 1% β-glucosidases (Viikari et al., 2012). 

The reports from Novozymes (http://www.bioenergy.novozymes.com/en/cellulosic-
ethanol/Cellic-HTec3/Documents/CE_APP_Cellic_Ctec3.pdf) describe their advanced 
Cellic CTec3 cellulase cocktail for competent cellulosic ethanol production. This cellulase 
and hemicellulase commercial mixture has an enzyme mixture obtained by screening of 
new enzymes and protein engineering, and the enzyme mixture contains proficient cel-
lulases with “proprietary enzyme activities” that includes advanced GH61 protein, im-
proved β-glucosidases and a new array of hemicellulase activities. The GH61 enzymes 
are oxido-reductases that target crystalline cellulose and increase its accessibility to cel-
lulases (Wilson, 2012). Based on the very weak endo-1,4-beta-D-glucanase activity in one 
family member, these enzymes were originally classified as GH61.  Recently GH61 en-
zymes have been shown to be copper-dependent lytic polysaccharide monooxygenases 
(LPMO) and are reclassified into Auxillary Activity Family 9 (AA9) in CAZypedia (Le-
vasseur et al., 2013). The LPMO catalyses the oxidative cleavage of cellulose using low 
molecular weight reducing agents and the action is strongly potentiated when combined 
with cellobiose dehydrogenase. The strong oxidative mechanism of LPMO could allow 
oxidation at the surface of a crystalline cellulose microfibril while traditional cellulases 
require the presence of loose, isolated substrate chain in the active site cleft or tunnel in 
order to perform cleavage. Therefore LPMOs are essential oxidative enzymes, boosting 
the enzymatic conversion of recalcitrant polysaccharides (Levasseur et al., 2013). This 
Cellic CTec3 commercial cellulase mixture increases the conversion efficiency by at least 
1.5 times over their previous cellulose cocktail Cellic CTec 2, and reduces the enzyme 
dosage by 5 times. The Cellic CTec3 enzyme mixture has proven its effect on a wide vari-
ety of pretreated feedstock types including corn stover, corncob, corn fibre, wheat straw, 
sugarcane bagasse, wood pulp and municipal solid waste (Novozyme report). 

 
1.1.9.3. Xylanases in feed industry 

 
Xylanase is one of the main enzymes hydrolysing non-starch polysaccharides (NSP) in 
the current global feed enzyme markets. Xylanases along with beta-glucanases help to 
digest the NSPs in the digestive tract of animals. Xylanase supplementation in wheat 
based diets reduces the viscosity caused by the arabinoxylan in the intestine, thus in-
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creasing the nutrient absorption and feed conversion rate, which result in improved an-
imal performance and weight gain (Zhang et al., 2014). In addition, xylanases have a 
positive influence on the nutritive value of feed through the release of oligosaccharides 
that have prebiotic effect (Pedersen et al., 2015).  

With regard to feed application, only a partial hydrolysis of xylan is needed for viscos-
ity reduction, and hence xylanase enzyme supplementation alone is effective. Simultane-
oulsy, by improving ruminant feed digestibility, xylanases facilitate composting (Dhiman 
et al., 2008). GH11 xylanases are more susceptible for inhibition by native xylanase in-
hibitors from cereals than GH10 xylanases (Sharma and Kumar, 2013). Regarding feed 
and food applications, it would be beneficial to add xylanases that are resistant to xy-
lanase inhibitors. One of the major targets for the xylanase in feed application has been 
towards more thermotolerant enzymes that can resist higher temperatures used in the 
pelleting of feed (Paloheimo et al., 2010). The feed reaches temperature between 60°C to 
90°C during pelleting for 30 s to 15 min (Amerah et al., 2011). Thermostable xylanases 
active at acidic conditions increase the digestability of the enzyme treated cereals and 
seeds after oil extraction (Jutru and Wu, 2012).  

 
1.1.9.4. Other industrial applications of xylanases 

 
1. In food industry, xylanases together with pectinase, carboxymethylcellulase and 

amylase are used in the clarification of juices and they may also improve the extraction 
of coffee, plant oils and starch. Xylanases improve the extraction of fermentable sugars 
from barley, therefore they are useful in making beer, simultaneously reduce the viscos-
ity and improve the filterability of beer (Harris and Ramalingam, 2010). 

2. In baking industry, xylanases have been used as an ingredient in dough making 
during bread preparations to improve bread quality by increasing the specific volume, 
colour and crumb structure of bread, shelf life, dough machinability and stability of bread 
(Butt et al., 2008; Sharma and Kumar, 2013). 

3. Xylanases were mixed with detergent for effective removal of plant based stains 
(Collins et al., 2005) and patents were claimed on the use of xylanases in detergents 
(Baeck et al., 1998; Herbots et al., 1998). 

4. Xylooligosaccharides (XOS) produced by xylanases show potential applications in 
variety of fields, including use as pharmaceuticals, in feed formulations, agriculture pur-
poses and food applications. XOS have prebiotic function that improves the intestinal 
function of the biological availability of calcium as a dietary supplement, and it reduces 
the risk of colon cancer (Motta et al., 2013). As a food ingredient, xylooligosaccharide is 
non-carcinogenic and has low-calorie value and hence can be used in anti-obesity diets, 
and are used in low pH juices and carbonated drinks (Sharma and Kumar, 2013). How-
ever, to date, well-controlled animal and human feeding studies that confirm the prebi-
otic activity of XOS are still scarce. Eventhough XOS is promising in multiple aspects, 
more research is required before it can conclusively be claimed as prebiotics (Meyer et 
al., 2015) 

5. Xylitol, a five carbon sugar alcohol, used as a natural food sweetener is produced 
from xylose. The aqueous phase obtained from chemical pretreatment of LCM was con-
verted to xylose by endo-xylanase and then hydrogenated to xylitol (Polizeli et al., 2005). 
The impurities present in the aqueous phase did not inhibit the enzyme activity and the 
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process for the production of xylitol from lignocellulosic raw materials was patented by 
Sinner et al. (1988).  

6. Xylose can be converted into many platform molecules by fermentation or chemical 
treatment, like dehydration products, reduced sugars and anhydrosugars. Xylose could 
be applied to the formation of furfural, which is a platform molecule with the largest 
global production from lignocellulose. Furfural has a potential to lead to a diverse set of 
higher-value chemicals such as 2-methyltetrahydrofuran, ethyl levulinate, levulinic acid, 
itaconic acid and furoic acid (Dutta et al., 2012; Moller and Schroder, 2013). 

 
1.2. Ionic liquids in lignocellulosic biomass hydrolysis  

1.2.1. Ionic liquids 

Liquid phase organic salts or ionic liquids (ILs) are organic salts with a melting point 
below 100°C (Pinkert et al., 2009). Diverse from the traditional solvents, ILs are com-
posed entirely of bulky asymmetric organic cations (most often an alkyl-substituted im-
idazolium or a pyridinium or a quarternary ammonium ion) and smaller inorganic ani-
ons. They are liquids at ambient or far below ambient temperatures and have therefore 
received large attention as non-volatile reaction medium. The crucial property of the ILs 
that establishes the use of them is, their capability of forming a wide range of intermo-
lecular interactions such as dipolar, hydrogen bonding, dispersive and ionic, hence, 
many compounds are significantly soluble in ILs.  

  
 

 
 

Figure 6. Some of the tuneable ionic liquid properties, which may be exploited in bio-
mass processing. (Figure is reproduced from Stark, 2011). 
 

The dissolving capacity of the cellulose depends primarily on the hydrogen bonding 
ability of the IL anions, but the hydrophobic part of ILs also has a role (Isik et al., 2014; 
Carrera et al., 2015). Because of their negligible vapour pressure and nonflammable na-
ture, they are not readily lost to the environment, hence recyclable and this can be one 
reason for them being called as “green solvents” (Moniruzzaman et al., 2010; Pinkert et 
al., 2009). Along with their greener aspects, ILs possess many unique and interesting 
physiochemical properties including phenominal solvating potential, excellent chemical 
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and thermal stability (Peleteiro et al., 2015). ILs present an ideal reaction system for 
chemical and biochemical reactions due to their ability to dissolve a wide range of differ-
ent substances including polar and nonpolar, organic, inorganic and polymeric com-
pounds. Fig.6 explains some of the pragmatic properties of the ILs. 

Based on the solubility in water, ILs can be classified into hydrophobic (water immis-
cible) and hydrophilic (water miscible) ILs. In addition, the physicochemical properties 
such as viscosity, hydrophobicity, density and solubility of ILs can be tuned by simply 
selecting different combinations of cation types and anions as well as the attached sub-
stituents to customize ILs for specific demands. Thus they are often referred as “designer 
solvents” and has great focus on various fields for different applications (Zhao et al., 
2008). Over the past decade, ILs have already been more employed as substitutes for the 
traditional organic solvents in chemical reactions (Garcia-Verdugo et al., 2015). Numer-
ous reviews about ILs and their characteristics were produced by various authors in re-
cent years (Abu-Eishah, 2015; Ghandi, 2014; Kilpeläinen et al., 2007; Leskinen et al., 
2014; Mäki-Arvela et al., 2010; Olivier-Bourbigou et al., 2010; Pinkert et al., 2009; van 
Rantjawick and Sheldon, 2007; Yang and Pan, 2005; Zhao, 2010).  

Though ILs pave way to greener pre-treatment technologies, their environmental risk 
needs further study. The toxicity of the ILs is mainly attributed to the alkyl chain and the 
toxicity of imidazolium and pyridinium ILs increases with their chain length due to an 
increase in lipophilicity (Pinkert et al., 2009). The cation dominates the toxic effect of 
ILs, though anions also exert trivial influence (Pinkert et al., 2009). Although ILs can be 
applied as solvents and catalysts, they cannot necessarily be always considered as green 
solvents, because of their low biodegradability and high toxicological properties (Bubalo 
et al., 2014). The reputation of ionic liquids as “environmental friendly” chemicals is, 
primarily based on their negligible vapour pressure (Pinkert et al., 2009). Depending on 
the cation and anion combinations, it is possible to develop non-toxic and biodegradable 
ILs (Bubalo et al., 2014). 

 
1.2.2. Activity and stability of enzymes in ionic liquids 

 
The use of enzymes in ILs has presented many advantages like high conversion rates, 
high selectivity and better enzyme stability as well as better recoverability and recycla-
bility (Moniruzzaman et al., 2010). The first report on an enzyme catalysed reaction us-
ing IL as a medium was published by Magnuson et al. in the year 1984. In 2000, Russel 
et al. reported their studies on enzymes with ILs (Erbeldinger et al., 2000). After their 
work, several enzymes have been tested for their catalytic efficiency in ILs including li-
pases, alcohol dehydrogenases, proteases and oxidoreductases. Several reviews docu-
menting the enzyme catalysed reactions in ionic liquids and their advances are available. 
Few examples are, Moniruzzaman et al. (2010), van Rantwijk and Sheldon (2007) and 
Yang and Pan (2005). 

ILs can be used in biocatalytic processes in three different types of solvents, as pure 
solvent, as co-solvent, and in a biphasic system (Tavares et al., 2013). Typical character-
istics of ILs like high polarity, hydrophobicity or viscosity can play a vital role in the en-
zyme activity and stability and they can be tuned by appropriate selection of anions and 
cations. In enzymatic reactions, IL plays the same role as an organic solvent, affecting 
the enzyme performance by (1) stripping the essential water associated with the enzyme 
(2) penetrating into the micro-aqueous phase to interact with the enzyme by changing 
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the protein’s conformation and/or active site (3) interacting with the substrates and 
products directly or by reacting with them (Yang, 2009). Water immiscible (hydropho-
bic) ILs have been shown to be excellent nonaqueous media for enzyme-catalysed reac-
tions (Moon et al., 2006) and the enzyme is practically suspended rather than dissolved 
in the hydrophobic media. Though water miscible (hydrophilic) ILs in 100% concentra-
tion inactivate the enzymes by removing enzyme bound water, which is crucial to main-
tain the enzyme structure (Tavares et al., 2013), they can be used also as water-IL mix-
tures.  

In aqueous solutions, ILs dissociate into individual ions rather than exist as molecular 
cation-anion complex. The ion kosmotropicity (Hofmeister series) is important in inter-
preting the enzyme behaviour in ILs. Kosmotropic (order-making) anions and cha-
otropic (disrupts the hydrogen bonding network between water molecules) cations sta-
bilize the enzyme whereas the reverse destabilize the enzyme (Ha and Koo, 2011; Yang, 
2009). The presence of these ions play an important role in affecting the enzyme perfor-
mance in ILs, by direct interaction with the enzyme molecule and /or by modifying the 
microenvironment around the enzyme molecule, especially by the H-bonding specificity 
of anions (Moniruzzaman et al., 2010). ILs are more viscous than the conventional or-
ganic solvents thus limiting the mass transfer in enzyme reactions. In low concentrations 
of ILs the viscosity does not necessarily change (Paper 2; Zhao et al., 2012).  

 Dilution of the reaction medium with water recovers the enzyme conformation in ILs 
and results in increased enzyme activity (Zhao, 2010). Finding ILs that can dissolve the 
enzymes without inactivating them is of emerging interest. Therfore, the enzyme disso-
lution in ILs is not a definite indication of enzyme denaturation. Modifying the enzymes 
(immobilization) and modifying the solvent environments (coating enzymes with ILs, 
use of additives, water) are methods to stabilize and activate enzymes in ILs (Zhao et al., 
2010). It is worth noting that the impact of ILs on enzyme performance may be the result 
of numerous, complex interactions between the enzyme, IL, water, substrate, product 
and the buffer systems. Hence specifying a single parameter for the enzyme performance 
in ILs may not be possible (Zhao, 2016).  

 
1.2.3. Cellulose dissolution in ionic liquids  
 
The use of ILs in cellulose dissolution dates back to 1934, when Graenacher first pro-
posed the dissolution of cellulose in molten N-ethylpyridinium chloride, in the presence 
of nitrogen containing bases. At that time it was regarded as novelty with little practice 
but after the introduction of water stable dialkyimidazolium ILs, the IL chemistry was 
constantly thriving and the number of papers on ILs accelerated after 2000.  Swatloski 
et al. (2002) demonstrated the dissolution of cellulose in nonderivitizing solvents and 
reintroduced the concept of ILs as potential solvents for cellulose. Solvents capable of 
dissolving cellulose without prior chemical modification are described as nonderivitizing 
solvents (Sen et al., 2012) 

In cellulose dissolution, the anions of the ionic liquids provide a stochiometric amount 
of hydrogen bonding to the hydroxyl group of the cellulose molecules and deconstruct 
the inter- and intramolecular hydrogen bonds that stabilize the cellulose (Pinkert et al., 
2009; Sen et al., 2012).  The anions of the ionic liquids play the key role in cellulose dis-
solution and the dissolution ability of cellulose escalates with the increase in the hydro-
gen bond-accepting ability of the anion (Remsing et al., 2006; Wang et al., 2011). Earlier, 
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the role of IL cations was not clear because of the bulky size of cations, but now it is 
postulated that a weak hydrogen bond formation exists between cellulose and IL cations 
(Minnick et al., 2016). Recent studies have shown that not only the structure of the anion 
is important but also the structure of the cation is relatively significant in the solvation 
process. Thus acidic protons on the heterocyclic rings increase the solubility substantially 
by forming hydrogen bonds with hydroxyl and ether oxygen of cellulose (Isik et al., 2014; 
Li et al., 2015). Recent studies demonstrated the concerted action of anions and cations 
on the hydrophilic and hydrophobic surface of the cellulose. Cations stack preferably on 
the hydrophobic cellulose surface by non-polar interactions and this stacking interaction 
between solvent cation rings and the cellulose pyranose rings can compensate the inter-
action between stacked cellulose layers, thus stabilizing detached cellulose chains. Dur-
ing the dissolution, the IL cations interacts with the top and bottom surfaces of cellulose 
through dispersion forces and hydrogen-bonds between the oxygen atoms in the glyco-
sidic bonds and hydroxyl groups of cellulose. This replaces the stacking interactions be-
tween the sheets in crystalline cellulose. The anion co-ordinates the equatorial hydroxyl 
groups, separating the strands from their lateral neighbours (Brant et al., 2013; Mosto-
fian et al., 2014). 

Aromatic cations are more potent than their aliphatic counterparts (Sen et al., 2012). 
The weaker interaction between cation and anion in aromatic cations, because of the 
charge delocalization, allows the anion more efficiently to participate in the hydrogen 
bond formation with the –OH group of cellulose. IL with relatively small non-coordinat-
ing cation and small hydrogen bonding anion is suitable for treating cellulose strands 
having a hydrogen-bonding periphery but relatively hydrophobic top and bottom sur-
faces. Chlorine containing ILs emerge as most effective solvents than other non coordi-
nating anions containing ILs (Swatloski et al., 2002).  Fig. 7 represents few of the most 
studied cellulose dissolving ILs. 

 

 
 

Figure 7. The most studied cellulose-dissolving imidazolium-based ILs: 1-butyl-3-me-
thylimidazolium chloride ([BMIM]Cl), 1-allyl-3-methylimidazolium chloride 
([AMIM]Cl), 1,3-dimethylimidazolium dimethylphosphate ([DMIM]DMP) and 1-ethyl-
3-methylimidazolium acetate ([EMIM]OAc). (Figure is reproduced from Wahlström, 
2014). 
 

In viscose making process, the cellulose dissolution process with ILs is easier to oper-
ate, less energy demanding and more environmental friendly than the current commer-
cial dissolution processes such as the viscose method and NMMO process (Sixta et al., 
2015). As summarized by the previous works, cellulose dissolving ILs usually contain 
anions of chloride, formate, acetate, or alkylphosphonate because of their strong hydro-
gen bond forming ability with cellulose and other carbohydrates (Remsing et al., 2006; 
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Youngs et al., 2007). In general, acetate based ILs are less viscous than chloride based 
and more thermostable than formate ILs (Fukaya et al., 2008; Zhao et al., 2008) and are 
eminent hydrogen bond formers (Guo et al., 2008). 

Cellulose dissolution is very sensitive to the presence of water and the cellulose in the 
IL after dissolution can be recovered by precipitating with the addition of water, ethanol 
or acetone (Swatloski et al., 2002). The regenerated cellulose has significant morpholog-
ical changes, but remains the same in the degree of polymerization and polydispersity. 
The microfibrils are fused into a relatively homogenous macrostructure and by altering 
the regeneration processes it can be obtained as powder, tube, board, fibre or film. The 
regeneration processes also have an impact on the regenerated cellulose microstructure. 
Hence, the crystallinity and amorphous degree can be adjusted with different regenera-
tion processes. The cellulose regenerated from ILs was found to be amorphous and po-
rous and are more prone to degradation by cellulases (Sun et al., 2016). The ILs can be 
recovered after regeneration process by various methods like evaporation, ion exchange, 
pervaporation, reverse osmosis and salting out (Agbor et al., 2011). Sixta and his group 
materialized the idea of complete cellulose dissolution and regeneration of cellulose fi-
bres in the Ioncell-F process that resulted in higher fibre yield and better strength prop-
erties that makes them interesting in textile applications (Sixta et al., 2015).  

 
1.2.4. Xylan dissolution in ionic liquids 

 
Mechanism of hemicellulose dissolution in ILs is almost similar to cellulose dissolution 
mechanism (Lindman et al., 2010). Studies on degradation of hemicellulose in ILs are 
relatively few. Xylan in the lignocellulosic biomass, was dissolved by [EMIM]Cl in the 
study of Dee and Bell (2011) and they found that the rate of hemicellulose dissolution 
was approximately 1.4 times faster than that of cellulose dissolution. In Enslow and Bell 
(2012) study, the initial rate constant of xylan dissolution by IL was 8 times higher on 
average than cellulose dissolution under similar reaction conditions over the tempera-
ture range of 80–100°C. Consequently, most studies reported reduced lignin and hemi-
cellulose content after pre-treatment with ILs and the hemicellulose removal by IL varies 
from 0–83% (Brant et al., 2013).  Upto 62% of the hemicellulose content was removed 
from Spruce by selective extraction with switchable ILs (Anugwom et al., 2012).  

Less extensive delignification and hemicellulose removal was reported with IL treat-
ment for softwood LCM. The overall trend is that higher temperature or longer incuba-
tion time results in higher lignin and hemicellulose removal. Results from IL pretreat-
ment studies have shown that the cellulose recovery after regeneration is high, but con-
siderable amount of ILs are trapped in the regenerated material (Xia et al., 2014). Kamiya 
et al. (2008) proposed one-pot procedure, in which the pretreatment and enzymatic hy-
drolysis are carried out without removing the IL between the steps. This is cost effective 
and will overcome the drawbacks like viscosity of the solution, and excessive washing 
required to remove the IL. In one-pot procedure, residual ILs could remain in the hy-
drolysis reaction after pretreatment and regeneration. Xylanases that remain active in 
the presence of ILs could be beneficial in this type of biomass treatments having residual 
ILs. 

 
 
 



1. Introduction  

25 
 

1.2.5. Pretreatment of lignocellulose in ionic liquids 
 

“Pretreatment” is the term used for the physical, biological, chemical or physico-
chemical process of deconstructing the cell wall matrix to remove or alter the lignin 
and hemicellulose structures (Anugwom et al., 2012). The ability of ILs to effectively 
dissolve the highly crystalline cellulose (Swatloski et al., 2002) and the observations 
made by various research groups reveals that both [BMIM]Cl and [AMIM]Cl were able 
to dissolve different types of lignin (Pu et al., 2007), prompted to examine the dissolution 
of whole lignocellulosic biomass i.e. wood. In 2007, first attempts were made to dissolve 
the wood chips by two different research groups. Fort et al. (2007) demonstrated a partial 
dissolution of wood chips by [BMIM]Cl whereas Kilpeläinen et al. (2007), reported the 
complete dissolution of wood saw dust and thermomechanical wood pulp in [BMIM]Cl 
and [AMIM]Cl at temperatures ranging from 80–130°C. Further studies carried out by 
Singh et al. (2009) proved the efficiency of [EMIM]OAc in dissolving wood by swelling 
the cellulose and dissolving the lignin. Sun et al. (2009) reported the complete dissolu-
tion of wood particles and partial delignification in [EMIM]OAc.  
 

 
Figure 8. Schematic representation of the pre-treatment effect on lignocellulosic bio-
mass. Pre-treatment alters the physical and chemical structures of lignocellulosic mate-
rial, resulting in broken and exposed biomass, which makes the biodegradation of ligno-
celluloses more efficient. (Figure is reproduced from Mosier et al., 2005). 
 

Various studies demonstrated the efficiency of imidazolium based ILs in lignocellulo-
sic biomass dissolution (Lee et al., 2009; Wang et al., 2011; Xie and Shi, 2010; Zavrel et 
al., 2009). Among them, [EMIM]OAc is the most commonly used IL, owing to it’s effi-
ciency. First, the inter- and intra-molecular hydrogen bonds in wood can be efficiently 
disrupted by the stronger basicity of acetate anion. Second, the low melting point and 
low viscosity of [EMIM]OAc facilitate the dissolution of wood (Wang et al., 2010). The 
complete dissolution of wood in these ILs depends on the water content and particle size 
of the wood samples (Kilpeläinen et al., 2007).  Water hinders the dissolution of ligno-
cellulosic biomass in ILs. The complete biomass dissolution in ILs depends upon various 
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factors and the process should be optimized for specific biomass-IL combination. In gen-
eral, [BMIM]Cl, [AMIM]Cl, [EMIM]Cl and [EMIM]OAc demonstrated to be the most 
efficient and used ILs (da Costa Lopes et al., 2013).  

Complete enzymatic hydrolysis of native lignocellulose is hampered by the composi-
tional recalcitrance (presence of hemicellulose and lignin) as well as the physical prop-
erties of the cellulose (composition and cellulose crystallinity). Hence, pretreatment is a 
crucial step in biochemical conversion of lignocellulosic biomass to various end products 
(Yang et al., 2011). An efficient pretreatment step is crucial for production costs and 
downstream processing (Yang and Wyman, 2008). Pretreatment process aims at remov-
ing lignin and hemicellulose, and increasing the accessibility for enzymes by generating 
more amorphous regions of cellulose and increasing the reactivity of the polysaccharides 
without any major destruction of polysaccharides (Fig. 8).  

Dadi et al. reported that the regenerated cellulose from IL pretreatment, greatly in-
creased the enzymatic hydrolysis (Dadi et al., 2006) and the effect of IL pre-treatment 
was demonstrated by several other research groups (Brant et al., 2013; da Costa Lopes et 
al., 2013; Gräsvik et al., 2014). The patents on biomass pretreatment with ILs (Gurin, 
2007; Myllymäki and Askela, 2005; Swatloski et al., 2003) confirms the escalation of 
industrial interest. The efficiency of the IL pretreatment depends on the IL, type, size and 
load of the biomass, temperature and time of the pretreatment and precipitating solvent 
used. Though ideal pretreatment has emphasize on “no loss” of sugars from carbohy-
drates, experiments conducted by various authors resulted in small losses of carbohy-
drates after pretreatment (Torr et al., 2012). Depending on the IL used in the pretreat-
ment process, the amount of hemicellulose and lignin removed from the biomass varies 
widely. An advantage of ionic liquid pretreatment could be the recovery of separate hem-
icellulose and lignin fraction which could be converted to aromatic, value-added chemi-
cals (Anugwom et al., 2014; Brant et al., 2013).  

 
1.3. β-glucosidases 

 
Cellulosic polysaccharides are digested by the synergistic action of endo and exo acting 
enzymes that cleave the internal bonds of the polysaccharide randomly and act on chain 
ends, respectively, generating oligosaccharides or disaccharides. β-glucosidases hydro-
lyse oligomers and disaccharides to produce monomeric sugars (Gumerov et al., 2015). 
They are found in all domains of living organisms, where they play essential role in 
growth regulation. β-glucosidases have potential applications in various industrial pro-
cesses including the release of flavour components from flavour additives and the syn-
thesis of glucosylated compounds such as ginsenoside. β-glucosidases have drawn inten-
sive attention because of their critical role in the biological conversion of cellulose to glu-
cose (Sørensen et al., 2013; Yang et al., 2015).  
β-glucosidase, also known as β-D-glucoside glucohydrolase (EC 3.2.1.21), catalyses 

the hydrolysis of the β-glucosidic linkages of shortchain oligosaccharides formed of glu-
cose, especially the disaccharide cellobiose, with the release of glucose.  β-glucosidase 
enzyme activity decreases with increase in glucose chain length (Bhatia et al., 2002). 
Apart from the important role in the hydrolysis of cellulose, disaccharide hydrolysing 
enzymes are used in industrial applications including the hydrolysis of milk lactose by -
galactosidase (Singhania et al., 2013). β-glucosidases catalyse the hydrolysis of beta gly-
cosidic linkage between carbohydrate residues by retaining mechanism. Especially in 
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high substrate concentration, the reverse of hydrolysis i.e. the synthesis of glycosyl bond 
between different molecules (transglycosylation) can occur (Bhatia et al., 2002). In re-
cent years, interest in β-glucosidases has gained importance owing to their ability to cat-
alyse transglycosylation reactions (Singh et al., 2016; Uchiyama et al., 2013).  

Based on the importance in substrate specificity, β-glucosidases have been classified 
as (1) aryl β-glucosidases, which act on aryl-glucosides such as p-nitrophenyl-β-G-gluco-
pyranoside (pNPG), (2) true cellobiases, which is highly specific to cellobiose, (3) broad 
substrate specificity enzymes, which act on wide spectrum of substrates (SØrensen et al., 
2013). Most of the β-glucosidases characterized so far are placed in the last category. A 
classification based on substrate specificity sparsely accommodate enzymes that have 
multi-substrate specificity. The best accommodating and most accepted classification 
system is proposed by Henrissat (1991), based on the sequence and structural features. 
Further developments in the classification system was done based on sequence and fold-
ing similarities (hydrophobic cluster analysis, HCA) in the following years (Henrissat et 
al., 1998; Henrissat and Bairoch, 1996). The β-glucosidases are classified to either family 
1 or 3 of glycoside hydrolases, though these enzymes are found also in families 5, 9 and 
30 (Bairoch, 2000; Henrissat, 1991). Both families contain retaining enzymes that hy-
drolyse their substrates with net retention of the anomeric configuration that occurs via 
double-displacement mechanism. Family one contains plant, mammal and archaeal β-
glucosidases whereas family three contains bacterial, yeast and mould β-glucosidases. 

 
1.3.1. β-glucosidases in lignocellulosic biomass hydrolysis 

 
β-glucosidase completes the final step of cellulose hydrolysis by converting the cellobiose 
(an intermediate product of cellulose hydrolysis) to glucose. β-glucosidase functions as a 
rate-limiting factor in the hydrolysis for both endo- and exo glucanases, which are often 
inhibited by the accumulated cellobiose during the hydrolysis (Kont et al., 2013; Søren-
sen et al., 2013). The proportion of β-glucosidase is comparatively very low in most of 
the natural cellulases and this may lead to cellobiose accumulation and product inhibi-
tion. T. reesei is the efficient and widely used cellulolytic enzyme producer that lacks 
sufficient β-glucosidase for complete and efficient industrial cellulose hydrolysis 
(Dashtban and Qin, 2012). β-glucosidase from Aspergillus niger has been generally sup-
plemented to the cellulolytic cocktail of T. reesei (SØrensen et al., 2012) and addition of 
external thermostable β-glucosidases increases the performance of cellulases in lignocel-
lulosic biomass hydrolysis (Horn et al., 2012).  

Celluclast, a commercial enzyme, supplemented with β-glucosidase increased the sac-
charification yield upto 88.4% (Rani et al., 2015). Development of Trichoderma strain 
with the help of genetic engineering with improved β-glucosidase activity is another po-
tential option (Santos et al., 2016; Zhang et al., 2010). Consequently, genes responsible 
for the efficient and versatile β-glucosidase can be transferred to industrially robust or-
ganisms to enhance the saccharification of the lignocellulosic biomass. Teugjas and 
Väljamäe (2013) demonstrated that the strength of the product inhibition of cellulose 
enzymes decreased with increased temperature. Thermophilic β-glucosidases with lower 
product inhibition could be promising in lignocellulosic biomass hydrolysis (Sørensen et 
al., 2013). 
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1.3.2. End product inhibition and transglycosylation 
 
Accumulation of cellobiose and glucose during the biomass hydrolysis can significantly 
lower the rate of cellulose hydrolysis through inhibition by blocking the active site or 
preventing the hydrolysed substrate from leaving (Silveira and Skaf, 2015). Several au-
thors studied the product inhibition on cellobiohydrolase, Cel7A from T. reesei and the 
results have been conflicting with respect to the mechanism and degree of inhibition (Ol-
sen et al., 2016). In this case of product inhibition, inhibition severes during the course 
of reaction as more glucose is produced from cellobiose and not removed during the hy-
drolysis. This leads to the accumulation of cellobiose and oligosaccharides which further 
inhibits the endoglucanase and exoglucanase. This product inhibition is particularly det-
rimental in the enzymatic conversion of lignocellulosic biomass to glucose under the high 
substrate loading required for commercial manufacturing of biofuels, where high prod-
uct yield is necessary for an efficient process (Payne et al., 2015). β-glucosidase is decisive 
as product inhibition relieving enzymes but the activity is limited by it’s own product, 
glucose (Payne et al., 2015). High tolerance of β-glucosidase towards glucose is a critical 
factor for an efficient β-glucosidase. The product inhibition varies vastly for different β-
glucosidases, even within the same fungal species (SØrensen et al., 2013). 

A decrease in the final hydrolysis product (glucose) at high substrate concentration 
can also be caused by transglycosylation (reverse hydrolysis) that occurs simultaneously 
with hydrolysis (Uchiyama et al., 2013). Transglycosylation activity of -galactosidase is 
used in the synthesis of galacto-oligosaccharides that are used as food additives (Park 
and Oh, 2010). Though the transglycosylation activity of β-glucosidase is important in 
pharmaceutical and food industry, it is an unwanted activity in biomass hydrolysis. 
Transglycosylation activity is frequently reported for β-glucosidases, especially at high 
substrate concentrations (Bohlin et al., 2013). Replacing the aminoacids involved in 
transglycosylation could reduce the formation of oligosaccharides and increase the hy-
drolysis product formation (Frutuosa and Marana, 2013). 
 
1.3.3. Sulfolobus acidocaldarius β-glycosidases  

 
The crenarchael members of the order Sulfolobales are adapted to both high tempera-
tures and acidic conditions, a property so far only found in Archea but not in Bacteria. S. 
acidocaldarius is an aerobic thermoacidophilic crenarchaeon that grows optimally at 
80°C and pH 2 in terrestrial sulphataric springs. S. acidocaldarius was the first isolated 
and well established model strain for Archael domain (Jachlewski et al., 2015). Though 
the genome is 30% smaller than the physiologically versatile S. solfataricus, S. acidocal-
darius is genetically stable. The intracellular β-glucosidase (BGAL_SULAC) from this 
organism shows wide substrate specificity to β-glycosides and it hydrolyses cellobiose 
faster than lactose (Park et al., 2010). Among the nitrophenyl substrates, BGAL_SULAC 
shows highest activity towards o-nitrophenyl- β-D-fucopyranoside. For these reasons, β-
glucosidases of S. acidocaldarius has been called as β-glycosidase, although the 70% 
identical S. sulfataricus enzyme is called as β-glucosidase (Park et al., 2010). BGAL_SU-
LAC belongs to the family GH1 and it uses the retaining double displacement catalytic 
mechanism.  
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BGAL_SULAC enzyme could have potential use in biorefineries because of high hy-
drolytic activity towards cellobiose and high thermostability at acidic pH. However, be-
cause of being an intracellular enzyme, at least, it can be used as a model enzyme to study 
the required enzymatic properties. Introducing mutations close to the catalytic residues 
can be efficient approach to affect the catalytic properties of the enzyme (Bommarius et 
al., 2011; Karimäki et al., 2004; Morley and Kazlaukas, 2005; Santa et al., 2005). Nu-
merous studies have explored the molecular properties associated with the pH profile 
and engineering approaches for altering the pH properties of various enzymes in a de-
sired way (Joshi et al., 2000; Nielsen et al., 2001; Turunen et al., 2002). In this study an 
acidic amino acid, aspartic acid (Asp; D) and a polar aminoacid threonine (Thr; T) was 
introduced separately close to the acid/base catalyst of β-glycosidase and the effect of 
mutation was studied on the catalytic performance and pH activity. 



   

 

 

2. Aims of the work 

 
 
 
The overall goal of this work was to study the stability of GH10 xylanases from Ther-
mopolyspora flexuosa and Thermoascus aurantiacus in extreme conditions, such as 
high temperature and in the presence of biomass dissolving ionic liquids. Considering 
the industrial utilization of disaccharide hydrolysing enzymes, Sulfolobus acidocaldar-
ius β-glycosidase was studied as a model for improving the functional properties of the 
enzyme. Soluble xylan and pulp xylan were used as substrates for the hydrolysis in the 
presence of ionic liquids, in order to evaluate the efficiency of the enzymes in lignocellu-
losic dissolution and modification applications. 

More specifically the main aims of this work were 
 To study the roles of carbohydrate binding domain, glycosylation and polyhisti-

dine-tag in the temperature activity and stability as well as the role of substrate 
against thermal denaturation of Thermopolyspora flexuosa GH10 xylanase (1) 

 To study the effect of imidazolium-based ionic liquid [EMIM]OAc on GH10 xy-
lanase of Thermoascus aurantiacus and to characterize the temperature-de-
pendent and kinetic properties of T. aurantiacus xylanase (2) 

 To study the effect of active site mutations on hydrolysis pattern, pH activity, 
end-product inhibition and transglycosylation of Sulfolobus acidocaldarius β-
glycoside (3) 

 To study the effect of commonly used biomass dissolving ionic liquids on T. flex-
uosa GH10 xylanase and the role of substrate in the protection against tempera-
ture and ionic liquid-mediated inactivation (4) 



 

   

 

3. Materials and Methods 
 

 
 

This section presents the main experimental materials and techniques used in this study. 
 

3.1. Production of glycoside hydrolase enzymes 
 

The gene for the catalytic domain of Thermopolyspora flexuosa GH10 xylanase 
(TfXYN10A) was obtained from ROAL Oy (Rajamäki, Finland) and the catalytic domain 
was subcloned into pKKtac vector (provided by VTT) with and without 6xHis-tag (1 & 4).  
TfXYN10A was expressed in E. coli with secretion into periplasmic space by the Erwinia 
carotovora pectate lyase signal sequence of pKKtac. TfXYN10A with and without CBM 
was expressed in T. reesei also and were provided by ROAL Oy. TasXYN10A was pro-
duced from Thermoascus aurantiacus, which was isolated from Thailand soil sample 
and cultivated by solid state fermentation (2). 
 
 
 
 
 
 
Table 1. The mutation positions of the mutants of Sulfolobus acidocaldarious β-glyco-
sidase (BGAL_SULAC). 

S. acidocaldarius strain DSM639 was purchased from DSMZ and the BGAL_SULAC 
gene was cloned from the genomic DNA by PCR into pQE60 vector (Qiagen). Three mu-
tants of BGAL_SULAC used in the study was made by QuikChange mutagenesis method 
(Stratagene) and the mutation positions along with the primers are presented in Table 1. 
E. coli strain XL1-blue (Invitrogen) was used for the intracellular production of 
BGAL_SULAC and its mutants (3). The recombinant proteins expressed in E. coli cells 
were produced by shake flask or bioreactor cultivation. Xylanases are extracellular en-
zymes and were obtained from the culture medium, whereas BGAL_SULAC are intracel-
lular enzymes and were obtained by disrupting the cells. LB broth was supplemented 
with ampicillin (125 μg/L) and the protein production was induced by the addition of 1.0 
mM IPTG. In the bioreactor cultivation of the E. coli cells for TfXYN10A (4), 2-fold LB 
broth supplemented with 10 g/L glycerol was used as a culture medium while LB broth 
without any glycerol supplementation was used for BGAL_SULAC (3). Four hours after 
the induction, cultivation was stopped and the culture medium was centrifuged at 8000 
rpm to remove the cells. The culture supernatant was subjected for further purification 
of the extracellular enzyme. T. aurantiacus enzyme was purified from the crude extract 
of solid state fermentation. The TfXYN10A culture supernatant produced in Tricho-
derma were received from ROAL Oy. 

 

N211D GTGAATATGCAACAATGAATGAACCTGACGTGGTTTGGGGAGCAGG 

V212D GCAACAATGAATGAACCTAACGACGTTTGGGGAGCAGGTTACG 

V212T GCAACAATGAATGAACCTAACACGGTTTGGGGAGCAGGTTACG 
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3.2. Purification of β-glycoside hydrolases 
 

Culture supernatants of the extracellular enzymes (1, 2 & 4) were spinned at 8000 rpm 
to remove the cells and the extracellular protein was primarily extracted by 70% satu-
rated ammonium sulphate precipitation. For the intracellular proteins (3), the cells were 
disintegrated and after the removal of cell debris, the supernatant was thermoprecipitaed 
(70°C, 20 min) to remove the contaminating non-thermophilic proteins. Then the pro-
teins were first purified by hydrophobic interaction chromatography (HIC) and then by 
ion exchange chromatography (IEC). The 6xHis-tagged TfXYN10A was purified by im-
mobilized metal ion affinity chromatography (IMAC). The buffer exchange before and 
after purifications was done by PD-10 desalting columns. All the enzymes were further 
purified by gel filtration chromatography (HiLoad 16/60 200 Superdex pregrade – GE 
healthcare) with appropriate buffers. Protein concentration was measured by Lowry et 
al. (1951) method and later Image J software was also used for the protein concentration 
estimation using BSA as standard protein in SDS-PAGE. 

 
3.3. SDS-PAGE and Zymogram 
 
The purified β-glycoside hydrolases were run through sodium dodecyl sulphate–poly-
acrylamide gel electrophoresis (SDS-PAGE) using 4–20 % Tris–HCl gradient gel 
(Laemmli, 1970) from Bio-Rad. Protein bands were visualised by Coomassie Brilliant 
Blue staining. The molecular weight of the proteins was determined using Precision Plus 
Protein dual-colour Standards of 10–250 kDa from Bio-Rad. For the zymogram analysis 
(2), the proteins were run in duplicates in SDS-PAGE. One part of the gel was first treated 
with 2.5 % Triton X-100 for 60 min to remove SDS and then overlaid on the Remazol 
Brilliant Blue (RBB)-xylan gel [which was prepared by mixing RBB-xylan (150 mg) and 
600 mg of agar in 30 ml of 100 mM acetate buffer pH 4.6] and incubated at room tem-
perature for 2 h. The agar replica was then treated in 50 mM acetate buffer pH 4.6 and 
96 % ethanol in a ratio of 1:2 (Biely et al. 1985), to visualize the xylan digestion and hallow 
area in the agar. The other part of the gel was stained normally by coomassie brilliant 
blue staining. The gel replicas were compared to confirm the hydrolytic activity of the 
xylanase enzyme. 

 
3.4. Biochemical assays of xylanases  

 
Xylanase activity was measured with 3,5-dinitrosalicylic acid (DNS) method to measure 
the reducing sugars released during 10 or 30 min reaction (Bailey et al., 1992) (1,2 & 4). 
10 g/L birchwood xylan dissolved in appropriate buffer was used as substrate or xylanase 
biochemical assays. One unit (IU) of enzyme activity is defined as the amount of enzyme 
releasing 1 μmol reducing sugars in one min reaction. D-xylose was the standard sugar 
for the xylanase assay. 0.1 mg/ml BSA was used as a stabilizer in all the activity and sta-
bility experiments. 

Temperature dependent characteristics of the xylanases were determined at 50°C to 
90°C (with 5°C intervals) with 30 min assay length in 50 mM citrate-phosphate buffer at 
pH 4, 5.5, 7 and 8.5. Residual activity was performed by incubating the appropriate en-
zyme for 30 min at temperatures from 40°C to 100°C in 50 mM buffer at corresponding 
pH values. The residual activity after 30 min incubation was measured at standard assay 
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temperature and pH for 15 or 30 min. pH optimum assays for xylanase were carried out 
at optimum temperature of the enzyme in 50 mM corresponding buffers for a pH range 
of 3–8 (1, 2 & 4). 

Kinetic studies to determine the Km and Vmax were performed with 0.05–2% birch-
wood xylan dissolved in appropriate buffer at 60°C for 30 min. Hyperbolic regression 
analysis (program Hyper32) was used to calculate the kinetic parameters (2, 3 & 4). End 
product analysis of the xylanase enzyme was accomplished by measuring the degree of 
hydrolysis by incubating the enzyme in 1% xylan in 50 mM sodium acetate buffer pH 
5.25, at particular temperature (37, 60, 70 and 75°C) from one hour to 24 hours. The 
enzyme in the reaction was inactivated by heating at 100°C for 10 min. After centrifuga-
tion, the supernatant was analysed by high-performance liquid chromatography (HPLC). 
Xylose, xylobiose, xylotriose and xylotetraose were used as standards (2). 

 
3.5. Half-life in the presence and absence of substrate 
 
The half-life of T. flexuosa xylanase enzymes were performed following the method of 
Xiong et al. (2004) at different pH, different temperatures and in the presence and ab-
sence of ionic liquids (1 & 4). For measuring the half-life with substrate, the enzyme was 
incubated with 1% soluble xylan as a function of time. The inactivation of the enzyme was 
seen as decreased accumulation of the reaction product during the time intervals of pro-
gressing reaction. Half-life without substrate was estimated by following the same 
method except, incubating the enzyme without the substrate. 

 
3.6. Hydrolysis of xylan in the presence of ILs 

 
The hydrolysis of birchwood xylan with xylanases in the presence of biomass-dissolving 
ionic liquids was performed in different concentrations of the IL (5–50% v/v) in corre-
sponding buffer (2 & 4). The ILs used in this study are hydrophilic and alkaline. After the 
addition of ILs, they switch the substrate pH to highly alkaline. The pH was adjusted by 
adding an acidic solution of the corresponding buffer. Hydrolytic activity of TasXYN10A 
with pNP-xylose and 9 g/L and 34 g/L birchwood xylan studied with 5, 15 and 25% 
[EMIM]OAc. Xylan hydrolysis of TfXYN10A in the presence of ILs for the screening, and 
temperature optimum, residual activity and time-dependent studies was performed with 
10 g/L birchwood xylan in 50 mM citrate-phosphate buffer, pH 7. 

 
3.7. Pulp xylan hydrolysis 
 
Kraft pulp containing 73% cellulose and 27% xylan was used as substrate in the pulp 
xylan hydrolysis experiments (4).  38 g/L of pulp was added to 50 mM citrate-phosphate 
buffer to achieve pulp suspension that contains 10 g of xylan per litre. Screening, kinetic 
and temperature optimum studies were performed with the Kraft pulp. Pulp xylan hy-
drolysis as a function of time in the presence of [EMIM]OAc, [EMIM]DMP and 
[DBNH]OAc  in 0%, 15%, 25% and 35% (v/v) IL concentrations was carried out at 60°C, 
pH 7, with mixing at 200 rpm in a shaker. After the pre-determined time intervals, 100 
μL of hydrolysate sample was taken and enzymatic hydrolysis was stopped by 100 μL of 
100 mM H2SO4. This assay sample was neutralized by 200 mM NaOH and was made up 
to one ml with distilled water. The hydrolysate was centrifuged and analysed by capillary 
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electrophoresis, procedure followed by Wahlström et al. (2013).  All the assays with ILs 
were done by preparing fresh IL-xylan solutions and adjusting the pH to 7 after the ad-
dition of IL. 
 
3.8. Sulfolobus acidocaldarius -glycosidase biochemical assays 
  
β-glucosidase activity of the wild type and the mutant BGAL_SULAC were determined 
with p-nitrophenyl β-D-glucopyranoside (pNPG) as the substrate, using the modified 
method of Yeoh et al. (1986) (3). 100 μL of 10 mM pNPG, 850 μL of 50 mM sodium 
phosphate buffer (pH 5) and 50 μL of the enzyme samples were incubated at 50°C for 30 
min. The reactions were stopped by adding 0.5 ml of 1M Na2CO3 and the amount of pro-
duced p-nitrophenol was measured at 420 nm by spectrophotometer. The residual activ-
ity after incubating the enzyme at different temperatures (70–100°C) for 30 min was 
measured using the pNPG assay method at 70°C for 15 min. The temperature optimum 
for BGAL_SULAC activity was determined with 100 g/L cellobiose or lactose as a sub-
strate in 50 mM citrate-phosphate buffer (pH 5) in the temperature range from 60 to 
100°C (60 min reaction, 0.1 mg/ml BSA, 1.0 ml of reaction mixture) and the hydrolysis 
products after the reaction were analysed by HPLC. The pH activity profile of BGAL_SU-
LAC and its mutants was measured in a pH range from 3.0 to 7.5 (with 0.5 pH unit in-
tervals) in 50mM citrate-phosphate buffer for 100g/L lactose or cellobiose as substrate 
at 50°C. This specific activity was determined with cellobiose or lactose in a concentra-
tion of 25, 50, 100, 200 g/L in 50 mM citrate-phosphate buffer, pH 5 and 50°C, with 1.0 
μg protein/reaction and using 60 min reaction time in 1.0 ml reaction. Kinetic parame-
ters were determined for both cellobiose and lactose at pH 5 and 50°C in 1.0 ml reaction 
by using the substrate concentration range of 5–200 g/L.  

 
3.9. End-product inhibition and transglycosylation 

 
Inhibition studies were done only for the wild type BGAL_SULAC and the mutant that 
showed increased activity (V212T), using 1.0 mM pNP-Glucose or pNP-Galactose as sub-
strate in 50 mM citrate-phosphate buffer (pH 5) and 0, 10, 25, 50 and 75 g/L glucose or 
galactose as inhibiting sugar at 50°C for 30 min (3). Inhibition studies were also carried 
out with cellobiose and lactose as substrate and glucose and galactose as inhibitor, re-
spectively. For the transglycosylation studies, in order to  observe the oligosaccharides 
formed from cellobiose, 100 g/L and 200 g/L cellobiose was incubated with the enzyme 
for 1, 2 and 3 hours at 50°C, pH 5. The amount of enzyme was 1.0 μg/ml of reaction 
mixture. The reaction products were analysed by HPLC with glucose, cellobiose and cel-
lotriose as standards. 

 
 
 



 

   

4. Results and Discussion 

In this study, we compared the effects of CBM, 6xHis-tag and glycosylation on the 
catalytic properties and thermostability of highly thermophilic GH10 xylanase from T. 
flexuosa. 

 
4.1. Additional molecular groups in the catalytic core of TfXYN10A (1) 

 
TfXYN10A is highly active at 70–80°C. The purified enzymes from the culture superna-
tants of T. reesei [full-length enzyme (TfXYN10AT+CBM) and only the catalytic domain 
(TfXYN10AT)] and the enzymes produced in E. coli [the catalytic domain (TfXYN10AE) 
and the catalytic domain with 6XHis-tag (TfXYN10AE+6XHis-tag)] were subjected to 
SDS-PAGE and the protein bands indicated the masses of the respective enzymes (Fig. 
9). All the three catalytic domains (TfXYN10AT, TfXYN10AE & TfXYN10AE+6XHis-tag) 
were around 37 kDa and the catalytic domain with carbohydrate binding domain 
(TfXYN10AT+CBM) was around 50 kDa. Glycosylation and the addition of 6XHis-tag to 
the TfXYN10A resulted in slight increase in the molecular weight of the protein. Almost 
similar result was observed by mass spectroscopy (1).  

 

 

 
Figure 9. SDS-PAGE of purified TfXYN10A with and without CBM produced in T. reesei 
and E. coli. Lane 1 - molecular weight markers; lane 2 - TfXYN10AT+CBM; lane 3 - 
TfXYN10AT; lane 4 - TfXYN10AE, lane 5 - TfXYN10AE+6xHis (Fig. 1A in Paper 1).  
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4.1.1. Activity and stability of TfXYN10A 
  

T. flexuosa xylanases expressed from T. reesei displayed high thermostability with high 
half-life in the experiments conducted earlier by Leskinen et al. (2005). We enlarged the 
experimental characterization to compare the enzymes expressed in different hosts. Both 
the full length enzyme and the catalytic domain of TfXYN10A produced in T. reesei have 
the temperature optimum at 70°C (Fig. 11). But the hydrolytic activity reduction above 
the optimum temperature was stronger with TfXYN10AT+CBM, and at 80°C, this en-
zyme retained only 30% of its hydrolytic activity, whereas TfXYN10AT retained 60% of 
the activity. The elevating effect of CBM on temperature optimum is not big (2–3oC) and 
it exists only in neutral-alkaline pH, but not in acidic pH (Table 3). Notably, catalytic 
domain produced in E. coli (TfXYN10AE) showed 5–8°C higher temperature optimum 
(75–78°C) than its counterpart produced in T. reesei (TfXYN10AT). This result is in line 
with the results obtained with GH10 xylanase from R. marinus expressed and produced 
in P. pastoris, in which the protein expressed in P. pastoris showed lower stability than 
its counterpart produced in E. coli (Ramchuran et al., 2005). Catalytic domain expressed 
in E. coli (TfXYN10AE) hydrolysed the xylan better at higher temperatures and pH than 
its counterpart expressed in T. reesei (TfXYN10AT). All the recombinant enzymes 
showed almost the same pattern in pH activity assays inspite of the expression host, ad-
ditional domain, glycosylation and 6xHis-tag (data not shown). 
 
4.1.2. Effect of polyhistidine-tag on TfXYN10A 
 
The 6xHis-tag increased the temperature dependent activity (Fig. 11) as well as thermo-
stability (residual activity graph) (Fig. 12) of TfXYN10AE. The 6xHis-tag increased the 
temperature optimum at pH 7 and 8.5, but not at pH 5.5 (Table 2). 

   

Enzymes 
Production 

host 

Optimum temperature (°C) 

pH 5.5 pH 7 pH 8.5 

TfXYN10AT 
T. reesei 

70 70 69 

TfXYN10AT+CBM 70 72 72 

TfXYN10AE 
E. coli 

78 75 76 

TfXYN10AE+6xHis 78 78 78 

  
Table 2. Optimum temperature of T. flexuosa xylanases at different pH in 30 min assays 
(Table 1 in Paper 1). 

 
Daabrowski et al. (2000) noticed that the thermostability of a thermostable β-galac-

tosidase was further increased by the polyhistidine tag. Thermal stability and activity of 
the recombinant T. fusca GH11 xylanase was increased with 6xHis-tag and the authors 
suggested that the His-tag affected enzyme activity through its dimerization or oligomer-
ization properties (Zhao et al., 2015). The pH-dependent effect of 6xHis-tag in 
TfXYN10AE indicates a reason for stabilization effect. Since histidine is generally neutral 
in charge above pH 6.5 and positively charged at acidic pH, this suggests that the non-
charged interactions are critical for the stabilization effect at high pH, and also repulsion 
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of positive charges at low pH may prevent the stabilization effect.  The binding of 6xHis-
tag to the surface of XYN10A probably prevents the initiation of unfolding at C-terminus. 
In TfXYN10AE, stability of alpha-helices near the C terminus could also be increased by 
the interaction with the 6xHis-tag. Inspection of the known polyhistidine structures in 
the proteins with 6xHis-tag suggests that it forms a rather large binding surface with 
much variation in the possible conformation (Paper 1). Since the stabilizing effect of the 
6xHis-tag is pH-dependent, it could be the nearby arginines, having positive charges that 
have a role in breaking the interaction of the polyhistidine when it becomes positively 
charged at low pH (Paper 1). Therefore, the 6xHis-tag did not elevate the temperature 
optimum at pH 4 and 5.5. 

On contrary with these results, it has been shown that the 6xHis-tag can also lower 
the thermostability of some enzymes (Panek et al., 2013) or has no influence on some 
enzymes (Goedl and Nitedzky, 2009; Lee et al., 2006). The polyhistidine-tagged GH11 
xylanase from Paenibacillus sp. was less thermostable than the native enzyme (Lee et al., 
2007). These results also indicate that a proper assembly of the polyhistidine tag is 
needed for a stabilizing effect. In studies with no effect of 6XHis-tag on the enzyme, the 
tag might be in a region, where the increased interactions by the tag did not have any 
major stabilizing role.   

 
4.1.3. Effect of glycosylation on TfXYN10A 
 
The glycosylation site (Asn26) of TfXYN10A is located in a well-exposed loop (amino 
acids 21-28) between a β-strand and α-helix. Trichoderma xylanases have been reported 
to be glycosylated in some cases (Silva et al., 2015). The decisive effect of glycosylation 
on the thermostability of xylanases was discussed by Zhao et al. (2015) and on cellulases 
was reviewed by Beckham et al. (2012). A patent was registered by Sung et al. (1998) for 
improving GH11 xylanase thermostability by modifications including glycosylation. 
Though natural glycosylation results in protein stabilization, sometimes glycosylation 
can also destabilize the enzyme and in this study, glycosylation of TfXYN10A appeared 
to decrease the thermostability of the enzyme (Fig. 12). It was found that the glycosyla-
tion lead to the lower melting temperature and lower thermostability of GH10 xylanase 
of R. marinus expressed in P. pastoris compared to its counterpart purified from E. coli 
(Ramchuran et al., 2005), which is in line with the current study.  
   Research conducted by Gavrilov et al. (2015) with molecular dynamic simulations re-
vealed the underlying mechanism of destabilization by glycosylation. Molecular simula-
tion predicted that the additional mobility caused by glycosylation correlates with desta-
bilization effect. This study showed that the origin of the destabilization is a confirma-
tional distortion of the protein caused by the interaction of the monosaccharide with the 
protein surface. Though glycosylation could create new short-range glycan-protein inter-
actions that stabilize the conjugated protein, it may sometimes break the long-range pro-
tein-protein interactions. This has a destabilizing effect because of the probability of 
formed long- and short-range interactions, which differs between the folded and un-
folded states. The destabilization originates not from simple loss of interactions but due 
to a trade-off between the short- and long-range interactions (Gavrilov et al., 2015). 
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4.1.4. Role of CBM in the efficiency of TfXYN10A. 

At 80°C without the presence of substrate, CBM increased the enzyme half-life in pH 5.5, 
and in neutral or alkaline pH there was no significant effect, but in pH 4 (at 65°C) CBM 
decreased the stability (Table 3). The temperature-dependent activity graph of 
TfXYN10AT in Fig. 11 behaved in a non-harmonious way that the activity of TfXYN10AT 
first decreased at 75°C below the level of TfXYN10AT+CBM and then at 80°C, increased 
to higher level than that of the TfXYN10AT+CBM. This may indicate that the mere cata-
lytic domain (TfXYN10AT) experience changes at 80°C, which stabilize it in the presence 
of substrate, but this stabilization change does not happen in the presence of CBM 
(TfXYN10AT+CBM), indicating that CBM prevents the change. Not this kind of behav-
iour is seen in residual activity graph (Fig. 12). However, the residual activity graph 
shows a slightly higher inactivation of TfXYN10AT+CBM than TfXYN10AT. This behav-
iour may also support the possibility that the increased mobility by CBM disturbs the 
enzyme, but in a very minimal way. In conclusion, we can notice that the effect of CBM 
on the enzyme is quite complex. However, if the CBM clearly helps the enzyme to hydro-
lyse better the insoluble substrate, then the minor negative side effects may be meaning-
less in the optimal conditions of the enzyme reaction.  

 
 

Figure 10. Modeled structure of full-length TfXYN10A xylanase. The residue Asn301 is 
the C terminus of the expressed catalytic core. The residue Ala1 (A1) shows the position 
of the N terminus. The glycosylation site Asn26 and the positively charged residues 
(His12, Arg14, Arg36, Arg219, Arg252, and Lys289) in the range of the 6xHis-tag are 
shown as one-letter codes. The sequence positions corresponding to the 6xHis-tag (po-
sitions 302 to 307 in full-length XYN10A) are shown in magenta. The active site is located 
on the other side of the barrel (Fig. 3 in Paper 1). 
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Leskinen et al. (2005) observed that the recombinant xyn11A from T. flexuosa, which 
lacks the C-terminal CBM is more thermophilic than the full-length counterpart. 
Leskinen et al. (2005) presented a hypothesis that the burden of CBM might be due to 
the flexibility that affects the structural integrity of the enzyme at higher temperatures. 
DSC analysis of the recombinant GH11 xylanase proved that the CBM is thermodynami-
cally sensitive and can unfold easily and thus makes an unfavourable contribution to the 
thermostability of the entire enzyme (Meng et al., 2015). CBM of C. josui Xyn10A neither 
contribute to thermostabilization of catalytic module nor enhance the catalytic activity 
(Ali et al., 2005). In Dictyoglomus thermophilum XynB, the C-terminal CBM was asso-
ciated with lower thermal stability in the full-length enzyme than the catalytic core (Mor-
ris et al., 1998). Meng and his group published a work on GH10 and GH11 xylanases of 
Caldicellulosiruptor sp., in which removal of CBM increased the thermostability of GH11 
xylanases and the reverse was observed with GH10 xylanase (Meng et al., 2015). Crystal 
structure analysis has shown an interaction between the catalytic module and CBM for 
GH10 xylanases, but the contribution of these interdomain interactions to the thermal 
stability has not yet been determined (Fujimoto et al., 2000; Najmudin et al., 2010).  

Park et al. (2011) observed with cellobiohydrolases that the enzyme with CBMs shows 
higher half-life at optimum growth temperature (80°C) than the truncated version. But 
at the optimum temperature (80°C) of enzyme activity, the recombinant CelB with CBM 
is less active. Melting temperature measurements with DSC revealed that the tempera-
ture mediated unfolding of the recombinant CelB is driven by unfolding of the CBM 
which in turn destabilizes the catalytic domain (Park et al., 2011).  

 

 
 

Figure 11. Enzyme activity as a function of temperature. The enzymes were incubated 
for 30 minutes in each temperature at pH 7. (n=3). Symbols: TfXYN10AT+CBM (◊), 
TfXYN10AT ( , TfXYN10AE (■), TfXYN10AE+6xHis (□) (Fig. 2A in Paper 1). 
 

CBM deletion could also decrease the thermal stability of GH10 xylanase and is out-
lined in few studies (Meng et al., 2015; Zhao et al., 2005). The reason behind this differ-
ence might be the different types of CBMs attached to the catalytic domain. Among the 
81 different types of CBMs, CBM 22 is named as thermostabilizing module, which plays 
main role in the thermostability (CAZypedia). Clostridium thermocellum xylanase 
xyn10B posseses an N-terminal thermostabilizing domain (TSD), which does not bind to 
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the polysaccharides but justifies the concept of thermostabilization of the catalytic do-
main (Charnock et al., 2000). In lignocellulosic biomass hydrolysis, CBM in cellulases 
was not required for the efficient hydrolysis at higher substrate concentration, neverthe-
less, CBM was important in the catalytic performance of cellulases at lower substrate 
concentration (Pakarinen et al., 2014).  

 

 
 
Figure 12. Enzyme inactivation as a function of temperature. The enzymes were in-

cubated without substrate for 30 minutes in each temperature at pH 7 and the residual 
activity was measured at 70°C (n=3). Symbols: TfXYN10AT+CBM (◊), TfXYN10AT , 
TfXYN10AE (■), TfXYN10AE+6xHis (□) (Fig. 2B in Paper 1).  

 
In contrast to the results obtained with soluble xylan substrates, when the full length 

enzyme is used for the biomass hydrolysis, presence of cellulose binding modules in hem-
icellulases results in improved hydrolytic efficiency on insoluble hemicelluloses (Zhang 
et al., 2013). CBD of xylanases did not necessarily bind to xylan but bind to cellulose thus 
reducing the non productive binding of the enzyme to lignin. The CBM of T. flexuosa 
GH11 xylanase reduced the non-specific adsorption and showed potential for improving 
the hydrolysis of lignocellulosic materials to platform sugars (Zhang et al., 2013). Similar 
increase in hydrolysis efficiency was noticed with T. reesei mannanases (Hägglund et al., 
2003). Fusion of CBMs with xylanases and cellulases resulted in increased adsorption on 
cellulose and insoluble xylan, and improved the hydrolysis of pulp. However, Yarbrough 
et al. (2015) suggested that concern regarding the loss of critical cell wall degrading en-
zymes to lignin adsorption may be unwarranted when complex enzyme mixtures are 
used for biomass hydrolysis. Stålbrand et al. elucidated a high degree of synergy between 
Cellulomonas flavigena GH11 xylanase and T. reesei endoglucanase Cel7B during enzy-
matic hydrolysis of sugar cane bagasse (Pavon-Orozco et al., 2012). Thus, thermostable 
TfXYN10A with and without CBM could be effectively used in synergistic enzyme hydrol-
ysis of biomass. Thermostable TfXYN10A could be exploited well in the biomass hydrol-
ysis with soluble as well as insoluble xylan substrates with and without the CBM. 

In the synergistic enzymatic hydrolysis of lignocellulosic biomass, xylanases with 
CBMs, either increase the hydrolysis by binding to cellulose and/or by decreasing the 
non-productive adsorption on lignin (Zhang et al., 2013) or ends up in non-productive 
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adsorption to lignin and decrease the hydrolysis efficiency (Inoue et al., 2015). Since cel-
lulose fibres are surrounded by hemicellulose, there is a logic in having CBM in xylanase 
that facilitates the binding of the enzyme to cellulose and then peeling the xylan layer 
away from the cellulose surface in the attack by fungi. 

Comparison of mesophilic and thermophilic xylanases has shed light into the differ-
ences between them and several factors were suggested as stabilizing factors for GH10 
xylanases. Efficient packaging of the hydrophobic core, favourable charge interactions 
with the helix dipole moment, the presence of prolines at the N-termini of alpha-helices, 
cavity filling and stabilization of loops and N- and C-terminal regions are the most prob-
able stabilizing factors (Andrews et al., 2004; Lo Leggio et al, 1999; Xie et al., 2006).The 
results with the additional domains showed that they can be either stabilizing or desta-
bilizing and the effects may have pH-dependence. The interpretation of the effect of CBM 
on the hydrolytic activity of enzyme is quite complex and it appears to require additional 
studies. Possible factors linked to the increase of stability by the CBM is the increasing of 
rigidifying interactions by the additional domains. Decreased stability could be a conse-
quence from increased disturbing mobility of the protein regions. Repulsive interactions 
might also have an effect.  

 
4.1.5. Protecting  effect of substrate (xylan) on TfXYN10A 
  
It has been known earlier that the substrate protects the enzymes and with GH11 xy-
lanase from Thermomyces lanuginosus, the half-life in the presence of substrate was 
higher than without substrate (Xiong et al., 2004). The effect was pH-dependent so that 
it was not seen in alkaline pH, but at acidic pH the substrate protection was increasing 
when the pH was decreasing. Presence of substrate increased the half life of Streptomy-
ces lividans GH10 xylanase several-fold (Roberge et al., 1999). We tested the same effect 
in TfXYN10AT and TfXYN10AT+CBM (Paper 1). Half-life measurements in the absence 
and presence of substrate (1% birchwood xylan) showed a clear protecting effect of sub-
strate (xylan) on TfXYN10AT in acidic conditions (Table 3).  
 

 
 
 
 
 
 
 
 
 

Table 3. pH-dependent half-life of catalytic domain (TfXYN10AT) and full length en-
zyme (TfXYN10AT+CBM) produced in T. reesei (Table 2 in Paper 1). 
 

The substrate protected TfXYN10AT and the half-lives were 2–6 fold higher in the 
presence of substrate at pH 4.0–5.5. At neutral-alkaline pH (pH 7 and 8.5), the half-lives 
were about 1.5 times higher with substrate in TfXYN10A. But in the presence of substrate, 
the half-lives were lowered by the CBM in all the experiments at different pH. pH 4 was 
an exception, in which CBM in the presence of substrate increased the half-life over 10-

Enzyme 

Half-life (min) of T. flexuosa xylanase under various conditions 

With substrate Without substrate 

65°C, 
pH 4 

80°C, 
pH 5.5 

80°C, 
pH 7 

80°C, 
pH 8.5 

65°C, 
pH 4 

80°C, 
pH 5.5 

80°C, 
pH 7 

80°C, 
pH 8.5 

TfXYN10AT 18 37 37 33 3.1 19 23 23 

TfXYN10AT+
CBM 15 17 17 14 1.3 33 22 26 
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fold (Table 4). The temperature-dependent activity graph showed the same behaviour at 
80°C (Fig. 11). This is unexpected, since the substrate itself increases the thermostability 
of the enzyme. Clearly, the combination of substrate and CBM is disturbing. The meas-
urements were done in extreme conditions (80°C at pH 5.5–8.5) and if CBM is then un-
folded, it is possible that it somehow disturbs the interaction of substrate with the en-
zyme. A possible explanation for the stabilizing effect of substrate is that substrate forms 
a network of hydrogen-bonding and hydrophobic interactions and therefore prevents the 
protein unfolding. This result also suggests that the active site canyon is important for 
the stability of xylanases. Roberge et al. (1999) studied the role of four highly conserved 
aromatic residues involved in substrate binding and catalysis by GH10 xylanases while 
working with Streptomyces lividans GH10 xylanase. Aromatic nature of those amino ac-
ids is important in substrate binding and thermal stability. Mutations at these amino acid 
sites did not affect the hydrolysis but affected the half-life in the absence of the substrate. 
These results show that the enzyme active site is sensitive for stability effects by muta-
tions and by substrate (Roberge et al., 1999).   
 
4.2. Thermoascus aurantiacus xylanase (TasXYN10A) characteriza-

tion (2) 
 
4.2.1. SDS-PAGE and zymogram 
 
Purified TasXYN10A was subjected to SDS-PAGE in duplicates, one for Coomassie Bril-
liant Blue staining and another for Zymogram analysis. The TasXYN10A produced a sin-
gle protein band with a molecular mass of ~33 kDa in SDS-PAGE gel. After the removal 
of SDS, TasXYN10A was able to hydrolyse the xylan in the RBB xylan agar and produced 
a colourless band that confirmed the xylanase activity of the ~33 kDa protein (Fig. 13), 
which is typical size of the T. aurantiacus GH10 xylanase,  reported to be in the range of 
33–40 kDa (Brienzo et al., 2008). 
 

 
 
 
Figure 13. SDS-PAGE and zymogram of TasXYN10A. Lane 1 molecular mass standard 
protein, lane 2 TasXYN10A, lane 3 activity zymogram of TasXYN10A (Fig. 1 in Paper 2). 
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4.2.2. Biochemical characterization 
 

The pH optimum for TasXYN10A isolated from Thailand soil sample is about 4.6. An-
other earlier report of a native GH10 xylanase from T. aurantiacus showed the pH opti-
mum at pH 5 (Brienzo et al., 2008). The native TasXYN10A has an optimum pH, which 
is closer to the pH optimum of the recombinant T. aurantiacus xylanase produced in T. 
reesei (pH 4.0–4.5) by Zhang et al. (2011;BB). The enzyme lost most of the activity at pH 
8. Surprisingly, an alkaline xylanase was also isolated from T. aurantiacus (var. levispo-
rus KKU-PN-I2-1) from Thailand, which shows optimal activity at pH 9 and this kind of 
alkaline xylanase could be used in the process of pulp bleaching with smaller adjustment 
in the pH of the pulp (Chanwicha et al., 2014).  

TasXYN10A has the temperature optimum of 75°C after which it loses the activity 
suddenly (Fig. 14). The enzyme has highest activity at about 75°C, but only 10% activity 
remains at 80°C. The residual activity graph also confirms the stability of enzyme to 
reach about 70°C and the sudden temperature mediated inactivation after that. The T50 
value (temperature at which 50% of the enzyme remain active) of TasXYN10A is ~76°C. 
The protection by substrate makes it possible for the enzyme to have the highest activity 
at about 75°C (in 30-min assay), although the enzyme starts to inactivate without sub-
strate at the same temperature (Fig. 14). TasXYN10A turned out to be in sequence prac-
tically the same that of the GH10 xylanase (XYNA_Theau) from a T. aurantiacus strain 
isolated from India (Lo Leggio et al., 2001; Zhang et al., 2011;BB). The alkaline xylanase 
isolated from T. aurantiacus has the temperature optimum at 60°C and the molecular 
weight is 27 kDa. Despite the difference in molecular weight, pH and temperature opti-
mum with the alkaline xylanase from Thailand soil (Chanwicha et al., 2015), the sudden 
loss of activity of after the optimum temperature is similar with the TasXYN10A xylanase 
of our study.   

 

 
 
Figure 14. Effect of temperature on activity and stability of TasXYN10A. Relative resid-
ual activity after incubation for 60 min at different temperatures (■) and activity as a 
function of temperature in 60 min assays ( ) are shown. The experiments were done at 
pH 5.25 (Fig. 3 in Paper 2).  
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The temperature mediated inactivation of TasXYN10A is further confirmed by the 
half-life assays. At 80°C, TasXYN10A has very low stability (half-life is 6 min), at 75°C 
the half-life is 63 min, whereas at 70°C, the enzyme is highly stable (half-life is 65 h). The 
stability is even higher at lower temperatures, at 60°C, the half-life of TasXYN10A is 101 
hours. The melting temperature determined by Differntial Scanning Colorimetry (DSC) 
indicated that the structural unfolding of the TasXYN10A occurs within the temperature 
region of 75–80°C (Fig. 16), which is in line with the strong enzyme inactivation at 75–
80°C (2). Tm (78.5°C) and T50 (76°C) were almost the same in TasXYN10A. In T. reesei 
GH11 xylanase enzyme and its mutants, the T50 was 2–6°C lower than Tm determined by 
FT-ICR mass spectrometry (Jänis et al., 2004). In TasXYN10A, the difference was 2.5°C, 
and was in the same range with T. reesei GH11 xylanase. With T. reesei GH11 xylanase, 
the residual assay length was 10 min and in TasXYN10A it was 60 min. In Tm measure-
ments, the scan rate also affects the Tm value (Davoodi et al., 1998). The 1o min incuba-
tion may make the T50 values relatively higher than the values obtained by 30 min incu-
bation. Nevertheless, in both cases, the T50 values are quite close to the Tm values. Alt-
hough this evaluation is very approximate, it indicates that these proteins may be un-
folded and inactivated approximately at the same time. In principle, a partial unfolding 
in a critical protein region could be inactivating before the whole protein is unfolded. If 
such an effect happens in these two xylanases, the question might be only about few de-
grees (°C) for the partial unfolding and inactivation before total unfolding. 
 
4.2.3. Effect of temperature and time on the yield and end products pattern 
in xylan hydrolysis  

 
Xylan hydrolysis carried out at different temperatures (37, 60, 70 and 75°C), and times 
(1, 3, 6 and 20 h) revealed the temperature, as well as time dependent hydrolysis patterns 
of the TasXYN10A (Table 4). The amount of enzyme activity administrated for the hy-
drolysis was adjusted to be about the same at different temperatures (37, 60 and 70°C), 
by observing the fact that the enzyme activity increases with increasing temperature. The 
concentrations of xylose (X), xylobiose (X2), xylotriose (X3) and xylotetraose (X4) were 
analysed with standards by HPLC along with the rough quantification of higher oligosac-
charides. As would be expected, with longer incubation time, TasXYN10A hydrolyses xy-
lan more efficiently and produce more xylose and xylobiose and the amounts of longer 
oligosaccharides were reduced to half than what is produced at shorter incubation time. 
The major products of xylan hydrolysis by TasXYN10A in all the assay conditions are 
xylobiose and xylose. A similar pattern of xylan hydrolysis was observed in T. aurantia-
cus GH10 xylanase by Zhang et al. (2011). 

Xylo- and manno-oligosaccharides and sugar degradation products inhibit cellulases 
(Jing et al., 2009; Xin et al., 2014; Zhang and Viikari, 2012). Though xylotetraose and 
xylotriose act as a substrate and were hydrolysed gradually to xylose and xylobiose, the 
hydrolysis rate was slower with xylotriose. But when longer hydrolysis time or higher 
amount of the enzyme is used, then xylotriose were also hydrolysed. Xylobiose appar-
ently does not act as a substrate or the hydrolysis is exceptionally slow, because xylobiose 
is accumulating all the time during the hydrolysis.   
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T En-
zyme Time X X2 X3 X4 X5+ 

higher Total 

(oC) (U) (h) (%) (%) (%) (%) (%) (g/lr) 
37 18.4 1 12.6 41.3 30.2 7.3 8.6 3.6 
37 18.4 3 17.7 49.7 17.1 8.3 7.2 3.7 
37 18.4 6 21.1 55.6 11 5.9 6.3 3.5 
37 18.4 20 22.3 56.5 11.6 5 4.5 4.2 
60 18.9 1 11 43.2 40.1 2.3 3.4 4 
60 18.9 3 16.9 54.2 24.7 2.2 2 3.8 
60 18.9 6 22.7 64.3 12.3 0.7 0 4.1 
60 18.9 20 26.5 70.5 2.5 0.4 0 4.5 
70 17.9 1 8.9 42 46.2 1.9 0.8 4.7 
70 17.9 3 14.7 51.2 32.9 1.1 0 4.3 
70 17.9 6 19.8 58.9 21 0.4 0 4.4 
70 17.9 20 24.7 68.3 6.8 0.2 0 4.7 
75 93.3 3 21.2 62.1 15.8 0.9 0 4.8 
75 187 3 25.1 68.6 5.5 0.8 0 4.8 
75 280 3 26 70 3.3 0.7 0 4.8 

 
Table 4. Hydrolysis products of xylan by TasXYN10A as a function of temperature. The 
values for xylose, xylobiose, xylotriose and xylotetraose is in percentage from the total of 
these four carbohydrates, which is the sum for the amounts of xylose (X), xylobiose (X2), 
xylotriose (X3) and xylotetraose (X4). The enzyme activities are the values measured at 
each respective temperature. Bold numbers show the differences between 37 °C and 70°C 
in X and X3 concentration at 1 and 3 hour reaction times (Table 2 in Paper 2). 
 

In general, GH10 xylanases cleave the substrate to smaller products than GH11 xy-
lanases and the typical end-products are xylobiose and xylose (Gallardo et al., 2010). En-
doxylanases from family GH10 show better capability of cleaving glycosidic linkages in 
the xylan main chain closer to substituents. The disturbance of the xylan main chain by 
β-1,3-linkages produce a severe steric barrier to GH11 xylanases. Studies clearly demon-
strated that GH10 xylanases can further hydrolyse the shortest branched or isomeric xy-
looligosaccharides produced by the GH11 xylanases. Efficiency of this thermophilic T. 
aurantiacus GH10 xylanase was demonstrated by Zhang et al. (2011;BB) in hydrolysing 
soluble birchwood glucuronoxylan and insoluble oat spelt arabinoxylan. In their study, 
T. aurantiacus GH10 xylanase hydrolysed both the soluble and insoluble xylan better 
than thermostable GH11 xylanase from T. flexuosa. The detected difference in the hy-
drolysis efficiency on xylan by these two enzymes may be partly due to the fact that GH11 
xylanase was more severely hampered by the presence of substituents in xylans. In con-
clusion, TasXYN10A could be efficiently used in the hydrolysis of lignocellulose by con-
verting xylan to fermentable sugars and also removing the xylooligosaccharide inhibitors 
of cellulases.  With the growing importance of lignocellulosic biofuels, more opportuni-
ties are emerging to process xylan-rich prehydrolysate in a cellulosic biorefinery into 
high-value products that could further lower the cost of cellulosic biofuels (Qing et al., 
2013). However the separation technologies need to be improved to remove the particu-
lar product of interest. 
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The hydrolysis rate of xylotriose and xylotetraose was also followed at high tempera-
tures to explore whether high temperature weakens the substrate binding. It was ob-
served that the hydrolysis of xylotriose was slower at 70°C than at 37°C and this result is 
in line with the xylose accumulation at 1–6 h reaction times. But at 20 h reaction the 
difference is mitigated, and the xylose level in all the reaction temperature is almost sim-
ilar, which might be due to the saturation of the reaction. In contrast to xylotriose, xylo-
tetraose was hydrolysed faster at 70°C than at 37°C. These results suggested that the 
binding of xylotriose but not xylotetraose was weakened at high temperature. Neverthe-
less, xylotriose is probably fully hydrolysed when enough time or enzyme is used at high 
temperatures (70 and 75°C). So the question was not about the weaker functioning of the 
enzyme at high temperature but the weaker binding of xylotriose. This could be con-
cluded from the increasing rate of xylotetraose hydrolysis at elevating temperatures. 

In a study with cellulases, the end-product inhibition of cellulases by cellobiose and 
glucose was relieved at higher temperatures showing that the shorter hydrolysis products 
do not bind well to the active site at high temperature as they do at low temperature 
(Teugjas and Väljamäe, 2013). This study with thermostable TasXYN10A also showed 
that the shorter xylan substrate can experience the same lower binding at high tempera-
ture. 

 
4.2.4. Effect of lignocellulosic biomass dissolving ionic liquid [EMIM]OAc 
on TasXYN10A 

 
The biomass dissolving ionic liquid, [EMIM]OAc in concentrations upto 50% (v/v) were 
tested to find out how sensitive the TasXYN10A is, to biomass-dissolving hydrophilic ILs. 
Negligible inhibition was found in the hydrolytic activity by 5% aqueous solution of 
[EMIM]OAc. But the inhibition increased gradually with increasing concentration of the 
IL and at 25% [EMIM]OAc about half of the activity was lost (53% with 0,9% xylan as 
substrate) in 30 min assay (Fig. 15).  
 

  
 
Figure 15. The activity of TasXYN10A as a function [EMIM]OAc concentration. Assay 
conditions: 60°C, pH 6, 30 min reaction. Symbols: 10mM pNP-xylose (▲), 0.9% xylan 
(■) and 3.4% xylan (●) (Fig. 5 in Paper 2). 
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The effect of IL (0–30%) on unfolding of TasXYN10A was tested by measuring the Tm 
value in Differntial Scanning Colorimetry (DSC). This experiment demonstrated a grad-
ual decrease of the melting temperature (Tm) with increasing concentration of IL (Fig. 
16). While the activity loss by 25% IL was 37–84% (depending on the assay – Fig. 15), 
the decrease of Tm by the 30% IL was only 5°C (Fig. 16). This result indicated that the 
cellulose dissolving IL in smaller concentrations does not make a strong effect on struc-
tural stability of TasXYN10A and suggests that the IL affects the enzyme activity more by 
its effect on active site functioning than by the effect on structural integrity (Paper 2). 
The same influence of ILs, decrease in the thermostability (unfolding temperature) of an 
enzyme by the addition of hydrophilic ILs was also demonstrated by Heller et al. (2010) 
for the green fluorescent protein by SANS (small-angle neutron scattering) and optical 
spectroscopy. The temperature mediated unfolding of the enzyme is higher in IL-aque-
ous solution than in aqueous solution (Heller et al., 2010). Datta and co-workers (2010) 
observed a decrease in the unfolding temperature (Tm) of the proteins as the concentra-
tion of IL increased. It has been concluded that high thermostability of the enzyme pro-
tects against biomass-dissolving ILs (Datta et al., 2010). The DSC experiment with 
TasXYN10A supports this conclusion. High thermostability probably is important in pre-
venting the protein unfolding by ILs. 

 
Figure 16.  Melting point (Tm) of TasXYN10A as a function [EMIM]OAc concentration. 
The experiments were done at pH 7 (Fig. 4 in Paper 2). 

 
Inhibition of enzyme activity caused by the IL was dependent on substrate concentra-

tion. In a study with different concentrations of substrate in aqueous-IL solutions, inac-
tivation of enzyme’s hydrolytic activity at 0.9% xylan concentration was higher than at 
3.4% xylan concentration (Fig 16). 25% IL decreased almost half of the enzyme’s hydro-
lytic activity in 0.9% xylan concentration whereas only 0ne third of the hydrolytic activity 
was reduced in the 3.4% xylan concentration. Inactivation of the TasXYN10A in artificial 
substrate, pNP-xylose is more severe than in the presence of soluble xylan, and even the 
smallest used concentration of IL, 5% of [EMIM]OAc, can inactivate the TasXYN10A 
much higher than the inactivation caused by 25% [EMIM]OAc in 3.4% xylan. 25% IL 
inhibited 84% of the activity on pNP-xylose. A possible reason could be that the small 
compound does not replace the inhibitor from the active site in the same way as the 
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longer substrate molecule (xylan). This also indicates the role of substrate in the protec-
tion of the enzyme in extreme conditions. The protection effect of substrate on enzymes 
against extreme conditions was demonstrated in various studies (Lozano et al., 2001; 
Xiong et al., 2004; Paper 1). Present study showed that the substrate protection effect 
functions also against the enzyme inactivation by ILs.  

 
4.3. Thermopolyspora flexuosa GH10 xylanase (TfXYN10A) and it's 
tolerance to ILs (4) 
 
4.3.1. Effect of three biomass dissolving ILs on the activity and stability of 
TfXYN10A 
 
Thermophilic GH10 xylanases could be applied to hydrolyse xylan that posses substitu-
ents, which in turn hamper the GH11 xylanase activity in LCM hydrolysis. As 
TfXYN10AE+6xHis showed high hydrolytic and thermal activity in the previous study 
(Paper 1) and GH10 xylanases appeared to tolerate the ILs in aqueous solutions better 
than GH11 xylanases (Paper 2), TfXYN10AE+6xHis was taken for further studies to check 
the working compatibility with biomass-dissolving ionic liquids. Hydrolytic efficiency of 
TfXYN10AE+6xHis in 5% to 50% aqueous solutions of three commonly used biomass 
dissolving ILs ([EMIM]OAc, [EMIM]DMP and [DBNH]OAc) was studied with 1% xylan 
as substrate. The enzyme was incubated with 1% xylan solution containing different con-
centrations of ILs at two different temperatures (60 and 70°C). The enzyme could retain 
high hydrolytic activity in the aqueous solutions of [EMIM]OAc and [EMIM]DMP at 
70°C, but it was inhibited more by [DBNH]OAc. Hence further enzyme assays were done 
at 60°C with all the three ILs. The inactivation response was quite linear as a function of 
IL concentration in all three ILs (Fig. 17). At 50% aqueous IL solutions, the enzyme was 
practically inactivated by [DBNH]OAc and close to inactivated by [EMIM]DMP. With 
[EMIM]OAc, the enzyme could retain 22.5% activity in 30-min screening assay. There-
fore, the enzyme was most active in [EMIM]OAc and more than 50% of the hydrolytic 
activity was retained with 35% [EMIM]OAc concentration. 
 

 
 
Figure 17. Activity of TfXYN10A in three different biomass dissolving ionic liquids in  
(0-50%) concentration. Assay conditions: 60°C, pH 7, 30 min reaction. Symbols: 
[EMIM]OAc (■), [EMIM]DMP (▲), [DBNH]OAc (●) (Fig. 1 in Paper 4). 
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[EMIM]OAc is reported to be an enzyme friendly co-solvent for biocatalysis (Zhao et 
al., 2008) and is one of the most well-known ILs for biomass treatments (Elgharbawy et 
al., 2016). Also other studies with lignocellulosic enzymes showed that the enzymes are 
inactivated less with [EMIM]OAc than other biomass dissolving ILs (Gladden et al., 
2014; Wang et al., 2011). Thomas et al. (2011) reported that glycoside hydrolase enzymes 
used in pNP-based assays are most active in dimethyl phosphate-based ILs followed by 
acetate-based ILs. In contrast to that, our study conferred that [EMIM]OAc retained 
more enzyme activity than [EMIM]DMP. Generally hydrophilic acetate anion has been 
found very inactivating and the reversible or irreversible inactivation of the enzymes by 
the IL depends on the anion (Wahlström and Suurnäkki, 2015). There probably are en-
zyme and possibly substrate dependent differences in these respects.  

Studies on various lignocellulosic enzymes with ILs has revealed differing behaviours 
in ILs. Although a cellulase from T. reesei exhibited two fold higher activity in 25% 
[EMIM]DMP than without IL in one-pot cellulose dissolution and saccharification pro-
cedure (Kamiya et al., 2008) and optimal temperature of T. lanuginosus xylanase was 
increased in 20% phosphonium-based ILs (Oktavianawati, 2011), it is more typical that 
enzyme activity suffers in biomass-dissolving ILs. 40% [EMIM]OAc made the cellulase 
enzymes completely inactive (Wahlström et al., 2012) and 20% [EMIM]OAc inactivated 
80% of the GH11 xylanases (Li et al., 2013:EMT). T. reesei and T. viride cellulases were 
almost inactive at 30% ILs (Ilmberger et al., 2013). Reduction in the half-life of mush-
room tyrosinase was observed by Yang et al. (2009) at 40°C with three different biomass 
dissolving ILs ([BMIM][BF4], [BMIM][PF6], [BMIM][MeSO4]). When studying the cel-
lulase mutants of Penicillium janthinellum with 10-50% [BMIM]Cl, it was observed that 
the enzymes were significantly stable in 10–20% ILs for 5 h. This lead to a proposal that 
in cellulose pretreatment with ILs, there is no need to fully remove the residual ILs after 
pretreatment because of the significant activity of the enzymes in ILs (Adsul et al., 2009). 
In line with this, the commercial cellulases retained even 77% activity in 15–20% 
[EMIM]OAc and showed prominent avicel conversion efficiency (Wang et al., 2011). 

The structural change that takes place when an enzyme dissolves in IL is often reversi-
ble. Reversible inactivation of lipase was observed with acetate-based ionic liquids (Kaar 
et al., 2003). When a denatured lysozyme (dissolution of lysozyme in [EtNH3][NO3]) was 
diluted with water, the denatured enzyme was found to regain 75% of its activity and 
resulted in over 90% recovery of active protein (Summers and Flowers, 2000). On the 
other hand, Wahlström et al. (2014) observed irreversible inactivation of commercial T. 
reesei cellulase with [EMIM]OAc. 

   
4.3.2. Effect of [EMIM]OAc on the activity and stability of TfXYN10A as a 
function of temperature.  
In the temperature dependent activity experiments with TfXYN10A, it was observed that 
the temperature optimum decreases with increasing IL concentration. 15% of the 
[EMIM]OAc, reduced the temperature optimum of TfXYN10A from 80°C to 75°C, and 
35% [EMIM]OAc reduced the optimum temperature further to 70°C (Fig. 18). Similar 
results were obtained with T. maritima GH10 xylanase (Yu et al., 2016). However, these 
two enzymes differed quite much in the response to the IL. Arrhenius activation energy 
of T. maritima GH10 xylanase increased by 35% [EMIM]OAc (from 55 kJ/mol to 72 
kJ/mol with 35%) indicating that the protein structure may have become more rigid 
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since more thermal energy was needed for enzyme reaction. The corresponding change 
by 35% [EMIM]OAc was much lower in TfXYN10A (from 27 kJ/mol to 32 kJ/mol) and 
also the general level of Arrhenius activation energy was lower in T. flexuosa than in T. 
maritima enzyme. Therefore, TfXYN10A seems not to be rigidified as much by the IL as 
T. maritima enzyme, which makes it possible to use TfXYN10A at lower temperatures 
with ILs. 

  
 
Figure 18. Temperature dependent activity of TfXYN10A with [EMIM]OAc.  Symbols: 
0% [EMIM]OAc (■), 15% [EMIM]OAc ( ), 35% [EMIM]OAc (▲) (Fig. 2 in Paper 4). 
 

 

 
 
Figure 19. Temperature dependent stability of TfXYN10A with [EMIM]OAc.  Symbols: 
0% [EMIM]OAc (■), 15% [EMIM]OAc ( ), 35% [EMIM]OAc (▲) (Fig. 3 in Paper 4). 
 

A surprising finding was observed with TfXYN10A during the residual activity assay. 
The ILs protected the enzyme from the abrupt loss in stability after 75°C and the enzyme 
retained partial stability at 75–90°C, whereas in the absence of IL, TfXYN10A was not 
stable at 80°C and higher temperatures (Fig. 19). All the three ILs exhibited the same 
pattern in the residual activity assay. Although the hydrolytic activity at these two IL 
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concentrations was low, still the stability is increased with these two concentrations of 
IL. This activity vs stability comparison indicates that the IL might increase the overall 
stability so that the binding of IL molecules strengthens the protein structure in 
TfXYN10A. The reason why the temperature optimum still became lower may not by the 
protein unfolding but a more direct effect by IL on the enzyme activity at high tempera-
ture, e.g. by competitive inhibition. 

Thermal stability of Cytochrome C protein was increased dramatically in 80% 
[EMIM]DHP and Choline-DHP mixtures, which was shown by DSC and ATR-FTIR spec-
tra (Fujita et al., 2005). Retention of the secondary structure (shown by vibration spec-
troscopy) was suggested as the reason for the enhanced stability in the presence of IL. 
GH11 xylanase from T. longibrachiatum solvated in high IL concentration remained 
more stable with respect to its crystal structure than when solvated in water (Jaeger and 
Pfaendtner, 2013). In their study of molecular simulation and functional experiments 
with GH11 xylanase, they found that natural correlated motions of the enzyme are re-
stricted with increasing concentrations of the IL. De Diego et al. (2004) studied the sta-
bilization behaviour of α-chymotrypsin in imidazolium based ILs and found the ability 
of IL to compact the native conformation of protein. A great enhancement of β-strand 
that reflects the stabilization power was observed. In 2009, the same group found that 
the stabilization of CALB (Candida antartica LipaseB) was associated with the mainte-
nance of the α-helix content and enhancement of β-strands (De Diego et al., 2009). 

In another study, during the screening of T. reesei cellulases with eight different ILs, 
only with two ILs (1-methylimidazolium chloride [MIM]Cl, tris-(2-hydroxyethyl)me-
thylammonium methylsulfate (HEMA), the enzymatic hydrolysis continued after two 
hours. The higher viscosity of the IL and the stability of the enzyme at even 115°C is the 
reason for the difference. These two ILs maintained the structural integrity of the cellu-
lases at 115°C and exhibited also the ability for biomass dissolution. This study also sug-
gests that the loss of activity is not necessarily associated with denaturation of the en-
zyme (Bose et al., 2010). 

The sudden stability loss of the TfXYN10A after 75°C and the protective effect of ILs 
was also observed in the half-life assays at 80°C (Table 5). 15% [EMIM]OAc increased 
54% of the half-life of TfXYN10A and 15% of increase in half-life was observed with 35% 
of [EMIM]OAc. In contrast, at 60 and 70°C, [EMIM]OAc actually decreased the half-life 
of the TfXYN10A. 15% of [EMIM]DMP and DBNHOAc also stabilized the TfXYN10A 
slightly though 35% of [EMIM]DMP and DBNHOAc decreased the half-life. The differ-
ence in half-life between 80°C and 75°C is not obvious, but one possibility is that, at 
higher temperature the IL penetrates better to the enzyme and stabilizes in this way. 

 
Table 5. Half-lives of TfXYN10A in the presence of ILs. The half-lives are shown in min 
(Table 1 in Paper 4). 

   [EMIM]OAc [EMIM]DMP [DBNH]OAc 
Ionic liquid 

(v/v) 60°C 70°C 80°C 80°C 80°C 

0% 2969 996 65 65 65 

15% 1006 772 100 71 86 

35% 634 127 75 46 47 
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The mechanism of IL-tolerance of enzymes is not fully understood. Gladden et al. 
(2014) analysed 21 cellulases with varying [EMIM]OAc concentrations and then corre-
lated the IL tolerance and other characteristics of the enzyme like pH optimum and tem-
perature optimum (Topt). When these two properties were compared, only Topt correlates 
with IL-tolerance and this observation is consistent with other studies too (Park et al., 
2012; Zhang et al., 2011;GC). This comparison revealed that the enzymes with a 
Topt >70°C tend to have a higher probability of tolerance towards increased concentration 
of IL. This indicates that the correlation is not simply between thermotolerance and IL-
tolerance but more specifically hyperthermotolerance and IL-tolerance. Consequently, 
this indicates that the evolution of an enzyme towards higher Topt frequently promotes 
the tolerance to IL (Gladden et al., 2014). The enzymes used in our study also have Topt 
over 70°C and demonstrated higher IL tolerance.  

Despite the protective effect of [EMIM]OAc in stability assays at 80°C, the tempera-
ture optimum in the presence of [EMIM]OAc did not increase. Additional experiments 
were also performed to test whether the thermostabilizing polyols (sorbitol, glycerol, pol-
yethylene glycol) could protect the enzyme against inactivation by biomass-dissolving IL 
([EMIM]OAc). Though these polyols can stabilize Thermomonospora xylanase against 
thermal inactivation (George et al. 2001), they could not protect TfXYN10A against the 
IL-mediated inactivation even with smaller percentage of ILs (data not shown).  
 
4.3.3. Xylan hydrolysis as a function of time 
 
Industrial processing of biomass varies from minutes to days. Therefore, we studied how 
xylanases tolerate ILs during longer incubations. Xylan hydrolysis as a function of time 
from 30 min to 24 h at 60°C, (pH 7) is represented in Fig. 20–22, which shows that the 
enzyme retained highest activity in the presence of [EMIM]OAc, followed by 
[EMIM]DMP and [DBNH]OAc, where [DBNH]OAc was the most inactivating IL in this 
study. In 15% aqueous IL solution in 24 h hydrolysis reaction, TfXYN10A retained 54% 
hydrolytic activity with [EMIM]OAc, 49% activity with [EMIM]DMP and 35% activity 
with [DBNH]OAc. Even 35% [EMIM]OAc retained partial TfXYN10A activity (29%) dur-
ing the whole time period of 24 h, and 35% [EMIM]DMP almost as much as 21%, but 
35% [DBNH]OAc almost inactivated the enzyme (no activity increase between 5 h and 
24 h time points; Fig. 22). Therefore, it can be seen that a long incubation in the presence 
of ILs is a hard condition for the enzymes. One could expect that not only the competitive 
inhibition of the enzyme activity but also the increased denaturation of the enzyme hap-
pens in aqueous IL solution during prolonged incubation. If denaturation happens, the 
loss of activity relatively increases during longer incubations. The level of inhibition (ac-
tivity loss) during 30 min hydrolysis in the presence of ILs was smaller than the same 
during 24 h. The increase in inhibition from 30 min to 24 h time points was 1.5 to 2 fold 
with 15%–35% with [EMIM]OAc.  

Xylanases from Aspergillus fumigatus lost almost 80% and 90% activity with 10% 
[EMIM]OAc at 6 h and 12 h, respectively, whereas endoglucanases from the same organ-
ism remained 90% and 85% active, respectively. The structural differences between these 
two types of enzymes may give clues how different enzymes from the same source retain 
their activity that differ from each other in the presence of ILs (Singer et al., 2011).  
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Figure 20. Xylan hydrolysis by TfXYN10A as a function of time in the presence of 
[EMIM]OAc.  Symbols: 0% [EMIM]OAc (■), 15% [EMIM]OAc ( ), 25% [EMIM]OAc 
(●), 35% [EMIM]OAc (▲) (Fig. 4A in Paper 4). 

 

 
Figure 21. Xylan hydrolysis by TfXYN10A as a function of time in the presence of 
[EMIM]DMP.  Symbols: 0% [EMIM]DMP (■), 15% [EMIM]DMP ( ), 25% [EMIM]DMP 
(●), 35% [EMIM]DMP (▲) (Fig. 4B in Paper 4). 

 

 
Figure 22. Xylan hydrolysis by TfXYN10A as a function of time in the presence of 
[DBNH]OAc.  Symbols: 0% [DBNH]OAc (■), 15% [DBNH]OAc ( ), 25% [DBNH]OAc 
(●), 35% [DBNH]OAc (▲) (Fig. 4C in Paper 4).  
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4.3.4. Kraft pulp xylan hydrolysis in the presence of ILs 
 
Typically, xylanases were tested in solubilized xylan. The hydrolytic activity of TfXYN10A 
should be compared between soluble and insoluble substrates. The goal was to find how 
ILs affect the enzymatic hydrolysis of insoluble birchwood Kraft pulp xylan, which pos-
sess 27% xylan. To ensure the detectability of the hydrolysed insoluble xylan reaction 
products, the amount of enzyme administered in the pulp xylan hydrolysis reaction was 
10–20 times higher than the amount of TfXYN10A used in soluble birchwood xylan hy-
drolysis. It was found that in xylan hydrolysis with 25% and 35% IL concentrations, the 
hydrolytic activity was reduced more with insoluble xylan than with soluble xylan (Fig. 
23). When compared to hydrolysis without ILs, in 2 h hydrolysis with 35% ILs, the hy-
drolysis of pulp xylan was 3.8-fold lower in [EMIM]OAc, 2.4 fold lower in [EMIM]DMP 
and 5.5-fold lower in [DBNH]OAc than with soluble xylan. These results indicated that 
with 25–35% ILs, the soluble substrate protects the enzyme from the loss of hydrolytic 
activity by IL. It is also possible that the insoluble substrate cannot compete as effectively 
as soluble substrate at the active site of the enzyme to exclude the IL.  On the other hand, 
the hydrolysis reaction even with the insoluble xylan did not reach the plateau in 24, 48 
and even during 72 h incubation in the presence of IL, thus continuous hydrolysis and 
accumulation of hydrolysis products was noticed (not shown). 

 
Figure 23. Hydrolysis of soluble xylan and insoluble pulp xylan by TfXYN10A with 
three ILs. The reaction time was 2 h. Symbols: 0% IL ( ), 15% IL ( ), 25% IL ( ), 35% 
IL ( ) (Fig. 5 in Paper 4).  
 

Since ILs compete with the substrate for binding to the active site, it could be 
possible that short oligosaccharides, especially xylotriose and xylotetraose, could bind 
and react less effectively in the presence of ILs. The possible effect of the ILs on the 
hydrolysis product pattern (amounts of xylose, xylobiose and xylotriose) was studied 
with the pulp xylan. The reaction solutions containing ILs were analysed with capillary 
electrophoresis (CE) (Wahlström et al., 2013). Although the quantitative accuracy may 
not be very high, the pattern of the reaction products indicated that there are no bigger 
differences in the hydrolysis efficiency in the presence and absence of [EMIM]OAc or 
[EMIM]DMP (Fig. 24 shows results for [EMIM]OAc). 
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Figure 24. Capillary electrophoresis of the pulp xylan hydrolysis products. The results 
are shown for TfXYN10A as a function of [EMIM]OAc concentration (Fig. 6 in Paper 4).  
 

The end-products in the 2 h reaction were xylose, xylobiose and xylotriose in quite 
similar ratios (highest peak was xylobiose). Only with [DBNH]OAc, xylose production 
may have been slightly lower when compared to other ILs. [DBNH]OAc might have 
weakened slightly the binding of xylotriose to the enzyme. Nevertheless, the results indi-
cated that ILs do not dramatically weaken the binding of short oligosaccharides to the 
active site of TfXYN10A. However, this result concerns only TfXYN10A enzyme having 
low competitive inhibition by ILs. Studies conducted by Gao et al. (2014) with commer-
cial cellulase enzymes (Cellic CTec2, Cellic HTec2 and Multifect Pectinase) suggested 
that these enzymes may have a weakened ability to bind xylooligosaccharides in the pres-
ence of ILs. Hydrolysis of xylooligomers was less complete than that of glucooligomers 
in IL-pretreated corn stover solids and approximately 20% or more of the total xylose in 
solution persisted as oligomers even after hydrolysis for 72 h (Gao et al., 2014). 

 

4.3.5. Effect of substrate protection on temperature optimum 
 

The concept of substrate protecting the enzyme at extreme conditions was confirmed 
in the previous studies by half-life assays in the presence and absence of the substrate 
(Paper 1; Xiong et al., 2004). The effect of the substrate concentration on enzyme per-
formance as a function of temperature was tested with TfXYN10A. Soluble xylan in two 
different concentrations and pulp xylan as insoluble substrate were used both in the 10 
min and 30 min experiments (results are shown in Fig. 25 and 26). The optimum tem-
perature for xylan hydrolysis is 80°C with 1% soluble xylan. 5°C shift in the temperature 
optimum (to 85°C) was observed, when the soluble substrate concentration was in-
creased to 3%. Furthemore, the optimum temperature was decreased to 70°C with the 
insoluble pulp xylan as substrate, which also elucidates the role of soluble xylan in pro-
tecting the enzyme from inactivation by high temperatures.  
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Figure 25. Optimum temperature for xylan hydrolysis of TfXYN10A as function of sub-
strate concentration. Assay conditions: 60°C, pH 7, 10 min reaction. Symbols: 1% pulp 

(x), 1% xylan (■) and 3% xylan (●) (Fig. 7A in Paper 4). 

 
Xylan in the pulp could not protect the enzyme hence it is bound to cellulose in the 

pulp. The difference in the assay length (10 and 30 min assay) had only minimal effect 
on the temperature activity profile. With the pulp, the activity level was relatively higher 
in 10 min assay, possibly indicating that the enzyme was partly inactivated by binding to 
the fibre in the 30 min assay. Furthermore, the activity above the temperature optimum 
was slightly lower in 30 min assay with 1% and 3% xylan, as is expected that in longer 
assay, the inactivation of the enzyme starts to affect.  
 

 
 
Figure 26. Optimum temperature for xylan hydrolysis of TfXYN10A as function of sub-
strate concentration. Assay conditions: 60°C, pH 7, 30 min reaction. Symbols: 1% pulp 

(x), 1% xylan (■) and 3% xylan (●) (Fig. 7B in Paper 4). 

 
Numerous contacts by hydrogen bonding and hydrophobic interaction in the specific 

and also in the unspecific binding of carbohydrate chains to the enzyme are likely to in-
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crease the stability of the enzyme structure. Altogether, the results showed that the sol-
uble substrate protects the enzyme quite strongly from inactivation by elevated temper-
ature. This could be also due to nonspecific binding of the substrate to the enzyme sur-
face, in addition to that, the substrate forms stabilizing interactions in the active site.  

In studies, where CBM stabilizes the enzyme, one possible effect could be, bringing 
the enzyme to closer vicinity of the substrate, which might stabilize the enzyme. The sta-
bilization by surrounding substrate molecules may resemble in some degree the enzyme 
stabilization by immobilization. However, the effect of random immobilization is not al-
ways clear, there is a large number of possibly affecting interactions and random unfa-
vourable interactions may also destabilize (Mateo et al., 2007). The effect of higher sub-
strate concentration may also be based on crowding effect, in which the excluded volume 
may create more compact protein conformations and increase conformational stability 
(Warmerdam et al., 2013). In conclusion, the stabilization of the enzyme by substrate 
interactions can be based on several mechanisms and thus it remains unclear, which 
mechanism stabilizes TfXYN10A.   

 
4.4. Kinetic studies with T. aurantiacus and T. flexuosa xylanases (2 & 4) 

 
Kinetic studies with T. aurantiacus and T. flexuosa GH10 xylanases in the presence of 
ILs showed the mechanism how ILs inhibit xylanase enzymes. Measured without IL, the 
Km and Vmax values of TasXYN10A were 2.3 +0.2 mg/mL and 1014 +62 U/mg, respec-
tively (Table 6). The presence of 5% [EMIM]OAc increased the Km ~1.6 fold and 15% of 
[EMIM]OAc increased the Km 3.5-fold. While Km values became higher with higher con-
centration of IL, the Vmax value remained almost the same. Km and Vmax of TfXYN10A 
without IL were 1.2 + 0.2 and 492 + 36 U/mg, respectively. Only 1.9-fold increase was 
observed with the Km of TfXYN10A by [EMIM]OAc (Table 6). In TfXYN10A, the 15% IL 
increased much less the Km (from 1.2 to 2.3) than 15% IL in TasXYN10A (from 2.3 to 
8.0), supporting the finding that TfXYN10A is less inactivated by ILs than TAsXYN10A. 
An additional hydrogen bond to the substrate in TfXYN10A, when compared to 
TasXYN10A, could explain the lower Km of TfXYN10A and lower competitive inhibition 
by ILs. Fig. 27 shows the additional hydrogen bond from Asn209. 

 
  [EMIM]OAc [EMIM]DMP [DBNH]OAc 

IL 
(v/v) Km Vmax Km Vmax Km Vmax 

0 % 1.2 + 0.2 492 + 36 1.2 + 0.2 492 + 36 1.2 + 0.2 492 + 36 
15 % 2.3 + 0.1 666 + 23 4.7 + 0.5 557 + 44 3.5 + 0.6 593 + 65 
35 % 4.9 + 1 760 + 13     10.3 + 0.6 641 + 63 
 

Table 6.  Km and Vmax of TfXYN10A in the presence of biomass dissolving ILs (Table 2 
in Paper 4). 
 
 The comparison of kinetic parameters in Table 7 also shows that GH10 xylanases 
TasXYN10A, TfXYN10A and TmXYN10B experience smaller increase in Km due to IL 
than GH11 xylanase (DtXYNB). This result is in line with the much smaller inactivation 
of GH10 xylanases by [EMIM]OAc than what is seen in GH11 xylanases (Li et al., 
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2013:EMT). When comparing the effect of three ILs ([EMIM]OAc, [EMIM]DMP and 
[DBNH]OAc) on kinetic parameters of TfXYN10A, it was observed that [EMIM]OAc re-
sulted in better Km values than the other two ILs (Table 6). Also, Vmax values were higher 
with [EMIM]OAc.  
 

 
Table 7. Comparison of the kinetic properties of GH10 xylanases TasXYN10A, 
TmXYN10B and TfXYN10A with D. thermophilum GH11 xylanase (Table 3 in Paper 4). 
 

The elevated Km without much affecting the Vmax suggests that ILs act as competitive 
inhibitors for xylanases. The IL molecule competes with the substrate for binding to the 
enzyme and thus elevates the Km. GH11 xylanase from D. thermophilum showed a much 
higher increase in Km, which was ~10-fold increase with 15% [EMIM]OAc (Li et al., 
2013:EMT), indicating that competitive inhibition is stronger in GH11 xylanases than 
GH10 xylanases. With GH10 xylanase from T.  flexuosa and T. maritima, the increase in 
Km with [EMIM]OAc was very low compared to the GH11 xylanase (Paper 4; Yu et al., 
2016). The increase in Km with 5% [EMIM]OAc on T. flexuosa xylanase is negligible (not 
shown) and with 35% [EMIM]OAc, the increase in Km (from 1.2 to 4.9) is similar to the 
increase with 5% [EMIM]OAc in the D. thermophilum GH11 xylanase (from 1.9 to 4.9 – 
Table 7). Enzymatic hydrolysis at high solid loadings is a key to scale-up of lignocellulosic 
biochemical conversion process. There is limited information on large-scale enzymatic 
hydrolysis of IL pretreated material, especially at high solid loadings as most of the sac-
charification data were obtained at laboratory scales with 1–2% loading of IL pretreated 
biomass, which cannot be directly translated to industrially relevant scales (Li et al., 
2013:BB). The effect of IL on Km of the enzyme by competitive inhibition might be less 
important in the industrial biomass hydrolysis with ILs at high substrate concentration, 
whereas effect of ionic liquids on maintaining or increasing the Kcat is of great im-
portance. Thus, focused scale-up studies at high solid loading and effect of IL on enzyme 
kinetics are required. 

The difference among these enzymes in loss of activity in the presence of IL appears 
to be based on the differences in the active site, which is revealed by the docking studies. 
The narrow and deep active site of GH11 xylanases allows the binding of large amounts 
of [EMIM]+ cations, thus preventing the binding of substrate. Consequently, the activity 
is hindered by competitive inhibition posed by binding of IL cation (Paper 4; Jaeger and 
Pfaendtner, 2013). 

  
TasXYN10A  at 

60°C [Chawachart 
et al., 2014] 

DtXYN11B at 
70°C              

[Li et al., 2013] 

TmXYN10B  
at 90°C  [Yu 
et al.,2016] 

TfXYN10A at 
60°C            

[Paper 4 ] 

[EMIM]OAc 0 % 5 % 15 % 0 % 5 % 15 % 0 % 15 % 0 % 15 % 35 % 

Vmax 
(U/mg) 1014 972 1026 1108 1199 892 - - 492 666 760 

Km 
(mg/mL) 2.3 3.1 8 1.99 4.9 17.7 0.7 1.6 1.2 2.3 4.9 



 4. Results and Discussion 
  

59 
 

 
 

Figure 27. Docking of [EMIM]+ cation to the active site of two xylanases. A. TasXYN10A 
represents GH10 xylanases; B. DtXYNB represents GH11 xylanases. First binding posi-
tions of [EMIM]+ cation in each of the 32 clusters bound to TasXYN10A and in each of 
the 33 clusters bound to DtXYNB are shown. [EMIM] cation is coloured in cyan and blue 
(nitrogen atom in blue). Catalytic glutamic acids are shown in ball and stick form. N 
shows catalytic nucleophile and A/B the acid/base. The figures were created using UCSF 
Chimera (www.cgl.ucsf.edu/chimera/) (Fig.8 in Paper 4). 
  

Jaeger and Pfaendtner (2013) proposed a mechanism based on the molecular dynam-
ics simulation that IL cations may bind to some places in the xylanase active site. Docking 
program SwissDock in our studies revealed a much larger number of potential binding 
sites, and indicated that a large part or even the whole active site canyon could be filled 
with bound IL cations. It was also observed that in the wider active site of GH10 xy-
lanases, the binding of [EMIM]+ cations is distributed in more restricted areas than in 
GH11 xylanases (Fig. 27), which is in line with the conclusion of lower competitive inhi-
bition in GH10 enzymes.  

The binding affinity (reflected in Km) between the enzyme and the substrate might 
also affect the range of inhibition caused by the IL (see Table 3 in Paper 4). The enzymes 
with Km ~1 show lower competitive inhibition than enzymes with Km ~2. Thus we ob-
tained an indication that the binding affinity between the enzyme and its substrate may 
affect the degree of inhibition caused by the ionic liquid molecules. In this respect, it is 
evident that the stronger substrate binding to the enzyme replaces better the IL mole-
cules from the active site. Another evidence that the wider substrate binding site has 
lower inhibition by ILs was provided by Yu et al. (2016) studies, where the T. maritima 
GH10 xylanase (TmXYN10B) was not readily affected by the presence of 15% 
[EMIM]OAc. The competitive inhibition is very low in TmXYN10B. Furthermore, it was 
shown that with increasing temperatures, the increase in Km stays very low in 
TmXYN10B. Therefore, extremophilic GH10 xylanases can be employed at high temper-
atures with high affinity to substrate as well as with high tolerance to ionic liquids.  



4. Results and Discussion 

60 
 

The interaction of the acetate anion with hydrogen bonds in the protein structure has 
been proposed as a mechanism for protein denaturation in the presence of [EMIM][OAc] 
(Kaar et al., 2003). Although acetate could cause enzyme unfolding, it is not likely to bind 
strongly enough to the active site to cause significant competitive inhibition. 

 
4.5. Sulfolobus acidocaldarius β-glycosidase active site mutation 

and the characterisation of mutants (3) 
 
4.5.1. Active site mutations in BGAL_SULAC 
 
Disaccharide hydrolysing enzymes have a great biotechnological significance, including 
the hydrolysis of milk sugar lactose and hydrolysis of cellobiose, and also in synthesis of 
galacto-oligosaccharides by transglycosylation. We studied S. acidocaldarius -glyco-
sidase (BGAL_SULAC) that cleaves several disaccharides effectively and for this reason, 
it is not called either -galactosidase or -glucosidase but -glycosidase referring to its 
general ability to hydrolyse disaccharides (Park et al. 2010). Thermostable BGAL_SU-
LAC with acidic pH optimum was studied as a model enzyme in a TEKES-funded lactase 
project (LATMUS) for active site mutations changing the pH activity profile. The exper-
imental testing of the mutant enzymes revealed how one mutation can have various and 
unexpected effects.  

 

 
 
 
Figure 28. Modeled structure for the catalytic site of BGAL SULAC. The putative 
acid/base catalyst (E209), nucleophile (E389) and the mutated positions (N211 and 
V212), carbon C1 of -1 glucose and glycosidic oxygen (*) are shown. Modeled cellobiose 
is shown in the active site. The picture was created using PyMol 
(http://www.pymol.org/) (Fig. 2 in Paper 3). 
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Structure of S. solfataricus β-glycosidase (BGAL_SULSO) was used as a template for 
modelling the structure of BGAL_SULAC. The putative catalytic residues are E209 (acid-
base catalyst) and E389 (nucleophile) (in BGAL_SULSO, the corresponding catalytic 
residues are E206 and E387). Homologous structure of BGAL_SULAC has 52% identity 
with Thermosphaera aggregans β-glycosidase (Chi et al., 1999) and 31% identity with 
hyperthermostable Pyrococcus horikoshii β-glycosidase (Akiba et al., 2004) structures. 
All these enzymes have Pro in -1 position of the α-helix next to the acid/base catalyst. 
These similarities justify the reliability of the structural positions modelled for N211 and 
V212 in the same region being the targets for mutations, aiming at a pH activity change. 
These mutation positions were chosen to be in the same side of the acid/base, as in the 
Asn to Asp mutation in GH11 xylanase which shifted the pH activity profile of the enzyme 
towards acidic pH (Joshi et al., 2000). These two positions of BGAL_SULAC (the corre-
sponding positions in BGAL_SULSO were occupied by the same amino acids) were se-
lected from the vicinity of the acid/base catalyst E209 and aspartic acid was introduced 
separately in both positions (N211D, V212D). Considering the hydrogen bonding ability 
through the hydroxyl group, the hydrophilic, neutral threonine was also introduced into 
position 212 (V212T) as a control. V212 is closer to E209 than N211, and the introduced 
polar side chains at 212 are in principle in a hydrogen bonding distance from the 
acid/base (Fig. 28). 

BGAL_SULAC, which is natively an intracellular enzyme, and the mutant enzymes 
were expressed in E. coli. After bioreactor cultivation, the cells were sonicated and the 
cell debris was removed. The supernatants were thermoprecipitated to remove the con-
taminating, non-thermophilic E. coli proteins, which made the purification of the ther-
mophilic proteins easier. After chromatographic purifications, the purified proteins 
showed ~58 kDa single bands in SDS-PAGE (Fig. 29). Park et al. (2010) determined the 
size to be approximately 57 kDa, which is consistent with the theoretical value of 57,143 
Da based on the 491 amino acids of the enzyme. 

 

 
  

 
 
 
 
 
 
 
 
  
  
 
Figure 29. SDS-PAGE of BGAL_SULAC and its mutants. Lane 1: Dual color marker, 
Lane 2: BGAL_SULAC, Lane 3: N211D, Lane 4: V212D, Lane 5: V212T (Fig.1 in Paper 3). 
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4.5.2. BGAL_SULAC mutants and their characterization 
 
For BGAL_SULAC, Park et al. (2010) determined the highest reaction rates with nitro-
phenyl substrates of fucosides followed by glucosides, but lower rates with galactosides. 
In our assays with cellobiose and lactose, the enzyme showed similar reaction rates with 
both substrates at low disaccharide concentration (25 g/L), but at higher concentrations, 
the enzyme cleaves lactose better than cellobiose (Table 8). Therefore BGAL_SULAC is 
naturally more lactase (or -galactosidase) than -glucosidase. Fucose-based disaccha-
ride was not tested. 

The mutations in the active site changed the substrate specificity and reaction rate. 
Negatively charged amino acid mutations (N211D, V212D) reduced the enzyme activity 
especially with cellobiose, but not much with lactose. Aspartic acid nearby the catalytic 
residue (V212D) has stronger declining effect on the activity than in N211D. Threonine 
nearby the catalytic residue (V212T) showed a positive effect. Almost in all the substrate 
concentrations V212T showed higher specific activity, except in 25 g/L of cellobiose.  Alt-
hough the ability of BGAL_SULAC and its mutants to hydrolyse cellobiose was good, in 
every tested substrate concentration, they hydrolysed lactose most effectively. In this re-
spect, V212T mutant is a lactase, like the wild type enzyme and the other two mutants.  

   
Table 8. Specific activity of BGAL_SULAC and its mutants. The glucose production 
(g/L) was measured at 50°C, pH 5, for 60 min reaction. Specific activity is expressed in 

mol/min/mg enzyme of hydrolysed cellobiose or lactose, respectively, for each sub-
strate concentration (Table 2 in Paper 3). 
 

In the N211D and V212D mutants of BGAL_SULAC, an additional charged side chain 
too close to the acid/base catalyst seems not to be optimal for catalysis, thus the specific 
activity was reduced greatly especially with cellobiose. A similar decrease in activity by 
the introduction of Asp close to the acid/base was seen in T. flexuosa GH11 xylanase (Li 
and Turunen, 2015). These results indicated that, when the active site is mutated with 
charged aminoacids, the charged residues can easily have harmful effects, and one 
should test mutations also with milder changes. The chemical differences between dif-
ferent substrates can also greatly affect the functional properties of the enzyme, as seen 
in differences between cellobiose and lactose hydrolysis in the aspartic acid mutants. 

Kinetic studies of the wild type BGAL_SULAC with cellobiose and lactose as substrate 
(Table 9) showed a low Km with cellobiose (17 mg/ml), but 6-fold higher Km with lactose 
(101 mg/ml). The Vmax is 2.6-fold higher with lactose (558 U/mg) than with cellobiose 
(218 U/mg). Consequently the overall catalytic performance (Vmax/Km) of BGAL_SULAC 
is 2.3-fold better with cellobiose than lactose, but this difference was not seen in specific 

  25 g/L 50 g/L 100 g/L 200 g/L 

  Cel Lac Cel Lac Cel Lac Cel Lac 
BGAL_ 
SULAC 131 +8 127 +1 156 +14 192 +1 189 +14 278 +6 219 +16 395 +1 

V212T 91 +3 183 +5 195 +11 238 +6 321 +3   383 +10 378 +16 471 +8 

N211D         62 +6 262 +3     

V212D         40 +5 173 +8     
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activity assays, especially at high substrate concentrations, in which BGAL_SULAC 
showed higher reaction rates with lactose (Table 9). Kinetic assays were measured in 
substrate concentration range of 5–200 g/L, and therefore the kinetic parameters reflect 
wider range of activity, whereas the specific activity measurements are reported for sub-
strate concentration range of 50–200 g/L. Park et al. (2010) also reported higher enzy-
matic activity with cellobiose than lactose. Our study shows that a wide range of assay 
conditions is needed to obtain a full picture of the catalytic properties of BGAL_SULAC. 

 

  Cellobiose Lactose 

Enzyme Km 
(mg/ml) 

Vmax 
(U/mg) 

Vmax / 
Km 

Km 
(mg/ml) 

Vmax 
(U/mg) 

Vmax / 
Km 

BGAL_ 
SULAC   17 +5 218 +19 12.8 101 +42 558 +107 5.5 

V212T 102 +35    376 +61  3.7     75+28 497 +77 6.6 

 
Table 9. Kinetic parameters of BGAL_SULAC and V212T mutant (Table 3 in Paper 3). 
 

The mutant V212T, which showed increased activity in specific activity assays, didn’t 
exhibit its efficiency directly in the kinetic parameters, especially the Vmax/Km became 
lower (Table 9). The Km of V212T is 6-fold higher than that of BGAL_SULAC with cello-
biose and almost similar with lactose. Since the V212T mutation increased the Vmax with 
cellobiose, this can be a reason for elevated hydrolytic effiency at high substrate concen-
trations. Typically, increase of Km reflects substrate affinity may lead to the increase of 
Vmax, e.g. since the product release may become faster (Keppetipola and Shuman, 2006).  

Sulfolobus enzymes are generally thermostable and the apparent temperature opti-
mum for BGAL_SULAC is 90–95°C with aryl glycoside substrates (Park et al., 2010). In 
the temperature dependent-activity assays of BGAL_SULAC and its mutants with cello-
biose (Fig. 30), the wild type (BGAL_SULAC) showed highest temperature optimum 
(92°C). The mutants with negatively charged amino acids N211D and V212D reduced the 
temperature optimum by 8°C and 12°C, respectively. The mutant with higher specific 
activity (V212T) has the temperature optimum of 90°C, slightly lower than the wild type. 
Despite the lower temperature optimum than the wildtype, V212T proved its efficiency 
in the temperature optimum by having more hydrolytic activity at 95–100°C. At 95°C, 
both the BGAL_SULAC and V212T were equally active but at 100°C, BGAL_SULAC re-
tain barely 20% of the hydrolytic activity whereas V212T retained almost 80% of the hy-
drolytic activity. 

With lactose as substrate in the temperature-dependent activity assay (Fig. 31), all the 
enzymes have the same optimum temperature of 85°C, except V212D, which has its tem-
perature optimum at 80°C. With both substrates, the temperature optimum of V212D is 
the lowest, around 80°C. Temperature dependent activity assays with different sub-
strates showed that, the substrate can have a profound effect on the thermal properties 
of the enzyme. 
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Figure 30.  Temperature-dependent activity profiles of BGAL_SULAC and its mutants 
with cellobiose as substrate. The length of assay was 60 min at pH 5. Symbols: 
BGAL_SULAC (●), N211D (■), V212D (▲) and V212T ( ) (Fig. 3A in Paper 3). 
 

The structural difference between the two substrates, lactose and cellobiose, in the 
active site caused about 7°C difference in the temperature optimum. This indicates that 
the stabilizing interactions in the active site differs between substrates, cellobiose provid-
ing higher stability in this case. The mutation in V212T caused highest stability effect 
with the interactions of cellobiose, but not with lactose, since cellobiose increased the 
enzyme activity significantly at 100°C.  The stronger interactions of BGAL_SULAC with 
cellobiose are seen in the low Km, which is 17 mg/ml, whereas Km is 101 mg/ml for lactose. 
However, the Km of V212T with cellobiose does not explain the improved activity at 100°C 
(Table 9), therefore the mutation itself is likely to cause a main part of the stabilization 
effect as seen in the residual activity assay. 

 

 
 

Figure 31.  Temperature-dependent activity profiles of BGAL_SULAC and its mutants 
with lactose as substrate. The length of assay was 60 min at pH 5. Symbols: BGAL_SU-
LAC (●), N211D (■), V212D (▲) and V212T ( ) (Fig. 3B in Paper 3). 
 

Comparison of the results from the temperature-dependent activity assay with cello-
biose and lactose as substrates demonstrated that cellobiose is a better substrate than 
lactose in respect to thermostability, but lactose served as better substrate in respect to 

0

20

40

60

80

100

60 65 70 75 80 85 90 95 100
Temperature (°C)

R
el

at
iv

e
ac

ti
vi

ty
 (%

)

0

20

40

60

80

100

60 65 70 75 80 85 90 95 100
Temperature (°C)

R
el

at
iv

e
ac

ti
vi

ty
 (%

)



 4. Results and Discussion 
  

65 
 

the hydrolytic activity. This raises also the possibility that too high stability in the active 
site may reduce the reaction rates. 

 
 
Figure 32. Residual activity profiles of BGAL_SULAC and its mutants. Enzymes were 
incubated at different temperature for 30 min and the residual activity was measured 
with pNP-Glc at 70°C for 15 min. Wild type (●), N211D (■), V212D (▲) and V212T ( ) 
(Fig. 4 in Paper 3). 
 

V212T showed thermostability increase also without the presence of substrate in the 
residual activity assay, but other mutations destabilized, V212D being the most destabi-
lizing mutation (Fig. 32). The difference in the residual activity between the wild type 
and the aspartic acid mutants is remarkable, 10–15°C of lower stability was observed.  
Though the residual activity assay didn’t show any stability at 100°C, V212T was still ac-
tive in this temperature because of the substrate protection effect. The same substrate 
protection effect was observed with GH 10 xylanases from T. flexuosa and T. aurantiacus 
(1, 2 & 4). With all these enzymes, the substrate protected the enzyme at higher temper-
ature, which lead the enzyme to perform better. These thermophilic enzymes could be a 
better choice for the industrial hydrolysis processes with high substrate concentrations.  
 
4.5.3. pH activity engineering of BGAL_SULAC 
 
There are many studies about the effect of active site mutations on the pH activity profile. 
In glycoside hydrolases, the pKa of catalytic residues determines the upper and lower 
limits of the pH activity profile. pKa of acid/base controls the alkaline side and pKa of 
the nucleophile controls the acidic side of the pH profile. In principle, the mutations in-
creasing the pKa of acid/base could widen the pH profile to alkaline direction (Nielsen 
et al., 2001). In Streptomyces lividans GH10 xylanase, mutations decreasing the pKa of 
acid/base also shifted the alkaline limb of pH profile to acidic direction (Roberge et al., 
1998). 

In the pH activity profile of BGAL_SULAC and its mutants, the pH activity profile was 
much wider with cellobiose than with lactose (Fig. 32 and 33). As it was proposed for the 
thermostability, cellobiose appears to have stronger interactions with the enzyme that 
might also responsible for the wider pH stability. Another option is that the different 
substrates alter the electrostatic environment of the catalytic residues in differing ways. 
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The pH profile with cellobiose is wider on both acidic and alkaline limb indicating that 
cellobiose could affect the pKa of both acid/base and nucleophile in a different way than 
lactose. 

 
(a)    

 
 
(b) 

  
 
Figure 33. pH-dependent activity profile of BGAL_SULAC and its mutants with cello-
biose as substrate; (a) as a function of specific activity; (b)  as a function of relative activ-
ity.  Symbols: Wild type (●), N211D (■), V212D (▲) and V212T ( ) (Fig. 7A in Paper 3). 
 
     When looking at the %-activity graphs, one can see that all mutants shifted the appar-
ent pH optimum to acidic direction both with cellobiose and lactose as substrate (Fig. 
32b and 33b). pH graphs of some of the mutants were narrower than BGAL_SULAC. 
However, the real activity levels also decreased with N211D and V212D mutations (Table 
8). Therefore, these two mutations do not provide any increase in activity at acidic con-
ditions, when compared to the wild type enzyme. But in V212T, the specific activity level 
is higher than in BGAL_SULAC, and therefore, the hydrolytic activity increased clearly 
in the acidic pH (Fig. 32a and 33a).  
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While the pH optimum for the wild type is ~5 with both cellobiose and lactose (Fig. 
33 and 34), the mutations shifted the pH optimum to pH region 4.0–4.5. The shift had 
differences between cellobiose and lactose, the most acidic peak was in V212D with lac-
tose at pH 4.2, the others had the optimum at pH 4.5. With cellobiose, the most acidic 
optimum (pH 4.2) was with V212T and N211D, although the pH profile was wider to-
wards alkaline pH in N211D. 

 
(a) 

 
(b) 

 
 
Figure 34. pH-dependent activity profile of BGAL_SULAC and its mutants with lactose 
as substrate; (a) - as a function of specific activity; (b) - as a function of relative activity. 
Symbols: Wild type (●), N211D (■), V212D (▲) and V212T ( ) (Fig. 7B in Paper 3). 
 

As presented in the pH engineering studies of amylase, the pH activity profile of the 
enzymes can be changed by inserting charged residues close to the active site (Nielsen et 
al., 2001). However, not only the neutral to charged residue mutations, but also the neu-
tral to neutral mutations changed the pH activity profile. From these results it could be 
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concluded that factors other than electrostatics, probably the dynamic aspects of the ac-
tive site, are important for the shape of the pH activity profile (Nielsen et al., 2001). In 
our studies with BGAL_SULAC, the mutations in the vicinity of the acid/base catalyst 
E209, changed the pH-activity profile, but not as expected by thump rules of Nielsen et 
al. (2001). The nearby acidic group should increase the pKa of acid/base, and as conse-
quence, the pH activity profile should widen to alkaline pH. The effect was opposite in 
both positions in our studies with BGAL_SULAC. Similar results (shift towards the acidic 
pH) was observed with GH11 xylanase while introducing aspartic acid close to acid/base 
(Joshi et al., 2000 & 2001; Li and Turunen, 2015).  

A possible explanation for the shift of pH-activity profile towards acidic pH in 
BGAL_SULAC could be the collapse of the hydrophobic belt around E209 by the muta-
tions V212D and V212T. A hydrophobic belt lining E209 is formed by the side chains of 
W154, V212 and A266 and it forms a quite tight pocket and a surface against one side of 
the E209 side chain. When the carboxylic amino acid group is surrounded by hydropho-
bic group of amino acids, this should also support the higher pKa of acid/base and thus 
higher activity at higher pH (Nielsen et al., 2001). Therefore, the acid/base already had 
an environment supporting higher pKa and changing the hydrophobic effect to polar ef-
fect was not successful in this study. The β-glucosidase BGL 1A from Phanerochaete 
chrysosporium also has hydrophobic belt around the catalytic acid/base but not as large 
as in BGAL_SULAC. The surrounding of the acid/base contains als0 an acidic amino 
acid. When the acidic amino acid was removed by mutation D299N, the pH activity pro-
file shifted to acidic pH that proved that the nearby Asp keeps the activity at alkaline pH 
(Tsukada et al., 2008) according to the thumb rule that the nearby negative charge in-
creases the pKa of acid/base (Nielsen at al., 2001). Though mutations in both enzymes 
shifted the pH-activity profile towards acidic pH, the mechanism involved is differing, 
with BGAL_SULAC, it is nearby hydrophobicity and with BGL 1A, it is nearby negative 
charge. The effect of the nearby acidic amino acid has also been shown to shift the pH 
activity profile towards acidic pH, if it is in about hydrogen bonding distance to the 
acid/base (Joshi et al., 2000 & 2001). V212D is in such distance (over 3 Å), but N211D is 
further away (close to 6 Å), and still their effects were similar, maybe because of the effect 
on the hydrophobic environment also by N211D.  

In conclusion, it was observed that a “milder” change with a non-charged polar amino 
acid (Thr) was much better option to alter pH properties, since it did not harm the activ-
ity level. Altogether, it can be seen that one mutation can cause many effects and several 
mechanisms can have a similar effect. 

 
4.5.4. End product inhibition in BGAL_SULAC 

 
End-product inhibition of enzyme activity is part of the natural feedback, controlling the 
biological reaction pathways. In biotechnological applications, end-product inhibition 
causes retardation of the enzymatic reaction. This is especially significant process factor 
in high consistency reaction, e.g. in the hydrolysis of lignocellulose. In competitive inhi-
bition, the end-product binds to the active site and reduces the reaction rate.  

Since the V212T mutant functions more efficiently at high substrate concentration 
than the wild type enzyme, one possibility for this could be, a lower end-product inhibi-
tion in V212T. In order to find an explanation for this behaviour, the inhibition of the 
enzyme by the end products was checked (Paper 4). In the assays checking the inhibition 
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on disaccharide hydrolysis, pNP-glucose and pNP-galactose were used as substrate and 
glucose and galactose were used as inhibitors, respectively. Both enzymes were inhibited 
more by glucose than galactose (Fig. 35 and 36). 
 

 
 
Figure 35. Inhibition of BGAL_SULAC and V212T enzyme activity with glucose when 
pNP-Glc was as substrate (Fig. 5A in Paper 3).  

     

               
 
Figure 36. Inhibition of BGAL_SULAC and V212T enzyme activity by galactose when 
pNP-Gal was as the substrate (Fig. 5B in Paper 3). 
 

The higher inhibition of enzymatic activity by glucose than galactose correlates with 
stronger binding of cellobiose. This is also indicated by lower Km value with cellobiose 
than with lactose. When comparing the inhibition between the wild type and V212T mu-
tant, only minor difference existed between them. V212T was inhibited more by glucose 
than galactose whereas BGAL_SULAC was inhibited more by galactose than glucose. 
However, in the inhibition studies with the pNP substrates, it is unclear how well these 
results with artificial substrates correlate with the actual disaccharides as substrates. 
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While performing the inhibition studies with cellobiose as substrate, distinguishing the 
hydrolysed end-product glucose and the supplied glucose (as inhibitor) from the HPLC 
analysis results was challenging. Few inhibition experiments were conducted with disac-
charide as substrate and glucose or galactose as inhibitor. These experiments produced 
almost similar results obtained from the inhibition studies with pNP-glu and pNP-gal 
assays (data not shown). In conclusion, a trivial change in the end-product inhibition of 
V212T than the BGAL_SULAC was observed with both glucose and galactose. This minor 
change in the glucose inhibition pattern appears not to be the main reason for the in-
creased activity of V212T at higher cellulose concentration. On the other hand, the low-
ered inhibition by galactose in V212T could be at least one reason behind increased re-
action efficiency with lactose. 

Activity inhibition by glucose is a common characteristics of β-glucosidases. However, 
several β-glucosidases are tolerant to or may even be stimulated by glucose (Uchiyama 
et al., 2013). Glucose was reported to be a competitive inhibitor of β-glycosidase from S. 
solfataricus but has little inhibition effect on Pyrococcus furiosus (Gumerov et al., 2015). 
Product inhibition impairing the hydrolysis yields is one of the main obstacles to com-
mercial cellulose hydrolysis (Sørensen et al., 2013). High substrate concentrations are 
used in biomass hydrolysis to reduce the amount of water and increase reaction effi-
ciency. This results in high concentrations of end-products (cellobiose and glucose), 
which then increase the inhibition on cellulases and beta-glucosidase activity (Andric et 
al., 2010; Kristensen et al., 2009). Beta-glucosidase relieves the product inhibition of 
cellobiohydrolase and endoglucanase by cleaving cellobiose (Sørensen et al., 2013). On 
the other hand, low product inhibition of beta-glucosidase by glucose is also an important 
factor. Therefore, the efficiency of beta-glucosidase is very essential in the hydrolysis of 
lignocellulose, especially when glucose is the final accumulating product in the reaction.  

Most of the β-glucosidases are feedback inhibited by the glucose product, which re-
stricts their application. But some β-glucosidases of GH1 family are tolerant to or even 
stimulated by glucose. Elucidation of the mechanism of glucose tolerance and stimula-
tion will be crucial to improve the application of these β-glucosidases in biomass hydrol-
ysis, through enzyme engineering. Fig. 37 explains the interaction between glucose and 
the β-glucosidase. Besides active site, glucose, as well as the substrate, can bind to other 
sites with varying affinities. In the wild type GH1 β-glucosidases, the glucose binds to the 
active site, and thus affects the enzyme activity via competitive inhibition (a). Active site 
mutation in the substrate channel, changed the affinity of glucose and the glucose binds 
to some other sites, where the bound glucose does not hinder substrate binding to active 
site (b) and even it can stimulate the substrate cleavage activity (c) (Yang et al., 2015). 
Uchiyama et al. (2013) isolated a β-glucosidase from a metagenomic library with both 
high glucose tolerance and high transglycosylation activity. The hydrolytic efficiency of 
the benefical mutant V212T could be further increased by identifying and mutating the 
glucose binding site that could increase the glucose tolerance of the enzyme. β-gluco-
sidase with higher glucose tolerance and lower transglycosylation would be of great in-
terest in industrial applications. By decreasing the glucose inhibition of the beneficial 
mutant V212T of BGAL_SULAC, this enzyme utilization will become momentous. 
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Figure 37. Schematic illustration of the proposed mechanisms of GH1 β-glucosidases, 
for effects of glucose on cellobiose hydrolysis with glucose, and pNP-glucose as substrate. 
The figure is reproduced from Yang et al. (2015).  
 

Beta-galactosidases and lactases are inhibited by galactose and glucose in the hydrol-
ysis of lactose (galactose-glucose disaccharide). The inhibition can be both competitive 
and non-competitive. Product inhibition of lactase enzyme affects the degree of lactose 
hydrolysis in the lactase treatment of dairy products, whereas immobilization of lactase 
decreases the product inhibition (Pessela et al., 2003). Mutations in the active site have 
been shown to affect the galactose binding and product inhibition (Hu et al., 2010; Kim 
et al., 2011). Our study showed that the same mutation can have an opposite effect to 
product inhibition by different substrates. V212T reduced the inhibition by galactose, but 
increased the inhibition by glucose (Fig. 35 and 36). In fact, it can be anticipated that in 
protein engineering to achieve these kinds of effects, random mutations are required 
when the critical positions are first identified.  
 
4.5.5. Transglycosylation in BGAL_SULAC 
 
Trisaccharide formation by transglycosylation activity of β-glucosidase can be one mech-
anism that reduces the accumulation of the hydrolysis product, especially at high sub-
strate concentration, since the high product concentration promotes the reverse reaction 
in the hydrolytic enzymes. Trisaccharide formation was noticed in the HPLC results 
while analysing the hydrolysis products of cellobiose. The trisaccharide was most likely 
cellotriose, since it had the same retention time in HPLC analysis with cellotriose. While 
there is a modest difference between the BGAL_SULAC and V212T in the end product 
inhibition, crucial difference was found with trisaccharide formation affecting the reac-
tion efficiency (Fig. 38).  

In one hour reaction BGAL_SULAC produced 40% of trisaccharide, compared to the 
glucose produced by the hydrolysis of cellobiose in 100 g/L concentration. With higher 
substrate concentration (200 g/L) 60% level of cellotriose compared to the amount of 
glucose produced, was formed in one hour reaction. With increasing time of cellobiose 
hydrolysis, cellotriose production was increased in BGAL_SULAC with both substrate 
concentrations. In contrast to the wild type, the V212T mutant exhibited very low cel-
lotriose production level. While BGAL_SULAC produced 40% and 60% cellotriose with 
100 and 200 g/L cellobiose in one hour reaction, V212T produced only 12% and 10% 
trisaccharide in the same conditions, respectively. 
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Figure 38. Trisaccharide formation in 100 and 200 g/L concentrations of cellobiose 
with   BGAL_SULAC and V212T. (G – glucose; G3 – trisaccharide) (Fig. 6 in Paper 3).  
 

Compared to BGAL_SULAC, the increase in trisaccharide formation in V212T is 
smaller with increasing substrate concentration. Also, in 3 h reaction the V212T mutant 
showed very low trisaccharide formation. The relative degree of transglycosylation de-
clined as a function of time in both enzymes. From the feedback inhibition and transgly-
cosylation studies, it is conferred that the greatly decreased transglycosylation in V212T 
accounts for the higher efficiency in glucose production at higher substrate concentra-
tion. 

 
 
Figure 39. Graphical illustration of BGAL_SULAC portraying the active-site molecules 
and the V212T position of the enzyme. A cellobiose molecule was modeled to the channel 
leading to the catalytic residues. Thr212 of the mutant V212T can easily form H bonds to 
the descending substrate lowering its mobility. The figure was created using PyMol. 
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Transglycosylation in the hydrolysis of cellobiose and lactose was observed already in 
earlier studies with S. acidocaldarius β-glycosidase (Park et al., 2010) and other fungal 
β-glucosidases (He et al., 2013; Yang et al., 2008). Bohlin et al. (2013) noticed that the 
hydrolytic activity decelerates at high substrate concentration because of the increased 
flow of glucose through transglycosylation, where end-product inhibition is not the rea-
son that delays the hydrolysis. Transglycosylation property of the β-glucosidases and -
galactosidases is important in pharmaceutical and food industries, but it is harmful in 
biorefineries, where the hydrolysis of disaccharides to monosaccharide is the target. 
Some beta-glucosidase variants having reduced transglycosylation activity were identi-
fied and patented for biomass hydrolysis (Diez et al., 2014). This recombinant β-glycosi-
dase from BGAL_SULAC with smaller glucose inhibition and reduced transglycosylation 
activity would be an influential ingredient for cellulose cocktails applied for industrial 
biomass hydrolysis. 
 

 
 

Figure 40. Space filling presentation of the enzyme active site with glucose and cellobi-
ose. The figure shows the two-part channel leading to the catalytic residues, allowing the 
transfer of sugar molecules through both routes. The figure was created using PyMol. 
 
A possible reason for the effect of V212T could be that Thr212 retards by hydrogen bond-
ing the transfer of transglycosylating disaccharide to the covalently bound acceptor glu-
cose. After hydrolysis of cellobiose to two glucose molecule, the -1 glucose stays a short 
time covalently bound to enzyme, and instead of hydroxyl ion (obtained from water mol-
ecule), a hydroxyl group of cellobiose molecule can make a bond to C1 of the glucose and 
thus cleaves the covalent bond between nucleophile and C1 (Fig. 39), which leads to the 
formation of trisaccharide. Fig. 40 indicates that the tight dimensions in the active site 
that may even channel the disaccharide to trisaccharide formation. Though active site 
mutations could easily disturb the enzyme activity, our study produced an enzyme with 
a single mutation near the active site that changed the enzyme characteristic in a benef-
ical way. Understanding of the active site and the mutation principle could be applied in 
engineering of other disaccharide hydrolysing enzymes, also in a reverse way, to increase 
the transglycosylation. 
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5. Conclusions and future perspectives 
 

Biotechnological properties of thermostable GH10 xylanases and GH1 β-glycosidase and 
their variants were studied biochemically. It was shown in GH10 xylanases that addi-
tional molecular groups or domains in the catalytic domain can have diverse and com-
plex effects on the enzyme activity and stability. The specific protein modifications in 
each production host of the enzymes can play an important role in determining the level 
of activity at high temperature and other properties as well. The effect of additional mo-
lecular groups may depend e.g. on how they increase or decrease the intramolecular mo-
bility in the enzyme. The effect of 6x-His tag was surprising by providing higher thermo-
stability, although the effect was pH-dependent.The substrate molecule affects the en-
zyme stability significantly by their interactions with the enzyme in concentration de-
pendent manner, but pH appears to play an important role in the substrate protection 
effect. Therefore, the enzymes are sensitive to various contacting molecular factors. This 
feature has been utilized in various ways in protein engineering, e.g. by modifying the 
glycosyl groups or by attaching chemical groups to the proteins. Detailed information on 
structure-function relationships is essential in planning such modifications. 

Thermostability provides stability against other harmful conditions too. Tolerance of 
thermostable GH10 xylanases was studied in the presence of biomass-dissolving ionic 
liquids (ILs) that are commonly employed in the pretreatment of lignocellulose. Pretreat-
ment of biomass with ILs could be done either with high concentration of ILs followed 
by subsequent washing or biomass modification with low concentration of ILs. However, 
the residual ILs can be detrimental to the processing enzymes. Hence, the effect of ILs 
on the enzymatic hydrolysis of xylan and the stability of the enzyme in aqueous IL solu-
tions, and the interaction of ILs with the enzyme were investigated with GH10 xylanases. 
Thermostability apparently protects the enzyme against unfolding of the enzyme struc-
ture. Tm assay and temperature activity analyses of GH10 xylanases showed that IL was 
more detrimental to the enzyme activity than stability at high temperatures. Kinetic anal-
ysis conferred the fact that the ILs compete with the substate for the active site of the 
enzyme. GH10 xylanases were shown to be less sensitive to the competitive inhibition 
exerted by IL than GH11 xylanases. Molecular docking studies indicated that the wider 
active site of GH10 xylanase was less affected by [EMIM] cation than the GH11 xylanases, 
which have narrow active site. T. aurantiacus GH10 xylanase also elucidated the tem-
perature dependent hydrolysis of the substrate. It was observed that the binding of xy-
lotriose to the active site was weakened at higher temperatures, since its hydrolysis be-
came slower. This slowing effect was not seen with xylotetraose indicating that the GH10 
xylanase could hydrolyse xylan to smaller end products than GH11. The industrial appli-
cation potential of this GH10 xylanases are triggered since these enzymes are thermo-
alkali stable, remain active in the presence of residual ILs and still hydrolyse the xylan 
completely. Further studies on this enzyme could analyse the feedback inhibition of this 
enzyme and relieving the feedback inhibition by mutation, which will add the commer-
cial interest of this enzyme.  

Thermophilic T. flexuosa GH10 xylanase that showed increased thermal activity and 
stability was checked for the effect of three commonly used biomass dissolving ILs. T. 
flexuosa GH10 xylanase retained more activity with higher concentration of ILs than T. 
aurantiacus GH10 fXYN10A, followed by [EMIM]DMP and [DBNH]OAc. The surprising 
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finding in this study was that the enzyme was stabilized by the presence of lower concen-
tration of IL (especially with [EMIM]OAc) at and above optimum temperature, whereas 
at lower temperature the effect was reverse. Hydrolysis studies of the insoluble xylan in 
the Kraft pulp indicated factors affecting the enzyme behavior in biorefinery conditions. 
While the soluble substrate (birchwood xylan in this study) protected the enzyme activity 
at higher temperatures, the insoluble xylan (pulp xylan) failed to protect the enzymatic 
activity. Therefore, in high solid loading industrial hydrolysis, enzymes that do not need 
stabilizing contacts with substrate to tolerate high temperature or other inactivating fac-
tors are preferred. Similar to IL inhibition on the enzymes, it is apparent that other hy-
drolysis products from the biomass treatments also cause e.g. competitive inhibition of 
enzymes. Efficiency of the thermotolerant, IL resistant GH10 xylanase could be acceler-
ated by planning the mutations that increase the hydrolysis of insoluble xylan. XBD, 
which are proved to increase the insoluble xylan in few studies could be incorporated to 
these GH10 xylanases to exploit the enzymes completely in their industrial application. 

Mutations in the active site are often harmful to the enzymes. Active site mutations of 
S. acidocaldarius β-glycosidase, resulted in two mutants with reduced activity (N211D 
and V212D) and one mutant with improved activity (V212T). With cellobiose and lactose 
as substrate, the benefical mutant exhibited increased thermal activity and stability, 
while shifting the pH optimum towards more acidic pH. Since the mutations N211D and 
V212D decreased the specific activity, the shift of the apparent pH optimum to acidic 
direction expressed that the enzyme activity was lost especially in the alkaline limb of the 
pH activity profile. The pH effect of all three mutations could be based on the disturbing 
of the hydrophobic belt around the acid/base catalyst that in turn supports the high pKa 
of the acid/base. Therefore the mutations could even have lowered the pKa. 

Although V212T mutation resulted in increased Km, the hydrolytic activity also in-
creased significantly at higher substrate concentrations. The activity increased with both 
cellobiose and lactose but the total activity was highest with lactose. Change in the end-
product inhibition of V212T with glucose might not be the reason for increased activity 
with cellobiose, but apparently was one reason for increased activity with lactose. The 
HPLC analysis of the reaction products displayed the decreased transglycosylation activ-
ity of V212T. Reduced transglycosylation of V212T might be the main reason for the in-
creased specific activity. These studies showed that one mutation can have several layers 
of effects and the effects can vary according to substrate and even substrate concentra-
tion. The mutant could be further studied for the substrate protection effect and IL me-
diated inactivation effect. Further improvement of the enzyme could be executed by re-
lieving the feedback inhibition.  

Further improvements in these β-glycosidases could be accomplished by protein en-
gineering. GH10 xylanases efficiency could be improved by increasing the hydrolytic ac-
tivity on insoluble substrates. These two GH10 xylanases could be checked for the syner-
gistic hydrolysis of biomass, with other biomass degrading enzymes, which would be of 
great interest for future studies. The mutation approach used in the study of BGAL_SU-
LAC is conceivable for GH10 xylanases as well, for reducing the feedback inhibition of 
xylanases. In the same way, BGAL_SULAC can be subjected to IL tolerance studies, 
which could affirm their suitability in cellulose cocktails.
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