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ABSTRACT 
 
Extremozymes are enzymes produced by microorganisms that live in 

extreme habitats. Due to their higher stability, extremozymes is attracting 

interest as biocatalysts in various industrial processes. In this context, 

carbohydrate-active extremozymes can be used in various processes 

relevant to the paper, food and feed industry. 

In this thesis, the crystal structure, biochemical characterization and 

the capacity to synthesize prebiotic galacto-oligosaccharides (GOS) were 

investigated for a β-glucosidase (HoBGLA) from the halothermophilic 

bacterium Halothermothrix orenii. The wild-type enzyme displays 

favorable characteristics for lactose hydrolysis and produces a range of 

prebiotic GOS, of which β-D-Galp-(1→6)-D-Lac and β-D-Galp-(1→3)-D-

Lac are the major products (Paper I). 

To further improve GOS synthesis by HoBGLA, rational enzyme 

engineering was performed (Paper II). Six enzyme variants were 

generated by replacing strategically positioned active-site residues. Two 

HoBGLA variants were identified as potentially interesting, F417S and 

F417Y. The former appears to synthesize one particular GOS product in 

higher yield, whereas the latter produces a higher yield of total GOS. 

In Paper III, the high-resolution crystal structure and biochemical 

characterization of a hemicellulase (HoAraf43) from H. orenii is 

presented. HoAraf43 folds as a five-bladed β-propeller and displays α-L-

arabinofuranosidase activity. The melting temperature of HoAraf43 

increases significantly in the presence of high salt and divalent cations, 

which is consistent with H. orenii being a halophile.  

Furthermore, the crystal structures of a thermostable tetrameric 

pyranose 2-oxidase from Phanerochaete chrysosporium (PcP2O) were 

determined to investigate the structural determinants of thermostability 

(Paper IV). PcP2O has an increased number of salt links between 

subunits, which may provide a mechanism for increased stability. The 

structures also imply that the N-terminal region acts as an intramolecular 

chaperone during homotetramer assembly. 

 

Keywords: β-glucosidase, pyranose oxidase, carbohydrates, lactose 

conversion, galacto-oligosaccharides, thermostability, propeptide 



SAMMANFATTNING 

 
Extremozymer är enzymer som produceras av mikroorganismer som 

lever i extrema miljöer. På grund av deras högre stabilitet är 

extremozymer intressanta för olika industriella processer. Kolhydrat-

aktiva extremozymer är i detta sammanhang intressanta för en rad 

processer inom pappers-, livsmedels- och foderindustrin. 

I denna avhandling presenteras kristallstrukturbestämning, biokemisk 

karakterisering och förmågan att syntetisera prebiotiska galakto-

oligosackarider (GOS) hos ett β-glukosidas (HoBGLA) från den 

halotermofila bakterien Halothermothrix orenii. Vildtypsenzymet 

uppvisar gynnsamma egenskaper med avseende på hydrolys av laktos och 

produktion av prebiotiska GOS, där de främsta produkterna utgörs av β-

D-Galp-(1→6)-D-Lac and β-D-Galp-(1→3)-D-Lac (Paper I). 

 I syfte att ytterligare förbättra den GOS-producerande förmågan hos 

HoBGLA tillämpades rationell enzymdesign (Paper II). Sex 

enzymvarianter genererades genom utbyte av strategiskt placerade 

aminosyror i det aktiva sätet. Två enzymvarianter framstod som 

potentiellt intressanta, F417S och F417Y. Den förstnämnda verkar 

producera en särskild GOS-produkt med högre utbyte, medan den 

sistnämnda producerar ett högre utbyte av total mängd GOS. 

I Paper III presenteras den högupplösta kristallstrukturen och 

biokemiska karakteriseringen av ett hemicellulas (HoAraf43) från H. 
orenii. HoAraf43 veckar sig som en fembladig β-propeller och uppvisar α-

L-arabinofuranosidasaktivitet. Smältpunkten för HoAraf43 ökar betydligt 

i närvaro av hög saltkoncentration och divalenta katjoner, vilket 

överensstämmer med att H. orenii är en halofil. 

Vidare bestämdes kristallstrukturer för ett termostabilt tetramert 

pyranos 2-oxidas från Phanerochaete chrysosporium (PcP2O) i syfte att 

undersöka de strukturella faktorer som bidrar till termostabiliteten 

(Paper IV). PcP2O uppvisar ett ökat antal saltbindningar mellan 

subenheter vilket kan utgöra en mekanism för att öka stabiliteten. 

Strukturerna antyder även att den N-terminala regionen underlättar 

hopsättningen av homotetrameren. 

 

Nyckelord: β-glukosidas, pyranosoxidas, kolhydrater, laktosomvandling, 

galakto-oligosackarider, termostabilitet 
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1  INTRODUCTION 

Lignocellulose is a major renewable natural biomass resource that 

consists of sugar-based polymers, i.e., cellulose and hemicellulose, 

embedded in a complex network of aromatic alcohols (monolignols). 

Extensive efforts are made to develop strategies for efficient biomass 

utilization to harness energy through the conversion of biomass to 

fermentable sugars by environmentally sustainable enzymatic processes 

and the production of valuable products such as biofuel (Himmel et al., 
2007). The major structural element in plant cell walls, lignocellulose, 

constitutes about 70% of the plant biomass (Pauly et al., 2008). 

Carbohydrates carry out a wide variety of biological functions including 

adhesion, motility, immune response, and pathogen interaction (Ohtsubo 

& Marth, 2006). Monosaccharides are the simplest sugar building blocks. 

Disaccharides are formed when two monosaccharides are joined together 

through a dehydration reaction resulting in the formation of a glycosidic 

bond, while oligo- and polysaccharides result in molecules structurally 

and functionally far more diverse than peptides and nucleic acids. 

 

1.1   Plant biomass 

Plant polysaccharides are found in a variety of sources such as agri-

cultural residues, woods, and different types of waste products. The major 

component of this lignocellulosic biomass is cellulose (Table 1). 

 

Table 1. Composition of agricultural lignocellulosic biomass 

(composition, % dry basis) 
 Cellulose Hemicellulose Lignin 

Corn fiber 15 35 8 

Corn stover 40 25 17 

Rice straw 35 25 12 

Wheat straw 30 50 20 

Sugarcane bagasse 40 24 25 

Switch grass 25 30 12 

Coastal Bermuda grass 25 35 6 

Table adapted from Saha, 2003. 
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1.1.1  Cellulose 

Cellulose is the most important polysaccharide in plants and an 

inexhaustible polymeric raw material offering an environment friendly 

and biodegradable natural resource  (Klemm et al., 2002; Klemm, 2005; 

Kaplan 1998). Cellulose constitutes nearly one half of both soft wood and 

hard wood (Fengel & Wegener, 1984). It is a homopolymer composed of 

repeating D-glucose units (Fig. 1) covalently linked via β-1,4-glycosidic 

linkages. In plants, cellulose is synthesized by cellulose synthases 

followed by assembly of cellulose chains into microfibrils (Somerville et 
al., 2006, review). In the plant cell wall, parallel cellulose chains interact 

through extensive inter- and intra-molecular hydrogen bonds as well as 

van der Waals forces such that hydrogen-bond ordered (crystalline) 

regions are interspersed by less ordered (amorphous) regions along the 

microfibrils (Nieduszynski & Preston, 1970; Gardner & Blackwell, 1974). 

Cellulose microfibrils are typically about 3-nm thick, comprising 36 

crystalline, parallel β-1,4-glucan chains, each probably including 8,000-

15,000 glucose molecules. Thus, the cellulose microfibril is one of the 

largest biomolecules known in nature. Microfibrils associate into fibrils, 

and ultimately into cellulose fibers (Somerville et al., 2006, review). 

 
Figure 1. Schematic drawing of the molecular architecture of cellulose fibers formed 
by assembled microfibrils. Microfibrils are formed by 36 parallel cellulose chains. 
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1.1.2  Hemicellulose 

Hemicellulose is the second most common polysaccharide group, 

typically accounting for 15–35% of the plant biomass. In hardwood, about 

20 to 30% of the biomass is hemicellulose, and in plants of herbaceous 

origin up to 50% (Ebringerova et al., 2005). Hemicellulose is a 

heterogeneous polymer of xylose, arabinose, mannose, glucose, and 

galactose and other sugar-based compounds such as glucuronic acids 

(McMillan et al., 1993). The major hemicellulose in soft wood are 

glucomannan and galactoglucomannan, which are composed of linear 

chains of β(1→4)-linked D-mannopyranose and D-glucopyranose units 

decorated with α(1→6)-linked D-galactopyranose residues and xylan with 

backbone of β(1→4)-linked xylopyranose units with via α(1→2)-linked 4-

methylated D-glucuronic acid, and α(1→3)-linked L-arabinose units. 

Other hemicelluloses in soft wood include arabinogalactan, xyloglucan, 

and pectin components including galactans, arabinans and rhamno-

galacturonan. The main hemicellulose in hardwood is xylan (Fengel & 

Wegener, 1989) with a backbone of β(1→4)-linked xylopyranose units 

with inserted acetyl groups at regular intervals (every 10th residue). 

 

1.1.2.1 Galactooligosaccharides 

The term galacto-oligosaccharide (GOS) is used for any β-linked 

oligosaccharide composed of galactose units with glucose or galactose at 

the non-reducing end, and with a degree of polymerization (DP) between 

2-10 units per molecule. GOSs are generated from incomplete hydrolysis 

of galactose polymers (galactans) present in hemicelluloses and occur 

naturally in honey and various fruits such as banana, as well as vegetables 

including onions, garlic, soybeans and chicory (Angus et al., 2005). GOSs 

are also found in mammalian milk, but only in trace amounts in bovine 

and human milk where it is exclusively composed of β-linked galactose 

and glucose (Kunz et al., 2000; Tao et al., 2008). These GOSs are non-

digestible functional food additives with beneficial physiological effects. 

GOSs are prebiotic compounds, and have been termed the "Bifidus 

growth factor" (Bielecka et al., 2002), which selectively stimulate the 

growth of lactobacilli and bifidobacteria living commensally in the human 

gut. The bifidobacteria are well known for their beneficial effects on the 

production of B vitamins, including B1, B2, B6, and B12, along with 

biotin, nicotinic acid and folic acid (Tomomatsu, 1994; Hoover, 1993). 
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 However, GOSs not only promote health, but also improve the quality 

of food by modifying taste and physicochemical properties (Sako et al., 
1999). Additionally, GOSs are sweet in taste with a relative sweetness of 

0.3-0.6 compared with sucrose, and can be used as a replacement for 

sucrose to avoid dental caries and biofilm formation by Streptococcus 
mutans (Bowen & Lawrence, 2005; Cvitkovitch et al., 2003; Moynihan, 

2005). Another potential advantage of GOSs relates to infectious disease. 

Pathogenic bacteria and pathogenic toxins recognize specific cell-surface 

oligosaccharides to establish infection (Kulkarni et al., 2010), and it has 

been shown that GOSs are able to neutralize these pathogens by blocking 

their adhesion to cell-surface oligosaccharides (Shoaf et al., 2006; Searle 

et al., 2010). 

About 150-200 million tons of lactose is generated annually as a waste 

product from liquid whey (Smithers, 2008). Milk is the only significant 

natural source of lactose, in which lactose is the dominant carbohydrate. 

The estimated annual global market consumption of GOSs is 50,000-

80,000 tons (Crittenden & Playne, 1996), of which about 40% is 

synthesized enzymatically from lactose through transgalactosylation by β-

galactosidases. A number of scientific reports are available that describe 

GOS production via trans-galactosylation using β-galactosidase (for 

examples see: Playne et al., 1996; Crittenden et al., 1996; Sako et al., 
1999; Ladero et al., 2001; 2002; Jurado et al., 2002; Sener et al., 2006; 

Haider & Husain, 2008). The products from lactose hydrolysis (glucose 

and galactose) are converted into various types of GOSs by enzymatic 

transglycosylation reactions where lactose is used as an acceptor, and the 

lactose hydrolysis products (glucose and galactose) can serve as donors. 

More than 30 different GOSs of various lengths are typically generated 

through enzymatic transgalactosylation. 

The galactose units may be linked through β(1→3), β(1→4), or β(1→6) 

linkages, with the β(1→4) linkage being the predominant bond, while 

β(1→4) linkages are mainly present between galactose and glucose units 

(Oku, 1996; Tzortzis & Vulevic, 2009; Macfarlane et al., 2008). When 

lactose is used for GOS production, glucose is present at the reducing end 

of the synthesized oligosaccharide. During enzymatic synthesis of GOS 

the precise saccharide composition, regiochemistry and degree of 

polymerization depends on the enzyme used (Gosling et al. 2010). 

Besides the value of GOS production, a large number of people in the 
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world are intolerant to lactose, which creates a high demand for lactose-

free milk and dairy products. Enzymatic lactose hydrolysis by β-

galactosidases is the principal means by which to produce lactose-free 

dairy products. 

 
1.2  Enzymes in biomass degradation 
 

1.2.1  Glycoside hydrolases 

Glycoside hydrolases (GHs; EC 3.2.1.x) comprise a diverse group of 

enzymes that hydrolyze glycosidic bonds between sugar units, or between 

a sugar (glycone) and a non-sugar moiety (aglycone). Many GHs display 

more than one substrate specificity. To achieve efficient decomposition of 

lignocellulose, cellulolytic microorganisms generate a variety of GHs, 

which are mainly cellulases and hemicellulases. This is reflected by the 

large number of existing protein sequences for cellulose and 

hemicellulose-active enzymes in the CAZy database, where the glycoside 

hydrolases have been classified into 133 different GH families, 

corresponding to 14 unique clans (http://www.cazy.org; Lombard et al., 
2014). Each GH family contains enzymes with similar tertiary structures 

and mechanisms, but typically different substrate specificities. 

Cellulose is hydrolyzed by the synergistic action of different cellulases 

comprising three principal ways to approach the complex substrate 

(Payne et al., 2015, review): (i) endo-1,4-β-glucanases (EC 3.2.1.4), which 

depolymerize cellulose by random hydrolysis of internal β-(1,4)-glycosidic 

bonds to produce shorter chains and cellooligomers; (ii) exo-1,4-β-

glucanases (CBH, cellobiohydrolase; EC 3.2.1.91) that hydrolyze cellulose 

polymers from either of the free cellulose chain ends (reducing or non-

reducing end) to generate cellobiose (i.e., the β-1,4-linked disaccharide of 

glucose); and (iii) β-glucosidases (BGL; EC 3.2.1.21) that hydrolyze 

cellobiose to glucose. The β-glucosidases also play an important role to 

relieve the effect of product inhibition by cellobiose on cellulases (Enari et 
al., 1987; Yazaki et al., 1997).  

Hemicellulose is composed of different types of carbohydrates 

including β-glucan, xylan, xyloglucan, arabinoxylan, mannan, galacto-

mannan, arabinan, galactan, and polygalacturonan; and therefore 
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complete degradation requires a complex battery of synergistic enzyme 

activities, e.g., β-glucanase, xylanase, xyloglucanase, mannanase, 

arabinase, galactanase, polygalacturonase, glucuronidase, acetyl xylan 

esterase, as well as other enzymes (Sjöström, 1993). Hemicellulases not 

only help to expose cellulose chains to make them more accessible for 

cellulases, but also convert hemicellulose into valuable saccharides.  

Glycosidic bond cleavage by GHs leads to either of two possible 

stereochemical outcomes of the hydrolytic reaction, i.e., inversion or 

retention of configuration at the anomeric carbon atom, giving the α- or 

β-anomer, respectively (Koshland, 1953). The inverting mechanism (Fig. 

2a) is a bimolecular reaction that involves a single displacement at the 

asymmetric carbon and the direct displacement of the leaving group by a 

nucleophilic water molecule. Here, the nucleophile and leaving group are 

positioned on opposite sides of the bond to be cleaved such that the attack 

proceeds from the “back”. The catalytic amino acids are both carboxylic 

acids, which are strategically positioned approximately 10 Å apart. The 

nucleophilic water molecule is activated by the carboxylic acid 

functioning as a base, supported by the other carboxylic acid acting as a 

general acid that protonates the glycosidic oxygen. 

In the retaining mechanism (Fig. 2b), which is a double-displacement 

reaction (Koshland, 1953; Sinnott, 1991), the two carboxylic-acid residues 

are closer, typically only 5.5 Å apart and involves two displacements at 

the asymmetric carbon.  In the first step, the nucleophile attacks the 

anomeric carbon assisted by the other carboxylate residue that acts as 

general acid to protonate the glycosidic bond oxygen. The displacement 

results in inversion of configuration and the formation of a covalent 

glycosyl-enzyme intermediate. In the second step a water molecule 

attacks at the anomeric carbon from the opposite side, leading to another 

inversion at the asymmetric center and net retention of configuration. In 

this step, the carboxylic acid previously acting as an acid now works as a 

general base abstracting a proton from the water. 
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Figure 2. The inverting SN2 mechanism for a β-glycosidase (a). The retaining SN1 
mechanism for a β-glycosidase (b). [Withers, S. G. & Williams, S. J. “Glycoside hydrolases” 

in CAZypedia, available at URL http://www.cazypedia.org/index.php/Glycoside_hydrolases, 

accessed 29 January 2014.  With permission from Spencer J. Williams.] 

 
Carbohydrate-binding modules (CBMs) are non-catalytic sugar-binding 

protein domains associated with carbohydrate-active enzymes. The 

principal role of CBMs is to bind to various polysaccharide structures in 

order to increase the catalytic efficiency of the enzyme on soluble and 

insoluble substrates by keeping the catalytic module in close proximity of 

the substrate (Tomme et al., 1995). Based on their amino-acid sequence 

similarities (Fujimto, 2013, review), the CBMs are currently classified 

into 71 CBM families in the CAZy database. The CBMs are further 
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grouped into seven fold families based on their three-dimensional (3D) 

structure, and into three CBM types based on their sugar recognition 

modes (Boraston et al., 2004).  

 
1.2.1.1 β-glucosidases (BGLs) 

The β-glucosidases (BGLs; EC 3.2.1.21) are found in most living 

organisms and comprise a diverse group of GHs that hydrolyzes 

glycosidic linkages between sugar units, or between a sugar (glycone) and 

a non-sugar moiety (aglycone). BGLs have been classified by the use of 

various criteria, as there seems to be no single, well-defined strategy for 

classification. The two classification strategies found in the literature are 

based on substrate specificity and sequence similarity. Based on substrate 

specificity, BGLs are classified as (i) aryl β-glucosidases (enzymes that act 

on aryl glycosides), (ii) true cellobiases which act on cellobiose, and (iii) 

broad-substrate specificity β-glucosidases (acting on broad spectrum of 

substrates). Most BGLs belong to the third category but fall into different 

GH families in the CAZy database.

BGLs are currently placed in CAZy families GH1 and GH3 (Lombard et 
al., 2014). Family GH1 comprise enzymes with varying substrate 

specificities, and from all domains of life (Bhatia et al., 2002, review). 

The typical GH1 enzyme displays broad substrate specificity, and 

hydrolyzes the β-glycosidic linkages between glucose and another moiety 

(glucose or other) via a double-displacement mechanism (Withers et al., 
1986; Kempton & Withers, 1992; Withers, 2001) using two glutamic acid 

residues where one functions as a catalytic acid/base and the other as a 

nucleophile. An exception is myrosinase, which lacks the acid/base 

residue and instead uses ascorbate as a co-factor that replaces the 

catalytic base (Burmeister et al., 2000).  

GH1 BGLs belong to clan GH-A with an (β/α)8-barrel fold (i.e., TIM 

barrel fold). The active site is a 15 to 20 Å wide cleft where the two 

glutamate residues are placed on opposite sides of the glycosidic bond to 

be cleaved. The acid/base catalyst and nucleophile are positioned at the 

ends of β-strands 4 and 7, respectively, and the enzymes are therefore 

sometimes referred to as clan 4/7 enzymes (White et al., 1994; McCarter 

et al., 1994). The substrate-binding cleft can be divided into subsites that 

bind individual sugar units. The non-reducing end sugar unit binds in 
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subsite –1, also referred to as the glycone subsite, and the additional 

sugar units in the substrate occupy subsites +1, +2, +3 etc.  The glycosidic 

bond to be cleaved is positioned between subsites –1 and +1 (Davies et 
al., 1997), where the +1 subsite is referred to as the aglycone subsite. 

As for GH1 BGLs, the BGLs belonging to family GH3 are retaining 

enzymes, but use an aspartate residue as nucleophile instead of a 

glutamate (Dan et al., 2000). Besides BGLs, the GH3 family includes a 

range of other enzyme activities, for instance, α-L-arabinofuranosidases, 
β-D-xylopyranosidases and N-acetyl-β-D-glucosaminidases (Harvey et al., 
2000). These enzymes are produced by a variety of organisms including 

bacteria, fungi and plants where they are involved in diverse biological 

processes such as cellulose degradation, plant and bacterial cell-wall 

remodeling and metabolism and pathogen defense mechanisms (Lee et 
al., 2002) where they hydrolyze the terminal glycosyl residue form the 

non-reducing end from a broad range of glucooligosaccharides. Crystal 

structures are available for a number of GH3 enzymes, and beyond the 

catalytic core domain, they typically contain additional domains of 

diverse architecture (Varghese et al., 1999; Balcewich et al., 2009; Pozzo 

et al., 2010; Yoshida et al., 2010; Suzuki et al., 2013). 

Various industrial applications exist for BGLs; for instance, BGL has 

proved beneficial as feed supplement for single-stomached animals such 

as pigs and chickens (Leclerc et al., 1987; Zhang et al., 1996) to promote 

cellulose degradation and enhanced nutrient utilization (Coenen et al., 
1995). Flavonoids and isoflavonoid glucosides occur naturally in tea, red 

wine, soya beans, fruit and vegetables and when hydrolyzed by BGLs, the 

released aglycone compounds were shown to have potent therapeutic and 

health-promoting effects making them useful as added-value compounds 

(Matsuda et al., 1994). In addition, the bitterness in citrus-based fruit 

juices can be removed by BGL-catalyzed hydrolysis of naringin to prunin 

(Roitner et al., 1984). Other applications of BGLs include cellobiose 

hydrolysis during cellulose degradation by relieving product inhibition 

(i.e., cellobiose) of endo- and exoglucanases (Mandels, 1982). BGLs are 

also used for the synthesis of surfactants such as alkyl glycosides (Turner 

et al., 2007; Gräber et al., 2010; Lundemo et al., 2013; Ojha et al., 2013; 

Lundemo et al., 2014). Alkyl glycosides have various attractive properties 

such as good biodegradability, antimicrobial activity and low toxicity, and 

can be used in cosmetics, food, and pharmaceuticals (Matsumura et al., 
1990; von Rybinski & Hill, 1998; Le Maire et al., 2000).  
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1.2.1.2 β-galactosidases (BGALs) 

β-galactosidases (BGALs) are produced by a wide range of organisms 

including, animal, plants, bacteria and fungi (Rubio-Texeira et al., 2006). 

Based on the functional similarities, BGALs are classified into four clan-A 

GH families (CAZy database; Lombard et al., 2014). Except for the BGALs 

from K. lactis and K. marxianus, which belong to GH2 together with 

prokaryotic BGALs (Juers et al., 2000), the BGALs from eukaryotic 

organisms belong to family GH35. The BGALs typically fold into five 

individual domains where one domain is responsible for the catalytic 

function. 

The GH2 enzymes are widespread and include members with varying 

specificity, including β-galactosidases, β-glucuronidases, β-manno-

sidases, exo-β-glucosaminidases, endo-β-mannosidases (Fowler et al., 
1978). GH2 BGALs catalyze the substrate hydrolysis via a retaining 

reaction following Koshland’s double-displacement mechanism 

(Koshland, 1953). As for most other retaining GHs, two catalytic 

glutamate residues provide the function as nucleophile and acid/base 

catalyst (Gebler et al., 1992). The first crystal structure of a GH2 BGAL to 

be determined was the β-galactosidase LacZ from E. coli (Jacobson et al., 
1994), which unlike the GH1 enzymes forms a tetramer with each 

monomer consisting of multiple domains. The third domain is the 

catalytic domain that folds as a classical clan GH-A TIM barrel. Similar to 

GH1 enzymes, the acid/base catalyst and nucleophile are located at the 

ends of β-strands 4 and 7, respectively. The enzyme requires Mg2+ and 

Na+ as cofactors for optimum activity (Wallenfels et al., 1972). The 

enzyme from Lactobacillus delbrueckii is known to be dimeric (Adams et 
al., 1994). 

A majority of the world’s population is intolerant to lactose owing to 

low levels of BGAL in the intestine (Harju et al., 2012), and as discussed 

above (section 1.1.2.1), BGALs are used for industrial hydrolysis of milk 

lactose to make lactose-free dairy products (Oliveira et al., 2011), but also 

for GOS production, which exploits the inherent transglycosylation 

activity of the enzymes (Gänzle et al., 2008; Gänzle, 2012). However, the 

usefulness of BGALs is compromised by product inhibition by glucose 

and/or galactose, which leads to incomplete hydrolysis (Hatzinikolaou et 
al., 2005). Several factors need to be considered during lactose 

conversion such as pH, temperature, time and the cost of enzyme 
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production. The BGAL from K. lactis is a major commercial enzyme 

source for hydrolysis of lactose in milk, but suffers from poor stability at 

higher temperatures (Ganeva et al., 2001), which means that lactose 

conversion has to be performed at 35-45°C, which unfortunately is a 

temperature range where microbial contamination and growth is a 

problem. Thus, thermostable BGALs are desirable to allow high yields at 

higher temperatures where the risk of microbial contamination is reduced 

(Zeikus et al., 1998). 

 

1.2.1.3 α-L-arabinofuranosidases (ARAFs) 

Arabinoxylan is an important plant hemicellulose composed of a linear 

backbone of β-1,4-linked D-xylopyranosyl units containing O-2 and/or O-

3 substituted L-arabinofuranosyl units (Lagaert et al., 2014, review). The 

polymer is degraded enzymatically by endoxylanases, β-xylosidases and 

arabinofuranosidases. Arabinofuranosidases are found in five GH 

families, i.e., GH3, GH43, GH51, GH54 and GH62. The GH3, GH51 and 

GH54 enzymes hydrolyze the glycosidic bond with retention of anomeric 

configuration, while the GH43 enzymes proceed by inversion of 

configuration. The reaction mechanism for GH62 has not been 

elucidated. Some GH43 glycosidases use a single substrate (typically 

arabinofuranosides or xylosides), whereas other show bifunctional 

activity, for instance, combined arabinofuranosidase/xylosidase activity. 

Besides α-L-arabinofuranosidases and β-xylosidases, family GH43 also 

contains arabinanases, galactan 1,3-β-galactosidases, xylanases, α-1,2-L-

arabinofuranosidases, exo-α-1,5-L-arabinofuranosidases, exo-α-1,5-L-

arabinanase, and β-1,3-xylosidases. 

The fold signature of GH43 enzymes is a catalytic domain with a five-

bladed β-propeller fold where each of the blades contains four β-strands 

(Nurizzo et al., 2002). The catalytic amino acids involved include a 

general base (aspartate), a general acid (glutamate) and a third carboxylic 

acid that serves to modulate the pKa of the general acid and helps to 

orient the substrate (Nurizzo et al., 2002). Despite different activity and 

substrate specificity, the three catalytic residues are strictly conserved 

within the family  (Nurizzo et al., 2002; Brüx et al., 2006). 

α-L-arabinofuranosidases, or ARAFs (EC 3.2.1.55) hydrolyze the non-

reducing terminal unit of α-L-arabinofuranoside linkages in arabino-
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furanose-containing polysaccharides, and have potential applications in 

agroindustrial processes, such as the processing of fruits, vegetables, and 

cereals, as well as the conversion of hemicellulose to fuels and chemicals 

(Van Laere et al., 2000; Aristidou & Penttilä, 2000).  

 

1.2.2  Oxidative enzymes 

The microorganisms capable of solubilizing lignin are mainly white- and 

brown-rot filamentous fungi that besides hydrolytic enzymes also 

produce an elaborate machinery of extracellular oxidative enzymes 

(Payne et al., 2015, review). The more well-characterized oxidative 

enzymes include lignin peroxidase (EC 1.11.1.14), laccase (EC 1.10.3.2, and 

manganese peroxidase (EC 1.11.1.13) that are mainly involved in the 

depolymerization of lignin (Martinez et al., 2005; review Martinez et al., 
2009a; Martinez et al., 2011). The importance of oxidative enzymes for 

the degradation of the cellulose and hemicellulose components in 

lignocellulose has received considerable attention lately, most 

importantly a fungal enzyme system involving small lytic polysaccharide 

monooxygenases (LPMOs) and cellobiose dehydrogenases (CDHs), but 

also various metabolic pyranose-oxidizing enzymes such as pyranose 2-

oxidases (P2Os). 

 

1.2.2.1  Polysaccharide monooxygenases 

Historically, the hydrolytic enzymes were given all credit for the efficient 

degradation of crystalline cellulose and hemicellulose. This changed 

dramatically by the recent discovery and characterization of fungal 

copper-dependent LPMOs that catalyze redox-mediated cleavage of 

glycosidic bonds in crystalline polysaccharides such as cellulose and 

chitin (Vaaje-Kolstad et al., 2010) and the coupling of LPMOs to CDHs 

(Horn et al., 2012; Payne et al., 2015, reviews).  

 

1.2.2.2  GMC oxidoreductases 

The oxidoreductases glucose dehydrogenase from Drosophila 
melanogaster, choline dehydrogenase from Escherichia coli, glucose 

oxidase from Aspergillus niger, and methanol oxidase from yeast 
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Hansenula polymorpha were historically classified as related but diverse 

flavoproteins that shared certain sequence motifs and a Rossmann-like 

dinucleotide-binding βαβ fold. Based on the identity of the original 

members, the family was named the Glucose-Methanol-Choline (GMC) 

family of oxidoreductases (Cavener et al., 1992). The GMC sugar 

oxidoreductases constitutes a subgroup of the GMC enzyme family that 

includes a large number of enzymes from various organism, but are 

particularly common in fungi (Van Hellemond et al., 2006; review 

Martinez et al., 2009a; Martinez et al., 2009b).  

GMC non-sugar oxidoreductases include aryl-alcohol oxidases (EC 

1.1.3.7), methanol oxidases, and glyoxal oxidases (EC 1.1.3.x); while GMC 

sugar oxidoreductases include glucose oxidase (EC 1.1.3.4), pyranose-2 

oxidase (EC 1.1.3.10), and cellobiose dehydrogenase (CDH; EC 1.1.99.18). 

These GMC sugar oxidoreductases have been further classified as CAZy 

AA (auxiliary activities) enzymes, which currently include 10 families, 

AA1–AA10. The GMC sugar oxidoreductases are found in four 

subfamilies of family AA3, namely: AA3_1 (mainly cellobiose 

dehydrogenases); AA3_2 (glucose 1-oxidase and aryl alcohol oxidase); 

AA3_3 (alcohol oxidase); and AA3_4 (pyranose 2-oxidase). 

CDHs are large flavocytochromes (Eriksson et al., 1974; Henriksson et 
al., 2000; Hallberg et al., 2000; Hallberg et al., 2002; Zamocky et al., 
2006) that generate reducing equivalents by the flavin-dependent 

oxidation of cellobiose to provide electrons for the LPMO reaction to 

boost cellulose-degradation efficiency and rendering the substrate more 

accessible to hydrolytic enzymes (Harreither et al., 2010; Langston et al., 
2011; Kittl et al., 2012). The flavin domain of CDH belongs to family 

AA3_1 and the cytochrome domain to AA8. 

The subfamily AA3_4 (pyranose 2-oxidase; Janssen & Ruelius 1968) is 

a flavin adenine dinucleotide (FAD)-dependent GMC sugar 

oxidoreductase (Hallberg et al., 2004; Zamocky et al., 2004), and has 

been well characterized to date. The enzyme is co-expressed with a 

number of redox enzymes when the fungus is grown on lignin as carbon 

source (Daniel et al., 1994; De Koker et al., 2004). The enzyme catalyzes 

the oxidation of D-glucose, as well as most monosaccharides released 

during lignocellulose degradation, at the C2 position (Daniel et al., 1994; 

Freimund et al., 1998; Sucharitakul et al., 2010; Tan et al., 2011) to the 

corresponding ketoaldoses and H2O2. Occasionally, oxidation at C3 has 
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been observed (Freimund et al., 1998). The catalytic reaction of P2O can 

be subdivided into two half-reactions, a reductive (reaction 1) and an 

oxidative half-reaction (reaction 2).  

 

FADox + aldopyranose → FADred  + 2-keto-aldopyranose   (reaction 1) 

FADred  + O2 → FADox + H2O2          (reaction 2) 

 

The overall reaction is of ping-pong type (Prongjit et al., 2009), meaning 

that the first product (2-keto-sugar) is released prior to the reaction with 

the second substrate (O2). In the reductive half-reaction (reaction 1), two 

electrons are transferred as hydride from the C2 carbon of D-glucose to 

the oxidized flavin adenine dinucleotide (FADox) group thereby forming a 

2-keto-sugar and FADred. In the oxidative half-reaction (reaction 2), the 

flavin is re-oxidized by molecular oxygen via a covalent C4a-

hydroperoxyflavin intermediate to eliminate hydrogen peroxide from the 

flavin intermediate (Sucharitakul et al., 2008). Whereas the C4a-

hydroperoxyflavin intermediate is common in flavin monooxygenases, it 

is rare in flavoprotein oxidases. It is not known whether the intermediate 

is unique to P2O, or if it occurs also in other flavoprotein oxidases. 

P2O is an intracellular homotetrameric enzyme (Fig. 3) that buries a 

large cavity at the center of the tetramer (Hallberg et al., 2004). Each 

monomer in the tetramer binds one FAD covalently via a histidine 

residue (Halada et al., 2003). The crystal structures of P2O from two 

sources have been determined, from Trametes multicolor (Hallberg et al., 

2004) and Peniophora sp. (Bannwarth et al., 2004). Each monomer 

consists of a ‘‘body’’, “arm”, and a ‘‘head’’ domain. The body contains the 

FAD-binding βαβ motif and a substrate-binding domain with a six-
stranded β-sheet that forms the “bottom” of the active site. The two 

monomers of the two dimers (A/B and C/D) forming the tetramer are 

connected by “arms” that act as oligomerization loops. The function of the 

head domain is unknown, however, due to the extremely flat structure of 

the β-sheet it may serve as an interaction surface for a substrate surface, 

membrane, or another protein.  

The active site in P2O is gated by a dynamic substrate-recognition 

loop that is highly sensitive to different substrates as well as mutations in 
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the active site (Kujawa et al., 2006; Spadiut et al., 2010; Tan et al., 2011; 

Tan et al., 2014). When sugar substrate is bound, the loop is either in a 

non-productive open conformation (Kujawa et al., 2006) or in a 

productive semi-open conformation relevant for oxidation at C2 (Tan et 
al., 2011). The loop shows pronounced conformational plasticity allowing 

the enzyme to accommodate not only various types of sugar substrates, 

but also different binding modes for the same sugar (Kujawa et al., 2006; 

Tan et al., 2011; Tan et al., 2014).  

 

Figure 3. Ribbon representation of the homotetrameric structure of P2O from Trametes 

multicolor (Hallberg et al., 2004). With courtesy of Christina Divne. 

Fungal P2Os have a number of applied uses. They are widely used for the 

oxidation of D-glucose to corresponding 2-keto-D-glucose, which is an 

important intermediate for the biosynthesis of the antibiotic cortalcerone 

(Baute et al., 1987; Giffhorn et al., 2000; Giffhorn, 2000), and for D-

fructose production through the Cetus process (Neidleman et al., 1981). 

In the latter process, 2-keto-D-glucose is hydrogenated chemically to D-

fructose. P2O has also been shown to function in biofuel cells when wired 

with osmium as redox mediator on graphite electrodes (Tasca et al., 
2007; Nazaruk & Bilewicsz, 2007). Moreover, and relevant to this thesis, 

P2Os are potentially useful for the production of value-added compounds 

from lactose hydrolysis (Spadiut et al., 2010; Wongnate & Chaiyen, 2013; 

Tan et al., 2014). 
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1.3  Thermostability and halophilicity of proteins 

A wealth of reports on crucial and essential determinants of 

thermostability can be found in the literature. However, in most cases 

these are “case reports” that draw conclusions from a very limited dataset 

of maybe only one or two proteins. It is common for these reports to 

pinpoint and highlight the contribution of only one type of interaction as 

a dominant determinant of thermostability. Clearly, there are a large 

number of structural determinants that together govern thermal stability.  

A large number of seminal papers have been published by Brian 

Matthews and co-workers and others that describe systematic site-

directed mutagenesis approaches to evaluate the importance of various 

determinants for protein stability, such as disulfide bonds (Wetzel et al., 
1988; Matsumura et al., 1989a; Matsumura et al., 1989b; Matsumura et 
al., 1989c), hydrophobic core residues (Matsumura et al., 1988; 

Matsumura et al., 1989d), ionic links (Perutz et al., 1975; Anderson et al., 

1990; Sun et al., 1991), helix-dipole stabilization (Nicholson et al., 1988; 

Bell et al., 1992; Hennig et al., 1995), and others. Thus, there appears to 

be no single, common determinant of thermostability (Matthews et al., 
1974), however various analyses indicate that stability to thermal 

denaturation is mainly governed by a large number of smaller changes 

(Argos el al., 1979; Wallon et al., 1997). 

Hydrophobicity is the major driving force for protein folding and 

stability. For soluble proteins, most hydrophobic residues are partitioned 

in the hydrophobic core, avoiding contact with polar solvents, and 

residues in the hydrophobic core are more conserved than residues 

related to other parts of the structure (Dill, 1990). Disulfide bridges are 

important determinants of thermostability, as evidenced by engineering 

of T4 lysozyme (Wetzel et al., 1988; Matsumura et al., 1989a; Matsumura 

et al., 1989b; Matsumura et al., 1989c) and subtilisin (Siezen & Leunissen 

1997). Another example is provided by the serine protease from Aquifex 
pyrophilus, which contains eight cysteine residues (Choi et al., 1999). 

When treated with dithiothreitol, the reduction of disulfide bonds in the 

A. pyrophilus protease reduced the protein half-life of 90 hours at 85°C 

to less than two hours. 

Hydrogen bonds are important stabilizing determinants for the folded 

state, contributing to the large enthalpic term. However, a large number 

of hydrogen bonds also exist in the unfolded state, and it is difficult to 
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assign particular importance to any individual hydrogen bond in the 

context of contribution to thermal stability. In the case of RNase T1, 

mutagenesis and unfolding experiments showed that 86 hydrogen bonds 

with an average length of 2.95 Å contributed by approximately a total of 

110 kcal/mol (Shirley et al., 1992). 

Ionic interactions are strongly implicated in protein stability at higher 

temperatures. The pioneering work of Perutz and Raid highlighted the 

importance of electrostatic interactions for increased thermal tolerance of 

proteins from thermophilic organisms (Perutz et al., 1975). Since then, 

structural comparison of hyper-thermostable proteins with their 

mesophilic counterparts have given considerable insight into ion-pair 

interactions and their contribution to thermostability, as for instance in 

the case of the icosahedral lumazine synthase capsids from the mesophile 

Bacillus subtilis and hyperthermophile Aquifex aeolicus (Zhang et al., 

2001). 

For the homologous protease pair Bacillus amyloliquefaciens 

subtilisin BPN9 and Thermoactinomyces vulgaris thermitase, the 

number of charged residues is the same, but the thermophilic thermitase 

contains eight additional ion pairs. Thus, the amino-acid distribution and 

context is probably more relevant to thermostability rather than 

composition, which indicates evolutionary relationship rather than an 

indication of thermostability (Teplyakov et al., 1990). In the case of T4 

lysozyme, a single ion pair contributed 3 to 5 kcal/mol of stabilization 

(Anderson et al., 1990), and for barnase, a pair of salt bridges formed at 

the surface proved to be crucial for thermostability as evidenced by a set 

of site-directed mutagenesis of Asp8, Asp12 and Arg110 (Horovitz et al., 

1990). The stabilizing contribution of the individual ion pairs was –1.25 

kcal/mol for Asp12-Arg110 and –0.98 kcal/mol for the ion pair. 

Ionic links that improve thermostability are often organized into 

networks on the protein surface or partially buried at domain or subunit 

interfaces near local symmetry axes of oligomeric assemblies. In the case 

of glutamate dehydrogenase from Pyrococcus furiosus, stability was 

attributed to an ion-pair network of 18 charged side chains displaying 

two-fold symmetrical pattern at a dimer interface (Yip et al., 1995). The 

disulfide oxidoreductase from P. furiosus is stabilized through a similar 

network of 12 ion-pairing side chains located at a dimer interface (Ren et 

al., 1998). 
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As a much-needed complement to the many studies on individual 

proteins, a thorough structural genomics study on the hyperthermophilic 

bacterium Thermotoga maritima has provided statistically significant 

evaluation of the importance of various determinants of thermostability 

(Robinson-Rechavi et al. 2006). The authors show that secondary 

structure, hydrogen bonds and oligomeric state is of less importance for a 

protein’s adaptation to function at high temperatures, whereas they found 

a strong and significant correlation with the density of salt links and 

compactness of the structure. 

Halophilic are extremophilic microorganisms that are found in all 

domains of life including archaea, bacteria and eukarya (Oren, 2006; 

2013). They typically thrive in saline or hypersaline habitats where they 

use specialized strategies to cope with osmotic stress. Halophiles can be 

divided into slight halophiles that grow optimally at 3% (w/v) salt 

concentration, moderate halophiles that grow at 3-15% (w/v) salt, and 

extreme halophiles that grow at 15-30% (w/v) total salt (Ventosa et al., 

1998). Thus, the proteins produced by halophiles need to be able to 

maintain their structural and functional integrity under high salt 

conditions. A conclusive model that accurately explains the stability of 

halophilic proteins is lacking, however adaptation of proteins to 

halophilic conditions is characterized by an increase in the number of 

acidic amino acids at the surface, smaller hydrophobic patches at the 

surface, and the presence of salt bridges between acidic and strategically 

placed basic residues (Lanyi, 1974; Eisenberg et al., 1992; Danson & 

Hugh, 1997; Madern et al., 2000). 

The rationale for the presence of excess number of acidic residues on 

the protein surface is that a protective hydration shell is formed that 

protects the protein from aggregation at high salt concentration (Elcock & 

McGammon, 1998). Halophilic proteins also display a significant 

reduction in the number of hydrophobic patches arising from reduction 

in the number of reduced surface-exposed lysine residues (Oren, 2013). A 

correlation has been established between the increase in number of 

surface-exposed acidic amino acids and the solubility of halophilic 

proteins (Tadeo et al., 2009), and the presence of salt has been shown to 

be a prerequisite for the function of halophilic proteins (Mevarech et al., 

2000). Since salt reduces the water activity, halophilic enzymes are 

suitable choices for reaction conditions carried out in non-aqueous media 

(Sellek & Chaudhuri, 1999; Marhuenda-Egea & Bonete, 2002).  



19

2  PRESENT INVESTIGATION 
 

2.1  Objectives 

The overall objective is to obtain increased knowledge of structure-

function mechanisms of carbohydrate-active enzymes that can be used 

for biotechnological applications, including lactose conversion, biomass 

conversion for second-generation biofuels, and generation of added-value 

carbohydrate compounds from lignocellulosic waste. Such processes can 

help to support future environmental and societal sustainability. 

Knowledge acquired through structure-function studies provides not only 

general understanding of the natural mechanisms, but also paves the way 

for design of robust enzymes for existing or new applications. 

 

Paper I   

β-glucosidases are promiscuous enzymes that are useful for various 

applications. In this project, we wanted to characterize biochemically and 

structurally the β-glucosidase (HoBGLA) from a hyperthermophilic 

bacterium to evaluate the catalytic performance in applications such as 

lactose conversion and production of galacto-oligosaccharides.  

Question at issue: 

• Could the thermostable HoBGLA offer advantages over β-
galactosidases currently used in lactose-conversion applications? 

 

Paper II   

Galacto-oligosaccharides are prebiotic compounds. In this project, we 

wanted to further optimize HoBGLA for improved production of GOS 

through rational design. 

Question at issue: 

• Is it possible to optimize, through rational design, HoBGLA for 
lactose conversion and GOS biosynthesis to serve as an alternative to 
β-galactosidases in industrial applications? 
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Paper III   

Continuous efforts are being made to biochemically and structurally 

characterize extremozymes to harness their potential in biotechnological 

applications. In this project, we characterized biochemically and 

structurally a putative α-L-arabinofuranosidase from Halothermothrix 

orenii. 

Question at issue: 

• A Halothermothrix orenii gene showed sequence similarity with 

GH43 enzymes and was annotated as an α-L-arabinofuranosidase. 

Here, we wanted to characterize the gene product biochemically and 

structurally to investigate the function of the enzyme, and if possible, 

to expand the repertoire of extremozymes that can be used for 

biotechnological applications.  

 

Paper IV 

PcP2O is an enzyme of biotechnological interest. It has a fundamentally 

different primary structure than previously characterized P2Os, and is 

also more thermostable. By determining the structure of PcP2O we 

wanted to investigate how the differences in sequence translate into 

structural differences, and if possible, to pinpoint structural determinants 

responsible for the increased thermal stability. Binding of substrate by 

TmP2O has been extensively studied structurally. To evaluate if there are 

any differences in substrate binding, a crystal structure of PcP2O in 

complex with a slow substrate was determined.  

Questions at issue: 

• What are the structural manifestations of the different amino-acid 

sequence of PcP2O? 

• Is it possible to rationalize the higher thermal stability of PcP2O at 

the structural level? 
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2.2  Methodology overview 
 
2.2.1  Ligation-independent cloning 

Ligation-independent cloning (LIC) is a high-throughput cloning method 

for proteomics that makes use of 12 to 15 base-pair long single-stranded 

complementary overhangs on the vector and a PCR-generated insert. The 

primer for the insert is designed with a 12 base-pair long tail that is LIC 

compatible. The insert that is polymerized by PCR is treated with T4 DNA 

polymerase in the presence of only one dNTP in the reaction mix (dGTP).  

 

Figure 4. Vector map for pNIC28Bsa4 (Savitsky et al., 2010). 

 
T4 DNA polymerase removes nucleotides through its 3'→5'-exonuclease 

activity until it encounters dCTP in the complementary strand as it 

incorporates dGTP through its 5'→3'-polymerase activity. Similarly, a 

LIC-compatible plasmid, in this case pNIC28Bsa4 (Fig. 4; Savitsky et al., 
2010), is linearized with T4 DNA polymerase in the presence of only 

dCTP in the reaction mixture, and modified as above using the 

exonuclease and polymerase activities, thus creating a short single-

stranded tail on both insert and plasmid. Extra nucleotides are removed 
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from both the PCR amplified insert and plasmid using a PCR cleanup kit. 

The T4 DNA polymerase treated plasmid (vector) and insert are annealed 

when incubated together, and transformed into competent host cells. The 

final phosphodiester bond between the short single-stranded tail of the 

insert and that of the plasmid is formed by the ligation machinery of the 

cell, thus eliminating the use of any independent ligation system 

(Aslanidis et al., 1990).  

The amplified methylated DNA template is subjected to DpnI 

digestion and the product (recombinant plasmid) is subcloned by 

transformation into competent Mach1™ cells (Invitrogen). Transformed 

cells are then plated on Luria Bertani (LB) agar plates supplemented with 

the antibiotic kanamycin and 5% sucrose. Single colonies of Mach1 cells 

were inoculated into a small volume of LB culture (with kanamycin) and 

grown overnight at 37°C, followed by recombinant plasmid extraction 

using a QIAprep Spin Miniprep Kit (Qiagen). Following plasmid 

preparation, a glycerol stock of the recombinant plasmid was prepared by 

first transforming competent E. coli BL21(DE3) cells (expression strain) 

with recombinant plasmid, followed by spreading the cells on LB agar 

plates supplemented with kanamycin. A single colony of freshly 

transformed BL21(DE3) cells was used to inoculate a seed culture 

containing Terrific Broth medium supplemented with kanamycin. The 

culture was left to grow overnight after which aliquots were stored in 20% 

glycerol at –80°C. 
 

2.2.2  Site-directed mutagenesis 

Site-directed mutagenesis is a technique used to change the nucleotide 

sequence of a cloned DNA fragment by using primed amplification by 

PCR. The technique can be used to construct various types of changes in a 

gene such as single or multiple codon replacements, as well as insertions 

and deletions. The method involves the use of a nucleotide primer pair 

(reverse and forward) with internal mismatch codons corresponding to 

the desired mutation, complementary to template DNA, which is 

incubated with DNA polymerase (PfuUltra High-Fidelity DNA 

Polymerase with 3′→5′, 5′→3′) and dNTPs in the PCR machine. At the 

end of the first round of PCR, the newly synthesized DNA comprises one 

strand corresponding to the parental strand and the other strand carrying 

the desired mutation. Upon the completion of the second PCR run four 



23

DNA pairs are produced corresponding to eight template strands for the 

third run, with two parental DNA strands and six strands with the desired 

mutation. Thus, each run doubles the number of mutant DNA strands for 

the subsequent PCR step. At the end of the specified number of PCR 

cycles (30 cycles), the DNA is subjected to Dpn1 digestion to degrade the 

parental DNA with methylated and hemimethylated base sequences, i.e. 

parental DNA, while the PCR-produced DNA remains intact due to 

absence of methylated bases (Zheng et al., 2004). 

 

2.2.3  Protein expression and purification 

To overexpress recombinant protein, a seed culture was grown by 

inoculating a single colony/glycerol stock of the transformed cells into TB 

medium supplemented with kanamycin. The seed culture was allowed to 

grow overnight at 37°C with constant shaking. The overnight seed culture 

(5--10 mL) was inoculated into 600 mL TB medium supplemented with 

kanamycin and the culture was allowed to grow at 37°C with constant 

shaking until reaching an optical density at 600 nm (OD600) of 0.7. At this 

point, protein expression was induced by the addition of IPTG, and the 

cultivation was continued at 18°C for 16-18 hours. Cells were harvested by 

centrifugation and the bacterial cell pellet was re-suspended in lysis 

buffer (HEPES, pH 7.0). To break the cells, the sample was homogenized 

four times using a homogenizer and the resulting lysate collected in a 

beaker on ice, after which the lysate was centrifuged to remove cell 

debris. 

As the first step of purification, Ni2+-charged immobilized metal 

affinity chromatography (IMAC) was used to purify the recombinant 

protein. The recombinant protein was subjected to Tobacco Etch virus 

(TEV) protease to cleave off the hexa-histidine tag and buffer dialyzed 

overnight. Following TEV protease treatment, the protein was subjected 

to a second round of IMAC fractionation, and the flow through, now 

containing the non-tagged target protein, was collected. The protein 

sample was concentrated and further purified by size-exclusion 

chromatography (SEC). Purity of the fractions was assessed by SDS-

PAGE and the suitable fractions were pooled and concentrated for 

subsequent crystallization and characterization. 
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2.2.4  β-D-glucosidase/galactosidase assay 

The GOD/POD assay (Kunst et al., 1988) includes two coupled reactions. 

The first reaction involves the catalytic oxidation of β-D-glucose to D-

glucono-δ-lactone and hydrogen peroxide by glucose oxidase, GOD 

(reaction 1). 

GOD 

β-D-glucose + O2 + H2O → D-glucono-δ-lactone + H2O2      (1) 

 

In the second reaction, horseradish peroxidase (POD) is mixed with 

H2O2, p-hydroxybenzoic acid, and 4-aminoantipyrene (4-AAP), which 

results in the formation of a colored dye (Quinoeimine). The intensity of 

the Quinoeimine dye is measured spectrophotometrically at 546 nm. The 

amount of colored dye produced is stoichiometric with the amount of D-

glucose present in the sample. The amount of glucose produced is 

estimated from a linear glucose standard curve. 

   POD 

2 H2O2 + p-hydroxybenzoic acid + 4-AAP → Quinoeimine dye+ H2O (2) 

 

The amount of released D-glucose from either cellobiose (β-glucosidase 

activity) or lactose (β-galactosidase activity) was determined using the 

GOD/POD assay outlined above. The GOD/POD assay solution (solution 

A) was prepared by adding GOD and POD to a final concentration of 2.41 

U/mL and 1.45 U/mL, respectively to a 200-mL solution of 4 mM 

KH2PO4, 6.4 mM 4-AAP, 11 mM phenol (pH 7.0). A glucose standard 

curve was produced by adding 60 μL D-glucose (in the range 0.28 to 3.9 

mM) to 600 μL GOD/POD assay solution (solution A) and incubated at 

room temperature in the dark for 40 minutes. One unit of enzyme activity 

was defined as the amount of enzyme releasing 1 μmol of D-glucose per 

minute under the given conditions. The glucose standard curve was 

calculated using linear regression. 

The cellobiose/lactose reaction (solution B) was prepared by taking 

adding 20 μL enzyme solution to 480 μL substrate solution (cellobiose or 

lactose in 20 mM Bis-Tris buffer pH 7.0). The reaction mixture was 

incubated at 50°C in a heat block for 5 minutes, and stopped by heating at 
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99°C for 5 minutes. The sample was centrifuged at 13,000 r.p.m. for one 

minute to pellet precipitated enzyme, and cooled to room temperature. 

To determine the amount of released D-glucose from cellobiose or lactose, 

60 μL cellobiose/lactose reaction mixture (solution B) was added to 600 

μL GOD/POD assay solution (mixture A). The A/B assay solution (660 

μL) was incubated in the dark at room temperature for 40 minutes, and 

the absorbance measured at 546 nm. The amount of glucose produced 

could then be determined from the glucose standard curve. Since the 

amount of glucose formed in the cellobiose/lactose reaction (B) is 

determined only for 60 μL of the total volume of 500 μL, the glucose 

concentration needs to be multiplied by a dilution factor (50/6). The 

kinetic constants Vmax, Km and kcat were obtained by non-linear regression 

using the software GraphPad Prism®. 

 

2.2.5  p-nitrophenyl sugar assay 

For assays performed with chromophoric substrates, i.e., o- and p-

nitrophenyl (oNP and pNP) sugars, a high-throughput screen was used 

were the enzyme reactions were performed in small volumes of 100 μL, 

including 90 μL buffer solution and 8 μL substrate. The buffer mixtures 

were incubated at a desired temperature for 30 min to equilibrate before 

adding 2 μL enzyme solution at an appropriate concentration. Samples 

were withdrawn at various time points and 100 μL sodium carbonate 

were added to stabilize the anionic 4-nitrophenolate form. The 

absorbance for 150 μL sample volumes was measured at 420 nm (oNP) or 

405 nm (pNP) and concentrations derived using standard curves 

prepared for oNP and pNP. The pNP concentration range used was 0-80 

mM. For oNP, the molar extinction coefficient of 4600 M-1 cm-1 was used 

to calculate the amount of generated oNP. Graphs were prepared using 

GraphPad Prism 6.0 for Windows. 

 

2.2.6  Analysis of GOS synthesis and products 

GOS product analysis was performed by thin-layer chromatography 

(TLC). For analysis directly on lysed cells, the crude cell extracts were 

incubated with 40% lactose (w/v) and 1 mM Mg2+ at 70°C. Samples were 

then incubated at 95°C for 5 min and diluted 1:10 prior to loading on the 

TLC plates. The adsorbent was HPTLC Li Chrosper®Silica gel 60 F254s 
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(Merck) and (n-butanol–n-propanol–ethanol–water = 2:3:3:2) was used 

as eluent. Staining was performed by immersing the plate in a solution 

containing [0.5 g thymol, 95 mL 96% ethanol, 5 mL concentrated sulfuric 

acid]. Standards used for lactose conversion were a mixture of glucose, 

galactose and lactose (LGG); a purified GOS mixture with 

monosaccharides removed produced using Lactobacillus spp. BGAL 

(Maischberger et al. 2008); and Vivinal®GOS (Borculo Domo, NL). For 

cellobiose conversion, cellobiose and glucose were used as standards. 

 

2.2.7  Protein crystallization 

Growing protein crystals of suitable size is the first bottleneck in the 

crystal-structure determination process. Proteins remain in solution only 

up to a certain concentration. Once this limiting concentration is reached, 

the solution will no longer remain homogeneous and enters a new phase, 

which forms the basis of protein crystallization (McPherson, 1985). 

Crystallization is a phase transition phenomenon involving different 

steps: nucleation, growth and cessation of growth. Nucleation is the key 

to crystallization, and is a first-order phase transition where molecules go 

from a disordered to an ordered state through the formation of partially 

ordered intermediates (review Chayen, 2004; Chayen, 2007; Chayen & 

Saridakis, 2008).  

The most widely used method for protein crystallization is the hanging 

or sitting drop vapor diffusion method (McPherson, 1982). Typically, 

equal volumes of a protein and precipitant solution (i.e., combinations of 

salt, buffer, organic polymer) are mixed and placed on a cover slip and 

turned upside down (hanging drop, Fig. 5a), or put in a depression in a 

crystallization plate (sitting drop). A volume of precipitant solution 

(reservoir) is placed separate from the drop, but within the same closed 

system to allow the difference in concentration between drop and 

reservoir to cause vapor to evaporate from the drop and thereby slowly 

increasing protein and precipitant concentration in the drop until the 

precipitant concentration in the drop reaches that of the reservoir. If 

successful, the movement in the solubility diagram will take place such 

that the drop system reaches the labile zone and protein crystal nuclei 

form spontaneously. 
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Crystals grow from a supersaturated non-equilibrium solution where 

the protein concentration exceeds its solubility limit. The supersaturation 

region can be divided in to metastable, labile and precipitation zone (Fig. 

5b). The labile zone is the region where the supersaturation is large 

enough to allow molecules to overcome a threshold energy barrier and 

start to form small stable aggregates called nuclei. Once nuclei are 

formed, the protein concentration decreases and the system enters the 

metastable zone where the nuclei can grow by providing surfaces for 

addition of new molecules. In the metastable zone, nucleation is unlikely 

to occur, but existing nuclei can continue to grow. If the supersaturation 

is too large disordered structures (aggregates or precipitate) may form. 

 

Figure 5. Simplified solubility phase diagram for a protein solution. 

 

2.2.8  Structure determination and refinement 

Briefly, X-ray intensity data were collected on well-ordered protein 

crystals using synchrotron radiation at beamlines equipped optimally for 

this purpose. The resulting diffraction is recorded on photosensitive 

detector and the intensity and position of each “spot” determined by an 

integration procedure. These intensities represent amplitudes of 
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diffracted rays that do not contain wave phase information. The pattern 

of reflection makes up the Fourier transform of the image (i.e., the 

protein). Since there is no lens to recombine the scattered waves to 

reconstitute the three-dimensional image, the missing phase information 

has to be retrieved by other means.  

If the 3D structure of a similar (homologous) protein exists, 

information derived from the atoms’ coordinate positions of the known 

structure can be used to approximate initial starting phases (calculated 

phases) for the unknown crystal structure. This method is called the 

molecular replacement method. In principle, the amplitudes for the 

known homologous 3D model and of the unknown crystal are used to 

calculate two vector maps, i.e., Patterson functions. These functions are 

compared, and if successful, a “hit overlap” is obtained, which provides 

information about the rotation and translation needed to place the known 

model in the unknown crystal. Calculated phases from the known model 

coordinates can then be used with the amplitudes for the unknown 

crystal, and Fourier synthesis performed. The Fourier synthesis is a 

summation of all structure factors for the crystal where each structure 

factor has a known amplitude and phase. The result is an electron density 

that represents a time-averaged image of the contents of the crystal’s unit 

cell. 

ρ
(xyz)

 = 1/V Σ
h
Σ
k
Σ
l
  F

hkl
 · e 

-2πi (hx + ky + lz)    
Electron density equation 

 

where F
hkl

 is the structure factor for a reflection hkl. 

The electron density, which represents where and how the electron are 

distributed inside the crystal, is interpreted by the scientist and 

coordinates corresponding to the amino-acid sequence of the protein 

assigned to suitable positions inside the electron density. The result is the 

atomic model. This model contains errors and needs to be iteratively 

refined and adjusted before deposition with the Protein Data Bank. Both 

structure factors (raw data) and coordinates (derived model) are 

deposited. 
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2.3 Summary of Paper I 

Biochemical and structural characterization of a thermostable 
β-glucosidase from Halothermothrix orenii for galacto-
oligosaccharide synthesis 

 

Background and aim 

Galacto-oligosaccharides (GOSs) are β-linked non-digestible galactose 

oligomers found in human milk with a typical DP of 1-3 (Gosling et al., 
2010). Enzymatic synthesis of GOSs exploits the inherent ability of 

BGALs to carry out a transgalactosylation reaction, and is normally 

coupled to milk lactose conversion (Park et al., 2010). GOSs are prebiotic 

compounds with health-promoting effects such as lowering of cholesterol 

levels and prevention of colon cancer (Shadid et al., 2007). They also 

stimulate the growth of bifidobacteria in the human gut, which provides 

additional health benefits (Gibson et al., 1995). GOS production through 

transgalactosylation is favored at higher substrate concentrations, and 

since lactose is more soluble at higher temperatures and the risk of 

microbial contamination decreases, thermostable enzymes are desirable 

(Gekas & Lopez-Leiva, 1985; Akiyama et al., 2001). Besides BGALs, many 

BGLs also possess inherent transgalactosylation activity, and the use of 

BGLs rather than BGALs would be preferred considering that BGLs are 

smaller and more stable enzymes. An ideal GOS producer would be a 

thermostable BGL with little or no product inhibition that can operate at 

high substrate concentration and temperatures at 70-80°C.  

In the first step of the galactosidase-catalyzed synthesis of GOS during 

milk lactose hydrolysis, the enzyme binds the galactosyl end of lactose. It 

then catalyzes the hydrolysis of the glycosidic bond between galactose and 

glucose to form an enzyme-galactosyl intermediate. In the second step, 

the galactosyl moiety is transferred either to water (hydrolysis) or to the 

hydroxyl of the free glucose or galactose of the lactose leading to 

formation of disaccharide β(1→6) allolactose or a trisaccharide consisting 

of two galactose unit and one glucose (Otieno, 2010; Hernández-

Hernández et al., 2011). 

Here, a BGL from the halothermophilic bacterium Halothermothrix 
orenii was characterized biochemically and structurally, and evaluated for 

its potential usefulness for lactose conversion and GOS production. 
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Summary of results 

The gene for wild-type HoBGLA was cloned and expressed in E. coli. In 

addition, three catalytically impaired active-site mutants were produced 

by site-directed mutagenesis. The activity of the HoBGLA wild type and 

variants on substrates relevant for both BGLs and BGALs were 

investigated. The temperature and pH profiles for wild-type HoBGLA 

were determined, as well as the ability of wild-type HoBGLA to convert 

lactose to GOS. To evaluate ligand binding and guide theoretical 

modeling of the GOSs produced by HoBGLA, the crystal structures of 

three ligand complexes were determined, i.e., HoBGLA with bound 

thiocellobiose, 2-deoxy-2-fluoro-D-glucose, and glucose. 

HoBGLA was found to have promising characteristics relating to GOS 

production compared with other GOS-producing BGLs reported to date. 

HoBGLA hydrolyzes both cellobiose and lactose, with β-glucosides being 

the preferred substrates. Although HoBGLA is quite non-specific with 

respect to its substrate preference, the enzyme displays significant 

galactosidase activity. HoBGLA shows a pH optimum of about 6 for 

lactose hydrolysis, and a broad optimal stability over the pH range of 4.5–

7.5, with a temperature optimum for activity and stability in the range 

65–70°C. These features argue in favor of HoBGLA as an attractive 

biocatalyst for lactose conversion. In transgalactosylation experiments, 

HoBGLA produced a range of GOSs with β-D-Galp-(1→6)-D-Lac (6GALA) 

and β-D-Galp-(1→3)-D-Lac (3GALA) being the two major products. The 

two major GOS products, 3GALA (Fig. 6a) and 6GALA (Fig. 6b), were 

modeled in the substrate-binding cleft of wild-type HoBGLA and shown 

to be favorably accommodated. 

 

Figure 6. Theoretical models of HoBGLA in complex with 3GALA (a) and 6GALA (b). 
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2.4 Summary of Paper II 

Engineering a polyextremophilic Halothermothrix orenii β-
glucosidase for improved galacto-oligosaccharide synthesis 

 

Background and aim 

Non-digestible galacto-oligosaccharides (GOSs) are attracting increasing 

attention as health-promoting functional food additives and dietary 

supplements due to their ability to sustain and promote the growth of 

bifidobacteria in the intestinal tract. GOSs can be synthesized chemically, 

however, the chemical approach requires several reaction steps since 

selective protection of the sugar hydroxyl groups is needed. As discussed 

in Chapters 1.2 and 2.3 (Paper I), enzymatic synthesis of GOS is an 

attractive alternative to chemical synthesis where the inherent ability of 

BGALs and BGLs to perform transglycosylation reactions is used (a side 

reaction to the biologically relevant catalysis of glycosidic bond cleavage), 

which offers an environmentally friendly and economical approach 

(Gekas and Lopez-Leiva 1985). BGLs have a number of advantages over 

BGALS, i.e., BGLs are (i) smaller size in the range 50-60 kDa (BGALs are 

large, typically 120 kDa); (ii) easy to produce; (iii) typically do not require 

metal ions for activity; and (iv) not inhibited by the reaction product 

galactose.  

Since the majority of enzymes used are from mesophilic organisms, 

their application range is restricted due to limited enzyme stability under 

industrial conditions. In this context, the use of enzymes produced by 

extremophiles, extremozymes, are attractive biocatalyst alternatives. 

Thermophilic and hyperthermophilic bacteria are among the most useful 

microbial producers of highly stable and robust enzymes for bioprocesses. 

For instance, Halothermothrix orenii is a heterotrophic, halophilic, 

thermophilic, obligate anaerobic bacterium (Cayol et al., 1994) that 

produces a thermostable β-glucosidase, HoBGLA (Mijts & Patel, 2001; 

Mavromatis et al., 2009; Kori et al., 2011; Paper I: Hassan et al., 2015). 

We have reported the biochemical and structural characterization of 

HoBGLA and shown that the enzyme has attractive properties relevant to 

GOS production (Paper I: Hassan et al., 2015), e.g., the enzyme is stable 

at high temperatures (65–70°C) and within a broad pH range (4.5–7.5), 

and produces two major types of GOS (3GALA and 6GALA). 
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Efforts to further engineer mesophilic or extremophilic BGLAs and 

BGLs for improved transglycosylation have been reported in the literature 
(Hansson et al., 2001; Jørgensen et al., 2004). Typically, the approaches 

used to engineer an enzyme for improved performance under bioprocess 

conditions include rational structure-based design, directed evolution 

and semi-rational approach (Lutz, 2010; Bommarius et al., 2011; 

Bornscheuer et al., 2012; Steiner & Schwab, 2012). 

In this work, the goal was to improve the transglycosylation properties 

of HoBGLA towards higher total GOS yield, but also higher yields of 

individual GOS products. HoBGLA was engineered by structure-based 

rational design guided by engineering strategies used for other BGLs to 

improve the ratio of hydrolysis-to-transglycosylation. The strategy mainly 

involves replacement of amino acids in the glycone and aglycone sugar-

binding subsites. 

  
Summary of results 

In total, six HoBGLA variants were designed rationally by replacing side 

chains in the +1 and –1 subsites: N222F, N294T, Y296F, N406I, F417Y, 

and F417S. All variants except N406I were successfully expressed and 

purified. The kinetic parameters (Vmax, Km, kcat/Km) for HoBGLA wild type 

and variants were determined at 70°C using cellobiose and lactose as 

substrates. Compared with the wild type, all HoBGLA variants show 

significantly impaired catalytic activity with cellobiose and lactose as 

substrates. Particularly F417S is hydrolytically crippled with cellobiose as 

substrate with a 1000-fold decrease in apparent kcat, but to a lesser extent 

affected when catalyzing hydrolysis of lactose (47-fold lower kcat). This 

large selective effect on cellobiose hydrolysis is manifested as a change in 

substrate selectivity from cellobiose to lactose. 

The variant Y296F shows 72% lactose conversion and produces a total 

GOS yield of 68% (12h) with 6GALA (133 g/L) as the predominant 

product, and the highest amounts of 3GALA (33 g/L) of the variants 

analyzed. F417S shows 79% lactose conversion (12h) and produces a total 

GOS yield of 71% of which 6GALA is obtained in higher amounts (136 

g/L) than the wild-type and other variants. The variant F417Y shows good 

capacity to hydrolyze both cellobiose and lactose with the same relative 

substrate selectivity as the wild type, but with approximately 10-fold 
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lower turnover numbers. F417Y converts lactose efficiently (92% 

conversion, 2h) and produces a total GOS yield of 43% with mainly 

6GALA as product, however at lower total yield (64 g/L after 2h) than 

obtained with F417S and Y296F. 

For a comparison with commercial sources of enzymes used for 

lactose conversion and GOS synthesis, two products based on the K. lactis 

BGAL, i.e., Maxilact® LGX 5000 (DSM) and Lactozym® 3000 L HP 

(Novozymes), produce GOS yields at 40°C of 41% (154 g/L after 15h) with 

83% lactose conversion, and 42% (160 g/L after 10h) with 95% lactose 

conversion, respectively (Rodriguez-Colinas et al., 2011). Another 

commercial source is available for A. oryzae BGAL, Enzeco® Fungal 

lactase (EDC), which shows 70% lactose conversion at 40°C with a total 

GOS yield of 27% (107 g/L, 7h) (Urrutia et al., 2013). Thus, the 

preliminary results presented in this work show that the engineered 

HoBGLA variants perform very well with respect to lactose conversion 

and GOS production. A clear advantage with HoBGLA compared with the 

commercial sources is that HoBGLA operates at 70°C where the risk of 

bacterial contamination and growth is minimal. 
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2.5 Summary of Paper III 

High-resolution crystal structure of a polyextreme GH43 
glycosidase from Halothermothrix orenii with α-L-arabino-
furanosidase activity 

 

Background and aim 

Hemicelluloses are heterogeneous matrix polymers built from various 

sugars such as xylose, glucose, galactose and arabinose. These 

heteropolymers contribute significantly to the insoluble nature of 

lignocellulose, which in turn complicates efficient biomass conversion. To 

improve the efficiency of biomass conversion, the use of naturally 

occurring biomass-converting enzymes has been investigated intensively 

with a main focus on glycoside hydrolases from mesophilic organisms. 

The total expenditure on enzymes, particularly industrial enzymes, 

increased to $3.3 billions by the end of 2011, and is expected to increase 

further to $4.4 billion by the end of 2015 (Delgado-Garcai et al., 2012). 

The demand for improved enzymes for biotechnological applications and 

the need to lower production costs to make enzyme-based applications 

economically viable have prompted major efforts in enzyme discovery 

and engineering. 

In this context, the large number of sequenced microbial genomes has 

paved the way for the discovery of more robust enzymes produced by 

extremophilic organisms, so called extremozymes, which are of 

considerable interest for industrial settings that involve harsh conditions, 

e.g., high temperature, high salt concentrations, high acidity, or other 

extreme reaction conditions (Gomes & Steiner, 2004; Gupta et al., 2014; 

Yin et al., 2014). Relevant to the applications discussed in this thesis is 

the fact that many extremophiles produce a large repertoire of genes 

encoding intracellular and extracellular GHs, some of which could prove 

useful in improved or new enzymatic bioprocesses. The anaerobic 

bacterium Halothermothrix orenii is a true halothermophile isolated 

from the salt lake Chott El Guettar in Tunisia (Cayol et al., 1994), and its 

genome sequence has revealed a number of GH genes encoding 

potentially useful enzymes. The GH1 H. orenii β-glucosidase HoBGLA has 

been discussed in Chapter 2.3 (Paper I) and Chapter 2.4 (Paper II) of this 

thesis. 
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Enzymes belonging to CAZy family GH43 are mainly involved in 

hydrolysis of various hemicelluloses, and microbes that degrade more 

complex plant biomass typically produce a large number of GH43 

enzymes (DeBoy et al., 2008). Interestingly, the genome of H. orenii 

contains only a single GH43 gene. Based on sequence similarity to other 

GH43 members, the gene product was provisionally annotated as an α-L- 

arabinofuranosidase. The gene encoding this H. orenii GH43 glycosidase 

was previously cloned and the gene product expressed and purified as 

part of a larger effort to identify extremozymes from H. orenii (Kori, 

2012). 

The aim in this work was to determine the crystal structure and 

substrate specificity of the only GH43 glycosidase produced by H. orenii 

to obtain expanded knowledge about the hemicellulose-degrading 

enzyme system of this unusual marine microbe. We also wanted to 

further investigate structural determinants that provide adaptation to 

extreme habitats in general, and to evaluate the potential industrial 

usefulness of the H. orenii GH43 enzyme in particular. 

 

Summary of results 

The crystal structure of the H. orenii GH43 glycosidase was determined 

by molecular replacement and refined at 1.10 Å resolution. As expected 

from the primary sequence, the enzyme belongs to the CAZy family GH43 

of inverting glycoside hydrolases with a characteristic five-bladed β-

propeller fold (Fig. 7). As for related GH43 members, the conserved 

catalytic nucleophile is placed on blade 4 (Glu195), the catalytic base 

(Asp17) on blade 1, and the assisting residue Asp126 on blade 3 (Nurizzo 

et al., 2002). Three putative sugar binding sites were identified, subsites 

–1, +1 and +2, with a metal-binding site located on the central axis of the 

propeller near the –1 subsite. 

The role of the metal-binding site was investigated by evaluating the 

effect of various cations on thermal stability to unfolding. It was found 

that the enzyme was stabilized in the presence of divalent cations, where 

Mn2+ at pH 7.0 was the most stabilizing condition corresponding to an 

increase in Tm value of 5.5°C (from 63°C to 68.5°C). The metal ions Ca2+ 

and Mg2+ resulted a Tm increase of 4.2°C and 2.0°C, respectively.  
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Figure 7. The five-bladed β-propeller fold of the H. orenii GH43 glycosidase with a metal ion 

bound on the central propeller axis. 

 

The influence of high salt concentration on thermal stability was also 

investigated. The H. orenii GH43 glycosidase showed a remarkable 

stabilization at 4 M NaCl corresponding to an increase in Tm by 10°C 

(from 63°C to 73°C). Increased stability was closely correlated with 

increased salt concentration up to 4 M NaCl, whereas stability started to 

decrease again at 5 M NaCl. The combination of high salt and metal ion 

produced an even larger increase stabilization to thermal unfolding with 

4 M NaCl in the presence of Mn2+ at pH 6.0 being the most stabilizing 

condition with a Tm value of 75-76°C compared with no salt or metal ion 

(Tm 63°C). 

Next, substrate screening was performed using ten different 

chromophoric aryl-glycoside substrates relevant to enzyme members of 

the GH43 family. Of these, only p-nitrophenyl-α-L-arabinofuranoside 

(pNP-αAraf) was hydrolyzed by the H. orenii GH43 glycosidase, with the 

highest activity found in the presence of 4 M NaCl and Mn2+. The 

calculated specific activity was ∼20 to 36 μmol min−1 mg−1 at 4 M NaCl 

and 2 mM Mn2+ (pH 6.5). The specific activity is similar to that reported 

for a commercial source of α-L-arabinofuranosidase from Megazyme 

(pNP-αAraf; ∼32 μmol min−1 mg−1). Thus, the assignment of the H. orenii 

enzyme as an α-L-arabinofuranosidase is justified, and the enzyme is 
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hereafter referred to as HoAraf43. TLC analysis (3h incubation in the 

presence of substrate) revealed no hydrolysis products from α-L-

arabinofuranopentaose indicating that the natural polymeric substrate 

must be fundamentally different. 

 The amino-acid composition of thermophilic proteins has been 

studied quite thoroughly, but less has been done for halophilic proteins, 

and for proteins that are both thermophilic and halophilic, virtually no 

information is available. Therefore, we considered it of particular interest 

and importance to analyze the distribution of amino acids on the surface 

and interior of HoAraf43. The results show that HoAraf43 shares 

similarities to mesophiles, thermophiles and halophiles, but also displays 

unique features, such as more hydrophobic amino acids on the surface 

and fewer buried charged residues (Table 2). Since the statistics 

presented for halothermophilic proteins are based only on one protein, 

the values are not statistically significant, however, as more halo-

thermophilic proteins become characterized, additional data will provide 

a more refined picture of the differences in amino-acid composition and 

distribution of proteins that function under these conditions. 

 

Table 2. Comparison of amino-acid composition 

Class 

(%)1 

Mesophiles 

and non-

halophiles2 

Thermophiles2 Halophiles2 

Halo-

thermophile 

(HoAraf43)3 

Int Surf Int Surf Int Surf Int Surf 

Apolar 45.6 18.1 46.9 20.2 41.5 15.1 39.2 25.0 

Polar 15.3 21.0 13.4 15.6 14.9 17.5 19.8 21.0 

Basic 6.0 16.7 7.1 20.1 5.8 10.9 3.3 20.0 

Acidic 7.2 21.0 7.8 23.0 8.6 28.6 6.6 23.0 

Other 25.9 3.1 24.8 21.1 29.1 28.0 31.1 11.0 

1 Classification: apolar V, I, L, M, F, W, Y; polar N, Q, S, T; basic K, R; acidic D, E; other A, C, 
G, P, H; given as percentage in the interior (Int) and on the surface (Surf). 

2 Values from Fukuchi et al., 2003. 
3 Values that are different in the H. orenii GH43 enzyme with respect to other groups are 

highlighted in boldface. 
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2.6 Summary of Paper IV 

Crystal structures of Phanerochaete chrysosporium pyranose 
2-oxidase suggest that the N-terminus acts as a propeptide 
that assists in homotetramer assembly 

 

Background and aim 

Fungal P2Os are tetrameric enzymes that oxidize glucose and other 

pyranoses, including galactose. Galactose is present in the disaccharide 

lactose, i.e., the major carbohydrate present in milk and dairy products. 

As discussed in Chapters 2.3 and 2.4, lactose is readily hydrolyzed to 

glucose and galactose by BGALs and BGLs. Whereas BGLs can convert 

the products from lactose hydrolysis to value-added GOS compounds, 

P2Os can be used to modify the same products by oxidation into valuable 

value-added sugar intermediates for further chemoenzymatic synthesis 

(Freimund et al., 1998; Giffhorn et al., 2000). For instance, oxidation of 

D-galactose at the C-2 position by P2O produces 2-keto-D-galactose which 

can be used as a platform intermediate for enzymatic production of D-

tagatose, a non-carcinogenic low-calorie sweetener and prebiotic 

(Izumori & Tsuzaki 1988; Haltrich et al., 1998; Manzoni et al., 2001). 

P2O applications are however not limited to the synthesis of platform 

molecules, but can also be of potential use in biofuel cells (Spadiut et al., 

2009).  

The white-rot fungus Phanerochaete chrysosporium is a well-studied 

fungal model for lignocellulose degradation (Martinez et al., 2004). Like 

the previously well-characterized P2O from Trametes multicolor, P2O 

from Phanerochaete chrysosporium (PcP2O) is a flavin dependent 

homotetrameric protein with molecular mass of 270 kDa, expressed along 

with other redox-active enzymes when lignin is available as carbon source 

(De Koker et al., 2004). Despite the functional similarity, the amino-acid 

sequences of TmP2O and PcP2O are only 40% identical. Especially the N-

terminus is different, and it has been suggested that PcP2O may contain 

an N-terminal propeptide with unknown function (Nishimura et al., 

1996; Artolozaga et al., 1997; Leitner et al., 2001). PcP2O is also more 

stable than TmP2O at high temperature, as shown by a 17°C higher 

melting temperature, Tm (Salaheddin et al., 2010).  
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A large number of prokaryotic and eukaryotic proteins are synthesized 

as preproprotein precursors. The pre-region typically functions as signal 

peptide involved in transport of the protein, while the propeptide is 

responsible for correct folding or activation of the protein (Shinde & 

Inouye, 1993; 2000; Fu et al., 2000). Unlike a molecular chaperone, an 

intramolecular chaperone is covalently attached to the amino or carboxy 

terminal of the mature protein, and is referred to as a prosequence or 

propeptide that is not part of the functional protein (Inouye, 1991). The 

intramolecular chaperone is removed during protein folding by either 

autocatalytic cleavage as in the case of proteases, or by an external 

protease in the case of most other proteins (Eder & Fersht, 1995).  

The role of an intramolecular chaperone is typically to assist protein 

folding and function. The first case of an intramolecular chaperone was 

reported for the extracellular protease subtilisin from Bacillus subtilis 

(Ikemura et al., 1987). The enzyme is secreted with a 77-residue long 

propeptide at the N-terminus preceded by a signal peptide of 29 residues 

(Zhu et al., 1989). Other examples include the P. chrysosporium lignin 

peroxidases LiP2 and LiP, which are secreted with a 28-residue long 

peptide sequence of which 7 amino acids comprise a putative propeptide 

(Schalch et al., 1989) similar in sequence to the propeptide of 

glucoamylase from Aspergillus awamori (Innis et al., 1985). 

Intramolecular chaperones can be classified according to their role in 

protein folding. Type-I intramolecular chaperone are mainly present as 

an N-terminal extension to assist in tertiary-structure formation, whereas 

Type-II intramolecular chaperone are typically located at the C-terminus 

to assist in assembly of the quaternary structure (Chen et al., 2008). 

Here, the aim was to determine and analyze the crystal structure of 

PcP2O to shed light on structural features that differ between PcP2O and 

TmP2O, especially those that may account for increased thermostability, 

and to investigate the possible presence of a propeptide at the N-

terminus. 

 

Summary of results 

The crystal structures of PcP2O expressed from three different gene 

constructs (Fig. 8) were determined: (i) wild-type PcP2O isolated from 

the fungal extract of P. chrysosporium strain K-3 (PcP2ONATWT); (ii) 



40 

PcP2O inserted into the expression vector pET21a(+) vector with an N-

terminal T7-epitop tag and a non-cleavable C-terminal His6 tag, including 

the N-terminal region proposed to contain a propeptide function 

(PcP2ORECWT); and (iii) the PcP2O variant H158A expressed as a 

construct with a cleavable N-terminal His6 tag (PcP2ORECH158A). The His6 

tag in PcP2ORECH158A was removed by TEV protease leaving the amino 

acids -2SM-1 at the N-terminus from the TEV cleavage site (-

23MHHHHHHSSGVDHTENLYFQSM-1). To reduce the number of 

additional residues at the N-terminal, the naturally occurring methionine 

in the PcP2O gene was replaced by the translation start-site methionine, 

thus carrying only one extra serine residue before the proposed 

propeptide sequence at the N-terminus (i.e., -1SMFLDTTPFR9) in PcP2O 

RECH158A. 

 

Figure 8. Expressed and crystallized PcP2O constructs. 

 

Wild-type PcP2O from the natural source (PcP2ONATWT) was crystallized 

in the absence of ligand, and the two recombinant PcP2O variants, 

PcP2ORECWT and PcP2ORECH158A, were co-crystallized in the presence of a 

slow substrate, i.e., 3-deoxy-3-fluoro-β-D-glucose (3FGlc), that has 

previously been shown to bind to TmP2O in a productive binding mode 

for 2-oxidation. X-ray diffraction intensity data collection was performed 

at MAX-lab in Lund (Sweden) and the crystal structures of the three 

PcP2O forms determined and refined at a resolution of 1.80 Å, 1.80 Å, 

and 2.40 Å, respectively. 
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Despite the low amino-acid sequence identity between PcP2O and 

TmP2O, the overall structures are very similar, including the active site 

and the precise details of binding of the slow substrate 3FGlc. The most 

striking difference between the enzymes appears to be the thermal 

stability. PcP2O has a Tm value of 75.4°C, whereas TmP2O has a Tm value 

of 58.2°C. Based on the large body of evidence for the importance of ionic 

links as structural determinants for protein thermostability, the 

structures of PcP2O and TmP2O were analyzed using ESBRI 

(http://bioinformatica.isa.cnr.it/ESBRI/) to identify and compare inter- 

and intrasubunit salt bridges. The result was unexpected. Although 

TmP2O had a higher total number of salt links (247) compared with 

PcP2O (195), the number of links between subunits was only four in 

TmP2O compared with 20 in PcP2O. Based on these results, a likely 

hypothesis is that the higher thermostability of PcP2O is governed mainly 

by a larger number of ionic links between protein subunit of the 

homotetramer.  

In the crystal structure of PcP2ONATWT, Pro13 was identified as the first 

amino acid from the N-terminus in all the four subunit; residues 1-12 may 

have been removed due to processing or simply flexible. In the crystal 

structure of PcP2ORECWT the first visible residue was Ala10 in subunit B, 

but the first visible residue was Pro13 in the other subunits. Most likely, 

the N-terminal T7 tag forces the N-terminus into the surrounding solvent 

where it would become flexible and not visible in the electron density, or 

it may have been proteolytically removed. In the case of PcP2ORECH158A, 

subunit A shows well-defined density for the N-terminal sequence 2FLD4 

that is part of the 7-residue long stretch assigned as a propeptide. For 

subunits B and E, the density is reasonable, but subunits C, D, F, G 

display poor density for the N-terminal sequence. The 2FLD4 is placed at 

the interface between A and B subunits where it appears to stabilize the 

2-fold symmetrical A/B interface, forming a temporary hydrophobic core, 

which in the mature protein (as defined by PcP2ONATWT and PcP2ORECWT) 

is occupied by 66QFG68 of an oligomerization loop in the subunit B of 

PcP2ONATWT and PcP2ORECWT. This N-terminal propeptide segment in 

PcP2ORECH158A may serve the function of an intramolecular chaperone 

stabilizing the A/B interface prior to sequestering the 66QFG68 of the 

subunit B to assume its final position and conformation at A/B the 

interface of the mature enzyme. 
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3  CONCLUDING REMARKS 
 

In this thesis, three enzymes with biotechnological potential have been 

studied biochemically and structurally. The 3D structures enable rational 

design to engineer the enzymes towards improved performance in 

relevant applications. The precise engineering approach will ultimately 

depend on the enzyme and the application in mind. In the case of 

HoBGLA, the inherent high thermostability and transgalactosylation 

activity (Paper I) offered an ideal starting point for further improvement 

towards improved lactose conversion and GOS production. This was 

further investigated in Paper II, and the results showed that there is 

considerable possibility to improve an already “good” enzyme. In Paper 

III, a novel hemicellulase was characterized and found to have α-L-

arabinofuranosidase activity under the extreme conditions of 4M salt and 

elevated temperatures. In the case of PcP2O (Paper IV), the structure 

provided new insights into both thermostability and the possible role of 

an N-terminal intramolecular chaperone where a network of ionic links 

between subunits of the tetramer are likely determinants of 

thermostability for this enzyme. 
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Abbreviations 
 

3D    three-dimensional 

3GALA  β-D-Galp-(1→6)-D-Lac 

6GALA  β-D-Galp-(1→3)-D-Lac (3GALA) 

4-AAP  4-aminoantipyrene 

BGAL   β-galactosidase 

BGL   β-glucosidases 

CBM   carbohydrate-binding module 

CDH   cellobiose dehydrogenase  

GMC   glucose-methanol-choline 

GOD    glucose oxidase 

DP    degree of polymerization 

FAD   flavin adenine dinucleotide 

GH   glycoside hydrolase 

GOS   galacto-oligosaccharide 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IMAC   immobilized metal affinity chromatography 

LB    Luria Bertani 

LIC   ligation-independent cloning 

LPMO  lytic polysaccharide monooxygenases 

OD   optical density 

P2O   pyranose 2-oxidase 

POD    horseradish peroxidase 

TEV    Tobacco Etch virus  

  



44 

Acknowledgements 
 

I am extremely grateful to my supervisor Assoc. Prof. Christina Divne for 

accepting me as a PhD student in her group and providing guidance 

throughout the course of the study through continuous discussions, 

support and active supervision.  

I would like to thank my co-supervisor Tien-Chye Tan (postdoc) for his 

active and continued supervision and for always being available for 

providing guidance in the lab.  

I would also like to thank Rosaria Gandini (postdoc) in our group, who 

also always remained available for help in the lab whenever asked for.  

Thanks to our collaborators Dietmar Haltrich, Oliver Spadiut, Ines 

Pisanelli, Laura Fusco, Clemens Peterbauer, Thu-Ha Nguyen, Montira 

Intanon, Barbara Geiger, Roman Kittl, Lokesh Kori, and Bharat Patel for 

their contribution to the research work. 

Thanks to all the colleagues, friends and lab members at the Biophysics 

division at Karolinska Institute MBB floor 5, for their help and 

exchanging views and creating a healthy environment that proved very 

helpful in materializing this research work. Thanks also to colleagues at 

the Division of Industrial Biotechnology at the KTH School of 

Biotechnology. 

Last but not the least I would like to thank my family, whose cooperation, 

love and affection always proved as a stimulant for the continuous and 

sustained efforts to achieve the desired results through out the course of 

this study.  



45

References 
 
Adams RM, Yoast S, Mainzer SE, Moon K, Palombella AL, Estell DA, Power SD, Schmidt 

BF (1996) Characterization of two cold-sensitive mutants of the β-galactosidase 

from Lactobacillus delbruckii subsp. bulgaricus. J Biol Chem 269: 5666–5672.  

Akiyama K, Takase M, Horikoshi K, Okonogi S (2001) Production of falactooligosaccharides 

from lactose using a β-glucosidase from Thermus sp. Z-1. Biosci Biotechnol 

Biochem 65: 438–441. 

Anderson DEW, Becktel J, Dahlquist FW (1990) pH-induced denaturation of proteins: a 
single salt bridge contributes 3–5 kcal/mol to the free energy of folding of T4 

lysozyme. Biochemistry 29: 2403–2408. 

Angus F, Smart S, Shortt C (2005) Prebiotic ingredients with emphasis on galacto-

oligosaccharides and fructo-oligosaccharides. In: Probiotic dairy products. (Ed. AY 

Tamime), Blackwell Publishing, Marcel Dekker, Oxford, UK, pp. 120–137. 

Aristidou A, Penttilä M (2000) Metabolic engineering applications to renewable resource 
utilization. Curr Opin Biotechnol 11:187–198. 

Argos P, Rossmann MG, Grau UM, Zuber H, Frank G, Tratschin JD (1979) Thermal stability 
and protein structure. Biochemistry 18: 5698–5703. 

Artolozaga MJ, Kubátová E, Volc J, Kalisz HM (1997) Pyranose 2-oxidase from 

Phanerochaete chrysosporium - further biochemical characterisation. Appl Microbiol 

Biotechnol 47: 508–514. 

Aslandis C, de Jong PJ (1990) Ligation-independent cloning of PCR products (LIC-PCR). 

Nucleic Acids Res 18: 6069–6074. 

Balcewich MD, Stubbs KA, He Y, James TW, Davies GJ, Vocadlo DJ, Mark BL (2009) 
Insight into a strategy for attenuating AmpC-mediated beta-lactam resistance: 

structural basis for selective inhibition of the glycoside hydrolase NagZ. Prot Sci 18: 

1541–1551. 

Bannwarth M, Bastian S, Heckmann-Pohl D, Giffhorn F, Schulz GE (2004) Crystal structure 

of pyranose 2-oxidase from the white-rot fungus Peniophora sp. Biochemistry 43: 
11683–11690. 

Baute R, Baute M-A, Deffieux G (1987) Proposed pathway to the pyrones cortalcerone and 

microthecin in fungi. Phytochem 26:1395–1397. 

Bell JA, Becktel WJ, Sauer U, Baase WA, Matthews BW (1992) Dissection of helix capping 

in T4 lysozyme by structural and thermodynamic analysis of six amino acid 

substitutions at Thr 59. Biochemistry 31: 3590–3596. 

Bhatia Y, Mishra S, Bisaria VS (2002) Microbial β-glucosidase: Cloning, properties, and 
applications. Crit Rev Biotechnol 22: 375–407. 

Bielecka M, Biedrzycka E, Majkowska A, Juskiewicz J, Wróblewska M (2002) Effect of non-
digestible oligosaccharides on gut microecosystem in rats. Food Res Int 35: 139–

144. 

Bommarius AS, Blum JK, Abrahamson MJ (2011) Status of protein engineering for bio-

catalysts: How to design an industrially useful biocatalyst. Curr Opin Chem Biol 
15:194-200  

Boraston AB, Bolam DN, Gilbert HJ, Davies GJ (2004) Carbohydrate-binding modules: fine-



46 

tuning polysaccharide recognition. Biochem J 382: 769–781. 

Bornscheuer UT, Huisman GW, Kazlauskas RJ, Lutz S, Moore JC, Robins K. Engineering 
the third wave of biocatalysis. Nature 485:185–194. 

Bowen WH, Lawrence RA (2005) Comparison of the cariogenicity of cola, honey, cow milk, 

human milk, and sucrose. Pediatrics 116: 921–926. 

Brüx C, Ben-David A, Shallom-Shezifi D, Leon M, Niefind K, Shoham G, Shoham Y, 

Schomburg D (2006) The structure of an inverting GH43 beta-xylosidase from 

Geobacillus stearothermophilus with its substrate reveals the role of the three 
catalytic residues. J Mol Biol 359:97–109. 

Burmeister WP, Cottaz S, Rollin P, Vasella A, Henrissat B (2000) High resolution X-ray 

crystallography shows that ascorbate is a cofactor for myrosinase and substitutes 

for the function of the catalytic base. J Biol Chem 275: 39385–39393. 

Cavener DR (1992) GMC oxidoreductases. A newly defined family of homologous proteins 

with diverse catalytic activities. J Mol Biol 223: 811–814. 

Cayol I, Olliver B, Patel BKC, Prensier G, Guezennec J, Garcia JL (1994) Isolation and 
characterization of Halothermothrix orenii gen. nov., sp. nov., a halophilic, 

thermophilic, fermentative, strictly anaerobic bacterium. Int J Syst Bacteriol 44:534–

540. 

Chayen NE (2004) Turning protein crystallization from an art into a science. Curr Opin 

Struct Biol 5, 577–583. 

Chayen NE (2007) Optimization techniques for automation and high throughput., Meth Mol 
Biol 363: 175–190. 

Chayen NE, Saridakis E (2008) Protein crystallization: from purified protein to diffraction-
quality crystal. Nat Meth 5: 147–153.  

Chen YJ, Inouye M (2008) The intramolecular chaperone-mediated protein folding. Curr 

Opin Struc Biol 18: 765–770. 

Choi IG, Bang WG, Kim SH, Yu YG (1999) Extremely thermostable serine-type protease 

from Aquifex pyrophilus. Molecular cloning, expression, and characterization. J Biol 

Chem 274: 881–888. 

Coenen TM, Schoenmakers AE, Verhagen H (1995) Safety evaluation of β-glucanase 
derived from Trichoderma reesei: summary of toxico- logical data. Food Chem 

Toxicol 33: 859–866. 

Crittenden RG, Playne MJ (1996) Production, properties and applications of food-grade 

oligosaccharides. Trends Food Sci Technol 7: 353–361. 

Cvitkovitch DG, Li Y-H, Ellen RP (2003) Quorum sensing and biofilm formation in 

streptococcal infections. J Clin Invest 112:1626–1632. 

Dan S, Marton I, Dekel M, Bravdo BA, He S, Withers SG, Shoseyov O (2000) Cloning, 

expression, characterization, and nucleophile identification of family 3, Aspergillus 
niger beta-glucosidase. J Biol Chem 275: 4973–4980. 

Daniel G, Volc J, Kubátová E (1994) Pyranose oxidase, a major source of H2O2 during 

wood degradation by Phanerochaete chrysosporium, Trametes versicolor, and 

Oudemansiella mucida. Appl Environ Microbiol 60: 2524–2532. 

Danson MJ, Hough DW (1997) The structural basis of protein halophilicity. Comp Biochem 

Physiol A Physiol 117:307–312. 

Davies GJ, Wilson KS, Henrissat B (1997) Nomenclature for sugar-binding subsites in 



47

glycosyl hydrolases. Biochem J 321: 557–559. 

De Koker TH, Mozuch MD, Cullen D, Gaskell J, Kersten PJ (2004) Isolation and purification 
of pyranose 2-oxidase from Phanerochaete chrysosporium and characterization of 

gene structure and regulation. Appl Environ Microbiol 70: 5794–5800. 

DeBoy, R. T. et al. (2008) nsights into plant cell wall degradation from the genome 

sequence of the soil bacterium Cellvibrio japonicus.  J. Bacteriol. 190, 5455–5463. 

Delgado-García M, Valdivia-Urdiales B, Aguilar-González C, Contreras-Esquivel J, 

Rodríguez-Herrera R (2012) Halophilic hydrolases as a new tool for the 
biotechnological industries. J Sci Food Agric 92:2575–2580. 

Dill KA (1990) Dominant forces in protein folding. Biochemistry 29:7133– 7155. 

Ebringerova A, Hromadkova Z, Heinze T (2005) Hemicellulose. Adv Polym Sci 186: 1–67. 

Eder J, Fersht AR (1995) Pro-sequence- assisted protein folding. Mol Microbiol 16: 609–
614. 

Eisenberg H, Mevarech M, Zaccai G (1992) Biochemical, structural and molecular genetic 
aspects of halophilism Adv. Protein Chem 43:1–62. 

Elcock AM, McGammon  JA (1998) Electrostatic contributions to the stability of halophilic 

proteins. J Mol Biol 280:731–748. 

Enari TM, Niku-Paavola ML (1987) Enzymatic hydrolysis of cellulose: is the current theory 

of the mechanism of hydrolysis valid? Crit Rev Biotechnol 5: 67–87.  

Eriksson K-E, Pettersson B, Westermark U (1974) Oxidation: an important enzyme reaction 

in fungal degradation of cellulose. FEBS Lett 49:282–285.  

Fengel D, Wegener G (1984) In: Wood: Chemistry, Ultrastructure, Reactions. Walter de 

Gruyter, Berlin, Germany, pp. 132–181. 

Fengel D, Wegener G (1989) In: Wood: chemistry, ultrastructure, reactions. Walter de 
Gruyter, Berlin, Germany, pp. 613. 

Fowler AV, Zabin I (1978) Amino acid sequence of beta-galactosidase. XI. Peptide ordering 
procedures and the complete sequence. J Biol Chem 253:5521–5525. 

Freimund S, Huwig A, Giffhorn F, Köpper S (1998) Rare keto-aldoses from enzymatic 

oxidation: substrates and oxidation products of pyranose 2-oxidase. Chem Eur J 4: 

2442–2455. 

Fu X, Inouye M, Shunde U (2000) Folding pathway mediated by an intramolecular 

chaperone. J Biol Chem 275:16871–16878. 

Fujimto Z (2013) Structure and function of carbohydrate-binding modules families 13 and 42 
of glycoside hydrolases, comprising a β-trefoil fold. Biosci Biotechnol Biochem 77: 

1363–1371. 

Fukuchi S, Yoshimune K, Wakayama M, Moriguchi M, Nishikawa K (2003) Unique amino 

acid composition of proteins in halophilic bacteria. J Mol Biol 327:347–357. 

Ganeva V, Galutzov B, Eynard N, Teissie J (2001) Electroinduced extraction of beta-

galactosidase from Kluyveromyces lactis. Appl Microbiol Biotechnol 56: 411–413. 

Gardner KH, Blackwell J (1974) The structure of native cellulose. Biopolymers 13: 1795–

2001. 

Gebler JC, Aebersold R, Withers SG (1992) Glu-537, not Glu-461, is the nucleophile in the 
active site of (lac Z) beta-galactosidase from Escherichia coli. J Biol Chem 267: 

11126–11130. 



48 

Gekas V, Lopez-Leiva M (1985) Hydrolysis of lactose: A literature review. Process Biochem 

20: 2–12. 

Gibson GR, Roberfroid MB (1995) Dietary modulation of the human colonic microbiota: 

introducing the concept of prebiotics. J Nutr 125: 1401–1412. 

Giffhorn F, Köpper S, Huwig A, Freimund S (2000) Rare sugars and and sugar-based 

synthons by chemo-enzymatic synthesis. Enz Microb Technol 27:734-742. 

Giffhorn F (2000) Fungal pyranose oxidases: occurrence, properties and biotechnical 

applications in carbohydrate chemistry. Appl Microbiol Biotechnol 54:727–740. 

Gomes J, Steiner W (2004) The biocatalytic potential of extremophiles and extremozymes. 
Food Technol Biotechnol 42:223–235. 

Gosling A, Stevens GW, Barber AR, Kentish SE, Gras SL (2010) Recent advances refining 
galactooligosaccharide production from lactose. Food Chem 121: 307–318. 

Gräber M, Andersson M, Rundbäck F, Pozzo T, Nordberg Karlsson E, Adlercreutz P (2010) 

A novel direct screening method for alkyl glucoside production by glucosidases 

expressed in E. coli in 96-well plates. J Biotechnol 145:186–192. 

Gupta GN, Srivastava S, Khare SK, Prakash V (2014) Extremophiles: an overview of 

microorganisms from extreme environment. Int J Agric Environ biotechnol 7:371–
380. 

Gänzle M, Haase G, Jelen P (2008) Lactose: crystallization, hydrolysis and value-added 

derivatives. Int Dairy J 18: 685–694. 

Gänzle M (2012) Enzymatic synthesis of galacto-oligosaccharides and other lactose 

derivatives (hetero-oligosaccharides) from lactose. Int Dairy J 22: 116–122. 

Haider T, Husain Q (2008) Concanavalin A layered calcium alginate-starch beads 

immobilized beta galactosidase as a therapeutic agent for lactose intolerant 
patients. Int J Pharm 359: 1–6. 

Halada P, Leitner C, Sedemera P, Haltrich D, Volc J (2003) Identification of the covalent 
flavin adenine dinucleotide-binding region in pyranose 2-oxidase from Trametes 

multicolor. Anal Biochem 314: 235–242. 

Hallberg BM, Bergfors T, Bäckbro K, Pettersson G, Henriksson G, Divne C (2000) A new 

scaffold for binding haem in the cytochrome domain of the extracellular 
flavocytochrome cellobiose dehydrogenase. Structure 8: 79–88. 

Hallberg BM, Henriksson G, Pettersson G, Divne C (2002) Crystal structure of the 
flavoprotein domain of the extracellular flavocytochrome cellobiose dehydrogenase. 

J Mol Biol 315: 421–434. 

Hallberg BM, Leitner C, Haltrich D, Divne C (2004) Crystal structure of the 270 kDa 

homotetrameric lignin-degrading enzyme pyranose 2-oxidase. J Mol Biol 341: 781-
796. 

Haltrich D, Leitner C, Neuhauser W, Nidetzky B, Kulbe KD, Volc J (1998) A convenient 
enzymatic procedure for the production of aldose-free D-tagatose.  Anal NY Acad 

Sci 864: 295–299. 

Hansson T, Kaper T, van der Oost, de Vos WM, Adlercreutz P (2001) Improved 

oligosaccharide synthesis by protein engineering of beta-glucosidase CelB from 
hyperthermophilic Pyrococcus furiosus. Biotechnol Bioeng 73:203–210. 

Harju M, Kallioinen H, Tossavainen O (2012) Lactose hydrolysis and other conversions in 
dairy products: Technological aspects. Int Dairy J 22: 104–109. 



49

Harreither W, Sygmund C, Augustin M, Narciso M, Rabinovich ML, Gorton L, Haltrich D, 

Ludwig R (2010) Catalytic properties and classification of cellobiose 

dehydrogenases from ascomycetes. Appl Environ Microbiol 77:1804–1815. 

Harvey AJ, Hrmova M, De Gori R, Varghese JN, Fincher GB (2000) Comparative modeling 

of the three-dimensional structures of family 3 glycoside hydrolases. Prot Struc 
Func Genet 41: 257–269. 

Hassan N, Nguyen TH, Intanon M, Kori LD, Patel BKC, Haltrich D, Divne C, Tan TC (2014) 

Biochemical and structural characterization of a thermostable β-glucosidase from 

Halothermothrix orenii for galacto-oligosaccharide synthesis. Appl Microbiol 
Biotechnol 99:1731–1744. 

Hatzinikolaou DG, Katsifas E, Mamma D, Karagouni AD, Christakopoulos P, Kekos D 
(2005) Modeling of the simultaneous hydrolysis–ultrafiltration of whey permeate by 

a thermostable β-galactosidase from Aspergillus niger. Biochem Eng J 24: 161–

172. 
Hennig MB, Darimont B, Sterner R, Kirschner K, Jansonius JN (1995) 2.0 Å structure of 

indole-3-glycerol phosphate synthase from the hyperthermophile Sulfolobus 
solfataricus: possible determinants of protein stability. Structure 3: 1295–1306. 

Henriksson G, Johansson G, Petterson G (2000) A critical review of cellobiose 

dehydrogenases. J Biotechnol 78: 93–113. 

Hernández-Hernández O, Montañés F, Clemente A, Javier Moreno FJ, Sanz ML (2011) 

Characterization of galactoligosaccharide derived from lactulose. J Chromatogr A 
1218: 7691–7696. 

Himmel ME, Ding S-Y, Johnson DK, Adney WS, Nimlos MR, Brady JW, Foust TD (2007) 
Biomass recalcitrance: engineering plants and enzymes for biofuel production. 

Science 315:804–807. 

Hoover DG (1993) Bifidobacteria: activity and potencial benefits. Food Technol 47: 120–

124. 

Horn SJ, Vaaje-Kolstad G, Westereng B, Eijsink VG (2011) Novel enzymes for the 

degradation of cellulose. Biotechnol. Biofuels 5:45. 

Horovitz A, Serrano L, Avron B, Bycroft M, Fersht AR (1990) Strength and co-operativity of 
contributions of surface salt bridges to protein stability. J Mol Biol 216: 1031–1104. 

Ikemura H, Takagi H, Inouye M (1987) Requirement of pro-sequence for the production of 
active subtilisin E in Escherichia coli. J Biol Chem 262: 7859–7864. 

Innis MA, Holland MJ, McCabe PC, Cole GE, Wittman VP, Tal R, Watt KWK, gelfand DH, 

Holland JP, Meade JH (1985) Expression, glycosylation, and secretion of an 

Aspergillus glucoamylase by Saccharomyces cerevisiae. Science 228: 21-26. 

Inouye M (1991) Intramolecular chaperone: the role of the pro-peptide in protein folding. 

Enzyme 45:314–321. 

Izumori K, Tsuzaki  K (1988) Production of D-tagatose from D-galactitol by Mycobacterium 
smegmatis. J Fermentation Technol 66:225–227. 

Jacobson RH, Zhang XJ, DuBose RF, Matthews BW (1994) Three-dimensional structure of 
β -galactosidase from E. coli. Nature 369:761–766. 

Janssen FW, Ruelius HW (1968) Carbohydrate oxidase, novel enzyme from Polyporus 
obtusus. II. Specificity and characterization of reaction products. Biochim Biophys 

Acta 167: 501–510. 



50 

Juers DH, Jacobson R, Wigley D, Zhang X, Huber RE, Tronrud DE, Matthews BW (2000) 

High resolution refinement of β-galactosidase in a new crystal form reveals multiple 

metal-binding sites and provides a structural basis for alpha-complementation. 
Protein Sci 9: 1685–1699. 

Jurado E, Camacho F, Luzon G, Vicaria JM (2002) A new kinetic model proposed for 
enzymatic hydrolysis of lactose by a β-galactosidase from Kluyveromyces fragilis. 

Enz Microb Technol 31: 300–309. 

Jørgensen F, Hansen OC, Stougaard P (2004) Enzymatic conversion of D-galactose to D-

tagatose: heterologous expression and characterisation of a thermostable L-
arabinose isomerase from Thermoanaerobacter mathranii. Appl Microbiol 

Biotechnol 64:816–822. 

Kaplan DL (1998) Introduction to biopolymers from renewable resources. In: Biopolymers 

from renewable resources, (Ed. DL Kaplan), Springer, Berlin, Germany, pp. 1–29. 

Kempton JB, Withers SG (1992) Mechanism of Agrobacterium β-glucosidase: kinetic 

studies. Biochemistry 31, 9961–9969. 

Kittl R, Kracher D, Burgstaller D, Haltrich D, Ludwig R (2012) Production of four Neurospora 

crassa lytic polysaccharide monooxygenases in Pichia pastoris monitored by a 
fluorimetric assay. Biotechnol. Biofuels 5:79. 

Klemm D, Schmauder H-P, Heinze T (2002) In: Biopolymers, Vol. 6 (Eds.: E. Vandamme, S. 

De Beats, A. Steinbüchel), Wiley-VCH, Weinheim, 2002, pp. 290–292. 

Klemm D, Heublein B, Fink H-P, Bohn A (2005) Cellulose: fascinating biopolymer and 

sustainable raw material. Angew Chem Int Ed 44:3358–3393. 

Kori LD (2012) Extremozymes of the hot and salty Halothermothrix orenii. PhD thesis, 

Griffith University, Nathan, Queensland, Australia. 

Koshland Jr DE (1953) Stereochemistry and the mechanism of enzymatic reactions. Biol 

Rev 28: 416–436. 

Kujawa M, Volc J, Halada P, Sedmera P, Divne C, Leitner C, Peterbauer C, Haltrich D 
(2007) Properties of pyranose dehydrogenase purified from the litter-degarding 

fungus Agaricus xanthoderma. FEBS J 274: 879–894.  

Kulkarni AA, Weiss AA, Iyver SS (2010) Glycan-based high affinity ligands for toxins and 

pathogen receptors. Medicinal Res Rev, 30:327–393. 

Kunst A, Draeger B, Ziegernhorn J (1988) Colorimetric methods with glucose oxidase and 

peroxidase. In: Methods of Enzymatic Analysis (Eds. Bergmeyer HU, Bergmeyer J, 
Grassl M), VCH Publishers 1988, third edition, Weinheim, Germany, pp. 178–185. 

Kunz C, Rudloff S, Baier W, Klein N, Strobel S (2000) Oligosaccharides in human milk: 
structural, functional, and metabolic aspects. Ann Rev Nutrition, 20:699–722. 

Ladero M, Santos A, Garcia JL, Garcia-Ochoa F (2001) Activity over lactose and ONPG of 

a genetically engineered β-galactosidase from Escherichia coli in solution and 

immobilized kinetic modeling. Enz Microb Technol 29: 181–193. 

Ladero M, Santos A, Garcia JL, Carrascosa AV, Pessela BCC, Garcia-Ochoa F (2002) 

Studies on the activity and stability of β-galactosidase from Thermus sp. strain T2 
and from Kluveromyces fragilis. Enz Microb Technol 30: 392–405. 

Lagaert S, Pollet A, Courtin CM, Volckaert G (2014) β-xylosidases and α-L-

arabinofuranosidases: accessory enzymes for arabinoxylan degradation. 

Biotechnol. Adv. 32:316–332. 



51

Langston JA, Shagashi T, Abbate E, Xu F, Vlasenko E, Sweeney MD (2011) 

Oxidoreductive cellulose depolymerization by the enzymes cellobiose 

dehydrogenase and glycoside hydrolase 61. Appl Environm Microbiol 77: 7007–
7015. 

Lanyi JK (1974) Salt-dependent properties of proteins from extremely halophilic bacteria. 
Bacteriol Rev 38:272–290. 

Le Maire M, Champeil P, Moller JV (2000) Interaction of membrane proteins and lipids with 

solubilizing detergents. Biochim Biophys Acta 1508:86–111. 

Leclerc M, Arnaud A, Rotamahenina R, Galzy P (1987) Yeast β-glucosidases. Biotechnol 

Genet Eng Rev 5: 269–295. 

Lee RC, Hrmova M, Burton RA, Lahnstein J, Fincher GB (2002) Bifunctional family 3 

glycoside hydrolases from barley with alpha-L-arabinofuranosidase and beta-D-
xylosidase activity. Characterization, primary structures, and COOH-terminal 

processing. J Biol Chem 278: 5377–5387.  

Leitner C, Volc J, Haltrich D (2001) Purification and characterization of pyranose oxidase 

from the white rot fungus Trametes multicolor. Appl Environ Microbiol 67: 3636–

3644. 

Lombard V, Golaconda Ramulu H, Drula E, Coutinho PM, Henrissat B (2014) The 
Carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res 42: 

D490–D495. 

Lundemo P, Adlercreutz P, Nordberg Karlsson E (2013) Improved Transferase/Hydrolase 

Ratio through Rational Design of a Family 1 β-Glucosidase from Thermotoga 

neapolitana. Appl Environ Microbiol 79: 3400–3405. 

Lundemo P, Nordberg Karlsson E, Adlercreutz P (2014) Preparation of two glycoside 
hydrolases for use in micro-aqueous media. J Mol Catal B: Enzymatic 108:1–6. 

Lutz S (2010) Beyond directed evolution – semi-rational protein engineering and design. 
Curr Opin Biotechnol 21:734–743. 

Madern D, Ebel C, Zaccai G (2000) Halophilic adaptation of enzymes. Extremophiles 4:91–

98. 

Mandels M (1982) Cellulases. Ann Rep Ferment Proc 5: 35–78. 

Manzoni M, Rollini M, Bergomi S (2001) Biotransformation of D-galactitol to tagatose by 

acetic acid bacteria. Proc Biochem 36:971–977.  

Marhuenda-Egea FC, Bonete MJ (2002) Extreme halophilic enzymes in organic solvents. 

Curr Opin Biotechnol 13:385–389. 

Martinez D, Larrondo LF, Putnam N, Gelpke MD, Huang K, Chapman J, Helfenbein KG, 

Ramaiya P, Detter JC, Larimer F, Coutinho PM, Henrissat B, Berka R, Cullen D, 
Rokhsar D (2004) Genome sequence of the lignocellulose degrading fungus 

Phanerochaete chrysosporium strain RP78. Nat Biotechnol 22: 695–700. 

Martínez AT, Speranza M, Ruiz-Dueñas FJ, Ferreira P, Camarero S, Guillén F, Martínez MJ, 

Gutiérrez A, del Río JC (2005) Biodegradation of lignocellulosics: microbiological, 

chemical and enzymatic aspects of fungal attack to lignin. Intern Microbiol 8: 195–
204 

Martínez AT, Ruiz-Duenas FJ, Martinez MJ, Rio JC, Gutierrez A (2009a) Enzymatic 

delignification of plant cell wall: from nature to mill. Curr Opin Biotechnol 20: 348–

357. 



52 

Martínez D, Challacombe J, Morgenstern I, Hibbett DS, Schmoll M, Kubicek CP, Ferreira P, 

Ruiz-Dueñas FJ, et al., Cullen D (2009b) Genome, transcriptome, and secretome 

analysis of wood decay fungus Postia placenta supports unique mechanisms of 
lignocellulose conversion. Proc Natl Acad Sci USA 106: 1954–1959. 

Martínez AT, Rencoret J, Nieto L, Jiménez-Barbero J, Gutiérrez A, del Río JC (2011) 
Selective lignin and polysaccharide removal in natural fungal decay of wood as 

evidenced by in situ structural analyses. Environ Microbiol 13: 96–107. 

Matsuda S, Norimoto F, Matsumoto Y, Ohba R, Teramoto Y, Ohta N, Veda S (1994) 

Solubilization of a novel isoflavone glycoside hydrolysing β-glucosidase from 
Lactobacillus casei subsp. rhamnosus. J Ferment Bioeng 77: 439– 441. 

Matsumura M, Becktel WJ, Matthews BW (1988) Hydrophobic stabilization in T4 lysozyme 
determined directly by multiple substitutions of Ile 3. Nature 334: 406–410. 

Matsumura M, Matthews BW (1989a) Control of enzyme activity by an engineered disulfide 

bond. Science 243: 792–794. 

Matsumura M, Matthews BW (1989b) Substantial increase of protein stability by multiple 

disulphide bonds. Nature 342: 291–293. 

Matsumura M, Becktel WJ, Levitt M, Matthews BW (1989c) Stabilization of phage T4 

lysozyme by engineered disulfide bonds. Pric Natl Acad Sci USA 86: 6562–6566. 

Matsumura M, Wozniak JA, Sun DP, Matthews BW (1989d) Structural studies of mutants of 

T4 lysozyme that alter hydrophobic stabilization. J Biol Chem 264: 16059–16066. 

Matsumura S, Imai K, Yoshikawa S, Kawada K, Uchibori T (1990) Surface activities, 
biodegradability and antimicrobial properties of n-alkyl glucosides, mannosides and 

galactosides. J Am Oil Chem Soc 67:996–1001.  

Matthews BW, Weaver LH, Kester WR (1974) The conformation of thermolysin. J Biol 

Chem 249: 8031–8044. 

Mavromatis K, Ivanova N, Anderson I, Lykidis A, Hooper SD, Sun H, Kunin V, Hugenholtz 

P, Patel B, Kyrpides NC (2009) Genome analysis of the anaerobic thermohalophilic 
bacterium Halothermothrix orenii. PLoS ONE 4:e4192. 

McCarter JD, Withers SG (1994) Mechanisms of enzymatic glycoside hydrolysis. Curr Opin 
Struct Biol 4: 885–892. 

McMillan JD (1993) Pretreatment of lignocellulosic biomass. In: Enzymatic conversion of 
biomass for fuel production. (Eds. ME Himmel ME, JO Baker, RP Overend RP) 

American Chemical Society, Washington. D.C, USA, pp 292–323. 

McPherson A (1982) Preparation and analysis of protein crystals. Wiley, New York, USA. 

McPherson A (1985) Crystallization of macromolecules: general principles. Meth Enzymol 

114: 112–120. 

Mevarech M, Frolow F, Gloss LM (2000) Halophilic enzymes: proteins with a grain of salt. 

Biophys Chem 86:155–164.  

Mijts B, Patel BKC (2001) Random sequence analysis of genomic DNA of an anaerobic, 
thermophilic, halophilic bacterium, Halothermothrix orenii. Extremophiles 5:61–69. 

Moynihan P (2005) The interrelationship between diet and oral health. Proc Nutr Soc 
64:571–580. 

Nazaruk E, Bilewicz R (2007) Catalytic activity of oxidases hosted in lipidic cubic phases on 

electrodes. Bioelectrochemistry 71: 8–14. 



53

Neidleman SL, Amon WF, Geigert J (1981) Process for the production of fructose. 

European patent 88, 103.  
Nicholson H, Becktel WJ,Matthews BW (1988)  Enhanced protein thermostability from 

designed mutations that interact with alpha-helix dipoles. Nature 336: 651–656. 

Nieduszynski I, Preston RD (1970) Crystallite size in natiral cellulose. Nature 225: 273–274. 

Nishimura I, Okada K, Koyama Y (1996) Cloning and expression of pyranose oxidase cDNA 

from Coriolus versicolor in Escherichia coli. J Biotechnol 52: 11–20. 

Nurrizo D, Turkenburg JP, Charnock SJ, Roberts SM, Dodson EJ, McKie VA, Taylor EJ, 

Gilbert HJ, Davies GJ (2002) Cellvibrio japonicus alpha-L-arabinanase 43A has a 
novel five-blade beta-propeller fold. Nat Struct Biol 9:665–668. 

Ohtsubo K, Marth JD (2008). Glycosylation in cellular mechanisms of health and disease. 
Cell 126: 855–867. 

Ojha S, Mishra S, Kapoor S, Chand S (2013) Synthesis of hexyl α-glucoside and α-

polyglucosides by a novel Microbacterium isolate. Appl Bicrobiol Biotechnol 

97:5293–5301. 

Oku T (1996) Oligosaccharides with beneficial health effects: A Japanese perspective. Nutr 

Rev 54: S59–S66. 

Oliveira C, Guimaraes PMR, Domingues L (2011) Recombinant microbial systems for 
improved β-galactosidase production and biotechnological applications. Biotechnol 

Adv 29: 600–609. 

Oren A (2006) Life at high salt concentrations. Prokaryotes 2:263–282. 

Oren A (2013) Life at high salt concentrations, intracellular KCl concentrations, and acidic 

proteomes. Front Microbiol 4:315. 

Otieno DO (2010) Synthesis of β-galactooligosaccharides from lactose using microbial β-

galactosidases. Comp Rev Food Sci Food 9: 471–482. 

Park AR, Oh DK (2010). Galacto-oligosaccharide production using microbial β- 

galactosidase: current state and perspectives. Appl Microbiol Biotechnol 85: 1279–
1286. 

Pauly M, Keegstra K (2008) Cell-wall carbohydrates and their modification as a resource for 
biofuels. Plant J 54: 559–568. 

Payne CM, Knott BC, Mayes HB, Hansson H, Himmel ME, Sandgren M, Ståhlberg J, 

Beckham GT (2015) Fungal cellulases. Chem Rev 115:1308–1448. 

Perutz MF, Raidt H (1975) Stereochemical basis of heat stability in bacterial ferredoxins and 

in haemoglobin A2. Nature 255: 256–259. 

Playne MJ, Crittenden R (1996) Commercially available oligosaccharides. Bulletin 313, Int 

Dairy Fed, Brussels, pp. 10–22. 

Pozzo T, Pasten JL, Karlsson EN, Logan DT (2010) Structural and functional analyses of 

beta-glucosidase 3B from Thermotoga neapolitana: a thermostable three-domain 
representative of glycoside hydrolase 3. J Mol Biol 397: 724–739. 

Prongjit M, Sucharitakul J, Wongnate T, Haltrich D, Chaiyen P (2009) Kinetic mechanism of 

pyranose 2-oxidase from Trametes multicolor. Biochemistry 48: 4170–4180. 

Ren B, Tibbelin G, de Pasclae F, Rossi M, Bartolucci S, Ladenstein R (1998) A protein 

disulfide oxidoreductese from the archaeon Pyrococcus furiosus contains two 

thioredoxin fold units. Nat Struct Biol 5: 602–611. 



54 

Robinson-Rechavi M, Alibes A, Godzik A (2006) Contribution of electrostatic interactions, 

compactness and quaternary structure to protein thermostability: lessons from 

structural genomics of Thermotoga maritima. J Mol Biol 356: 547–557. 

Rodriguez-Colinas B, de Abreu MA, Fernandez-Arrojo L, de Beer R, Poveda A, Jiminez-

Barbero J, Haltrich D, Ballesteros Omo AO, Fernandez-Lobato M, Plou FJ (2011) 
Production of Galacto-oligosaccharides by the β-Galactosidase from 

Kluyveromyces lactis: comparative analysis of permeabilized cells versus soluble 

enzyme. J Afric Food Chem 59:10477–10484. 

Roitner M, Schalkhammer T, Pittner F (1984) Characterization of naringinase from 
Aspergillus niger. Monatsh Chem 115: 1255-1267. 

Rubio-Texeira M (2006) Endless versatility in the biotechnological applications of 
Kluyveromyces LAC genes. Biotechnol Adv 24: 212–225. 

Saha BC (2003) Hemicellulose bioconversion. J Ind Microbiol Biotechnol 30: 279–291. 

Sako T, Matsumoto K, Tanaka R (1999) Recent progress on research and applications of 
non-digestible galacto-oligosaccharides. Int Dairy J 9: 69–80. 

Salaheddin C, Takakura Y, Tsunashima M, Stranzinger B, Spadiut O, Yamabhai M, 

Peterbauer CK, Haltrich D (2010) Characterisation of recombinant pyranose 

oxidase from the cultivated mycorrhizal basidiomycete Lyophyllum shimeji (hon-
shimeji). Microb Cell Fact 9: 57. 

Savitsky P, Bray J, Cooper CDO, Marsden BD, Mahajan P, Burgess-Brown NA, Gileadi O 
(2010) High-throughput production of human proteins for crystallization: The SGC 

experience. J Struct Biol  172: 3–13. 

Schalch H, Gaskell J, Smith TL, Cullen D (1989) Molecular cloning and sequences of lignin 

peroxidase genes of Phanerochaete chrysosporium. Mol Cell Biol 9: 2743–2747. 

Searle LE, Cooley WA, Jones G, Nunez A, Crudgington B, Weyer U, Dugdale AH, Tzortzis 

G, Collins JW, Woodward MJ, La Ragione RM (2010) Purified 
galactooligosaccharide, derived from a mixture produced by the enzymic activity of 

Bifidobacterium bifidum, reduces Salmonella enterica serovar Typhimurium 

adhesion and invasion in vitro and in vivo. J Med Microbiol 59:1428–1439. 

Sellek GA, Chaudhuri JB (1999) Biocatalysis in organic media using enzymes from 
extremophiles. Enzyme Microb Technol 25:471–482. 

Sener N, Apar DK, Ozbek B (2006) A modeling study on lactose hydrolysis and β 
galactosidase stability under sonication. Proc Biochem 41: 1493–1500. 

Shadid R, Haarman M, Knol J, Theis W, Beermann C, Rjosk-Dendorfer D, Schendel DJ, 

Koletzko BV, Krauss-Etschmann S (2007) Effects of galactooligosaccharide and 

long-chain fructooligosaccharide supplementation during pregnancy on maternal 
and neonatal microbiota and immunity - a randomized, double-blind, placebo-

controlled study. Am J of Clin Nutr 86: 1426–1437. 

Shinde U, Inouye M (1993) Intramolecular chaperons and protein folding. Trends Biochem 

Sci 18:442–446. 

Shinde U, Inouye M (2000) Intramolecular chaperones: polypeptide extensions that 

modulate protein folding. Cell Dev Biol 11: 35–44. 

Shirley BA, Stanssens P, Hahn U, Pace CN (1992) Contribution of hydrogen bonding to the 

conformational stability of ribonuclease T1. Biochemistry 31: 725–732. 



55

Shoaf K, Mulvey GL, Armstrong GD, Hutkins RW (2006) Prebiotic galactooligosaccharides 

reduce adherence of enteropathogenic Escherichia coli to tissue culture cells. Infect 

Immun 74:6920–6928. 

Siezen RJ, Leunissen JA (1997) Subtilases: the superfamily of subtilisin-like serine 

proteases. Protein Sci 6: 501–523. 

Sinnott M (1990) Catalytic mechanism of enzymic glycosyl transfer. Chem Rev 90: 1171–
1202. 

Sjöstrom  E (1993) In Wood Chemistry. Fundamentals and Applications. 2
nd

 Edition, 
Academic Press Inc., San Diego, USA, pp. 293. 

Smithers GW (2008) Whey and whey proteins – from ‘gutter-to-gold’. Int Dairy J 695:704. 

Somerville C (2006) Cellulose synthesis in higher plants. Annu Rev Cell Dev Biol 22: 53–78. 

Spadiut O, Pisanelli I, Maischberger T, Peterbauer C, Gorton L, Chaiyen P, Haltrich D 
(2009) Engineering of pyranose 2-oxidase: Improvement for biofuel cell and food 

applications through semi-rational protein design. J Biotechnol 139:250–257. 

Spadiut O, Tan TC, Pisanelli I, Haltrich D, Divne C (2010) Importance of the gating segment 

in the substrate-recognition loop of pyranose 2-oxidase. FEBS J 277:2892–2909. 

Steiner K, Schwab H (2012) Recent advances for rational approaches for enzyme 

engineering. Comput Struct Biotech J 2:e201209010. 

Sucharitakul J, Prongjit M, Haltrich D, Chaiyen P (2008) Detection of a C4a-

hydroperoxyflavin intermediate in the reaction of a flavoprotein oxidase. 
Biochemistry 47: 8495–8490. 

Sucharitakul J, Wongnate T, Chaiyen P (2010) Kinetic isotope effects on the non-covalent 

flavin mutant protein of pyranose 2-oxidase reveal insights into the flavin reduction 

mechanism. Biochemistry 49: 3753–3765. 

Sun DP, Sauer U, Nicholson H, Matthews BW (1991) Contributions of engineered surface 

salt bridges to the stability of T4 lysozyme determined by directed 
mutagenesis.Biochemistry 30: 7142–7153. 

Suzuki K, Sumitani J, Nam Y-W, Nishimaki T, Tani S, Wakagi T, Kawaguchi T, Fushinobu S 

(2013) Crystal structures of glycoside hydrolase family 3 β-glucosidase 1 from 

Aspergillus aculeatus. Biochem J 452: 211–221. 

Tadeo X, Lopez-Mendez B, Trigueros T, Lain A, Castano F, Millet O (2009) Structural basis 

for the aminoacid composition of proteins from halophilic archea. PloS Biol 
7:e1000257. 

Tan TC, Haltrich D, Divne C (2011) Regioselective control of β-D-glucose oxidation by 

pyranose 2-oxidase is intimately coupled to conformational degeneracy.  J Mol Biol 

409: 588–600. 

Tan TC, Spadiut O, Gandini R, Haltrich D, Divne C (2014) Structural basis for binding of 

fluorinated glucose and galactose to Trametes multicolor pyranose 2-oxidase 
variants with improved galactose conversion. PLOS ONE 9: e86736. 

Tao N, DePeters EJ, Freeman S, German JB, Grimm R, Lebrilla CB (2008) Bovine milk 

glycome. J Dairy Sci 91:3768-78 

Tasca F, Timur S, Ludwig R, Haltrich D, Volc J, Antiochia R, Gorton L (2007) Amperometric 

biosensors for detection of sugars based on the electrical wiring of different 

pyranose oxidases and pyranose dehydrogenases with osmium redox polymer on 
graphite electrodes. Electroanal 19: 294–302. 



56 

Teplyakov AV, Kuranova IP, Harutyunyan EH, Vainshtein BK, Frommel C, Hohne WE, 

Wilson KS (1990) Crystal structure of thermitase at 1.4 Å resolution. J Mol Biol 214: 

261–279. 

Tomme P, Warren RA, Gilkes NR (1995) Cellulose hydrolysis by bacteria and fungi. Adv 

Microb Physiol 37: 1–81. 

Tomomatsu H (1994) Health effects of oligosaccharides. Food Technol 48: 61–65. 

Turner P, Svensson D, Adlercreutz P, Nordberg Karlsson E (2007) Thermotoga neapolitana 

beta-glucosidase B is an efficient catalyst for alkyl glucoside synthesis. J Biotechnol 
130:67–74. 

Tzortzis G, Vulevic J (2009) Galacto-oligosaccharide prebiotics. In: Prebiotics and 

Probiotics Science and Technology. (Eds. D Charalampopoulos, RA Rastall), 

Springer, New York, USA, pp. 207–244. 

Urrutia P, Rodriguez-Colinas B, Fernandez-Arrojo L, Ballesteros AO, Wilson L, Illanes A, 

Plou FJ (2013) Detailed analysis of galactooligosaccharides synthesis with β-
galactosidase from Aspergillus oryzae. J Agric Food Chem 61:1081–1087. 

Vaaje-Kolstad, Westereng B, Hom SJ, Liu Z, Zhai H, Soelie M, Eijsink VGH (2010) An 

oxidative enzyme boosting the enzymatic conversion of recalcitrant polysaccharides. 

Science 330: 219–222. 

Van Hellemond EW, Leferink NG, Haeuts DP, Fraaije MW, van Berkel WJ (2006) 

Occurrence and biocatalytic potential of carbohydrate oxidases. Adv Appl Microbiol 
60: 17–54. 

Van Laere KMJ, Hartemink R, Bosveld M, Schols HA, Voragen AGJ (2000) fermentation of 

plant cell wall derived polysaccharides and their corresponding oligosaccharides by 

intestinal bacteria. J Agric Food Chem 48:1644–1652. 

Varghese JN, Hrmova M, and Fincher GB (1999) Three-dimensional structure of a barley 

beta-D-glucan exohydrolase, a family 3 glycosyl hydrolase. Structure 7: 179–190. 

Ventosa A, Nieto JJ, Oren A (1998) Biology of moderately halophilic bacteria. Microbiol Mol 
Biol Rev 62:504–544. 

Von Rybinski W, Hill K (1998) Alkyl polyglycosides – properties and applications of a new 
class of surfactants. Angew Chem 37:1328–1345. 

Wallenfels K, Weil R (1972) β-Galactosidase. In: The Enzymes. (Ed. P Boyer), 3
rd

 Edition, 

Vol. 7, Academic Press, London, pp. 617–663. 

Wallon G, Kryger G, Lovett ST, Oschima T, Ringe D, Petsko GA (1997) Crystal structures 

of Escherichia coli and Salmonella typhimurium 3-isopropylmalate dehydrogenase 

and comparison with their thermophilic counterpart from Thermus thermophilus. J 
Mol Biol 266: 1016–1031. 

Wetzel R, Perry LJ, Baase WA, Becktel WJ (1988) Disulfide bonds and thermal stability of 

T4 lysozyme. Proc Natl Acad Sci USA 85: 401–405. 

White A, Withers SG, Gilkes NR, Rose DR (1994) Crystal structure of the catalytic domain 

of the beta-1,4-glycanase cex from Cellulomonas fimi. Biochemistry 33: 12546–

12552.  

Withers SG, Dombroski D, Berven LA, Kilburn DG, Miller RC Jr, Warren RA, and Gilkes NR 
(1986) Direct 1H n.m.r. determination of the stereochemical course of hydrolyses 

catalysed by glucanase components of the cellulase complex. Biochem Biophys 

Res Commun 139: 487–494. 



57

Withers SG (2001) Mechanisms of glycosyl transferases and hydrolases. Carbohydr 

Polymers 44: 325–337. 

Wongnate T, Chaiyen P (2013) The substrate oxidation mechanism of pyranose 2-oxidase 

and other related enzymes in the glucose-methanol-choline superfamily. FEBS J 

280:3009–3027. 

Yazaki T, Ohnishi M, Rokushika S, Okada G (1997) Subsite structure of the β-glucosidase 
from Aspergillus niger, evaluated by steady-state kinetics with cello-

oligosaccharides as substrates. Carbohydr Res 298: 51–57. 

Yin J, Chen J-C, Wu Q, Chen G-Q (2014) Halophiles, coming stars for industrial 

biotechnology. Biotechnol Adv, doi:10.1016/j.biotechadv.2014.10.008. 

Yip KSP, Stillman TJ, Britton KL, Artymiuk PJ, Baker PJ, Sedelnikova SE, Engel PC, 

Pasquo A, Chiaraluce R, Consalvi V, Scandurra R, Rice DW (1995) The structure of 
Pyrococcus furiosus glutamate dehydrogenase reveals a key role for ion-pair 

networks in maintaining enzyme stability at extreme temperatures. Structure 3: 

1147–1158. 

Yoshida E, Hidaka M, Fushinobu S, Koyanagi T, Minami H, Tamaki H, Kitaoka M, 

Katayama T, Kumagai H (2010) Role of a PA14 domain in determining substrate 
specificity of a glycoside hydrolase family 3 β-glucosidase from Kluyveromyces 
marxianus. Biochem J 431: 39–49. 

Zamocky M, Hallberg M, Ludwig R, Divne C, Haltrich D (2004) Ancestral gene fusion in 

cellobiose dehydrogenases reflects a specific evolution of GMC oxidoreductases in 
fungi. Gene 338: 1–14. 

Zamocky M, Ledwig R, Peterbauer C, Hallberg BM, Divne C, Nicholls P, Haltrich D (2006) 
Cellobiose dehydrogenase-a flavocytochrome from wood-degrading, 

phytopathogenic and saprotropic fungi. Curr Protein Pept Sci 7:255–280 (2006). 

Zeikus JG, Vieille C, Sacchenko A (1998) Thermozymes: Biotech- nology and structure-

function relationship. Extremophile 1: 2–13. 

Zhang Z, Marquardt RR, Wang G, Guenter W, Crow GH, Han Z, Bedford MR (1996) A 

simple model for predicting the response of chicks to dietary enzyme 
supplementation. J Anim Sci 74: 394–402. 

Zhang X Meining W, Fischer M, Bacher A, Ladenstein R (2001) X-ray structure analysis and 

crystallographic refinement of lumazine synthase from the hyperthermophile Aquifex 
aeolicus at 1.6 Å resolution: determinants of thermostability revealed from structural 
comparisons. J Mol Biol 306: 1099–1114. 

Zheng L, Baumann U, and Reymond JL (2004) An efficient one-step site-directed and site-
saturation mutagenesis protocol. Nucl Acids Res, 32: e115. 

Zhu X, Ohta Y, Jordon F, Inouye M (1989) Pro-sequence of subtilisin can guide the 

refolding of denatured subtilisin in an intermolecular process. Nature 339: 483-484. 

 


	1_Thesis_title
	2_Thesis_head_2
	Thesis_kappa_final
	Papers
	Paper_titlepages
	Paper1
	1_tumgrepp
	Paper1_article
	Paper1_supplement

	Paper2
	1_tumgrepp
	GOSmutants_150314_reformatted

	Paper3
	1_tumgrepp
	Paper3_article2
	Paper3_supplement

	Paper4
	1_tumgrepp
	Paper4_article
	Blank Page





