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Abstract 

The genes encoding a β-glucosidase (BGL) and a β-N-acetylglucosaminidase (NAG) from the 

thermohalophilic bacterium Rhodothermus marinus were successfully expressed in 

Escherichia coli. These recombinant enzymes, which belong to the glycoside hydrolase    

family 3 (GH3), were characterized regarding various parameters. Multiple sequence 

alignment of these two GH3 enzymes with GH3 members from other organisms allowed 

prediction of the catalytic nucleophiles, which are positioned at D283 for NAG and D306 for 

BGL. Identifying catalytic acid/base residues proved to be difficult for BGL, whereas for NAG, 

D207 together with H209 were predicted. Application of LC-MS provided the molecular mass 

for BGL and NAG with 87.2 kDa, respectively 104.5 kDa. Both enzymes acted very differently 

regarding substrate specificity. BGL was classified as a broad-specificity β-glucosidase 

revealing activity towards many substrates and among the various tested it showed highest 

activity towards pNPX and xylobiose, followed by pNPG and cellooligosaccharides 

(cellotriose and -tetraose). NAG on the other hand turned out to be an enzyme with narrow 

substrate specificity, only exhibiting activity for pNPGlcNAc and chitooligosaccharides (CH2 to 

CH5). Furthermore, kinetic parameters were determined for NAG, where a catalytic 

efficiency towards pNPGlcNAc of kcat/Km = 162.30 s-1/mM was obtained. A low Km (0.07 mM) 

was measured, leading to conclude a high affinity towards the applied substrate. The 

primarily assay of optimum temperature measurements allowed to measure an activation 

energy for NAG of 26.9 kJ/mol, between 50°C to 90°C and revealing a maximum activity at 

90°C. After 30 minutes, total inactivation was detected at 90°C and a residual activity of 50% 

was left after 3 hours of incubation at 80°C, with an apparent half-life of 96 minutes for NAG. 

Higher residual activity was measured at 70°C compared to 80°C for BGL, with a residual 

activity of 80% remaining after 180 minutes of incubation and an apparent half-life of                      

79 minutes (at 70°C) was determined. Another approach than the classical                                      

one-parameter-at-a-time investigation was conducted (Design of Experiments), where the 

effect of temperature and pH was studied in regard of enzyme activity, leading to determine 

a range of both parameters, in which the enzymes show optimum values. The simultaneous 

variation of temperature and pH on applied aryl substrates, revealed an optimum enzyme 

activity at pH 5.4, at all specific investigated temperatures, for both enzymes. Analyzing the 

effects on xylobiose showed a shift with temperature of BGL´s optimal range. Response 

Surface Modeling allowed to build a model for NAG, where the consumption of chitobiose 

was used as a depended variable. NAG exhibited optimal values with increasing pH and 

decreasing temperature (pH = 6.2 and 65°C-70°C). The evaluated model provided evidence 

of an influence by both investigated parameters. This kind of study leads to a better 

understanding of the enzyme´s stability in a more effective way as well as it forms the basis 

for faster optimum activity determination, which can be easily applied to any enzyme.    
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1 Introduction 

1.1 Background & Motivation 

At a very early stage in history scientists revealed to be very interested in the performance 

and study of enzymes. Today, enzymes are used in a numerous range of applications, 

supported by the fact that they have remarkable benefits compared to chemical                       

catalysts [1]. They originate from renewable resources, show ability for biodegradation and 

provide extreme selectivity in reactant as well as product stereochemistry [1]. Due to the 

aim to work under environment-friendly conditions and world´s industrialization, this results 

in the increased interest in enzymes [1].  

To illustrate, what an impact enzymes have in the global market, a study for the industrial 

application of enzymes was carried out by the Business Communications Company Inc [2]. It 

showed that the global market in 2009 computed an amount of $3.1 billion for industrial 

enzymes [2]. For 2011 that market was estimated to reach $3.9 billion, growing with a 

compounded annual growth rate of 9.1% to achieve $6 billion by the year 2016 [2]. The 

largest sector out of these industrial enzymes, make the food and beverage enzymes, which 

is followed by the technical enzyme market [2].  

The above mentioned results of the global market report reveal a boost in the section of 

industrial enzyme applications. It should be considered that economically enzymes compete 

highly with chemical processes, although enzymes show more benefits in regard of 

environmental point of view compared to chemical treatments [1]. Reasons behind this are 

the significant lower costs and the traditionally established chemical processes [1]. In 

industry, enzyme application (e.g. for synthesizing particular chemicals, pharmaceuticals and 

more) is often hindered through the arising costs during processing, which suffer from low 

selectivity and formation of undesired byproducts [3]. Furthermore, these obstacles are 

accompanied by the fact that mostly mesophilic enzymes are applied, which proved to be 

not highly effective as well as not qualified for the harsh conditions used in industrial 

processes and this is due to the lack of enzyme stability [3]. Therefore, another option to the 

mesophilic counterparts provides the research and application of enzymes from 

extremophilic organisms.  

Extremophiles are grouped due to their specific conditions in which they live [4]. A subgroup 

of the extremophiles, the thermophiles gained great interest, which started already back in 

the 1960´s, trying to understand their functions [5]. Enzymes from these organisms are 

extremely thermostable [4], leading to the maintenance of activity at high temperatures [6]. 

Besides the latter mentioned ability, thermostable enzymes have various additional benefits 

(e.g. better catalysts, reveal higher reaction rates, higher process yields, reduced 
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contamination risk and more) [7], which make them interesting for industrial applications. 

Most of the isolated genes from thermophiles can be successfully cloned, expressed and 

produced using mesophilic hosts [5]. These beneficial properties will be discussed later on in 

more detail.  

The isolation of thermophilic microorganisms from diverse exotic ecological zones (e.g. hot 

springs, deep sea vents, submarine hydrothermal areas) of the earth and the access of their 

enzymes, lead to progresses in the area of enzymatic bioprocess procedures [5], [6], [7]. 

Finding enzymes with enhanced catalytic properties, the marine environment revealed to 

have great potential regarding to discover new glycoside hydrolases [8]. These isolated 

enzymes show a very interesting field for further research, since they can be easily applied in 

bioprocesses, which is due to their ability to carry out reactions on simple substrates and not 

needing any external co-factors  [5], [8].  

Since thermostable glycosidases have several future industrial application perspectives                    

(e.g. during bioethanol production or recycling of particular compounds), detailed 

investigations in regard of biochemical and structural properties are essential. Each 

individual application demands for specific requirements from the enzyme to fulfill during 

the carried out process, such as optimum temperature, pH, stability towards heat, substrate 

specificity and more. Enzymes originating from extremophilic organisms can be used as 

models in the following way that the gained information from characterization and the 

understanding of which factors lead to their stabilization property, can be further applied to 

engineer more effective enzymes. Furthermore, various methods in use to characterize an 

enzyme are traditionally established, but that does not mean that they do not provide 

correct and useful results. Nevertheless, methods exist, which are more efficient than 

classically applied methods. Such as, when enzyme activity needs to be optimized in regard 

of specific parameters, Design of Experiments can be used. That allows to change the 

parameters simultaneously, leading to reduce number of experiments (saving costs) and 

therefore reveals to be efficient, rather than the often applied procedure of varying one 

parameter at a time.  

The motivation of this master thesis was based on the several advantages enzymes provide 

from extremophilic organisms, which therefore lead to focus on the detailed 

characterization of two novel glycoside hydrolase enzymes isolated from a marine 

thermohalophilic organism Rhodothermus marinus. For expression and recombinant protein 

production, the well explored bacterial organism Escherichia coli was used as host. Besides 

characterizing these glycosidases biochemically and analyzing the primary structure, 

optimization of enzyme activity regarding temperature and pH was carried out. 
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1.2 Extremophiles 

Extremophiles are a group of organisms living in environments, which are defined as 

extreme for human life [4]. These extremophiles can be classified respective to their 

extreme living conditions, which are represented in the following Figure 1.  

 
Figure 1: Representing the main subunits of extremophiles. Below each named subunit, the specific living 
conditions are given, which were obtained from C. Vielle et al. [9] and M. de Champdoré et al. [4]. 

 

In addition, some extremophilic organisms exist, which show ability of living in presence of 

high metal concentrations, the metallophiles or when high levels of radiation exist 

(radiophiles) [4] .   

Extremophiles were discovered as microorganisms producing valuable biocatalysts, which 

offer to be potential tools for various sustainable developments in industry, due to their 

stability under extreme conditions [4], [10]. Several enzymes from extremophiles already 

found industrial applications, in most cases these involve their biomolecules (primarily 

enzymes and other proteins, lipids and different small molecules) [11]. Most successful and 

well-known representative application of a extremophilic organism, is the Taq-DNA 

polymerase (Thermus aquaticus) [11]. Other examples of effective appliance of 

extremozymes are for instance proteases originating from thermophiles used in detergents 

and brewing [3]. Furthermore, proteases from psychrophiles have found applications during 

cheese maturation as well as the enzymes from alkalophiles, the cellulases are applied for 

degradation of polymers in detergents [3]. These are only some examples for industrial 

applications of enzymes, which were isolated from extremophiles.  
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1.3 Thermohalophiles 

The thermohalophiles describe unique organisms among extremophiles, which grow at high 

temperatures (up to 80°C) as well as salt concentrations [12]. This kind of property was 

adapted by these organisms under environmental stresses [12]. The living in high salt 

habitats is based on the ability of halophiles to maintain constant ion concentration in the 

cell due to the accumulation of potassium content and removing sodium ions from the cell 

[4]. Furthermore, higher acidity was detected in halophilic proteins than in mesophiles, 

when comparing their amino acidic composition [4]. Reasons behind this are the negative 

charges on the surface that enable a higher surface hydration [4]. Common environments for 

thermophiles are hot springs or deep sea hydrothermal vents [7]. The enzymes, which live in 

conditions of high temperature are described as very thermostable as well showing 

resistance in regard of denaturation and proteolysis [7]. These organisms produce proteins, 

the so called chaperonis, which are the helping hand after denaturation through refolding 

and restoring protein functions [7]. Another characteristics of thermophiles to survive at 

elevated temperatures is the fact that the cell membrane is composed by saturated fatty 

acids, which support the cell by providing a hydrophobic environment and also retaining the 

cells rigidity [7]. Due to the properties of thermohalophilic enzymes, these may find 

application during sugar processing or after chemical treatments in hydrolysis                        

processes [12].  

 

1.4 Rhodothermus marinus - A habitant of the marine environment  

Over three-fourths of the earth are covered with marine habitats, which compromise a big 

variety of different microorganisms living under extreme conditions in regard of 

temperature, pressure, salt concentration, light and nutrient availability [13], [14]. The 

enzymes from these organisms show valuable biochemical properties, which allow them to 

adapt among these environmental conditions, so that they can live and thrive [14]. Such 

enzymes form unique biocatalysts.  

Rhodothermus marinus is one of these marine organisms, which lives in the presence of high 

temperature and high salt concentrations. It is a thermohalophilic bacteria isolated from 

alkaline submarine hot springs in Iceland [15]. The cells of this marine habitant are                             

rod-shaped, which have a diameter of around 0.5 µm and are 2-2.5 µm long [16]. 

Furthermore, no spores, flagella as well lipid granules were determined, however the 

formation of a slime capsule was observed when the bacteria was grown on                       

carbohydrate-rich media [16]. The investigation of this marine bacteria´s colonies revealed 

to be convex and contain a carotenoid pigment, which leads to their reddish color [15]. 

Additionally, cells of this strain are oxidase negative, but catalase positive as well as a 
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performance of nitrate reduction was not followed and the fermentation of the sugars is not 

carried out anaerobically [16]. R. marinus as an aerobe and showing to be moderate 

halophilic, grows optimally at 65°C and pH 7, with approximately 2% (w/v) of NaCl [15]. A big 

variety of common sugars are utilized by this bacteria, such as glucose, galactose, lactose 

and many more [16].  

Investigating the phylum of the marine thermohalophilic bacteria exhibits that it belongs to 

the Bacteroidetes [17]. The groups of this phylum include bacteria, which demonstrate to be 

very important organic matter degraders under aerobic conditions [18]. In fact, various 

strains were detected among marine isolates, where mainly cellulose degraders were               

found [18]. Nolan and colleagues studied the phylogenetic neighborhood of  R. marinus, 

which is supposed to be a member of the class Sphingobacteria, with other members of the 

same class [16]. As the closet relative of R. marinus resulted to be the organism called 

Salinibacter ruber, which is an extreme halophile [16]. It is important to keep in mind, that 

the class of Sphingobacteria is not adequately defined [16].  

Besides the various mentioned properties of R. marinus, this bacteria is known for its 

thermostable, polysaccharide hydrolyzing enzymes, which show high potential in industrial 

applications [17]. Several isolated enzymes were optimally active at temperatures even 

higher as the optimum temperatures for growth, such as a cellulase (100°C) responsible in 

beta-glucan hydrolysis or a chitinase (70°C), which functions during chitin hydrolysis [17].  

 

1.5 The host - Escherichia coli 

The gram-negative bacteria Escherichia coli is one of the most widely used mesophilic hosts 

for recombinant protein production. Its genetics is well understood and it is able to grow fast 

with high density on inexpensive substrates [19]. Since, thermophiles are often hard to grow, 

leading to difficulty in protein production, E. coli is commonly used as host for the 

production of thermophilic enzymes [9]. It was shown that most of the proteins of 

thermophiles are correctly folded and expressed at lower temperatures, they also do not 

lose their thermostability as well are not hydrolyzed by host proteases [10]. Reasons behind 

the correct fold of the produced proteins might be the fact that crystal structures of the 

recombinant proteins are similar with those of the mesophilic homologues [9].  

 

1.6 Thermostable enzymes and their advantages regarding industrial applications  

In industry, enzyme costs play a significant factor during enzyme catalyzed processes [20]. 

Various ways exist to reduce enzyme costs, such as through strain improvement and 

optimization of the fermentation procedure, which would lead to an increase of enzyme 

yield [21]. Furthermore, to evolve processes, where the enzyme can be recovered or            
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re-used [21]. Another option is to use thermostable enzymes, since the parameter 

temperature is the most likely physical factor, where optimization can be performed [21]. 

Thermostable enzymes are defined as enzymes which have the ability to be stable as well 

active at elevated temperature that is even higher than the optimal temperature needed for 

the growth of the specific microorganism [7].    

The research and discovery of novel thermostable enzymes is booming in the last years, due 

to their beneficial properties and potential for a variety of industrial applications compared 

to their mesophilic partners. Working at elevated temperatures decreases substrate 

viscosity leading to higher reaction rates and it allows to obtain higher process yields, which 

are based on the rising solubility of substrates as well as products [7]. There is also reduced 

risk of contamination and the higher processing temperatures permit greater tolerance to 

organic solvents [7]. The property of thermostability offers the possibility for extended 

storage at room temperature [5], without loss of activity. Further advantages of performing 

reactions at higher temperatures are that the solubility of raw materials increases and 

makes them more accessible for enzymatic attack [21]. Carrying out reactions with enzymes 

at elevated temperatures, the time of conversion as well as enzyme amount can be reduced 

[22]. Therefore, thermostable enzymes are better catalysts for several industrial applications 

(e.g. starch industry, cellulase degradation, etc.) [5]. In addition, investigating and 

understanding the enzyme´s stability as well as activity helps for further developments in  

protein engineering [7].  

 

1.7 Factors describing and affecting enzyme stability - comparison to mesophilic 

homologues 

The enzyme´s stability can be defined through the fact, that although disruptive forces act 

on the enzyme, it keeps its active structural conformation [22]. In general, enzymes from 

thermophiles do not differentiate that much compared to mesophilic enzymes, except their 

phylogeny difference and the temperature range in which these enzymes show to be stable 

and highly active [9]. Investigation of the homologous sequences, structures as well as their 

catalytic mechanisms, resulted in a high similarity between thermophilic and mesophilic 

enzymes [9]. 

An assessment for thermostability is the fact that enzymes from thermophiles reveal to be 

more rigid than their mesophilic counterparts at mesophilic temperatures and this rigidity is 

suggested to explain often the cause of the inactivation of thermophilic enzymes at low 

temperature [9]. Although, a thermophilic enzyme is inactive at low temperatures, this 

property disappears when the enzyme moves towards the temperature, where it shows 

maximal activity, which is known as the value of temperature optimum. [9] At that specific 
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value the enzyme performs to be flexible enough and exhibits full activity [9]. It is important 

to mention that the determination of temperature optimum describes only enzyme´s 

relative stability and it should be considered that this value varies with the applied substrate 

concentration, pH as well with time of incubation used for the particular assay [21]. To 

further describe the thermal stability of an enzyme, the melting temperature as well as the 

half-life are valuable descriptors.  

Yeoman et al. discussed in their recent review the fact that the main effects, which lead to 

keep the active conformation of the enzyme are hydrophobic effects and the hydrogen 

bonding. Furthermore, in the native form of the enzyme, the mentioned effects and other 

forces for stabilization compensate disruptive forces. The responsible factor describing this 

kind of compensation is known as the free energy change of the protein ∆G. Comparing 

proteins of thermophiles to their mesophilic counterparts it has been detected that 

thermostability character is implied by the increase in ∆G, which is probably induced by salt 

or disulfide bridges, ion pairings as well as through an increase in interactions between 

aromatic residues, and this in particular in the active site [22].  

Analysis of several crystal structures of proteins from extremophilic organisms suggested 

that ion pairs play an important role during protein stabilization and that these networks of 

ionic interaction are able to work in a much longer range compared to hydrophobic 

interactions [3]. Examples exist to prove these assumptions, such as the endocellulase 

Cel12A from the thermophilic bacterium R. marinus revealed an unambiguous increase 

regarding ion pairings as well as aromatic residues in the active site of the enzyme, relative 

to its mesophilic homologues [22]. Another example, where the higher amount of ion pairs 

on the protein surface leads to improve the thermostability, was the comparison of 

thermostable β-glucosidases to their mesophilic homologues [3].  

Further factors contributing to the enzyme´s stability have been discussed in detail by 

Demirjian and colleagues. They mentioned that under extreme conditions, such as 

temperature, pH and pressure labile amino acids are subject of covalent modification and 

that the enzyme stability increases through these labile amino acids in the hydrophobic core. 

Comparing them to their mesophilic homologues, the appearance of labile amino acids     

(such as cysteine, asparagine and aspartic acid) is significantly lowered in the more stable 

proteins from thermophiles. In addition, very often enzymes from extremophiles show to 

have an unusual character at the solvent-exposed area, which leads to the increase of 

stability. An example for such a property gives an α-amylase from A. acidocaldarius, a 

halophilic enzyme, which contained a very highly negative surface charge that allowed an 

increase of solubility, making the enzyme more flexible at high salt concentrations [3].  
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1.8 Glycoside hydrolases (GH) 

Glycoside hydrolases, also referred to as glycosidases or carbohydrases, are a widespread 

group, which are able to catalyze the hydrolysis of O-, N- and S- glycosidic bonds [23]. Since 

many decades these enzymes have been the interest of several biochemical investigations 

and can be found in almost all living organisms [24]. To date, 133 GH families exist in the 

CaZy (Carbohydrate-Active enZYmes) database [25], [26] which can be classified in the 

following different ways. 

Exo -/endo-acting GH 

Depending on the enzymatic attack, either the glycoside hydrolase acts at the end of the 

applied substrate (exo-acting) or shows to be an endo-acting enzyme, which cleaves in the 

middle of the substrate chain [27]. It should be considered that the occurrence of an 

intermediate or the appliance of an unfitted substrate is possible and can make the 

determination of the enzyme´s substrate cleavage difficult [27].  

Sequence-based classification 

The heading already describes the way of classification, where glycoside hydrolases are 

classified based on their amino acid sequence similarity. Each of the GH families compromise 

proteins, which are related by their sequence, corollary and fold [23]. Therefore, this kind of 

classification makes it possible to obtain valuable predictions as the catalytic composition, 

the molecular mechanism and the geometry around the glycosidic bond are conserved for 

the majority of GH families [23]. 

Mechanistic classification  

Two main mechanisms were proposed (Koshland, 1953) [28], which are carried out by the 

glycoside hydrolases. Basically, either a change of net retention or an inversion is observed 

of the anomeric configuration [27]. The understanding of the stereochemistry leads to 

further follow the acting of the enzyme [27]. More detailed information about the catalytic 

mechanism of glycosidases is going to be discussed in the next section.  

 

In addition, it is also possible to classify these enzymes through their substrate specificity. 

However, it should be taken in account that if an enzyme shows substrate specificity towards 

several substrates, classification results to be difficult and not appropriate enough [27].  
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Glycoside hydrolases are an enzyme group with a broad range of various application areas.  

Some of these are mentioned as examples in the following:  

 disease research (e.g. Alzheimer) [29] 

 development of biofuels (production of butanol or ethanol) [30] 

 preparation of synthetically demanding oligosaccharide structures [31] 

 and more 

 

1.8.1 Hydrolysis mechanism 

As already mentioned glycosidases can be divided into two groups based on the mechanism 

they follow, either retaining or inverting. The main difference between these two 

mechanisms is the change (inverting mechanism) or no change (retaining mechanism) of the 

anomeric center (see Figure 2, red circles).  

Vuong and Wilson described very properly the way how glycoside hydrolases act during 

these mechanisms. In Figure 2a, the inverting glycosidases are shown, where the catalytic 

acid is responsible for donating a proton to the anomeric carbon, whereas the catalytic base 

makes it possible to increase the nucleophilicity via removing a proton from the water 

molecule and therefore enabling its attack on the anomeric center. For glycosidases, which 

act as retaining glycoside hydrolases (see Figure 2b), two steps during this mechanisms can 

be followed. The first step allows donation of a proton to the glycosyl oxygen atom and 

composing an intermediate with the nucleophile (glycosylation step). Whereas in the second 

step, the deprotonated acid/base residue is in charge to behave as a general base, activating 

the water molecule that performs the nucleophilic attack on the glycosyl-enzyme 

intermediate from the previous step, together with two inversion steps resulting in the 

retention of the anomeric center [29].   
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Figure 2: Representing the two mechanisms carried out by glycoside hydrolases (Figure a: inverting,                           
Figure b: retaining). The abbreviations mean the following: catalytic acid residue (AH), catalytic base residue                   
(B

-
), nucleophile (Nuc), carbohydrate derivate (R) and finally exogenous nucleophile (HOR*). Red circles indicate 

the change (a) and no change (b) of the anomeric center. The figure was taken and adapted from                                      
T. Vuong et al. and therefore all the listed abbreviations originate from the mentioned source [29]. 

 

1.8.2 Glycoside hydrolase family 3 (GH3) 

The glycoside hydrolase family 3 is very large, compromising to date over 5000 enzymes in 

the CaZy database, from which only 223 were characterized [25], [26]. These enzymes occur 

in bacteria, fungi as well plants and carry out several important roles, such as: 

 degradation of cellulosic biomass [23] 

 assimilation of glycosides [32] 

 pathogen defense [32] 

 recycling of bacterial cell wall elements [32] 

To date, various activities are known of this family, at which some are                                          

α-L-arabinofuranosidase, β-D-glucosidase, β-D-N-acetyl-glucosaminidase as well as                                 

β-D-xylosidase [33]. The glycoside hydrolases of family 3 cleave their substrates from the 

exo-site [23] and are classified to follow the retaining mechanism [23], [34]. Furthermore, 

GH3 family enzymes do not only cleave simple sugars, but it was also detected that they 

remove glycoside units from heterogeneous molecules (e.g. xyloglucan or                      
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arylglucosides) [32]. In addition, these glycosidases often prove to exhibit dual or broad 

substrate specificity [32]. Such as the β-glucosidases from thermophilic organisms                 

C. thermocellum or Thermotoga sp. revealed broad substrate specificity [35], [36]. 

Bifunctional glycosidases from GH3 family have also been characterized for example 

originating from A. tumefaciens [37].   

 

1.8.2.1 β-glucosidase  

β-glucosidases (EC 3.2.1.21) are enzymes, which can be found in all kingdoms of live, ranging 

from bacteria to highly evolved mammals [38]. These enzymes are responsible for 

hydrolyzing glycosidic bonds at the non-reducing end and thereby releasing glycoside 

residues from glycosides and oligosaccharides [39]. To date, β-glucosidases are grouped into 

six different glycoside hydrolase families (GH1, GH3, GH5, GH9, GH30 and GH116) [25], [26].  

Functions 

The β-glucosidase enzyme gained much interest due to its involvement in various biological 

functions [40]. A very fundamental role is carried out by this enzyme in regard of cellulose 

and other carbohydrates degradation, which is important for nutrient up-take [41]. 

Furthermore, it functions during biogenesis of several functional molecules from glycoside 

precursors, for example flavonoids [42]. β-glucosidases are also known for chemical defense 

against pathogen attack [40].  

 

Substrate specificity  

β-glucosidases can be divided into three groups based on their substrate specificity. One 

group belongs to aryl-β-glucosidases, which show high affinity towards aryl-β-glucosides 

[43], [44]. Another one, the cellobiases, responsible for hydrolyzing only oligosaccharides 

and the third type are the broad-specificity β-glucosidases revealing activity towards many 

substrate types [43], [44]. As already mentioned above, it is not uncommon that enzymes 

from the GH3 family are multifunctional, in the sense of exhibiting several activities [32].                   

In the case of β-glucosidase, mostly the combination of β-glucosidase and β-xylosidase [45], 

[46], but also β-glucosidase/β-xylosidase/α-arabinosidase activity [47], was detected.  

 

The role of β-glucosidase during lignocellulosic biomass degradation 

The production of ethanol from renewable biomaterial gained much interest in the last years 

due to the shortage of fossil fuels and the concern about the environment (emission of 

greenhouse gasses and air pollution) [48]. Therefore, the potential research of converting 

renewable biomass into chemicals and biofuels leads to produce environmental-friendly 

products. Lignocellulosic biomass compromises the carbohydrate polymers cellulose and 
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hemicellulose and is the most abundant renewable polymer in nature [49]. These two 

carbohydrate polymers are the main building blocks of plant cell walls [20]. Cellulose is 

known to be an unbranched polymer, which is composed of β-(1,4)-linked D-glucose 

residues [48]. Whereas hemicellulose is a more complex and highly branched polymer that is 

mainly built of xylan and other different polysaccharides (glucans, xyloglucans, callose, 

mannans and glucomannans) [22]. 

 

For the degradation of cellulose three enzymes work together. Endoglucanases and 

cellobiohydrolases are responsible in the first step of degrading native cellulose and 

producing cellodextrins [42]. These products are then hydrolyzed by β-glucosidase, which 

makes it possible to not only terminate the last step of cellulolysis of lignocellulosics 

obtaining glucose, but also helps in reducing the product inhibition (cellobiose) on the first 

two mentioned enzymes employed for cellulose breakdown [42]. In the case of 

hemicellulose, degradation takes place by applying xylanases and β-xylosidases, at which the 

latter mentioned enzyme is in charge of catalyzing the hydrolysis of xylobiose and 

xylooligosaccharides to xylose [49].  

 

In regard of bioethanol production, one of the key bottleneck is still the step of cellulosic 

biomass degradation to fermentable sugars (e.g. glucose, xylose) [49]. Although, different 

technologies have been developed for the biomass treatment and also several enzymes have 

been found and are commercially applied for the degradation process, limitations exist [49]. 

These are mainly applied to the used enzymes, which make the difference regarding the 

expenses incurred [49]. This is based on being subject to restrictions such as their stability, 

showing sensitivity towards some byproducts or they do not hydrolyze efficiently [49]. One 

of the major problems often is that applied enzymes are not thermostable enough during 

the saccharification step, where steam is applied to make the raw material more easily 

accessible for the enzymatic hydrolysis [44]. Hence, researchers are in search of novel                        

β-glucosidases, which show ability of thermostability, are highly active or reveal to be 

multifunctional [49], because these properties would lead to decrease in enzyme costs. 

 

Application 

Besides the appliance of β-glucosidase for the degradation of cellulosic material, it has also 

been used for several other potential applications. Diu et al. mentioned their application for 

the release of flavor compounds in juices and wines as well the release of phenolic 

compounds, which reveal antioxidant activity from fruit and vegetables [44]. Furthermore, it 

is possible to synthesize oligosaccharides and glycosides of interest with the help of                              
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β-glucosidases, since these are able to carry out reverse hydrolysis and transglycosylation 

processes [39].  

 

1.8.2.2 β-N-acetylglucosaminidase 

The enzyme β-N-acetylglucosaminidase is also well-known under the name                                           

β-N-acetyl-D-hexosaminidase. With the EC-number 3.2.1.52, β-N-acetylglucosaminidase is 

until now not only a member of the glycoside hydrolase family 3, but it is as well grouped to 

the families GH18, GH20, GH84 and GH116 [25], [26]. β-N-acetylglucosaminidases are a 

widespread group of enzymes, occurring in different organisms, which range from bacteria 

to humans [50]. Their role is to catalyze the removal of N-acetyl-D-glucosamine (GlcNAc) or  

N-acetyl-D-galactosamine (GalNAc) at the non-reducing end from various glycoconjugates 

and saccharides [50], [51]. In general, β-N-acetylglucosaminidases are relatively specific 

regarding their substrate specificity and investigations showed that                                                      

β-N-acetylglucosaminidases in glycoside hydrolase family 3 are more specific for the                     

gluco-configuration rather than galactosyl substrates [52].  

β-N-acetylglucosaminidase was found to have various different functions. Such as their 

ability to work during defense-related processes or in plants metabolism, storing 

glycoproteins [53]. Furthermore, it is responsible in processes regarding bacterial growth, 

insect and fungal pathogenesis and in lysosomal degradation of glycolipids as well 

glycoproteins, where a damage of it, leads to the Tay-Sachs and Sandhoff disease in humans 

[31].  

Besides the mentioned functions, in which β-N-acetylglucosaminidase is involved in, a key 

role during chitin degradation is attributed to this enzyme, where it performs an essential 

vegetative function [31]. Chitin is an insoluble homopolymer composed of                                 

β-(1,4)-linked N-acetylglucosamine residues and after cellulose the second most abundant 

natural biopolymer, which particularly occurs in the marine environment [10]. The polymer 

chitin can be found in the cell wall of fungi, algae and yeast but also in the exoskeleton of 

crustaceans.  

In Figure 3 the beginning of the chitin catabolic pathway is given, which represents the 

biomass degradation carried out by the combined action of chitinase (EC 3.2.1.14) and                      

β-N-acetylglucosaminidase. The given pathway was studied in the family Vibrionaceae and 

since the two mentioned enzymes are detected in many other organisms, the here 

illustrated stage of the pathway is potentially existing in a wide taxonomic range [54]. The 

subsequent part of the pathway is further given in the chitin derivates degradation pathway, 

which will not be discussed here, because this would go into too much detail in this context. 
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The breakdown of the chitin polymer is initiated by endo-acting chitinases, producing a 

smaller subunit, a chitodextrin, which contains more than two GlcNAc monomers. This 

subunit is further degraded into smaller soluble di- and oligosaccharides                                        

(N, N´-diacetylchitobiose, chitotriose), which are then finally hydrolyzed to GlcNAc, by the 

action of β-N-acetylglucosaminidase. The degradation products, in the most cases the 

GlcNAc monomers are used as carbon and nitrogen source by the cells [55].  

 

 

Figure 3: Chitin degradation pathway obtained and adapted from MetaCyc [54]. Chitinases (EC 3.2.1.14) and                
β-N-acetylglucosaminidase (EC 3.2.1.52) are working together in the degradation of chitin and its subunits, to 
produce N-acetyl-D-glucosamine. The represented enzyme activities in this pathway have been proven 
experimentally and besides the enzyme name, the gene name is also given. Although many taxa are known to 
possess this pathway, the two shown here are Vibrio cholerae (Vc) and Vibrio furnissii (Vf).  
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Each year a great steady-state amount of chitin accumulates in the marine environment [56]. 

To maintain the ecosystem of this environment, it is of great importance to recycle this 

abundant biomass [55]. Therefore, the appliance of enzymes from thermophiles would lead 

to more effective degradation due to the advantages thermostable enzymes have compared 

to their mesophilic partners. To date, numerous β-N-acetylglucosaminidases have been 

isolated and characterized, but very few of these have thermostable character (e.g. from 

thermophilic bacteria Streptomyces thermoviolaceus [57] or Bacillus stearothermophilus 

[58]). Not only during the process of chitin degradation thermostable                                                       

β-N-acetylglucosaminidase has potential and is interesting for further research, there are 

also many other areas for its useful application. Such as for the preparation of synthetically 

demanding oligosaccharide structures [31] or of pharmaceutically relevant 

chitooligosaccharides and N-acetyl-D-glucosamine [59]. Other application areas do also 

include the use of β-N-acetylglucosaminidase as biocontrol agent of phytopathogenic fungi 

or as a working assistance for investigation of complex glycosylation chains on glycolipids 

and -proteins [31].  

 

1.9 Bioinformatics analysis - structural information about GH3 family enzymes 

To date, only few enzymes of the GH3 family are understood based on structural knowledge, 

although a high number of sequences are known. The very first enzyme of the GH3 family, 

which was characterized the best, both biochemically as well as structurally, is the                          

β-D-glucan exohydrolase (HvExoI) from barley (Hordeum vulgare) [60]. Various further 

structurally characterized enzymes from the GH3 family used HvExoI as a model to 

understand them regarding domain architecture, catalytic mechanism and more. The GH3 

enzymes, which have been investigated based on structure revealed to be composed of two 

domains, although some exist to exhibit a three domain architecture. One of the first  three 

domain glycosidase of family 3 was the β-glucosidase originating from the bacteria 

Thermotoga neapolitana (TnBgl3B) [61], which was then followed by the structural analysis 

of other three domain glycosidase hydrolase family 3 enzymes, such as the                                          

exo-1,3⁄1,4-β-glucanase from Pseudoalteromonas sp. BB1 (ExoP) [62] or another                                

β-glucosidase from Aspergillus aculeatus (AaBGL1) [63]. Furthermore, also some                              

β-N-acetylglucosaminidases have been structurally investigated, such as from Vibrio cholerae 

[64] or Bacillus subtilis [65], both of them are composed of two domains. Until now no three 

domain β-N-acetylglucosaminidases have been examined.  

GH3 family enzymes reveal to be similar regarding their composition of the first two 

domains, which is not uncommon. Since, the above mentioned enzymes from GH3 family 

exhibit a TIM barrel domain, which represents the first domain (N-terminal domain) and a 
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α/β-sandwich domain as the second domain (C-terminal domain). For detailed 

understanding and further discussion of glycoside hydrolase family 3 structure analysis, the 

structures of β-glucosidase of T. neapolitana Figure 4 [61] and the                                                             

β-N-acetylglucosaminidase of B. subtilis Figure 5 [65] are shown as ribbon models compared 

to HvExoI from barely [60], which are well investigated representatives of this subgroup of 

glycosidases. The domains of TnBgl3B are connected by linkers (Figure 4A) and the two 

domains of HvExoI superimpose very well with the first two domains of TnBgl3B [61]. 

Furthermore, investigations showed that a great variation exists between TnBgl3B and 

HvExoI in these domains regarding the loop structure, which is believed to may result in 

influencing the substrate specificity of these two GH3 family enzymes [61]. The active site of 

the GH3 enzyme from barley is found in a pocket, located at the interface of the first two 

domains and Pozzo et al. reported that the location of the mentioned active site of HvExoI is 

identical with TnBgl3B [60], [61]. Since, HvExoI revealed broad substrate specificity, it has 

been discussed that this can probably be traced back to the geometry of the active site, 

which shows to be shaped as a shallow coin slot, leading to the binding of a wide range of 

substrates, where the overall shape of the substrate is not considered as a determinant for 

the formation of the enzyme-substrate complex [66].  

 

Figure 4: Overall structure of the three domain TnBgl3B from T. neapolitana (A) compared to the two domain 
HvExoI from barely (B). (A) The domains are colored differently, at which domain 1 is presented as blue colored 
strands, domain 2 in green and domain 3 in yellow. The red colors represent the linker between                               
domain 1 - domain 2, whereas the linker of domain 2 - domain 3 are given in cyan. Box "a" shows the extended 
loop region in domain 2, which extends to the enzyme´s active site. Whereas Box "b" labels the short anchoring                                  
β-interaction between domain 2 and 3 (residues 568-571) as well domain 1 (residues 178-180). (B) The overall 
structure of HvExoI is colored the same as in figure 4A and the binding of the glucose moiety is illustrated as 
spheres. These structures were taken and adapted from Pozzo et al. [61] to illustrate the GH3 enzyme´s three 
dimensional architecture. 
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Among glycoside hydrolases from family 3 the catalytic nucleophile is highly conserved, 

always being present in the first domain [61], [63], [66]. Whereas the catalytic acid/base 

residue reveals not high conservation and this is particularly true for distantly related GH3 

family members [66]. Often glutamic acid serves as the acid/base residue, which is true for 

several β-glucosidases [60], [61], [63], but was never identified for the                                                 

β-N-acetylglucosaminidase of B. subtilis [65].  

Litzinger and colleagues proved structurally and with kinetic data the catalytic acid/base 

residues of the two-domain β-N-acetylglucosaminidase from B. subtilis. Residue H234 of the 

Asp-His dyad acts as the acid/base catalyst, which is supported by Asp232 (Figure 5D, orange 

sticks). It is possible to characterize β-N-acetylglucosaminidases of the family 3 through the 

highly conserved sequence pattern KH(F/I)PG(H/L)GX(4)D(S/T)H that is located at the                         

N-terminal domain. Furthermore, the structural investigation showed that the determined 

catalytic acid/base residue (glutamic acid) of HvExoI located on a short helix on the                              

C-terminal, which is closely associated with the active site area of the N-terminal domain 

(Figure 5A,B),  superimposes with H234 of the dyad of B. subtilis β-N-acetylglucosaminidase. 

Some β-N-acetylglucosaminidases of family 3 do not have a C-terminal domain at all, which 

leads to the need of other residues for the catalytic acid/base mechanism.  Moreover, it has 

been hypothesized that the Asp-His dyad in β-N-acetylglucosaminidases may orient in a 

proper way during substrate binding, which leads to high substrate specificity. It is also 

believed that this general acid/base catalyst may not be necessary, when hydrolysis of 

natural substrates takes place. In addition, the results that a histidine residue takes part in 

an Asp-His dyad is found to be unique among glycosidases. Since, such an involvement often 

occurs among enzymes that cleave phosphodiester bonds, for example ribonucelases [65].  
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Figure 5: Representing ribbon models of β-D-glucan exohydrolase (HvExoI) from barley (Hordeum vulgare)                 
(A, B) and β-N-acetylglucosaminidases from Bacillus subtilis (B, C). The gray sticks illustrate the bound inhibitor 
in the active site, whereas the orange colored sticks represent the catalytic nucleophile as well as acid/base 
residues. The N-terminal and C-terminal domain are colored in magenta and green, respectively. (A) The top of 
the TIM-barrel domain is shown, where the inhibitor glucophenylimidazole is bound in the active site that is 
carrying the catalytic nucleophile (orange sticks on the left site, A285). C-terminal domain is associated closely 
with the TIM-barrel domain also participating in the active site. (B) Shows the ribbon model of a short helix 
from the C-terminal domain, which gets closer to the bound inhibitor and is carrying the catalytic acid/base 
residue (orange, right side, G491). (C) The same as in (A), the only difference is that the N-terminal domain is 
bound to O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino N-phenylcarbamate (PUGNAc) in the active 
site, carrying the catalytic nucleophile (orange, left side, A318). Compared to HvExoI, the C-terminal domain 
located in a greater distance from the C-terminal domain and is not contributing to the active site as it was the 
case in HvExoI. (D) The closer view represents the Asp-His dyad, which work as the catalytic acid/base residue 
(Asp232 and His234). The catalytic nucleophile as well as the acid/base residue H234 are H-bonding the 
PUGNAc inhibitor. The ribbon models, showing the overall structure as well as details about residues acting 
during catalytic mechanism, were taken and adapted from Litzinger et al. [65]. 

 

As already mentioned above, besides the common two-domain architecture of GH3 

enzymes, some were detected to reveal also a third domain. Pozzo and colleagues showed in 

the results of crystallization experiments of TnBgl3B, the appearance of a third domain, 

known as a Fn(III)-like domain and is present in several extracellular glycoside hydrolases 

originating from bacteria [61]. Little is known about this domain, although some suggestions 
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have been made. Such as acting during substrate binding or working as spacers between the 

other domains [61], [67]. However, clear evidence for its function has rarely been proven.  

 

1.10 Design of Experiments  

Whenever an enzyme is characterized regarding optimal conditions in order to obtain high 

activity, which is influenced by different factors (e.g. pH, temperature), this is done in most 

cases by varying one factor at a time. Such a procedure reveals to be inefficient, not 

necessarily providing optimal conditions. In fact this is true, if the investigated factors exhibit 

to interact with each other. This leads to the wrong interpretation, believing that the 

optimum has been reached due to the fact that the variation of one factor at a time does not 

cause any additional improvement in the results [68]. In Figure 6A, an example for the 

described procedure is given, which does not allow the determination of the real optimum 

[68]. The solution for this purpose gives the simultaneous variation of all relevant factors, 

which is an approach known as Design of Experiments (DoE). Figure 6B, provides such an 

example, where two factors can be investigated at the same time by applying a small 

experimental design and the distribution of the experiments as a rectangular allows to 

identify a direction, which will lead to better results [68].    

 

 

Figure 6: Illustration of the difference between varying one factor at a time (A) and simultaneous                    
variation (B) during optimization study (X1, X2 are factors). In figure A, the factor X1 is kept constant and X2 is 
varied. After determining the optimum value, in the next step X1 is varied, which leads to a quasi-optimum due 
to the variation of one factor at a time. Figure B, shows the process of simultaneous variation of both factors 
that allows determining the true optimum. The presented figures were taken and adapted from                      
Mandenius et al. [69]. 
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DoE provides a versatile tool for statistical design and evaluation of experimental data in a 

predefined experimental range. This kind of statistical experimental planning allows to 

investigate as well correlate defined input factors of a process and the obtained 

experimental outcomes, known as responses (Figure 7) [69]. DoE can be used for various 

problems, which are referred to as experimental objectives, mainly screening, optimization 

and robustness testing [68]. Besides the advantage of DoE to extract maximal amount of 

information through carrying out minimal amount of experiments, it also prevents from 

experimental biases as well as allows to reveal interactions between factors and how they 

influence the responses [69].  

 

 

Figure 7: Schematically showing the black box process model characteristics of DoE. The applied factors and 

obtained responses of the specific process are mathematically related to each other. Adapted and modified 

from Mandenius et al. [69]. 

 

The application of DoE is accompanied by carrying out several steps. Initially the 

experimental objective has to be selected and the factors defined as well as responses 

specified. A model describes the mathematical correlation of the input factors and the 

output responses. Three polynomial models exist, which are frequently used in DoE. These 

are the linear, interaction and quadratic regression models [68]. The selection of the model 

is already carried out, when deciding for an experimental objective. Experimental runs can 

be positioned in the experimental design region, which is the region to be investigated. In 

this case also the choice of experimental design is based on the requirements of the specific 

experimental objective. Screening is an efficient approach to identify factors influencing the 

responses the most, in only few experiments, but also to determine ranges for the factors to 

be tested and investigated [68], [69]. This kind of experimental objective is often used as an 

initial step, before continuing to apply optimization or robustness testing.  

In the optimization task, designs of the composite family (Central Composite Face-centered 

design, CCF or Central Composite Circumscribed design, CCC) are applied and based on 

quadratic polynomial models [68]. As an example, a CCF design with two factors is shown in 

Figure 8, where in the middle three center points are positioned for investigation of 
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experimental error and to avoid systematic error the experiments should be carried out in a 

randomized order [68]. Besides the aim to determine the optimum, the importance of the 

specific factors is also analyzed by answering the question, if there exists a positive or 

negative relation between the input factor of the process and the outcome response [68]. To 

represent the results of the fitted model obtained from applying optimization as the 

experimental objective, the best way is to use response surface plots, which is also well 

established as the approach known as Response Surface Modeling (RSM) [68].  

The third experimental objective is nothing else than to test the robustness of a product or 

method, before it is going to be released [68]. For more details about the latter mentioned 

objective, the interested reader is referred to the following literature [68].  

 

 

Figure 8: Illustration of a CCF design, which shows the to investigate experimental space in regard of two 
factors X1, X2. Each of the represented circle stands for an individual experimental run at specific conditions. In 
the middle of the design, the triplicate center points are positioned, which are carried out to estimate 
experimental error. 

 

Multiple Linear Regression (MLR) is used to fit the obtained model data. Two important 

parameters exist to describe the model validity, which are the goodness of fit value R2 and 

the goodness of prediction value Q2 [68]. R2 is known as the fraction of the variation of the 

responses, which can be explained by the model and it spans a value between 0 to 1                   

(from no variance explained by the model to variance explained by the model) [68], [69]. As 

the description of R2 already states, it is responsible for revealing how well the experimental 

runs are reproduced in the mathematical model [69]. Whereas Q2, which also spans values 

between 0 to 1, describes the fraction of the variation of the responses that is predicted by 

the model [68], [69]. According to Mandenius and colleagues, good models are described 
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through values which are above 0.75 for R2 as well 0.60 for Q2 and obtained values below 

0.25 are considered to be unreliable [69].  
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1.11 Goals 

The thesis deals with the investigation of two novel glycoside hydrolase family 3 enzymes 

from the marine bacteria Rhodothermus marinus. Production and purification of these 

enzymes were the first objectives. In order to gain insight of the enzymes unknown 

properties, the main focus was set to characterize them and therefore being able to gain 

knowledge for possible future applications. Another aim was to detect optimal working 

conditions for these analyzed enzymes, through optimizing enzyme activity by varying pH 

and temperature simultaneously and to understand their influence.  
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1.12 Roadmap and structure of thesis 

Two different GH3 family enzymes were investigated in this thesis, which are divided into 

two parts. The results of bioinformatics analysis and subcloning experiment are given as a 

separate section, before continuing with the individual parts of the analyzed enzymes. Part I, 

describes the results of the first characterized enzyme β-glucosidase (BGL), which is then 

followed by discussing these results and giving a short conclusion. The same is valid for the 

second enzyme of interest, the β-N-acetylglucosaminidase (NAG), which can be found in               

Part II.  

Next, in the overall discussion, all the obtained results of both enzymes are compared. 

Finally, the achievements are summarized in the final overall conclusion as well 

recommendations for further improvements of characterization methods are given, in the 

following outlook section.  
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2 Materials and Methods 

2.1 Composition of buffers and solutions 

2.1.1 Protein production and purification 

Lysogeny Broth (LB) media  

Bacto-tryptone 10 g 

Bacto-yeast extract 5 g 

NaCl 10 g 

dH2O to 1 l 

Binding buffer  

Imidazole 10 - 20 mM 

NaCl 750 mM 

TRIS 20 mM 

pH adjusted with 4 M HCl to 7.5 

dH2O to 1 l 

Elution buffer  

Imidazole 
250 - 300 mM 

NaCl 
750 mM 

TRIS 
20 mM 

pH adjusted with 4 M HCl to 7.5 

dH2O to 1 l 

 

2.1.2 SDS-PAGE 

 
5x Electrode buffer 

 

TRIS 15 g 

Glycine 72 g 

SDS 5 g 

pH adjusted with 4 M HCl to 8.3 

dH2O to 1 l 
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Sample buffer  

0.5 M TRIS (pH 6.8) 3.3 ml 

10% w/v SDS  8 ml 

Glycerol 4 ml 

0.2% w/v Bromphenol blue  1 ml 

DTT 2.62 g 

Milli-Q-H2O to 20 ml 

L1 stock solution  

Acrylamide 29 parts  

BIS  1 part 

L2 stock solution  

0.75 M TRIS 22.7 g 

0.2% w/v SDS 0.5 g 

pH adjusted with 4 M HCl to 8.8 

dH2O to 250 ml 

L3 stock solution  

0.25 M TRIS 30 g 

0.2% w/v SDS 0.2 g 

pH adjusted with 4 M HCl to 8.8 

dH2O to 100 ml 

Staining solution  

0.2% Coomassie 1 g 

40% MeOH 400 ml 

10% HAc 100 ml 

Milli-Q-H2O to 1 l 

  



27 
 

Destaining solution  

40% MeOH 400 ml 

10% HAc 100 ml 

Milli-Q-H2O to 1 l 

Running gel (10%) - 4 gels  

L1 7.5 ml 

L2  15 ml 

dH2O 6.5 ml 

APSa  400 µl 

TEMED 15 µl 

a Concentration of 10% (in dH2O) 

Stacking gel (3%) - 4 gels  

L1 0.8 ml 

L3 8.0 ml 

dH2O 1.2 ml 

APSa  200 µl 

TEMED 15 µl 

a Concentration of 10% (in dH2O) 

 

2.1.3 Affinity gel electrophoresis 

6.5% native gel  - (2 gels)  
Water 4.5 ml 

Substratea 5 ml 

Buffer (5x) 3 ml 

Acrylamide 2.5 ml 

Riboflavinb 10 µl 

TEMED 10 µl 

APSc 75 µl 

aFor control gels, replace the substrate with water 
b 10 mg/ml solution in dH2O 
c 100 mg/ml solution in dH2O 
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5x Running buffer (pH 8.7)  

TRIS base 30.29 g/l  

Boric acid  7.73 g/l 

5x Loading buffer (8.7) 
TRIS 0.66 g 

Boric acid 0.15 g 

Bromphenol blue 20 mg 

87% Glycerol 10 ml 

dH2O 10 ml 

2.1.4 Biological buffers 

100 mM citrate phosphate buffer (pH 2.6 to 7.6) prepared according [70].  

100 mM potassium phosphate buffer (pH 5.8 to 8) as given in [71]. 

200 mM glycine-NaOH buffer (pH 8.6 to 10.6) preparation followed as in [72].  
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Table 1: Chemicals 

Chemical Company 

1,3-β-D-Laminaribiose Megazyme 

1,3-β-D-Laminaritriose Megazyme 

1,4-β-D-Cellobiose Megazyme 

1,4-β-D-Cellotetraose Megazyme 

1,4-β-D-Cellotriose Megazyme 

1,4-β-D-Xylobiose Megazyme 

2-Amino-2-hydroxymethyl-propane-1,3-diol (TRIS) Saveen Werner AB 

4-Nitrophenyl N-acetyl-β-D-glucosaminide Sigma-Aldrich 

4-Nitrophenyl α-L-rhamnopyranoside Sigma-Aldrich 

4-Nitrophenyl β-D-cellobioside Sigma-Aldrich 

4-Nitrophenyl β-D-glucopyranoside Sigma-Aldrich 

4-Nitrophenyl β-D-xylopyranoside Sigma-Aldrich 

Acetic acid Merck 

Agarose standard Saveen Werner AB 

Ampicillin sodium Duchefa Biochemie 

Bacto tryptone Duchefa Biochemie 

Bacto yeast extract Duchefa Biochemie 

Barely β-glucan Sigma-Aldrich 

Bicinchoninic acid (BCA) solution Sigma-Aldrich 
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Table 2: continued 

Chemical Company 

Citric acid Merck 

Copper (II) sulfate solution (4% w/v) Sigma-Aldrich 

Di-N-Acetyl-Chitobiose Megazyme 

Dithiothereitol (DTT) Saveen Werner AB 

Ethanol VWR 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Glycine Merck 

Hydrogen chloride Merck 

Hydroxyethyl Cellulose Sigma-Aldrich 

Imidazole Scharlau 

Kanamycin sulfate Sigma-Aldrich 

Lichenan Megazyme 

L-Rhamnose monohydrate Sigma-Aldrich 

Methanol VWR 

N,N,N',N'-tetramethylethylenediamine (TEMED) Merck 

N-Acetyl-D-glucosamine Sigma 

Oatspelt xylan Sigma-Aldrich 

penta-N-Acetyl-Chitopentaose Megazyme 

Potassium dihydrogen phosphate Merck 

Potassium hydrogen phosphate Merck 
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Table 3: continued 

 

  

Chemical Company 

Sodium hydroxide Merck 

Sodium phosphate dibasic dihydrate Applichem 

Tetra-N-Acetyl-Chitotetraose Megazyme 

Tri-N-Acetyl-Chitotriose Megazyme 

Xyloglucan Megazyme 
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2.2 Genes and strain 

The genes Rmar_0925 (plasmid pSO262a) and Rmar_1080 (plasmid pSO257a) which have 

been used, were cloned without signal peptide sequences and ligated into the vector 

pJOE3075. All plasmids contain an ampicillin resistance as a selection marker as well as    

His6-tag at the C-terminus. Expression for the production of recombinant proteins took place 

in Escherichia coli (strain: C43-DE3), where rhamnose (T7Rha promoter) was used as 

inducing agent.  

 

2.3 Subcloning experiment 

Rmar_2069 (plasmid: pSO265a) was another gene of interest not containing His6-tag, which 

is needed for further protein purification. Therefore a subcloning procedure for                      

His-tag insertion had to be carried out. Firstly digestion of pET21b, pET28b as well as of the 

vector of interest pJOE3075 was performed. For this purpose the vectors were digested each 

with 2 µl NdeI (Thermo Scientific, Fermentas, USA) and HindIII (Thermo Scientific, 

Fermentas, USA) at 37°C (Termaks, Norway) for 3.5 hours. The successfulness of the 

restriction digest was checked up on 1% agarose gel and a 1kb ladder (Generuler 1kb DNA 

ladder, Thermo Scientific, Fermentas, USA) was used. The electrophoresis was carried out in 

three steps. Firstly the gel was run at 100 V for 10 minutes, followed by 20 minutes at 120 V 

and finally for 25 minutes at 130 V.  

The technique of subcloning was not continued, because of problems with the vector 

pJOE3075. For more detailed information refer to results (section 3.1). 

  

2.4 Sequence analysis 

Primary structure was investigated by BLASTP and Pfam database [73]. Domain architecture 

was analysed by using Interpro (EMBL-EBI) [74] as well NCBI-conserved domain platform 

[75], [76], [77]. Selection of various protein sequences for Multiple Sequence Alignment 

(MSA) were based on protein existance, showing evidence at protein level as well on known 

crystal structures, which were retrieved from UniProt [78]. The alignment was generated 

through applying ClustalW2 [79], [80].  

 

2.5 Expression of recombinant protein 

Pre-culture was prepared, where 50-100 µl cells from glycerol stock were added to              

LB-media containing 100 mg/ml ampicillin as selection marker. Parameters of incubation 

were 37°C and 180 rpm (IKA KS400 icontrol, Germany). 
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For the production of recombinant protein, a shake flask cultivation of 500 ml LB-media   

(100 mg/ml ampicillin concentration) was inoculated with 5 ml of pre-culture (OD620  > 2.5). 

After reaching an OD620 value greater than 0.5, expression of the protein was induced with 

10% rhamnose (0.1 % final concentration). For further expression level check, samples of                       

1 to 1.5 ml were taken for at least four hours after induction. These collected samples were 

centrifuged for 2 minutes at 13 000 rpm (VWR Galaxy 14D, USA) and supernatant was 

discarded (only saved of the fourth hour sample). The obtained cell pellets as well as one 

sample with supernatant were saved at -20°C. The incubation temperature of the culture 

was reduced to 35°C for a continued overnight growth. Total process time of the batch 

cultivation was approximately 24 hours.  

Cells were harvested through centrifugation at 4°C and 10 000 rpm (RC 5C- Sorvall 

Instruments, DuPont, USA) and kept at -20°C for further purification procedure.    

 

2.6 Cell rupture via ultrasonication 

Firstly the harvested cells were resuspended in binding buffer. In the second step, the cell 

suspension was sonicated for 2 minutes on ice (UP400S, Dr. Hielscher GmbH, Germany), with 

an amplitude of 60% and a 0.5 cycle. After each ultrasonication step the cells were incubated 

for 2 minutes on ice. These steps were repeated 3 to 5 times. 

The cell extract could be separated through centrifugation at 10 000 rpm for 20 minutes and 

4°C (RC 5C- Sorvall Instruments, DuPont, USA). The obtained supernatant containing the 

target enzyme was saved at +4°C. In order to increase protein yield, the remaining cell pellet 

was treated with a chemical lysing reagent (Bugbuster Protein Extraction Reagent, Novagen, 

Merck, Germany). Afterwards the cell suspension was diluted with binding buffer and 

another centrifugation step applying the same conditions as mentioned before, was carried 

out.  

 

2.7 Protein purification 

Immobilized Metal Affinity Chromatography (IMAC) was performed, where histidine 

residues on the protein bound to the transition metal ion Cu2+ and thereby purified the 

target protein [81].  

All buffers (binding and elution buffer), solutions as well as the supernatant containing 

protein were filtered through 0.45 µm filter (acrodisc syringe filters with supor membrane, 

25 mm filtration area, Pall Corporation, USA) and de-gassed prior applying them on the 

chromatography system ÄKTAprime (GE Healthcare, Sweden). In general the usual applied 

concentration of imidazole is 20 mM for binding buffer and 250 mM for elution buffer. The 
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concentration of imidazole only varied for one produced batch of enzyme (10 mM binding 

buffer and 300 mM elution buffer).  

A 5 mL HiTrap FF crude column (GE Healthcare, Sweden) was applied for the protein 

purification, where firstly 1 M copper-(II)-sulfate was attached as a specific ligand for the 

histidine-tagged enzyme. After equilibration with approximately 30 ml of binding buffer, the 

column was loaded with sample. Proteins which do not bind to the column were washed 

with binding buffer until a straight baseline of the followed UV-measurement was obtained. 

The elution took place by using a linear gradient of elution buffer and 1 ml fractions were 

collected. During the elution step a flow rate of 1 ml/min was chosen and the pressure limit 

was 0.5 MPa. The proteins which were His-tagged could be detected by measuring the       

UV-absorbance at 280 nm. After separation, the column was treated with 0.5 M EDTA to 

remove copper. 20% ethanol and Milli-Q-H2O was used for system wash.  

Initial protein concentration of the collected fractions was measured at 280 nm by 

spectrophotometer NanoDrop (Thermo scientific NanoDrop 1000 spectrometer, USA) and 

fractions with high concentration were further analyzed.  

 

2.8 Separation of imidazole 

The excess amount of imidazole was tried to remove via a falcon tube with a cut-off 

membrane of 30 kDa. Therefore fractions of purified protein were pooled with 5 ml of 

cooled 20 mM citrate phosphate buffer (pH 7) and centrifuged for 5 minutes at 4°C and 

4000 rpm (Sigma 3-16PK, Germany). After the centrifugation, following steps (1-3) were 

repeated 3 times:  

1. sample was mixed through pipetting to avoid clogging of the membrane surface 

2. sample was filled up to 15 ml with buffer 

3. sample centrifuged for 10 min using the same conditions as mentioned before 

 

2.9 Analytical methods 

2.9.1 SDS-PAGE 

For checking the expression as well as purification level Sodium Dodecyl Sulfate 

Polyacrylamide Gel Electrophoresis (SDS-PAGE) was carried out according to Laemmli [82].  

Preparation of samples collected after induction  

The collected samples were lysed with a chemical lysing reagent (Bugbuster Protein 

Extraction Reagent, Novagen, Merck, Germany), where the added amount varied from 50 µl 

for the 0 hour sample to 150 µl for 4 hour and overnight sample. After addition the 
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incubation was carried out for 20 minutes at room temperature. Samples were diluted with 

phosphate buffer (pH 7.5) to achieve concentrations of around 4 µg/µl for equal sample 

loading on the gel. After lysing and dilution of the samples a centrifugation step followed 

lasting for 10 minutes at 13 000 rpm (VWR Galaxy 14D, USA) and room temperature. The 

obtained cell pellet was again diluted with approximately the same amount as before. 

Gel preparation and denaturation 

All samples including from the purification step were mixed with sample buffer. Depending 

on the amount of cell pellet, collected samples after induction were diluted 1:1.6-1.75 

(rarely 1:3.5, sample:sample buffer). Whereas purified fractions were mixed in a 1:1.66 

(rarely 1:3.3) dilution. Protein samples were boiled at 100°C for 20 minutes to denaturize 

and then cooled on ice. The prepared 10% gels were loaded per lane with 20 µl of sample 

and 6 µl of protein marker (1 kDa Precision Plus Protein Standard All Blue-Biorad, USA). The 

separation was carried out through firstly applying a voltage of 100 V for 15 minutes and 

afterwards increasing to 200 V for 45 minutes. Gels were stained in Coomassie blue 

overnight and destained until bands were visible.  

 

2.9.2 BCA 

The determination of the total protein content was based on the principle of the 

Bicinchoninic Acid assay (BCA) [83]. Collected fractions showing high protein concentration 

at pre-measurements with NanoDrop (NanoDrop 1000 spectrometer, Thermo scientific, 

USA) were diluted 1:5 with 20 mM Tris-HCl (pH = 7.5). A standard series in a range of                          

0.2 (rarely 0.05) to 1 mg/ml of Bovine Serum Albumin (BSA) concentrations was prepared for 

the quantification of protein content. The preparation of the working reagent was carried 

out by adding one part of 4% (w/v) CuSO4 to 50 parts BCA-solution. Protein samples of 50 µl 

volume were mixed with 1 ml working reagent. All samples including the standard series 

were incubated for 40 minutes at 37°C (QBD2, Grant, England). Afterwards the samples were 

cooled down to room temperature (10-15 minutes) and the absorbance was read at 562 nm 

(WPA Biowave II, Biochrom, UK).  

 

2.9.3 LC-MS 

In addition to theoretical molecular mass determination of the proteins computed with 

ExPASy tool [84] (SIB-Bioinformatic Resource Portal), the analytical method of mass 

spectroscopy was applied for more exact determination. Protein samples were injected on 

the HPLC column (Discovery Bio Wide Pore C5 - 3 µm pore size, L x I.D. 10 cm x 2.1 mm - 

Supelco, Sigma-Aldrich, USA) in a 1:10 dilution of Milli-Q-H2O. In order that metabolites can 

bind to the column via hydrophobic interactions, Milli-Q-H2O (A) and acetonitrile (B), both 
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containing 0.1% formic acid were used as eluents. For ionization of the molecules 

Electronspray Ionization (ESI) was used as method in the LC-MS system (PE SCIEX Api Qstar 

Pulsar, Applied Biosystems, USA). A detailed description of the applied gradient program is 

given in Table 4. Investigation of generated spectra was performed with software Analyst QS 

(Version 1.1, Applied Biosystems, USA).  

 

Table 4: Gradient program 

Step Total time [min] Flow rate [µL/min] A [%] B [%] 

0 0 400 

400 

400 

400 

50 50 

1 5 50 50 

2 6 20 80 

3 12 20 80 

 

2.9.4 Enzyme assay 

Enzyme activities could be determined by measuring the hydrolysis of specific substrates 

(aryl and natural substrates).  

The method of colorimetry was applied on aryl substrates (para-nitrophenyl-substrates, 

(pNP)), where the change of color was read as absorbance at 405 nm. β-glucosidase (BGL) 

activity was obtained by following the release of p-nitrophenol from                                                       

4-Nitrophenyl β-D-xylopyranoside and for β-N-acetylglucosaminidase (NAG) by applying                     

4-Nitrophenyl N-acetyl-β-D-glucosaminide.  

High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection 

(HPAEC-PAD) was performed as method to follow hydrolysis product formation of applied 

natural substrates. As natural substrates chitobiose was employed for NAG and xylobiose for 

BGL. The integration of obtained product peak area led to direct information of generated 

product amount.  

The applied enzyme assays can be divided into two groups: 

 

1. Continuous assay 

The formation of product respectively the take up of substrate from the enzyme is 

monitored continuously in real time (UV-1650 PC spectrophotometer, Shimadzu, Japan). For 

determining the activity of the enzyme towards the used substrate, a molar extinction 
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coefficient is needed (see Table 5) [85].  Therefore the law of Lambert-Beer (formula 1) was 

applied to quantify the pNP release during reaction, where a linear as well as quantitative 

relation between concentration and absorbance was followed. The usage of linear 

regression led to determination of the extinction coefficients from the slope.  

        

Formula 1: Lambert-Beer Law 

A ... Absorbance 

ε ... Molar extinction coefficient [M-1 cm-1] 

c ... Concentration [M] 

d ... Thickness [1 cm] 

 

Table 5: Molar extinction coefficients (ε) of pNP in 20 mM citrate phosphate buffer pH 5.6 at 405 nm [85] 

Temperature [°C] εpNP [ml/µmol*cm] 

50 1.3058 

60 1.4526 

70 1.7849 

80 2.4639 

90 2.9527 

 

2. Discontinuous assay 

In this assay the incubated enzyme reactions were terminated after fixed time intervals, by 

addition of strong base and therefore leading to the same final pH-value. 

 

For applied aryl substrates each minute (1 to 3 minutes) an aliquot (100 - 200 µl) of sample 

was always stopped with 1 ml of 0.1 M NaOH. Product formation could be measured by 

reading the absorbance at 405 nm (WPA Biowave II, Biochrom, UK). Determination of molar 

extinction coefficient was performed through preparing a series of different                                   

pNP-concentrations (0.05 to 0.6 mM) in dH2O and incubating the samples for 6.5 minutes at 

room temperature. After incubation same volume of stopping solution was added and 
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absorbance (duplicates) was measured, as mentioned above. An extinction coefficient of                

18 072 M-1 cm-1 was obtained by applying formula 1. 

 

In the case of employed natural substrates, reactions of 500 - 1000 µl (containing 20 µl 

enzyme), were run for a particular time for each enzyme. Sampled reactions of 15 µl volume 

were terminated by addition of 985 µl high pH water (pH 9-10). The amount of product was 

determined using standards of specific applied substrates with HPAEC-PAD. Details of the 

HPAEC-PAD specifications are given in Table 6 . 

 

Table 6: Specifications of used HPAEC-PAD 

Flow rate 0.5 ml/min 

Injection volume 5-10 µl 

Detector conductivity and electrochemical 

System ICS-5000 DIONEX DC (Thermo Scientific, USA) 

Column PA200, PA20 

Software Chromeleon 7.2 

 

In both cases (continuous and discontinuous assay) it was worked with selected temperature 

and pH ranges. These applied ranges and the used concentrations of enzyme, buffer as well 

as substrate solutions are specified in the particular analysis procedures. All other 

information given in these two described assays remains same, such as reaction volume, 

assay time, determined pNP-coefficients or volume of added stopping solution, if not stated 

different.  

Determination of activity  

The released color over time is in a proportional relationship with the measured enzyme 

activity. One unit of enzyme activity is defined as the amount which catalyzes the hydrolysis 

of 1 µmol pNP-substrate in 1 minute.  

Application of formula 1 helped to determine the amount of product (µM), which was 

plotted over time (min). Initial velocity V0 (µM/min) could be obtained from the slope by 

applying linear regression. V0 was multiplied with the volume of reaction and the volumetric 

activity (U/ml) was calculated through division of the volume of enzyme, which was used for 
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the reaction. The enzyme concentration was referred to the volumetric activity, to obtain 

specific activity (U/mg). 

 

In order to evaluate the specific activity of applied natural substrates, which were separated 

by HPAEC-PAD, product amount (µM) was measured though using standards for each 

substrate. Therefore with the information of how much µmol per liter product was formed, 

the initial velocity and finally the specific activity could be obtained, as already mentioned 

above. 

The determination of residual activity was carried out by the following formula 2, where 

activity (volumetric or specific activity) was measured initially (0 min) and related to 

measured activity at x minutes of incubation at specific temperature.  

 

                      
         

         

     

Formula 2: Determination of residual activity 

 

2.9.5 Substrate specificity 

The substrate specificity of NAG was determined using p-Nitrophenyl-β-D-glucuronide 

(pNPG), p-Nitrophenyl-β-D-xylopyranoside (pNPX), p-Nitrophenyl-β-L-arabinopyranoside 

(pNPA), p-Nitrophenyl-β-D-cellobioside (pNPC), p-Nitrophenyl-α-D-mannopyranoside 

(pNPM), p-Nitrophenyl-β-D-galactopyranoside (pNPGal), p-Nitrophenyl-α-L-rhamno- 

pyranoside (pNPR) and p-Nitrophenyl-N-acetyl-β-D-glucosaminide (pNPGlcNAc). Color 

formation of pNP-substrates was followed continuously at 60°C and 70°C, by using an final 

enzyme concentration of 0.5 µM in 100 mM citrate phosphate buffer (pH = 5.6) and mixed 

with an end concentration of 0.74 µM substrate. 

BGL activity (enzyme concentration 0.8 mg/ml) applying 1 mM of 1,4-β-D-cellobiose,              

1,4-β-D-cellotriose, 1,4-β-D-cellotetraose, 1,4-β-D-xylobiose, 1,3-β-D-laminaribiose,                  

1,3-β-D-laminaritriose, xyloglucan and lichenan was tested at 60°C. Whereas the specificity 

for NAG (enzyme concentration 1.09 mg/ml) towards natural substrates was analyzed using 

1 mM of chitooligosaccharides (di-N-acetyl-chitobiose to penta-N-acetyl-chitopentaose) at 

70°C. Quantification of used natural substrates was not performed, but activity of the 

enzymes towards them was determined through monitoring production profile until 1 hour. 

The methods of HPAEC-PAD for separating natural substrates are given in 2.10.1 and 2.10.2.  
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2.9.6 Thermal stability 

Determination of activation energy 

The influence of temperature on the enzymes was measured through continuous assay. 

Besides determining the activation energy, the maximal specific activity ranging between 

50°C to 90°C was also investigated for β-N-acetylglucosaminidase in this assay (temperature 

optimum). Therefore 773.7 µl of 20 mM citrate phosphate buffer (pH 5.6) was pre-incubated 

for 3 minutes with 200 µl of 3.68 µM 4-Nitrophenyl N-acetyl-β-D-glucosaminide (end 

concentration 0.74 mM). The absorbance of the 1 ml reactions were followed for 3 minutes 

at 405 nm (UV-1650 PC spectrophotometer, Shimadzu, Japan) after addition of enzyme                  

(end concentration 0.3 µM).  

The equation of Arrhenius (see formula 3) leads to obtain the activation energy, after taking 

the natural logarithm. The plotting of ln k against 1/T provides a slope of -Ea/T.  

 

     
   
   

            Formula 3: Arrhenius equation 

k ... Reaction rate [M/s] 

A ... Pre-exponential factor (independent of temperature) 

Ea ... Activation energy [kJ/mol] 

R ... Gas constant [J/mol*K] 

T ... Temperature [K] 

 

Determination of half-life 

Analyzing the enzymes, based on their thermal inactivation, BGL was incubated at 70°C and 

80°C, whereas for NAG the temperatures of 80°C as well 90°C were applied (HLC Thermo 

Shaker MKR 13, Ditabis, Germany). Aliquots were sampled every 30 minutes between                           

0 to 180 minutes and each sample was incubated on ice for approximately 5-6 hours. 

Afterwards a centrifugation step of 1 minute at 13 000 rpm and 4°C (Sigma 1-14K, Germany) 

was followed to obtain the protein containing supernatant. 

In order to determine specific activity, discontinuous assay was carried out with 0.1 M citrate 

phosphate buffer (pH 5.6) and 5 mM pNP-substrate (end concentration 1 mM). Reactions of 

400 µl volume with 0.8 mg/ml β-glucosidase (Venzmye = 25 µl) were run at 60°C (HLC Thermo 

Shaker MKR 13, Ditabis, Germany), whereas for β-N-acetylglucosaminidase an enzyme 

concentration of 1.09 mg/ml (Venzmye = 20 µl) was used in 500 µl, performing analysis at 70°C 
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(HLC Thermo Shaker MKR 13, Ditabis, Germany). The continuation of discontinuous assay 

remained same as mentioned in 2.9.4.  

 

The thermal inactivation was investigated through calculating the residual activity                    

(see formula 2). In addition for further understanding of enzyme stability, the half-life was 

calculated. Therefore the natural logarithm of the residual activity (without unit) was plotted 

against time (SigmaPlot, version 12.5). The obtained slope was inserted in the following 

equation (formula 4) 

  

 

 
   

 
 

Formula 4: Half-life 

k ... Reaction rate [min-1] 

t1/2 ... Half-life [min]  

 

2.9.7 Kinetic study 

The investigated enzyme NAG was more specified in its catalyzing reactions through 

analyzing enzyme kinetics. Reactions were carried out in 0.1 M citrate phosphate buffer                 

pH 5.6 and pNP-substrate ranging from 0.05 to 0.4 mM concentration. The added enzyme 

end concentration was 0.06 µM. Absorbance was monitored continuously (5 minutes) at       

405 nm and 70°C (UV-1650 PC spectrophotometer, Shimadzu, Japan).   

 

For describing the kinetic parameters, the equation of Michaelis-Menten [86] was applied 

(see formula 5) 

 

   
        

      
  

Formula 5: Michaelis-Menten Kinetics 
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The reciprocal of formula 5 provides the linear equation (formula 6) below, which is known 

as Lineweaver-Burk relation [87].  

 

 

  

 
  

    

 
 

   
 

 

    

 

Formula 6: Lineweaver-Burk 

 

V0 ... Initial velocity [µmol/(min*mg)] 

Vmax ... Maximal velocity [µmol/(min*mg)] 

Km ... Michaelis constant [mM] 

[S] ... Substrate concentration [mM] 

Plotting 1/V against 1/[S] obtains the intercept of 1/Vmax and a linear slope of Km/Vmax. In 

addition to understand how many molecules of substrate can convert one molecule of 

enzyme into product per unit of time, the turnover number kcat (formula 7) was defined [88], 

[89]. 

 

     
    

  

 

            Formula 7: Turnover number 

kcat ... Turnover number [s-1] 

et ... Initial enzyme concentration [mM] 

 

The calculated data was also fitted with the curve fitting tool from SigmaPlot (Version 12.5). 

Therefore it was possible to compare the evaluated kinetic parameters to those from the 

provided Michaelis-Menten model.  

 

2.9.8 Affinity gel electrophoresis 

The experiment of affinity gel electrophoresis was carried out at the Danish Technical 

University. Native-PAGE gels (6.5%) were used for detecting the binding of enzymes towards 

polymeric substrates, through retarding the movement of the proteins that interact with 

them. Substrates oatspelt xylan (OSX), hydroxyethyl cellulose (HEC), barley beta-glucan                    

(β-glucan) and xyloglucan (X-glucan) were prepared in a 0.1% concentration. The                               

gel-solutions were de-gassed in sonication water bath for about 10 minutes. Gel casting 
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could take place after adding riboflavin, APS and TEMED to the solution and solidification 

lasted for around one hour. All enzyme samples were diluted using 5x loading buffer to 

reach an end concentration 0.5 mg/ml. A volume of 4 µl protein ladder (Native Mark, 

Invitrogen, Life Technologies, USA) was mixed with the same volume of protein sample. The 

performed conditions for running the gels were 90V, 3.5 hours and 4°C. Gels were washed                   

5 minutes with dH2O, stained overnight in SimplyBlue SafeStain (Invitrogen, Life 

Technologies, USA) or Coomassie Blue and destained until bands were visible. 

 

2.10 Optimization study  

The determination of optimal pH and temperature involves the study of both parameters at 

a time, leading to detect a range, in which enzymes show higher activity. Therefore, such a 

study helps to understand the parameters interactions and their influence of enzymatic 

activity (Design of Experiments). The different experimental setups for each of the two 

enzymes are given in the following and enzyme activity was calculated as described in 2.9.4. 

 

2.10.1 Experimental setup for BGL 

The activity of β-glucosidase was investigated on xylobiose by measuring the amount of 

produced xylose through HPAEC-PAD. The enzyme was diluted 20 times in 20 mM citrate 

phosphate buffer of pH 5, resulting in a concentration of 0.014 mg/ml. Enzyme samples 

were incubated at three different temperatures 55°C, 60°C, 65°C and shaken at 400 rpm 

(HLC Thermo Shaker MKR 13, Ditabis, Germany), within a pH-range from 3.5 to 7.8 (using                  

20 mM citrate phosphate and potassium phosphate buffer). Reactions were performed at 

specific time points (0, 10, 15, 20, 30 minutes) in duplicates. The applied method for the 

separation of the disaccharide is given below. 

HPAEC-PAD method for BGL 

I. Pre-equilibration with 16 mM NaOH for 2.5 minutes 

II. 0-23 minutes run with 16 mM NaOH 

III. 23-25 minutes run with 200 mM NaOH 

 

The determined activity of BGL by applying xylobiose in the above mentioned range, helped 

to further follow the influence of temperature and pH on pNPX. BGL specific activity was 

determined at 60°C and 65°C (HLC Thermo Shaker MKR 13, Ditabis, Germany) from pH 5.4 to 

7.3 (100 mM citrate phosphate buffer), in duplicates. Enzyme reactions of 800 µl (containing 

20 µl of 0.8 mg/ml enzyme) with 1 mM end concentration of pNPX were carried out under 

standard conditions in a discontinuous assay. 
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2.10.2 Experimental setup for NAG 

Screening 

The parameters (pH and T) were selected to be investigated in a broad range between                       

pH 4.3-7.8 and 60°C to 80°C (HLC Thermo Shaker MKR 13, Ditabis, Germany) in a 

discontinuous assay, aiming to find optimum activity for NAG. 100 mM citrate phosphate 

buffer (pH 4.3-7.4) and 100 mM potassium phosphate buffer (pH 7.8), were used. A final 

concentration of 1 mM pNPGlcNAc was applied in 200 µl reaction volume, where 5 µl of                              

0.68 mg/ml enzyme were added. Experiment was continued as usual under standard 

conditions.  

 

Design of experiments - DoE 

The application of statistical experimental planning helps to identify optimal dataset of 

employed factors and to describe the relationships among them and obtained response. 

Therefore, screening analysis on aryl substrates allowed to narrow the analyzed range of pH 

and temperature, which was then further investigated on the natural substrate, chitobiose. 

For this purpose Response Surface Modeling (RSM) was employed, choosing a                           

Central Composite Face-centered design (CCF) as the experimental design, which involves 11 

runs. These runs refer to four cube points, four axial points carried out in duplicates and 

three central points for the estimation of experimental error. The design of experiment is 

given in Figure 9, conducing as the experimental base and each point represents an enzyme 

reaction run at specific parameters. As response (dependent variable), the integrated 

relative peak area [%] of consumed reactant chitobiose was used, after 40 minutes of 

enzyme incubation. The MODDE 9.1 software (Umetrics, Sweden) was used to analyze the 

obtained experimental data.  
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Figure 9: Illustration of experimental design space revealing the variation of temperature and pH, at which the 
x-axis indicates the different applied temperatures, whereas y-axis describes the used pH-values. Each circle 
represents an individual enzyme reaction, which was run at specific time points. In the middle of the design, 
the triplicate center points are positioned (70°C and pH 5.3).  

 

The enzyme reactions were run at the specified range in Figure 9. NAG was diluted 20 times 

in a 20 mM citrate phosphate buffer of pH 6 and was added to the reaction vial with an 

0.055 mg/ml enzyme concentration, containing 1 mM chitobiose as substrate. For the 

different pH range (4.5 - 6.2) a 20 mM citrate phosphate buffer was used. The method, 

which was applied to measure the amount of produced N-acetylglucosamine by HPAEC-PAD 

is described below. Hydrolysis product formation was monitored after 0, 10, 20, 30 and 40 

minutes.  

 

HPAEC-PAD method for NAG 

I. Pre-equilibration with 200 mM NaOH and 4 minutes with 5 mM NaOH and 5 mM NaAc 

II. 0-20 minutes run with 5 mM NaOH and 5 mM NaAc 
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3 Results 

3.1 Results of BGL and NAG 

In this section, the joint results of performed primary structure investigation are presented 

as well the primarily experimental results of subcloning performance.  

Initially besides analyzing Rmar_0925 (β-N-acetylglucosaminidase), the enzyme                                

GH3-2069-C1 containing no His-tag should have also been characterized. For purification 

process, the gene without His-tag was subcloned without success. The used restriction 

enzymes did not cut correctly during the digestion and also a very low plasmid concentration 

was measured (Figure 34, appendix). Hence, the enzyme Rmar_2069 was replaced from an 

already primary characterized Rmar_1080 (β-glucosidase) enzyme. 

β-glucosidase encodes 792 amino acids (aa) compared to the larger                                                           

β-N-acetylglucosaminidase amino acid sequence of 948 aa, both excluding the His6-tag tail at 

the C-terminus as well as the signal peptide sequences. Analysis of these proteins with 

BlastP and Pfam identified BGL and NAG as members of the glycoside hydrolase family 3 of 

carbohydrate active enzymes, which are classified to EC 3.2.1.21 number for β-glucosidase 

and EC 3.2.1.52 number for β-N-acetylglucosaminidase. BGL revealed similarity to various   

β-glucosidases from family 3 for example 51% identity to β-glucosidase from Melioribacter 

roseus [90] (Genbank accession no. YP_006528319.1). A number of homologies were also 

obtained for NAG for instance 34% identity to β-N-acetylglucosaminidase from Cytophaga 

hutchinsonii [91] (Genbank accession no. YP_676647.1).  

Multiple sequence alignment (MSA) allowed to characterize the three domain NAG as well 

BGL among other β-glucosidases and β-N-acetylglucosaminidases from different organisms, 

but same glycoside hydrolase family 3. The complete MSA is given in the appendix,                          

Figure 39.  These enzymes differentiate in their third domain, which is a fibronectin type III 

domain for BGL and a β-lactamase domain for NAG. BGL shared the highest similarity with                 

β-glucosidase of  TnBgl3B from Thermotoga neapolitana [61] and ExoI from Hordeum 

vulgare [60], in both cases around 29%. Whereas with Aspergillus aculeatus β-glucosidase 

AaBGL1 [63] BGL provided an identity of approximately 18%. The alignment of NAG with                                             

β-N-acetylglucosaminidases from Bacillus subtilis BsNAGZ [65] and Alteromonas sp. Cht60 

[92] showed similarity of around 25%. Comparing BGL with NAG a score of 16% was 

obtained. In general the overall conservation of applied amino acid sequences was less. The 

MSA revealed some conserved residues in the first two domains of the proteins than 

compared to the third domain, where no conservation was detected, since only together 

with NAG and BGL, TnBgl3B as well AaBGL1 are composed of three domains.  

http://www.ncbi.nlm.nih.gov/protein/110636440?report=genbank&log$=prottop&blast_rank=58&RID=55E1MCYW01R
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The catalytic nucleophile aspartic acid is conserved in all GH3 family members [61] 

(highlighted in Figure 10A) and located for all aligned sequences in domain 1. Deduced from 

the MSA, D306 in BGL and D283 in NAG were determined as the nucleophiles in the catalytic 

reaction. The prediction of the catalytic acid/base residue is difficult. At the position where 

TnBgl3B and AaBGL1 have their acid/base residue [61], [63], BGL shows an asparagine 

residue (N537), neighbored with glutamic acid (E538). Determining catalytic acid/base of 

BGL compared to the acid/base residue of ExoI [60], two glutamic acids were obtained at 

E518 and E519 for BGL.  

For NAG a totally different result for acid/base residue predication was revealed. NAG and 

Cht60 showed conservation at the determined catalytic acid/base residue of                                          

β-N-acetylglucosaminidase from Bacillus subtilis [65], which is located in the D(S/T)H motif 

and this motif is missing in β-glucosidases (see Figure 10D). In addition the KHFPGHG motif is 

highly conserved among the investigated β-N-acetylglucosaminidases, compared to                       

β-glucosidases. Therefore multiple sequence alignment helped to predict and identify H209 

together with D207 as a probable candidate for the catalytic acid/base residue in NAG.  
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Figure 10: Partial amino acid sequence alignment of GH3 family β-glucosidases and β-N-acetylglucosaminidases 
obtained from ClustalW2 program [79], [80]. The amino acid sequence of the investigated β-glucosidase (BGL) 
and β-N-acetylglucosaminidase (NAG) from Rhodothermus marinus were compared to the β-glucosidase from 
Thermotoga neapolitana TnBGl3B (UniProt: Q0GC07), Hordeum vulgare ExoI (UniProt: Q9XEI3) and Aspergillus 
aculeatus AaBGl1 (UniProt: P48825) as well as to the β-N-acetylglucosaminidase from Bacillus subtilis BsNAGZ 
(UniProt: P40406) and Alteromonas sp. strain O-7 Cht60 (UniProt: P48823). Sequences applied for MSA of 
mentioned GH3 family members from various organisms were obtained from UniProt [78]. Identical or similar 
amino acid residues of the aligned GH3 family members are denoted by asterisks and dots, respectively. The 
inverse triangle indicates the conserved residue of the catalytic acid/base, which is given in figure A. In figure B 
and C, the catalytic nucleophile of the aligned β-glucosidases is highlighted in green color. Whereas the 
catalytic acid/base residue, which is located in the D(S/T)H among aligned β-N-acetylglucosaminidases is boxed 
purple and is missing in investigated β-glucosidases. The highly conserved KHFPGHG pattern, which is found in 
aligned β-N-acetylglucosaminidases, does only occur partially in the amino acid sequences of investigated                            
β-glucosidases.  
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3.2 Part I - BGL 

First the experimental results of investigated β-glucosidase (Rmar_1080, BGL) are shown, 

which are divided in a first part of expression of the protein and the second part is based on 

detailed characterization. These results are then subsequently discussed and finally 

conclusions are drawn.  

 

3.2.1 Results  

3.2.1.1 Expression of recombinant protein  

As an example for the recombinant protein production of BGL, one experimental run is given 

in Figure 11, which lasts for approximately 24 hours. An OD620-value above 0.5 was reached 

after around 4 hours, where induction with rhamnose took place. The small bend between 

the time interval of 6 to 7 hours, results from the not high increase of biomass. Additionally 

it can be observed that the stationary phase was reached already after a process time of 

about 10 hours cultivation.  

 

 

Figure 11: Recombinant protein production and expression of β-glucosidase. The shake flask cultivation was 
carried out at 37°C and biomass production was measured at OD620. Process time lasted for approximately                     
24 hours. 

 

Purification of the protein of interest could not be carried out due to column based 

problems. Therefore all further analysis of β-glucosidase were carried out with an already 

prepared batch of purified enzyme.  
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3.2.1.2 Characterization 

3.2.1.2.1 Determination of molecular weight with LC-MS 

The ExPASy tool [84] helped to predict the theoretical molecular weight of β-glucosidase                        

(88.09 kDa), which was detected and separated through SDS-gel (86 kDa). Thereby this 

predetermination made it easier to analyze specific area of the obtained m/z results.  

 

For the LC-MS experiment, a protein concentration of 80 µg/ml was used. The eluted peak 

between 10.35 and 10.74 minutes is given in the LC-chromatogram, Figure 12A and the 

corresponding MS spectra is shown in Figure 12B. A molecular mass of 87.15 kDa was 

determined for β-glucosidase, which is about 1.8 kDa less than the theoretical weight. The 

obtained m/z plot shows more noisy data than a real pattern.  
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Figure 12: Molecular weight determination of β-glucosidase via LC-MS. The separated protein and eluted peak 
by LC shows a retention time of 10.35 to 10.74 minutes in figure A. Corresponding m/z spectra is given in   
figure B, where the molecular weight of β-glucosidase with 87.15 kDa was determined.  
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3.2.1.2.2 Substrate specificity 

β-glucosidase was primary screened on six different aryl substrates, in previous work of       

M. Jenkins [93] and these results were used for further detailed characterization. Based on 

them, almost similar activity was obtained for p-Nitrophenyl-β-D-glucopyranoside (pNPG) 

and p-Nitrophenyl-β-L-arabinopyranoside (pNPA). Whereas highest activity was determined 

for p-Nitrophenyl-β-D-xylopyranoside (pNPX), which was used for all further assays. Activity 

screening on p-Nitrophenyl-β-D-cellobioside (pNPC), p-Nitrophenyl-α-D-mannopyranoside 

(pNPM) and p-Nitrophenyl-β-D-galactopyranoside (pNPGal) could not be detected [93].  

For the enzyme BGL broad substrate specificity on natural substrates was detected (Table 7). 

The screening was carried out through monitoring the hydrolysis products of various 

carbohydrates by applying HPAEC-PAD. On cellotriose, cellotetraose as well on laminaritriose 

almost similar activity was obtained, whereas on cellobiose, xyloglucan as well as lichenan 

no activity could be measured. The highest activity of β-glucosidase was determined on 

xylobiose and laminaribiose. Further investigation with the appliance of natural substrates 

was initiated with xylobiose. 

 

Table 7: Screening of β-glucosidase on various natural substrates 

Substrate Activity 

1,4-β-D-Cellobiose N.D. 

1,4-β-D-Cellotriose ++ 

1,4-β-D-Cellotetraose ++ 

1,4-β-D-Xylobiose +++ 

1,3-β-D-Laminaribiose  +++ 

1,3-β-D-Laminaritriose ++ 

Xyloglucan N.D. 

Lichenan N.D. 

N.D. Not detected, ++ moderate, +++ high 
 

As an example for the separation of the applied carbohydrates, a chromatogram of 

cellotetraose is given in Figure 13, representing its hydrolysis products. In the previous work 

of M. Jenkins [93], it was discussed that β-glucosidase shows tendency to precipitate, which 

therefore led to not perform a dialysis step after purification [93]. Since, the content of 
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imidazole, which resulted in baseline disturbance during applying HPAEC-PAD, did not hinder 

the integration of the product peaks, analysis was continued with containing imidazole. In 

Figure 13, a ghost peak of unknown source was also observed, which did not influence 

analysis.  

 

 

Figure 13: Example of a chromatogram representing a hydrolysis profile of β-glucosidase with cellotetraose as 
substrate. The formed hydrolysis products of cellotetraose (C4), which are cellotriose (C3) and cellobiose (C2) 
are indicated along with their retention time of elution. The product peak of cellobiose is located near the 
baseline disturbance, which is produced by the content of imidazole. A ghost peak (GP) can be found shortly 
before two minutes of applied method run.  

 

3.2.1.2.3 Thermal stability 

In order to understand how temperature influences enzymatic activity, a temperature 

profile was measured between 50°C to 90°C, in the above mentioned project work                               

(M. Jenkins). This data was used for forming a view on selecting further working conditions 

with β-glucosidase. The highest specific activity was obtained at 60°C (temperature 

optimum) and the lowest at 50°C. After 60°C the activity was descending [93].  

How stable the enzyme is at a specific temperature could be detected through looking at the 

thermal stability. Therefore β-glucosidase was incubated at 70°C and 80°C between                            

0 to 180 minutes. A plot of comparing the residual activity for β-glucosidase at both 

temperatures is given in Figure 14. Higher residual activity was measured for 70°C. The first 

30 minutes of incubation result in a very rapid decrease of activity left for β-glucosidase at 

80°C (29%) compared to 70°C, where residual activity is about 75%. Analyzing the trend of 

70°C incubation temperature, it can be observed that the activity declines until 30 minutes 

and surprisingly increases with time. Whereas at 80°C the thermal inactivation occurs very 

fast and is followed by a slight sudden rise of residual activity at 60 minutes. However, 

towards the end the activity of β-glucosidase remained almost the same.  
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Figure 14: Thermal stability curves of β-glucosidase. Residual activity was determined at 70°C and 80°C 
between 0 and 180 minutes, in a time interval of 30 minutes. Inactivation of β-glucosidase occurred faster at 
80°C. After 180 minutes of incubation around 80% residual activity was left at 70°C and 24% at 80°C.  

 

For further characterization of thermal stability another parameter, the half-life was 

determined. An apparent half-life could only be obtained through taking the linear region of 

70°C between 0 to 60 minutes of incubation time and resulting in 78.77 minutes (Figure 15). 

 

 

Figure 15: Determination of half-life through measuring residual activity of β-glucosidase by applying pNPX as 
substrate. The natural logarithm of residual activity is plotted against assay incubation time between 0 to                     
60 minutes at 70°C. Apparent half-life resulted in 78.77 minutes.    
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3.2.1.2.4 Detection of enzyme binding to polymeric substrates - Affinity gel 

electrophoresis  

The examination of binding of β-glucosidase with four different applied substrates (barley 

beta glucan, hydroxyethyl cellulose, oatspelt xylan and xyloglucan) on native gels is given in 

the appendix, Figure 35 and Figure 36. The control is always given on the left side of the 

figures, whereas the analysis of substrate binding with enzyme can be found on the right 

side of each specific figure. Besides β-glucosidase, also other glycoside hydrolase enzymes 

from family 3 were analyzed.  

In order to verify if β-glucosidase interacted with a polymeric substrate, this can be followed 

in the way that the enzyme will be slowed in its movement. All applied substrates did not 

bind to β-glucosidase and also no real observable substrate binding was detected from the 

other analyzed GH3 enzymes.  

 

3.2.1.2.5 Effect of pH and temperature on enzyme activity - optimization study 

The investigation of varying two independent variables (temperature, pH) helped to 

optimize a range, where the enzyme has higher activity. Based on the results of temperature 

optimum determination, where BGL showed highest activity at 60°C, two more temperature 

levels could be added (55°C, 65°C) and therefore a broader area covered. Since the pH 

region has not been analyzed, a pH range from 3.5 to 7.7 was examined at the mentioned 

temperature values on xylobiose.  

BGL hydrolyzed the disaccharide xylobiose to xylose and the specific activity of the enzyme 

could be therefore determined by the formed product amount. Due to instability of 

measured product amount at pH 3.5 (especially at higher temperature 60°C as well 65°C), 

determination of activity was not possible (data not shown). Hence, this specific point                       

(pH 3.5 at all applied temperatures) was not included in this investigation.   

The obtained activity of the duplicate runs is plotted against the analyzed range of pH in 

relation to temperature (see Figure 16). At 55°C the highest activity was measured at pH 4.4 

and later on the activity remains similar at pH 5.4 to pH 6. Whereas at 60°C almost similar 

specific activity values were obtained until pH 7, where the highest response was 

determined. The 65°C data showed two maximums of activity. One at pH 5.4 with a lower 

activity value and another at pH 7. Comparison of all temperature points provided the 

information that at pH 4.4 highest activity was measured for 55°C and at pH 5.4 the 

temperatures 60°C as well 65°C indicated similar values. This investigation revealed a shift of 

optimum with temperature.  
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Figure 16: Optimization of specific activity of β-glucosidase with xylobiose as substrate. Determined activity is 
plotted against a broad range of pH-values in regard to three different applied enzyme assay incubation 
temperatures.  

 

The individual enzyme reactions provided high variation between each run. In order to 

describe the differences between the duplicates, each run is represented in the appendix, 

Figure 43. Clearly the second replicate (Figure 43B) shows that at every applied temperature 

the enzyme intersects at pH 6 and at pH 7.7, revealing almost same response. At 55°C two 

maxima were obtained at pH 4.4 and 6. 

The analyzed range, which was applied for BGL on xylobiose, helped to design and narrow 

the investigation area for high activity determination on pNPX. Stable results on the used 

natural substrate were obtained at 60°C and 65°C. At these temperatures, pH-value 7 

revealed maximum activity. Therefore a pH range between 5.3 to 7.3 was selected to be 

examined at already mentioned temperatures. In Figure 17 the performance of                                   

β-glucosidase on pNPX is represented. A trend can be followed, which shows that with 

higher temperature the activity increases. In both cases high activity is reached at pH 5.4 and 

declines with increasing pH.  
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Figure 17: Determination of optimal specific activity of β-glucosidase by varying pH and temperature. The 
obtained specific activity is plotted against the investigated range of pH 5.4, 6.4 and 7.3 at 60°C as well 65°C, by 
using pNPX as substrate. For both investigated temperatures highest specific activity was determined at pH 5.4. 
Activity results of applied 65°C temperature point revealed always higher specific activity compared to 60°C at 
any tested pH value.  

 

Finally comparing the specific activity of xylobiose and pNPX in the same range leads to the 

understanding that β-glucosidase performs totally opposite on both substrates. On xylobiose 

the activity increases from pH 5.4 to 7 (maxima), whereas on pNPX high activity was 

obtained at pH 5.4 and decreased with pH value. Besides optimal values were identified, the 

effective investigation if the applied parameters significantly influence enzyme activity, 

which should have been validated based on statistical methodology, was difficult. Also, 

studying the variables interaction and building models, by applying RSM revealed to be 

complicated, due to variability of obtained data from the assay on xylobiose. 
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3.2.2 Discussion  

Nowadays thermostable β-glucosidases have found great interest in industry as well as in 

research area. Several GH3 β-glucosidases have already been characterized not only from 

archaeal and eukaryotic branch of the tree of life [25], [26], but also from various 

thermophile bacterial organisms such as C. thermocellum [35], T. thermophilus [94], or                

T. thermosaccharolyticum [95].  

 

In this research a thermostable β-glucosidase (GH3 family, EC 3.2.1.21) from the marine 

bacteria Rhodothermus marinus was expressed in E.coli and tried to purify with the help of 

IMAC. While loading supernatant containing protein, the copper metal ions started to strip 

from the IMAC column, which led to the lost of produced protein. BGL has been produced 

and purified previously and no problems during the purifications step were detected, see 

work of M. Jenkins [93]. It is presumed that the protein sample, which contained lysing 

buffer was present in a concentrated form and not diluted properly, therefore supposably 

leading to the stripping of copper. For all further investigations, an already prepared and 

purified stock of BGL protein was used. As already mentioned BGL was primarily 

characterized (work of group member M. Jenkins), analyzing substrate specificity on various 

aryl substrates as well as detecting optimal temperature of BGL on the most active substrate 

(pNPX). Based on these results further characterization of BGL was planed. 

 

The calculated molecular weight of BGL, based on the 792 amino acid residues and                               

6 histidine residues revealed a higher value (89.02 kDa) compared to the mass analyzed by 

SDS-PAGE (approximately 86 kDa). The obtained molecular weight of 86 kDa was similar with 

other family 3 β-glucosidases from thermophilic bacteria such as Dictyoglomus turgidum                  

(85 kDa) [96] and Thermotoga maritima (81 kDa) [97], as well as with a glucosidase from 

thermophilic fungi Myceliophthora thermophila (90 kDa) [98]. In addition, the determined 

weight of BGL by LC-MS resulted in a molecular mass of 87.18 kDa, which is 1.84 kDa less 

than compared to the computed mass. Various explanations may exist to describe the 

molecular weight difference. One of these could be that if an amount of other proteins                    

(e.g. E.coli proteins) exists, then it is possible that the produced fragments by ions overlap 

with the ones of the protein of interest, making analysis difficult. Another method to exactly 

determine the molecular mass of BGL could be through analyzing the sequence by                             

N-terminal sequencing.   

 

Furthermore, when searching for other thermophilic bacterial strains regarding to examine 

their substrate specificity, several exhibited higher affinity towards pNPG [13], [35], [36], 

[96] compared to pNPX. This is also true for fungal β-glucosidases [99], [100], [101], [102]. 
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Interestingly, analyzed BGL showed highest activity on pNPX, followed by almost similar 

activity on pNPG and pNPA [93]. Whereas no activity could be detected on pNPM, pNPC as 

well pNPGal [93]. On the latter mentioned aryl substrate, thermostable β-glucosidase 

showed some activity, for example from C. thermocellum [35], an Aeromonas sp. [13] or                                 

D. turigidum [96].  

In addition it could be pointed out that the characterized enzyme is a broad-specificity                      

β-glucosidase, because it revealed activity not only on aryl substrates, but also towards 

natural substrates. The enzyme showed high activity especially on xylobiose as well on 

laminaribiose. The outcome is convenient, because the first mentioned polysaccharide can 

be found in pines cell wall, whereas laminaribiose in algae. Similar activity was detected on 

cellotriose, cellotetraose and laminaritriose, but no activity was monitored by β-glucosidase 

on cellobiose, lichenin and xyloglucan. Analogous results were obtained from the fungi                          

T. emersonii, where no activity was detected on lichenan and xyloglucan [102]. Most 

characterized β-glucosidases were not active towards xylobiose, such as from a                   

Thermotoga sp. [36]. Whereas one out of the numerous characterized β-glucosidases exists, 

which belongs to A. oryzae, revealing moderate activity towards xylobiose [100]. In most 

cases, where cellobiose was applied to examine substrate specificity, it showed high activity. 

Such as for the β-glucosidases of A. fumigatus [44] or Thermotoga sp. [36]. The thermophilic 

bacteria C. thermocellum [35] and fungi A. oryzae [100] provided almost similar results 

compared to BGL, where higher activity was measured on laminaribiose followed by 

laminaritriose and the cellooligosaccharides. 

In summary, BGL provides ability to hydrolyze short chain oligosaccharides, acting from the 

non-reducing end. The BGL enzyme removed successfully glucose-units from laminaribiose, - 

triose (β-1,3), whereas for the cellooligosaccharides more than 2 glucose molecules are 

required, which are β-1,4 linked. In the case of xylobiose, where 2 xylose units are associated 

by β-1,4-linkage, were sufficient for BGL hydrolysis process. Among GH3 enzymes it is not 

uncommon that they exhibit several activities, which was the case for various                                     

β-glucosidases, revealing β-glucosidase as well as β-xylosidase activity [37], [49], [103]. 

Hence, it is believed that BGL probably is bifunctional, because it showed activity towards 

pNPG as well pNPX and hydrolyzed cellooligosaccharides and xylobiose. This feature of BGL 

should be further investigated by applying pNPG and cellooligosaccharides. Since such a 

characteristics makes it difficult to specify them by their natural substrates and also to 

classify the enzymes on the basis of the hydrolytic capacity [32].   

Besides investigating substrate specificity of BGL, affinity gel electrophoresis was applied to 

identify the interaction of carbohydrate-binding modules with different polysaccharides of 

0.1% concentration (oat spelt xylan, barley beta-glucan, xyloglucan and hydroxyethyl 
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cellulose). None of these used substrates bound to BGL, which was proven by no difference 

between control and sample run on the native gels (see Appendix, Figure 35 and Figure 36). 

Therefore to detect binding, further experiments have to be carried out, trying a range of 

different substrate concentrations as well as other substrates (e.g. lichenin, laminarin).  

In most cases of characterized β-glucosidases from all domains of life, pNPG and cellobiose 

were chosen as substrates for applied assays, which made comparison with BGL difficult. 

Determined optimal temperatures of characterized β-glucosidases revealed higher optima 

on pNPG compared to pNPX [34], [49], [47]. Therefore it would be of interest to analyze, if 

BGL´s obtained optimal temperature of 60°C on pNPX [93] confirms the mentioned trend on 

pNPG. Optimal temperature results helped to select 70°C and 80°C as temperatures to 

understand more precisely the thermal stability of BGL. This assay showed that higher 

residual activity was measured for 70°C compared to 80°C. After 60 minutes of incubation, a 

residual activity of approximately 58% was measured for 70°C (see Figure 14) by contrast 

with the β-glucosidase from Chrysosporium lucknowense, where only 10% remained [34]. 

BGL still exhibited 29% of activity, whereas the fungal β-glucosidase of C. lucknowense was 

inactivated after 20 minutes at 75°C [34]. An apparent half-life of BGL with 79 minutes was 

determined, only between 0 to 60 minutes of incubation time at 70°C.  

In order to find optimal working conditions regarding to detect high enzyme activity, the 

factors pH and temperature were varied at a time. BGL hydrolyzed xylobiose to xylose in a 

broad temperature and pH range, which was narrowed and examined applying pNPX with 

the same aim to determine an optimal range, where BGL shows high activity. If the analyzed 

factors had a significant influence on BGL´s activity, that should have been validated with 

statistical methodology. In addition combining these with RSM, which would have helped to 

build models and to study the factors interaction, could not be performed. Reasons behind 

this are the investigated range of pH and temperature using xylobiose as substrate, which 

revealed very variable results, making the application of RSM difficult. This variability was 

especially followed at 55°C, rather than 60°C and 65°C, where more stable activity data was 

measured. Comparing the second run at 55°C, it is evident that two maxima are present, at 

pH 4.4 and 6 (Figure 43B). Whereas the first run only showed highest activity at pH 4.4, for 

55°C.  

Although, temperature and pH effect on enzyme activity could not be refuted significantly by 

statistical evaluation and also no models could be built, nevertheless it was possible to find 

relationships between these parameters. Additionally, trends of measured data could be 

observed and optimal ranges determined. The obtained optimal range for BGL on xylobiose 

was used and tested on pNPX, to check the assumption if similar optimal range is detected 
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on other substrates. Interestingly, the narrowed range examined on pNPX revealed that BGL 

performs oppositional on the aryl substrate, showing higher activity on lower pH (pH 5.4). 

The similarity BGL shared with both substrates was the following, that with increasing 

temperature, the specific activity rose. Such an effect was also detected for the bifunctional 

β-glucosidase from yak rumen [49]. Furthermore, it also should be taken in account that BGL 

was incubated with xylobiose for a longer time period (up to 30 minutes) compared to pNPX 

(up to 3 minutes). This leads to the fact that enzyme activity is influenced by assay 

incubation time. In all, evaluating the data of both applied substrates, the conclusion could 

be drawn that BGL is more influenced by pH than temperature.  

The study of the novel β-glucosidase determining higher activity, by varying pH and 

temperature at a time, is at its very beginning and needs further development. Since BGL 

showed to be relatively sensitive at 55°C as well as pH 3.5 (at this pH, activity determination 

for all measured temperature points, was not possible due to instability of measured 

product amount), using xylobiose as substrate, it should be considered to change the range 

of investigated parameters. It may be possible that BGL does not prefer to work at 

temperatures, which are lower than its optimum temperature, showing more rigidity. It is 

known, that enzymes from thermophiles improve the property of being rigid at lower 

temperature with moving towards the temperature, where the enzyme shows maximal 

activity [9]. Therefore it might be an idea to investigate the enzyme´s behavior at higher 

temperatures, for example 70°C. At 70°C BGL revealed to be very thermostable, because 

after 3 hours of incubation still approximately 80% of residual activity was left.  

  



62 
 

3.2.3 Conclusions 

This work provides information about the properties of the novel β-glucosidase from the 

marine organism Rhodothermus marinus, which has been classified to family 3 of glycoside 

hydrolases. The various carried out characterization procedures, from molecular weight 

determination to catalytic performance, enzyme stability and much more, led to meaningful 

results. These are useful in defining specific application areas of analyzed enzyme.  

The purification step revealed to be problematic, which leads to suggest non-chemical 

purification procedures. Based on the obtained results, β-glucosidase proved to be a very 

interesting enzyme. It showed broad substrate specificity and revealed the indication of 

being a bifunctional enzyme (β-glucosidase/β-xylosidase activity). This bifunctional character 

is of great interest, especially for industrial purposes. Therefore, it would be of interest to 

continue research in this direction. Besides detecting bifunctional property, the 

approximately 87 kDa marine β-glucosidase exhibited thermostability quality (up to 80°C). 

Since, molecular weight difference was obtained between the computed and the 

determined mass with LC-MS, it would be of interest to concentrate on N-terminal 

sequencing to explain the variation.  

β-glucosidase revealed higher enzyme activity at pH 5.4 and 65°C with pNPX and with 

xylobiose a shift of optimum was obtained with temperature and variability detected 

between each run. The investigation of optimizing enzymatic activity through varying 

temperature and pH at a time was a new approach, to understand enzyme stability as well 

as the parameters influence and relationships. Such a methodology is performed very 

seldom during characterization of enzymes, although it has various benefits. This carried out 

study is in its beginning stages and forms the basis for continuing experimental analysis. 

Besides reducing experiments, the results of applied study can also help in further secondary 

characterization steps (e.g. transglycosylation assays).  

 

  

http://dict.leo.org/ende/index_de.html#/search=transglycosilation&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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3.3 Part II - NAG 

Results of β-N-acetylglucosaminidase (Rmar_0925, NAG) are indicated in the following. 

These are firstly divided in an expression and purification part, which is followed by a part of 

detailed characterization of the protein. Afterwards the obtained experimental results are 

discussed and out of this conclusions made.  

    

3.3.1 Results 

3.3.1.1 Expression and purification of recombinant protein 

The growth curves of the produced protein of interest are represented in Figure 18, where 

the measured OD620 values from the 1 ml collected samples are plotted against time. 

Following the course of the curves, fermentation A shows less biomass production compared 

to fermentation B, but both act similar in the first 3 to 4 hours of process time. Whereas 

fermentation A and C overlap partly during 4.5 to 5.5 hours. The steady state of 

fermentation C is reached after 9-10 hours and afterwards the biomass production 

decreases slowly. For the other two performed fermentations the production of biomass 

increases slowly after the exponential phase.  

 

 

Figure 18: Recombinant protein production and expression of β-N-acetylglucosaminidase, showing three 
different fermentations. The shake flask cultivation was carried out at 37°C and biomass production was 
measured at OD620. Process time lasted for fermentation A approximately 23 hours, whereas B and C were run 
for around 24 hours. 

 

For verification that recombinant protein expression took place, samples from the 

fermentation process, which were divided in their soluble and insoluble form were loaded 

on SDS-gels. An example for SDS-gel quantification is given in Figure 19. The information of 
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theoretical weight of the protein from ExPasy tool [84] (105.17 kDa) helped to detect a band 

of interest approximately at 105 kDa.  

 

 

Figure 19: SDS-PAGE gels showing samples collected during recombinant protein production of                                        
β-N-acetylglucosaminidase to check expression level. In both gels (A, B) the lane M indicates the 1kDa protein 
ladder. Gel A shows from lane 1 to 4 every hour sample (0-3 hours) in soluble form (containing protein) and 
lanes 5-8 the same but for insoluble form. Whereas in lane 9 the supernatant sample of fourth hour sample is 
given. Gel B reveals in lane 1 again the same sample as in gel A (lane 10). In lane 2 (soluble sample) and 5 
(insoluble sample) the sample after 4 hours of induction is loaded. Lane 3 (soluble sample), 6 (insoluble sample) 
and 7 (supernatant) indicate the overnight sample. The collected samples show at approximately 105 kDa a 
band, which most probably corresponds to the searched protein of interest.  

 

The applied method of IMAC provided a very easy purification procedure, where a very 

sharp peak was fractioned and contained the protein of interest (see appendix, Figure 40). 

The successfulness of the purification step was analyzed by SDS-gels, where a band similar to 

the gel of the expression level was detected (see Figure 20) at around 105 kDa. The 

purification gels show that not only a single band of protein was obtained, but also others. It 

was decided that for further analysis procedures this level of purification is sufficient.                   

SDS-gels of purified protein from other batches are given in the appendix (Figure 37 and                     

Figure 38). 
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Figure 20: SDS-PAGE gel for evaluation of purification level. The collected fractions from IMAC with high 
protein concentration were loaded on this gel (lane 1-4 and 5-8). In lane M, the corresponding 1 kDa protein 
ladder can be found and lane 9 shows the flow-through sample. The samples in lane 2-4 contain together with 
the protein of interest at around 105 kDa additional bands than compared to the samples in lane 5-8. The latter 
mentioned lanes reveal samples with less purified protein amount NAG, in relation to lane 3 and 4. These are 
overloaded with protein sample and therefore overlap with other protein bands, resulting in to indicate higher 
concentration of protein.  

 

In addition it was tried to remove the high amount of imidazole. SDS-gels were prepared to 

check if the purified protein was preserved (Figure 37C, appendix). The processed sample is 

given in lane 5, which shows a very big band at the same position, where the purified protein 

was detected in Figure 37A, B. After one week of imidazole separation, the protein started to 

precipitate and this precipitation became more with time. Therefore it was decided to work 

with the content of imidazole and that the purity of protein was good enough for further 

characterization.  
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3.3.1.2 Characterization 

3.3.1.2.1 Determination of molecular weight with LC-MS 

The relatively big protein β-N-acetylglucosaminidase has a computed theoretical weight of 

105.17 kDa [84], which was detected on the SDS-gel at approximately 105 kDa. For the 

molecular weight determination with LC-MS a protein concentration of 109 µg/ml were 

applied on the HPLC column and separated. The eluted peak at a retention time of 10.39 to 

11 minutes (Figure 21A) was further analyzed in the m/z spectrum (Figure 21B). A molecular 

weight of 104.52 kDa was obtained from the analysis, which is less than compared to the 

theoretical weight with a difference of around 0.65 kDa. The traceability of a pattern in 

Figure 21B is difficult to follow, because it is overlapped with noise.   
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Figure 21: Exact molecular weight determination of β-N-acetylglucosaminidase. The protein of interest eluted 
between 10.39 to 11 minutes, which provides the LC chromatogram in figure A. A molecular mass of                       
104.52 kDa was determined for β-N-acetylglucosaminidase through investigation of the corresponding                        
m/z spectra, given in figure B. 
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3.3.1.2.2 Substrate specificity 

β-N-acetylglucosaminidase shows very particular specificity towards applied substrates. A 

wide range of synthetic substrates were screened for activity (Table 8). Color development 

could only be monitored with pNPGlcNAc, for all other substrates no activity was obtained.  

 

Table 8: Screening of β-N-acetylglucosaminidase on various aryl substrates 

Substrate Activity 

p-Nitrophenyl-β-D-glucuronide (pNPG) N.D. 

p-Nitrophenyl-β-D-xylopyranoside (pNPX) N.D. 

p-Nitrophenyl-β-L-arabinopyranoside (pNPA) N.D. 

p-Nitrophenyl-β-D-cellobioside (pNPC) N.D. 

p-Nitrophenyl-α-D-mannopyranoside (pNPM) N.D. 

p-Nitrophenyl-β-D-galactopyranoside (pNPGal) N.D. 

p-Nitrophenyl-α-L-rhamnopyranoside (pNPR) N.D. 

p-Nitrophenyl-N-acetyl-β-D-glucosaminide (pNPGlcNAc) +++ 

 

Additionally to the aryl substrates, naturally based substrates the chito-sugars were also 

tested towards activity. β-N-acetylglucosaminidase showed to be highly active on all applied 

substrates and the results of the screening are given in Table 9. 

 

Table 9: Screening of β-N-acetylglucosaminidase on various chitooligosaccharides 

Substrate Activity 

di-N-Acetyl-Chitobiose +++ 

tri-N-Acetyl-Chitotriose +++ 

tetra-N-Acetyl-Chitotetraose +++ 

penta-N-Aceytl-Chitopentaose +++ 
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An example chromatogram is given in Figure 22, where the hydrolysis products of the above 

mentioned substrates are shown. Surprisingly the larger chitooligos eluted earlier than the 

smaller sugars (CH5 → CH2). In this case, a very fresh produced and purified protein sample 

was used for substrate specificity screening and interestingly no baseline disturbance 

appeared during separation. But, later on when carrying out further analysis applying same 

protein sample, baseline disturbance due to presence of imidazole was detected. From these 

4 applied oligosaccharides, chitobiose was chosen as substrate for further characterization 

of β-N-acetylglucosaminidase, which hydrolyzed it to N-acetylglucosamine (GlcNAc) 

monomers.  

 

 

Figure 22: Hydrolysis profile produced by β-N-acetylglucosaminidase separating chitooligosaccharides. A ghost 
peak was measured in the beginning of the applied chromatography method. β-N-acetylglucosaminidase 
hydrolyzed four different chitooligos, which eluted in reverse direction (first larger sugars). Chitopentose (CH5) 
was formed into N-acetylglucosamine (GlcNAc) and showed little amount of chitotetraose (CH4) and chitotriose 
(CH3), the corresponding peaks of CH5 are colored in dark red. Whereas chitotetraose produced GlcNAc, plus 
CH3 and small amount of CH2, highlighted in pink. Chitotriose was hydrolyzed to the GlcNAc monomer and CH2, 
given in bluish color. Finally, β-N-acetylglucosaminidase hydrolyzed chitobiose to GlcNAc (black line).  
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3.3.1.2.3 Thermal stability 

Applying the continuous assay, β-N-acetylglucosaminidase was examined at a temperature 

range of 50°C to 90°C, where the initial velocity and the finally resulting specific activity was 

calculated between a time period of 0 to 140 seconds. In Figure 23, the obtained specific 

activity using pNPGlcNAc is plotted against temperature, allowing to determine the 

temperature optimum. A trend has become clear in Figure 23, where the specific activity 

increased with temperature. It seems that even high activity would be measurable above 

90°C.  

 

Figure 23: Determination of β-N-acetylglucosaminidase temperature optimum between 50°C to 90°C, where 
reactions were followed continuously. Measured specific activity values are plotted against the applied 
temperature range. Highest activity was monitored at 90°C, where also the highest standard deviation was 
calculated.  

 

The analysis of the temperature profile of β-N-acetylglucosaminidase allowed to generate an 

Arrhenius plot (Figure 24,), which led to determine the activation energy between the above 

mentioned temperature range. The outcome of plotting the natural logarithm of the 

reaction rate against the reciprocal value of temperature was an activation energy of                     

26.86 ± 0.23 kJ/mol.   
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Figure 24: Arrhenius plot for determination of β-N-acetylglucosaminidase activation energy between 50°C to 
90°C. The linear regression of the obtained values from the natural logarithm of initial reaction rates reveals a 
regression coefficient R

2
 of 0.97. This plotting of the temperature optima data led to provide an activation 

energy for β-N-acetylglucosaminidase of 26.86 kJ/mol.   

 

Investigation of thermal stability was performed at 80°C and 90°C, incubating the enzyme for 

3 hours. The obtained results of thermal inactivation are represented in Figure 25, where 

after 30 minutes of incubation at 80°C, the residual activity remained the same. Later on, the 

activity declined slowly with time and increased from 44% residual activity to 50% at the last 

measured time point of 180 minutes. Comparing the thermal inactivation data of both 

applied temperatures, it can be noticed that already from 30 minutes of incubation no 

activation was measured at 90°C. Therefore the apparent half-life was only calculated for 

80°C between 0 to 120 minutes and resulted in 96.27 minutes for β-N-acetylglucosaminidase 

(Figure 26).  



72 
 

 

Figure 25: Thermal stability curves of β-N-acetylglucosaminidase, where residual activity of the enzyme is 
plotted against the time of incubation (0-180 minutes). Stability investigated at 80°C showed 50% of residual 
activity left, whereas at 90°C β-N-acetylglucosaminidase was inactivated totally already after 30 minutes.  

 

 

Figure 26: Determination of half-life to the corresponding thermal stability analysis of                                                        
β-N-acetylglucosaminidase between 0 to 120 minutes of incubation time. An apparent half-life of                               
96.27 minutes was obtained by plotting the natural logarithm of the measured residual activity against time.  
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3.3.1.2.4 Determination of kinetic parameters 

The application of Lineweaver-Burk relation led to the determination of Km, Vmax and kcat 

values. These results were also compared and fitted by applying Michaelis-Menten model 

(95% confidence interval, SigmaPlot), which are represented through the saturation curve of 

β-N-acetylglucosaminidase (Figure 27). Below that figure, the Lineweaver-Burk plot is given 

(see Figure 28), where a Km of 0.07 mM and a Vmax of 6.15 U/mg was determined between a 

substrate concentration of 0.05 mM to 0.4 mM. From this data a kcat value of 10.76 s-1 was 

calculated. The applied tool provided very similar Km and Vmax values of 0.06 mM and                         

5.96 U/mg, resulting in a kcat of 10.42 s-1 and a R2 of 0.95 for the model fit. All compared 

values of the kinetic study showed a very good accordance. The only bigger difference was 

between the kcat/Km relation, where the calculated data was somewhat lower                         

(162.30 s-1/mM) than the results from the applied tool (174.32 s-1/mM). 

 

 

Figure 27: Saturation curve obtained by β-N-acetylglucosaminidase, which follows Michaelis-Menten kinetics. 
Specific activity is plotted against the investigated substrate concentration range (0.05 to 0.4 mM) and the 
graph reveals the fitted data with the sigma plot tool, R

2
 of 0.95.  
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Figure 28: Determination of kinetic parameters for β-N-acetylglucosaminidase by using Lineweaver-Burk 
plotting at 70°C and pH 5.6. The reciprocal of the specific activity against the reciprocal of substrate 
concentration between 0.05 to 0.4 mM yielded in the provided kinetic parameters.  

 

3.3.1.2.5 Detection of enzyme binding to polymeric substrates - Affinity gel 

electrophoresis  

All native-PAGE gels which were run to analyze specific substrate binding (four different 

substrates) with β-N-acetylglucosaminidase are presented in the appendix, Figure 35 and 

Figure 36. This enzyme sample did not even run on the substrate bond gels. Therefore no 

interaction with substrate was proven.   

 

3.3.1.2.6 Effect of pH and temperature on enzyme activity - optimization study 

The optimization of enzyme activity by varying temperature and pH at a time was initially 

investigated on pNPGlcNAc, at which NAG revealed high substrate specificity. The applied 

aryl substrate was used to screen NAG´s activity in a broad range. To follow the performance 

of NAG, the obtained specific activity is plotted against the used pH-values in relation to 

three different temperatures (see Figure 29). Results of the assay show that, a maximum of 

activity was detected at around pH 5.4 for all applied temperatures, which rises with 

increasing temperature. The obtained screening data was sufficient to continue further 

analysis of NAG´s optimal range on the natural substrate.   
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Figure 29: The plot represents the results of the screening for optimal range determination of                                                                 
β-N-acetylglucosaminidase by using pNPGlcNAc as substrate. Obtained specific activity is plotted against the 
investigated pH-range 4.3 to 7.8 and is in relation to the applied temperatures (60°C, 70°C and 80°C). Optimum 
detected at pH 5.4, with increasing temperature.   

 

The screening results helped to design the experimental space for more detailed 

investigation of NAG´s optimal range, by applying another substrate (chitobiose). It was also 

tried to analyze, if NAG acts similar on the used natural substrate compared to pNPGlcNAc. 

Therefore, the temperature and pH range was narrowed and a 2x3 factorial design was 

performed. NAG hydrolyzed chitobiose to N-acetylglucosamine monomer and this hydrolysis 

product peak was located in the baseline disturbance, which occurred based on the 

presence of imidazole in the samples. Due to less product formation, the integration of the 

peak area of the hydrolysis product proved to be difficult. Since, the specific activity should 

have been determined by the formed amount of product and applied as the response for 

further analysis with statistical methodology, instead that the relative peak area [%] of 

chitobiose after 40 minutes incubation time was used as response.  

Evaluation of the model revealed that the linear negative and quadratic positive effect of pH 

as well the linear positive temperature term are significant factors (95% confidence interval). 

Whereas the quadratic temperature effect and the interaction of the applied parameters, 

provided not to be a significant model term. These variables are given in the scaled and 

centered coefficient plot in Figure 30. Furthermore, for validation a basic model statistics is 

represented in Figure 31, where a regression coefficient R2 of 0.93, a future prediction 

precision Q2 of 0.85, a model validity of 0.66 and reproducibility of 0.91 was obtained. A 

contour plot (RSM) is shown in Figure 32, where the factors pH and temperature are related 

to the response (relative area). The plot illustrates that chitobiose was not consumed a lot by                    

β-N-acetylglucosaminidase (monitored 97.5 to 100 % relative peak area) and the least 
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product formation was measured with high temperature and low pH. In addition with rising 

pH value, the consumption of chitobiose increases, independent from temperature. 

Therefore an optimum was determined at pH 6.2 at all applied temperatures. 

 

 

Figure 30: Representing scaled and centered coefficients for the relative peak area of chitobiose (response). 
Temperature and the interaction term pH have a significant positive effect on the response, pH term exhibits a 
negative effect. The interaction term of pH*temperature and temp*temp revealed no significance.  

 

 

Figure 31: Basis model statistics for the modeled relative peak area, showing the regression coefficient R
2
, the 

prediction precision Q
2
, the model validity as well the reproducibility of the regression model. 
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Figure 32: Contour plot obtained for β-N-acetylglucosaminidase. This plot shows the results of the modeled 
data between a temperature range from 65°C to 75°C and pH 4.5 to 6.2 in relation to the relative peak area of 
chitobiose.  

 

The results of applying two different substrates showed that NAG acted totally different in 

regard of optimum values. Enzyme activity rose with increasing temperature at optimal pH, 

when pNPGlcNAc was used. Whereas on chitobiose, the opposite was detected.   
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3.3.2 Discussion 

β-N-acetylglucosaminidase from the thermohalophilic bacterium Rhodothermus marinus, 

belonging to GH3 family was successfully expressed (E. coli) and purified. Few characterized 

bacterial β-N-acetylglucosaminidases are known, which exhibit large molecular masses in 

comparison to fungal origin [31]. One of them is the characterized                                                       

β-N-acetylglucosaminidase of this thesis, with a weight of 104.52 kDa determined by LC-MS, 

which is in accordance with the obtained 105 kDa from SDS-gel analysis as well as the 

computed molecular mass of 105.17 kDa. Almost similar molecular weight related to NAG 

reveals an Areomonas sp. with 103 kDa [104], but also the fungal β-N-acetylglucosaminidase 

from Paecilomyces persicinus shows a mass of 100 kDa [105]. A bit smaller in size, but ranked 

to the enzyme group with large weight is the β-N-acetylglucosaminidase from marine 

bacteria Vibrio harveyi (98 kDa) [106].  

 

The enzyme characterized is very specific towards substrate hydrolysis. Besides being active 

on one aryl substrate pNPGlcNAc, from the various tested, NAG also hydrolyzed                                

N-acetylglucosamine (GlcNAc) monomers from chitooligosaccharides (CHn) at the                          

non-reducing end. Detected substrate specificity of NAG is very similar to that of the                         

S. thermoviolaceus β-N-acetylglucosaminidase [57], with the only difference that                       

pNP-β-N-acetylgalactosamine was not tested for NAG. High substrate specificity towards 

pNPGlcNAc and/or chitooligosaccharides was determined for various other                                       

β-N-acetylglucosaminidases such as from an Altermonas sp. [92], Nocardia orientalis [107], 

rice seeds [108], Thermotoga maritima and Thermotoga neapolitana [109]. The substrate 

specificity results of NAG correspond well with the fact that β-N-acetylglucosaminidases are 

required to hydrolyze GlcNAc from GlcNAc2, which is often the formed end product by 

chitinases during chitin degradation, a common raw material in the marine                        

environment [109].  

 

Furthermore the applied HPAEC-PAD method, which helped to detect natural substrate 

activity led to an interesting phenomena, based on separating chitooligosaccharides. 

Surprisingly, chitooligosaccharides with higher linked GlcNAc´s eluted earlier than smaller 

chito-sugars (CH5 → CH4 → CH3 → CH2) (see Figure 22). Although methods were varied, that 

was the best achievable performance for chitooligosaccharides separation, due to possible 

options of applicable columns. Chitobiose was only separated properly, without overlapping 

with other chito-products.  

 

In addition, the influence of imidazole was observable with HPAEC-PAD rather than with the 

other carried out assays for enzyme characterization. Freshly purified protein did not exhibit 
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an imidazole peak during separation (see Figure 22), but with time baseline disturbance in 

presence of imidazole could be monitored, which made integration of product peaks 

difficult. Therefore the separation of imidazole was necessary and resulted in a very 

complicated procedure. The process of imidazole separation proved to be unsuccessful, 

because the protein started to precipitate with time and was only stable for approximately 

one week. Various reasons may explain the protein precipitation. The centrifugation step 

may led to concentration of the protein on the membrane, although the volume of protein 

remained same. Some proteins do not withstand concentrating. Another factor for protein 

precipitation which plays a role together with the centrifugation step, is the changing in 

buffer system. Additionally, the purified enzyme containing a histidine tail may be stabilized 

with the content of imidazole. Therefore, other suggestions for further alternatives to 

remove imidazole content after purification step are needed, which are discussed in the 

outlook (section 6).  

 

The determination of temperature optimum of the enzyme-catalyzed reaction revealed that 

NAG has thermotolerant properties. It showed tendency of exhibiting optimum temperature 

above 90°C and an activation energy of 26.86 kJ/mol. However, this determination is 

contrary to the results obtained from thermostability data, where NAG was totally 

inactivated after 30 minutes at 90°C. Similar characteristics was obtained for the                            

β-N-acetylglucosaminidase of  Nocardia orientalis, where optimum temperature was 

determined at 70-75°C, but inactivation of enzyme took already place at 65°C [107]. Hence, 

it is often difficult to evaluate the temperature optimum, because it varies with the followed 

reaction time [89]. Various β-N-acetylglucosaminidases, which were analyzed regarding their 

temperature optima at relatively similar conditions compared to NAG, showed results with 

high temperature optima. Such as the β-N-acetylglucosaminidase from the soil bacteria                       

S. thermoviolaceus at 60°C [57] or the thermophile bacteria B. stearothermophilus at 75°C 

[58]. NAG is comparatively thermostable at 80°C (t1/2 = 96.27 min) with almost 50% residual 

activity after 180 minutes of incubation, since the β-N-acetylglucosaminidases of 

T.harziarum [110] was already inactive after 30 minutes and N-acetylglucosaminidase of the 

marine zoanthid Palythoa caribaeorum showed almost no activity after 1 hour [111].  

 

Kinetic parameters were determined at 70°C and near the optimum pH-value on pNPGlcNAc 

(pH 5.6). Selection of these specific parameters was based on the following considerations. 

The fact that thermostable enzymes are used for several industrial applications due to their 

various beneficial aspects, it should be taken in account that these applications are 

accompanied by some limitations. Working at high temperatures means occurrence of costs 
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for cooling or materials, which withstand these temperatures. Therefore, it was decided to 

work at a more moderate temperature.  

 

When comparing Km of different β-N-acetylglucosaminidases, variations can take place, 

which can basically be substrate specific [111]. β-N-acetylglucosaminidases were 

characterized from two different thermophilic bacterial organisms Thermotoga neapolitana 

(nagA) and Thermotoga maritima (cbsA), regarding kinetic parameters [109]. The catalytic 

efficiency (kcat/Km) of nagA and cbsA were 5.4-fold, respectively 4.7-fold higher compared to 

R. marinus NAG, which leads to the conclusion that nagA and cbsA share higher substrate 

specificity than NAG. Hence, it should be taken in account that a low Km points out that only 

small concentration of substrate are necessary, to get the enzyme to operate at half of its 

maximum velocity. This results in, that the enzyme has high affinity towards the applied 

substrate. NAG with a Km of 0.07 mM is relative lower than nagA and cbsA with 0.28 mM and 

0.36 mM. Furthermore, a low Vmax reveals that the enzyme is not able to catalyze many 

reactions in a short period of time, which is the case of the two β-N-acetylglucosaminidases 

from the Thermotoga organisms [109].  

 

The performance of affinity gel electrophoresis, detecting interaction of polymeric 

substrates with the enzyme NAG was not possible, since NAG did not migrate at all on the 

native gels. Reasons behind this outcome most probably lie in the difference of pI between 

the protein and the applied buffer system. A significant difference of 1 pH unit of the protein 

below the buffer used is needed for efficient migration. Therefore other options have to be 

considered for successful run of NAG protein on the gels. Such as for example, using another 

buffer system or changing the position of cathode with anode. 

 

Mostly, whenever β-N-acetylglucosaminidases are investigated based on temperature and 

pH parameters, the evaluation of these occurs with one parameter at a time [53], [109], 

[112]. Such investigations can be time consuming and do not allow access of the interaction 

effects between the applied parameters. In addition, interaction of these parameters may 

lead to a synergistic effect, which signifies a state where pH and temperature cause higher 

enzyme activity [113]. Therefore the influence of pH and temperature on the thermostable 

NAG was analyzed by using two different substrates (applying DoE). The concept behind the 

screening of NAG on pNPGlcNAc was to determine optimal conditions on the basis of pH and 

temperature using a broader range, which can be then narrowed when measuring optimum 

activity conditions on natural substrates. The latter mentioned group of substrates are 

preferably used in industrial area compared to aryl substrates. Due to this fact, temperature 
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and pH effect was more precisely analyzed on chitobiose by applying statistical 

methodology.  

 

NAG revealed a very specific optimum range on pNPGlcNAc. The specific activity was highest 

at pH 5.4 and increased with temperature (see Figure 29). Although the screening of NAG on 

pNPGlcNAc investigated both parameters at a time, β-N-acetylglucosaminidases from other 

organisms can be compared at similar conditions. The β-N-acetylglucosaminidase of soil 

bacteria S. thermovialaceus showed at 60°C an optimum pH of 5, almost similar to NAG [57]. 

Whereas β-N-acetylglucosaminidases of thermophile bacteria B. stearothermophilus 

revealed high activity at pH 6.5 and 70°C [58]. Higher pH optima compared to NAG were 

obtained from β-N-acetylglucosaminidases of T. neapolitana and T. maritima at pH 7-8 at 

70°C [109]. The screening on pNPGlcNAc revealed that NAG was more influenced by 

temperature than pH. 

 

The determined optimal range of pH and temperature for NAG on pNPGlcNAc was narrowed 

and examined on chitobiose. Less product amount of hydrolyzed GlcNAc and imidazole 

content made integration of product peak difficult. Hence, the remained amount of applied 

reactant (relative peak area) was used as response. A relation could be defined, revealing 

that the less the relative peak area of chitobiose was, the more product was formed and the 

higher specific activity for NAG was obtained. One consequence of less product formation 

may be due to high enzyme dilution.  

 

The investigation of the scaled and centered coefficients exhibited valuable results, 

describing the influence of the analyzed parameters on the response. A significant influence 

on the consumption of chitobiose had the quadratic pH and the linear pH as well 

temperature effect.  All other analyzed effects, the quadratic temperature term and the 

interaction term of pH and temperature, did not significantly influence the response. 

Additionally, from the obtained significant factors, only the linear pH term showed negative 

effect. The obtained negative effect of this factor means that an increase of it will reduce the 

amount of reactant. This would lead to form more hydrolysis product, and therefore 

increase enzyme activity. Although the basic model statistic parameters (R2, Q2, model 

validity and reproducibility) revealed relatively good values (see Figure 31), the results of the 

model have to be investigated carefully and decided if it is necessary to continue 

experimenting, which is done by analyzing the contour plot. The least formation of GlcNAc 

was performed at low pH and high temperature, which increased with higher pH and lower 

temperature.  
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Furthermore, the obtained values of the consumed amount of chitobiose differentiate very 

slightly (see Figure 32). Therefore, it would be preferable to broaden the range through 

investigating the upper area and positioning new experiments to examine the response, 

since hydrolysis of chitobiose was less at acid pH range, independent from temperature. 

Moreover, substrate concentration does also influence the enzyme activity and should be 

taken in account in this investigation. DoE makes it possible to analyze several factors at a 

time. These are exercises, which has not been done at this stage of process development.  

 

Analyzing the results of optimal range determination, NAG showed to act different on the 

applied substrates. Interestingly, on pNPGlcNAc at the optimum pH 5.4, the activity 

increased with temperature. Whereas on chitobiose, the formation of product was 

monitored with higher pH (pH-value 6.2) and decreasing temperature. There may exist 

various explanations for this result, and one of these might be the different time periods 

with that the enzyme was incubated on the two applied substrates. Even though, by 

considering the assay time, if still such a contrariness occurs, it would be better to carry out 

such a study independently on each substrate. This perhaps means the need of more 

experiments, but such a methodology allows to be more flexible during process 

development, helping to find optimal conditions as well as allowing to understand the 

interactions between the applied factors.  
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3.3.3 Conclusions 

In this thesis, a novel member of the glycoside hydrolase family 3 was successfully expressed 

and purified. It is a β-N-acetylglucosaminidase enzyme from a thermohalophilic bacteria, 

which was characterized regarding various properties. Additionally, the enzyme was studied 

concerning optimal working conditions.  

The results of the different performed enzyme characterization assays, revealed to be 

valuable. The relatively heavy β-N-acetylglucosaminidase (approx. 105 kDa) demonstrated to 

be very specific in regard of its substrate specificity, hydrolyzing GlcNAc monomers (from 

pNPGlcNAc and CH2 to CH5). Furthermore, based on the applied temperature assays, it could 

be evaluated that determination of the temperature optimum varies with the followed 

reaction time. Since, β-N-acetylglucosaminidase showed even a higher optimum 

temperature than 90°C, which was carried out for a shorter time period, but the 

thermostability data exhibited that β-N-acetylglucosaminidase was totally inactivated after 

30 minutes at that specific temperature. These assays helped to understand the enzyme 

stability. In spite of that, β-N-acetylglucosaminidase revealed thermotolerant properties 

with almost 50% of residual activity left after 3 hours at 80°C.  

Another method led to describe the investigated enzyme in more detail, which was the 

determination of kinetic parameters, explaining the enzyme´s catalytic mechanism. These 

results can be summarized, showing that β-N-acetylglucosaminidase had high affinity to the 

applied substrate pNPGlcNAc and a high Vmax value was obtained, which stands for the fact 

that the enzyme is able to catalyze many reactions in a short time.  

The presence of imidazole revealed to be problematic, especially when HPAEC-PAD was 

applied as method to separate di- and oligosaccharides, which made integration of 

hydrolysis product peaks difficult. Separating the imidazole content from the purified 

protein, resulted to be difficult, due to protein precipitation with time. Therefore, for further 

analysis steps, various other procedures have to be examined for reducing imidazole 

content.  

Optimization study led to detailed understanding of temperature and pH influence on the 

enzyme. The appliance of this study helped to determine an optimal pH and temperature 

range and the statistical methodology allowed to be more flexible during process 

development. Moreover, it was possible to gain insight into enzyme stability and to retrieve 

information. Besides reducing experimental time and material costs, it was also possible to 

detect optimal working conditions of the enzyme, which can be helpful for specific 

applications of this enzyme. β-N-acetylglucosaminidase reveled to be very specific towards 

its optimum values on pNPGlcNAc, where at pH 5.4 the maximum activity was measured, 
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which increased with temperature. This screening showed that β-N-acetylglucosaminidase is 

more influenced by temperature than pH, while analyzing its properties on an aryl substrate.  

Results of narrowed range on chitobiose showed optima with higher pH and lower 

temperature, where a significant influence of pH as well temperature was detected by the 

model. The applied methodology here was effective in estimating the enzyme behavior 

under different pH and temperature conditions. Nevertheless, further studies are required 

to improve enzyme activity, which is possible with the established basis of this optimization 

investigation.   
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4 Overall discussion 

Novel enzymes of the thermophilic organism Rhodothermus marinus were characterized 

regarding biochemical properties and the obtained results will be compared in this section.  

One enzyme of interest (Rmar_2069) did not contain the His6-tagged tail at the C-terminus, 

which therefore required a subcloning procedure. In the consequence of not correct cut of 

applied restriction enzymes, further experiments to achieve subcloning of enzyme were 

omitted. In addition the measured plasmid concentration before induction was already very 

low, which leads to believe that it was dealt with a low copy number plasmid. Therefore, the 

gene was successfully amplified using genomic DNA. Since the last mentioned process step 

of amplification was not one of the goals of the thesis, characterization with the GH3 

enzyme Rmar_1080 was continued. The next step after amplification will be to produce and 

check the expression level of protein. 

Analyzing the characterized enzymes showed that differentiation started already in the 

length of their amino acid sequence. Therefore, the approximately 17 kDa heavier                               

β-N-acetylglucosaminidase compared to the molecular mass of β-glucosidase enzyme can be 

explained. Classification of both enzymes as members of GH3 family was mainly based on 

the amino acid sequence similarity. The aligned sequences displayed low sequence 

conservation (Figure 39, appendix), especially BGL and NAG shared 16% of similarity. This 

result is not uncommon among GH3 enzymes. It has been also reported for the                                     

β-glucosidase of T. neapolitana  or β-N-acetylglucosaminidases of B. subtilis, when compared 

these enzymes to barley exohydrolase ExoI [61], [65]. Hence, the low sequence homology as 

well the large amount of insertions and deletions made homology modeling complicated.  

The applied amino acid sequences for the MSA of several GH3 enzymes, where some of 

these have been structurally characterized, were used to predict the catalytic residues of 

NAG and BGL as well as to understand their domain architecture. Since the catalytic 

nucleophile (aspartic acid) is highly conserved among the GH3 family enzymes, always being 

present in first domain [61], [63], [66] and could be therefore identified for NAG and BGL. 

Prediction of catalytic acid/base residue revealed to be difficult, because it does not show 

high conservation among GH3 enzymes [66]. Various β-glucosidases from GH3 family show 

to exhibit glutamic acid as acid/base residue [60], [61], [63], but determining this catalytic 

residue for BGL proved to be complicated, since several acid/base catalysts came to 

consideration, but without certainty. In the case of β-N-acetylglucosaminidase of B. subtilis, 

the residue H234 of the Asp-His dyad was detected to act as the acid/base catalyst, which is 

supported by Asp232 [65]. The D(S/T)H motif comprises the Asp-His dyad and is conserved 

among β-N-acetylglucosaminidases [65]. This motif, which is located near the highly 
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conserved motif KHFPGHG of β-N-acetylglucosaminidases [65], is lacking in family 3                             

β-glucosidases (Figure 10D). These patterns were also detected for NAG and the                                 

β-N-acetylglucosaminidase from an Alteromonas sp. (Cht60), which are applied to identify 

members of this subfamily. In addition, the provided evidence for the catalytic acid/base of 

B. subtilis β-N-acetylglucosaminidase, helped to predict the Asp-His dyad as the acid/base 

catalyst for NAG and also Cht60. Further structural analysis as well as kinetic data is needed 

for BGL to determine the catalytic acid/base residue, but also for NAG the predicted residues 

have to be proved. 

Analyzing the domain architecture of both enzymes, it was pointed out that these GH3 

enzymes are composed of three domains. The first two domains, glycoside hydrolase                    

family 3 N-terminal and C-terminal domain are found in both enzymes, but differentiation 

between these occurs in the third domain. For BGL a fibronectin III-like domain (Fn-III) was 

suggested compared to a β-lactamase domain for NAG. As already mentioned very few 

crystal structures of GH3 enzymes are stored in the Protein Data Bank [114]. Although 

several three domain family 3 β-glucosidases are known [61] and [63], however to date none 

have been investigated for β-N-acetylglucosaminidase. 

The third domain of NAG was predicted to represent a β-lactamase structural motif.                          

β-lactamases are widely expressed in bacteria and are responsible for the resistance 

mechanism against β-lactam antibiotics [115], [116]. This is done by catalyzing the opening 

as well as hydrolysis of the β-lactam ring of β-lactam antibiotics (e.g. penicillins) [117].                                

β-lactamases are classified into four groups [117], where the most common class A 

(penicillinase-type), can be found on transmissible plasmids in Gram-negative bacteria [118]. 

How exactly this domain plays a role in the overall structure of NAG and if domain-domain 

interactions take place, has to be investigated further. 

Besides knowing the function of NAG´s third domain, only assumptions can be made for                       

Fn-III domain of BGL. In modular proteins, the Fn-III like domains are the most common folds 

[67], but have not been studied in detail [119], which therefore leads to suggest hypothesis 

of this domain. For proteins of the GH3 family, where the third domain has a Fn-III fold, 

some show to be of unknown function such as from T. neapolitana [61] or A. aculeatus [63]. 

Whereas for a GH3 family β-glucanase from marine bacterium Pseudoalteromonas sp., the 

Fn-III domain seems not to be a carbohydrate-binding domain and reveals no relation in 

sequence and structure to the other glycoside hydrolase 3 domains [62]. This domain finds 

its role in protein stability and supporting substrates to orient [62]. Other investigations on 

Fn-III modules conclude that they act as cellulose disruptors, improving hydrolytic ability of 

cellulases [120]. Another hypothesis was proposed, where the Fn-III modules revealed to 
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function as spacers between other domains of the protein or work as linker peptides, which 

are able to link with other enzyme modules and optionally can be extended [67], [121]. May 

one of these various mentioned functions can be assigned to the third domain of BGL, but 

for exact knowledge BGL needs to be further studied based on crystal as well as three 

dimensional structure.  

Investigating substrate specificity of characterized enzymes, BGL revealed broad substrate 

specificity than NAG, which is more selective for N-acetyl-β-D-glucosamine. Similar results 

were obtained when comparing both with other analyzed β-N-acetylglucosaminidases [92], 

[109], [112] (but expectations exist [52]) and β-glucosidases [60], [36], [100], [102]. 

Differences in substrate specificity may be explained through the variation of enzymic 

nucleophile and general acid/base residue, which make the entrance to the active site of 

GH3 enzymes. Substrate specificity variation was also detected among GH3 β-glucosidases. 

Such as for T. neapolitana and barley, exhibiting a difference in loop structure in the first two 

domains, which is located at the entrance to the active site [61]. In addition, for the                                

β-N-acetylglucosaminidase of B. subtilis a hypothesis was made, that the enzyme´s high 

substrate specificity might be traced back to the proper orientation of the determined                  

Asp-His dyad during substrate binding [65]. Furthermore, it is important to mention that 

those GH3 enzymes which have been purified are tested in a narrow range of possible 

substrates [66] and it would be of interest to broaden the selection and characterize the 

enzymes in more detail. This is also true for the assay applied investigating enzyme´s binding 

towards specific substrate, while carrying out affinity gel electrophoresis. Neither for BGL 

nor NAG, substrate binding could be detected. Although NAG showed no migration on the 

gels. 

Besides exhibiting difference in substrate specificity, it was even more interesting to 

compare both enzymes in regard of applied temperature assays. Already during optimum 

temperature determination, the two members of GH3 family showed their ability to work at 

high temperature ranges. For BGL lower temperature optimum was obtained (60°C) [93] in 

contrast to NAG, which showed maximum activity at 90°C (appendix, Figure 41). Primarily 

characterization of BGL was carried out in previous work as mentioned already [93], where 

activation energy during temperature optimum assay was not determined and therefore 

could not be compared to evaluated Ea of NAG. These results of optimum temperature 

describe the relative temperature stabilities, because temperature optima are dependent on 

substrate concentration, pH as well incubation time [21]. More information about how 

stable an enzyme is, gives the investigation of thermal stability.  
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Comparing thermostability of these enzymes at 80°C revealed that, NAG performed better in 

regard of residual activity than BGL. Almost 50% of activity was left for NAG, whereas for 

BGL approximately half of NAG´s residual activity was measured after 180 minutes of 

incubation (appendix, Figure 42). Furthermore, investigating the obtained apparent half-life 

of enzyme catalyzed reaction, revealed for BGL at 70°C a t1/2 of 79 minutes and for NAG at 

higher temperature (80°C) a t1/2 of 96 minutes.  

The β-N-acetylglucosaminidase was characterized based on kinetic parameters 

determination, which helps to understand enzyme´s metabolism. Due to time limitation 

enzyme kinetics of β-glucosidase could not be analyzed, but needs to be studied. Since 

investigation of enzyme kinetics is important, in terms of not only figuring out enzyme´s 

metabolism and controlling activity, but also revealing its catalytic mechanism and detecting 

if the enzyme is inhibited.    

When investigating enzymes hydrolysis products through application of HPAEC-PAD as 

method, the chromatograms indicated always the existence of a ghost peak. It was tried to 

investigate the peak occurrence, due to column installation, contamination of injection port 

or sample contamination from syringe, rinse vials etc., but could not be traced back to these 

mentioned explanations. The peak did not only occur during carrying out the assays for the 

current work, but also in other experimental data from colleagues. As this peak did not 

influence the analyzed samples, the method was continued. Furthermore, the content of 

imidazole was visible, when applying HPAEC-PAD. Already mentioned above trials of 

imidazole separation were carried out for NAG, and the work of M. Jenkins [93] discussed 

that BGL shows tendency to precipitate, which led to not conduct a dialysis step. In both 

cases imidazole removal respectively its reduction remained unsuccessful. Therefore, other 

solutions are needed to solve the issue of imidazole presence in protein samples.  

Performance of substrate specificity and temperature assays helped to design further 

experiments based on determining maximum activity at specific optimum temperature as 

well pH conditions. The designed experiment of varying both parameters at time, allowed to 

investigate the GH3 enzymes on different levels, regarding pH and temperature interactions 

as well as giving the possibility to be more flexible during process development. Statistical 

methods were applied to model obtained data and investigate effects of parameters. This 

could only be performed for NAG, because BGL revealed high variation with each 

measurement of enzyme activity and a shift of optimum with temperature. It is supposed 

that BGL is very sensitive towards pH and/or temperature changes. Hence, comparison on 

the basis of model results cannot be carried out. Nevertheless it is possible to compare their 
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results based on their performance regarding optimal ranges, even though the assays were 

performed on different substrates.  

The determination of maximum activity of BGL and NAG, applying aryl substrates, led to 

observe a similar trend. In both cases of the investigated glycoside hydrolase family 3 

enzymes, the activity rose, with the increase of temperature, independent from pH. 

Interestingly, the highest enzyme activity for BGL as well NAG was determined at pH 5.4, at 

each measured temperature point. Whereas the evaluated results for these enzymes on 

natural substrates were relatively different. BGL´s enzyme activity varied a lot with applied 

temperature range, where no real trend could be followed. In contrast to BGL, NAG revealed 

that with decrease of temperature and increase of pH, more chitobiose was hydrolyzed to 

GlcNAc. These enzymes showed with this investigation that they act differently on aryl and 

natural substrates.  

The characterized enzymes of thermophilic bacteria R. marinus proved to be very valuable 

and interesting candidates for industrial applications. That is due to the fact that both 

enzymes exhibited the ability to work at high temperatures, with specified half-lives as well 

as provided results for maximum activity under specific conditions with various substrates.  

As β-N-acetylglucosaminidase is known to play a key role during chitin degradation, it might 

be applied to act during the recycling of the each year highly formed amount of chitin in 

marine environment [56]. NAG would be an optimal candidate for this kind of appliance, 

since it shows thermotolerant properties, it would be possible to work at evaluated 

temperatures, which would lead to an increase of reaction rate and reduction of conversion 

time but also enzyme amount [21].  

In the last years, the aim to produce environmental-friendly products from renewable 

biomass (e.g. lignocellulosic biomass) increased, which therefore leads researchers to search 

for novel enzymes that reveal to be stable towards the harsh conditions used during biomass 

degradation [49]. The characterized BGL would be a preferred enzyme of interest to apply 

for cellulosic biomass degradation, because it exhibits thermostability and broad substrate 

specificity, with the assumption of being bifunctional (showed activity on pNPX and pNPG, as 

well xylobiose and cellooligosaccharides). The appliance of multifunctional enzymes would 

lead to the advantage that one enzyme has the ability to hydrolyze several oligosaccharides 

at a time.  Such a β-glucosidase, with bifunctional character would reduce enzyme costs, 

because it could be directly used after steam is applied during saccharification to make 

lignocellulosic biomass more accessible for hydrolysis and therefore the step of pre-cooling 

is not needed [44]. Additionally, in that way the time of process could be reduced and 
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energy saved [122]. Moreover, the use of thermostable BGL would also reduce microbial 

infections, which would lead to improvement of fermentation yields and  qualities [122].  
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5 Overall conclusions 

The novel enzymes β-glucosidase and β-N-acetylglucosaminidase were effectively 

characterized based on biochemical level, through bioinformatics analysis and by applying a 

new approach of carrying out an optimization study. These enzymes from marine bacteria 

exhibited to belong to the glycoside hydrolase family 3 enzymes, which was proven through 

the investigation based on bioinformatics.  

Recombinant protein production and expression as well as purification was successfully 

carried out for β-N-acetylglucosaminidase. Whereas for further characterization of                                

β-glucosidase an already prepared batch was used, due to purification complications. The 

MSA was helpful in predication of catalytic acid/base and nucleophile residues of both 

enzymes. Although the catalytic nucleophile could be determined with high certainty, the 

acid/base residue proved to be more difficult. In addition, it was possible to detect a 

difference in the third domain of the enzyme´s domain architecture, where β-glucosidase 

exhibited a Fn-III-type domain and β-N-acetylglucosaminidase a β-lactamase domain. To 

understand the domain architecture of these enzymes and to exactly determine the 

residues, crystal structure and three dimensional investigation is needed.  

The characterized enzymes are very interesting in their properties, which show to be 

promising for various application areas.  Due to their thermostability and other determined 

characteristics (which are summarized below), these valuable enzymes could contribute in 

the industrial enzyme technology area. Since, both enzymes proved to exhibit 

thermotolerant properties and β-glucosidase also showed the indication of bifunctionality.  

Furthermore, during HPAEC-PAD analysis, the integration of hydrolysis product peaks 

revealed to be complicated, since these were located in the baseline disruption, which was 

caused by the content of imidazole in the protein sample. The removal of imidazole proved 

to be difficult, due to protein precipitation. Therefore, it is very important for further 

enzyme investigation to solve the problem with the reduction of imidazole in the samples. 

Besides, all other applied characterization methods, the analysis of optimal working 

conditions by determining high enzyme activity through varying temperature and pH, were 

very effective to understand enzyme stability. Although, this investigation occurred some 

challenges, such as the imidazole content or the variability of the dataset from                                       

β-glucosidase, it still formed the basis for further analysis procedures for optimal activity 

determination as a new approach. Analyzing the enzyme's activity influencing parameters 

with such an methodology will not only lead to save experimental time and costs but also to 

develop a process, which can be applied for any other enzyme, which needs to be 

characterized. The optimization study gained insight of how easy and quick it is to 
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understand enzyme´s stability by taking in account the parameters, which influence the 

enzyme as well as their interactions.  

All results of this work are summarized in the following.  

 

Summary of results 

 The MSA revealed 16% similarity between NAG and BGL. Catalytic nucleophile was 

found for NAG at D283 and for BGL at D306, whereas the acid/base residue could 

only be predicted for NAG at D207 together with H209. 

 BGL was lower in molecular weight with 87.18 kDa compared to NAG 104.52 kDa, 

which was determined with LC-MS. 

 Optimum temperature of BGL was 60°C [93] and for NAG a maximum activity was 

obtained at 90°C. Additionally for NAG, the activation energy was determined, which 

was 26.86 kJ/mol.  

 Thermostability data revealed for BGL higher residual activity at 70°C compared to 

80°C, where 80% were left after 3 hours and an apparent half-life of 79 minutes 

determined between 0 to 60 minutes. NAG showed total inactivation at 90°C after              

30 minutes and at 80°C a residual activity of 50% was measured after 180 minutes, 

with an apparent half-life of 96 minutes, between 0 to 120 minutes.  

 Broad substrate specificity was detected for BGL, with high activity on pNPX and 

xylobiose. Whereas NAG was very specific towards tested substrates and showed 

higher activity towards pNPGlcNAc and chitooligos (CH2 to CH5).  

 Determination of kinetic parameters was only carried out for NAG, where a catalytic 

efficiency of kcat/Km = 162.30 s-1/mM was obtained. 

 The carried out affinity gel electrophoresis with particular substrates, exhibited no 

binding of both investigated enzymes.  

 Studying effect of temperature and pH on both enzymes by applying aryl substrates 

revealed at the different investigated temperature ranges, always pH 5.4, as a value 

where BGL and NAG revealed highest activity. 
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 BGL optimal range on xylobiose shifted with temperature. 

 NAG revealed optimal values with increasing pH and decreasing temperature                             

(pH = 6.2 and 65°C-70°C). The model data showed that chitobiose consumption was 

influenced by both investigated parameters (linear pH and temperature as well as 

quadratic pH effect).   
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6 Outlook 

In the current work, two novel enzymes were investigated and revealed valuable results. 

Although the applied assays provided much information about the enzymes of interest, this 

work does also exhibit some experimental limitations, which can be improved in future 

work. Therefore, recommendations for these are going to be discussed in the next three 

sections.  

Protein production and purification procedures 

The recombinant protein production was performed in 500 ml shake flasks. In the future it 

would be time saving to produce the proteins in a bioreactor and to scale up. Therefore, it is 

possible to work with the same batch of prepared protein. Furthermore, it would be 

beneficial to change the lysing procedures. Since, only applying an ultrasonication step did 

not yield in a high amount of ruptured cells, afterwards lysing buffer was added. However, 

the removal of lysing buffer sometimes proves to be difficult, which makes the purification 

step complicated. Although a purification step is in between, a certain amount of lysing 

buffer is often still present. Other possible lysing steps, which may be more effective could 

be to use a homogenizer.  

The presence of imidazole made various analysis difficult. As the removal of imidazole 

through buffer exchange together with a centrifugation step by using a cut-off membrane 

led to protein precipitation, other possibilities need to be suggested. Either applying a 

desalting column or following the purification step with a size-exclusion chromatography. 

Another option would be to add carboxypeptidase during purification, which removes the 

His-tag and reduces the need of imidazole for solubility.  

Characterization 

As mentioned above in the overall discussion, to date only few GH3 family enzymes have 

been structurally characterized. Therefore, if the imidazole content of the protein samples 

can be eliminated or reduced through the above outlined suggestions, then the protein 

structure can be examined by applying circular dichroism. Additionally, another possibility to 

understand the structure in more detail would be the performance of crystal structure trials.  

Molecular mass of the proteins showed differences between the computed weight and the 

weight determined through LC-MS. For exact determination, it would be beneficial to 

investigate the amino acid sequence, by carrying out N-terminal sequencing.  

Although, both enzymes were tested against a wide variety of potential substrates, there still 

exist some more which can be examined. The work of M. Hong and colleagues, who 

characterized a β-glucosidase from a GH1 family show some, which were not tested for BGL 
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(such as pNP-β-D-fucopyranoside, pNP-β-D-lactopyranoside or pNP-β-D-maltopyranoside) 

[48]. Furthermore, various characterized β-N-acetylglucosaminidases showed to be active on 

pNP-β-N-acetylgalactosamine [57], [108] which was not screened for NAG. Therefore, it 

would be of interest to investigate NAG´s substrate specificity on the mentioned substrate. 

In addition, the assumption that BGL is a bifunctional enzyme should be strengthened by 

analyzing its substrate specificity between pNPG, pNPX and cellooligos, xylobiose, on which 

it was active.  

Analyzing the binding of enzyme to any of the applied polymeric substrates during affinity 

gel electrophoresis was negative. Since a small range of different substrates were tested and 

many more exist as possible candidates, such as laminarin or lichenin, this analysis should be 

continued.  Furthermore, NAG did not migrate at all on the native gels while applying affinity 

electrophoresis. Two solutions exist to solve this problem: either to change the electrodes 

positions (anode ↔ cathode) or to use a different buffer system, where the pH is 

significantly 1 pH value higher than the investigated protein. For this purpose, it is necessary 

to determine the pI of the proteins through isoelectric focusing, which was not done at this 

stage of enzyme characterization. 

Due to time limitation of this research, the kinetic parameters could only be determined for 

NAG on pNPGlcNAc. Also BGL needs to be analyzed based on its kinetics parameters on 

pNPX and it would be interesting to follow these parameters as well on natural substrates.  

The thermostability assay obtained very informative results for the characterized enzymes. 

Besides the applied range of temperature for these enzymes, BGL could be analyzed at 60°C, 

monitoring BGL´s half-life to investigate how stable it is at its temperature optimum. On the 

other hand NAG could be screened and examined at 70°C, since various other assays were 

conducted at that specific temperature. For further investigations, the proteins can be 

analyzed by their unfolding property, carried out through applying differential scanning 

calorimetry (DSC).   

Optimizing enzyme activity 

While the activity of BGL was investigated by varying pH and temperature, data at 55°C 

revealed variability with each run. Therefore, BGL´s behavior can be further examined by 

extending the range to analyze enzyme activity at 70°C. It may be possible that less 

variability is detected and no shift of optimum with temperature, which would allow to 

statistically validate and model the data. Since, the optimum range determination by using 

xylobiose as substrate revealed more than one maxima, the applied range should also be 

screened on pNPX for certainty.  
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The hydrolysis of chitobiose at the narrowed range obtained from the screening on 

pNPGlcNAc, resulted in less product formation. Hence, the determined values differentiated 

very slightly, which made some conclusions difficult to detect. Reasons behind this, already 

discussed above, could be the high diluted enzyme. As the applied CCF design (RSM) offers 

the possibility to investigate many factors at a time, the substrate concentration, which does 

also influence the enzyme activity, should be taken in account as a dependent variable. In 

addition, besides the mentioned possibilities, the range of the analyzed enzyme should be 

extended towards basic pH-range as represented in Figure 33, where the red circles illustrate 

the additional points to be investigated for further enzyme activity optimization.  

 

Figure 33: Experimental design, showing an extension of pH-range. The currently conducted enzyme reaction 
runs are represented in blue circles, whereas the additional points are marked red. On the x-axis the 
temperature is plotted and on the y-axis the pH-range.  
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7 Appendix 

7.1 Gels of subcloning, SDS-PAGE and affinity electrophoresis analysis 

 

Subcloning experiment: 

 

 

Figure 34: 1% agarose gel showing the digestion of various plasmids, which were digested with NdeI and 
HindIII. Lane M is the 1 kb generuler DNA ladder. Lane 1,2 shows pET21b plasmid and lane 5 the pET28B 
plasmid at around 5000 - 6000 bp . The lanes 3, 4, 6 and 7 reveal the pJOE3075 plasmid at slightly below                   
2500 bp, which is less in its concentration compared to the other plasmids.   
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Affinity gel electrophoresis:  

 

 

Figure 35: 6.5% native gels, prepared for affinity gel electrophoresis. Figures A and B are gels, where                            
β-glucan was applied as substrate. Whereas for the gels in figure C and D, the substrate hydroxyethyl cellulose 
was used. On the left side of the figure are the control gels (A, C), where no enzyme was added and on the right 
side of the figure the gels loaded with sample positioned (B, D). Sample gels are shifted, due to gel alignment. 
The following is valid for all shown gels, if not stated different. Lane M indicates the used protein ladder, 
NativeMark (20-1,200 kDa) and in lane 1 a sample of unknown origin was run. Lane 3 belongs to investigated 
NAG and lane 4 to BGL. In lane 2 the third domain of the TnBgl3 enzyme of Thermotoga neapolitana was run. 
Lane 5 shows the sample of a GH3 enzyme from Rhodothermus marinus. In lane 7 (figure A), lane 6 (figure B), 
lane 6 (figure C and D), another GH3 family member from R. marinus is given. The enzyme TnBgl3 was run in 
the lane 6 (figure A), lane 7 (figure B) and lane 7 (figure C and D). All samples show not binding with the applied 
substrates. 
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Figure 36: Representing affinity gel electrophoresis, 6.5% native gels. In figure A and B gels are shown, which 
were run with bound oat spelt xylan. For the gels in figure C and D, xyloglucan was applied as substrate. The 
figures shown on the left side are the control gels (A, C), where no enzyme was added and on the right side the 
sample (B, D). Sample gels are shifted, due to gel alignment. The following description of the examined samples 
is valid for all shown gels. The lane M indicates the used protein ladder, NativeMark (20-1,200 kDa). Lane 1 
shows a sample run with unknown origin, lane 2 the third domain of TnBgL3 from Thermotoga neapolitana, 
lane 3 investigated enzyme NAG and in lane 4 BGL. In lane 5 and 6 members of the GH3 family were run. The 
last lane 7 reveals the migration of TnBGl3. These gels do also reveal no binding of the GH3 enzymes with the 
substrates.  
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SDS-PAGE:  

 

Figure 37: SDS-PAGE gels of protein samples (NAG) from various sources. In all gels, the lane M describes the 
applied 1 kDa protein ladder. In gels A and B collected fractions during carrying out IMAC of the second batch 
of produced protein, are loaded in the various pockets of the gel, where some of them show samples with 
lower protein amount and less additional bands (such as lane 4-8, gel B) compared to others (lanes 4-9, gel A). 
The gel C, contains protein samples from the purification step (lane 3, 6, 7), expression level check (lane 1 is 
third hour sample taken during protein production in insoluble form and lane 2, zero hour sample in soluble 
form) and imidazole removal performance (lane 5 shows the protein sample after buffer exchange and 
centrifugation step and lane 4 the flow through of this procedure). The protein of interest, NAG is found at 
approximately 105 kDa, in all shown gels. 

 

 

Figure 38: SDS-PAGE gels for evaluation of purification level of the third produced batch of protein. Lane M 
indicates the applied 1kDa protein ladder. Figure B shows the protein of interest, where NAG is lower in 
concentration, but contains less additional bands compared to the samples in gel A (lanes 3-6). NAG can be 
found at approximately 105 kDa.   
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7.2 Bioinformatics analysis - MSA 

In Figure 39, the complete MSA of the investigated GH3 family members is shown. Due to 

the large amino acid sequences, the MSA is divided into three parts, which contain different 

domains. 

 

Figure 39: Multiple sequence alignment of GH3 family β-glucosidases and β-N-acetylglucosaminidases obtained 
from ClustalW2 program [79], [80]. The amino acid sequence of the investigated β-glucosidase (BGL) and                                      
β-N-acetylglucosaminidase (NAG) from Rhodothermus marinus were compared to the β-glucosidase from 
Thermotoga neapolitana TnBgl3B (UniProt: Q0GC07), Hordeum vulgare ExoI (UniProt: Q9XEI3) and Aspergillus 
aculeatus AaBGl1 (UniProt: P48825) as well as to the β-N-acetylglucosaminidase from Bacillus subtilis BsNAGZ 
(UniProt: P40406) and Alteromonas sp. strain O-7 Cht60 (UniProt: P48823). Identical or similar amino acid 
residues of the aligned GH3 family members are denoted by asterisks and dots, respectively. In this figure, the 
first domain of investigated GH3 family members is shown.  
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Figure 31: Continued multiple sequence alignment of GH3 family β-glucosidases and                                                       
β-N-acetylglucosaminidases obtained from ClustalW2 program [79], [80]. In this figure, the first domain of all 
aligned glycosidases is continued, without that of ExoI and the second domain of investigated GH3 family 
members is shown.  
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Figure 31: Continued multiple sequence alignment of GH3 family β-glucosidases and                                                              
β-N-acetylglucosaminidases obtained from ClustalW2 program [79], [80].. In this figure, the second domain of 
AaBGl1 is continued and the third domain of investigated GH3 family members is shown.  
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7.3 Purification 

 

 

Figure 40: Purification profile of β-N-acetylglucosaminidase applying IMAC. The purification step was very quick 
and clean, which can be followed by the orange colored box, indicating the eluted peak containing the protein 
of interest. The protein was detected by measuring the UV-absorbance at 280 nm (blue line). In addition, 
conductivity (red line) was also followed, which decreased as soon as the protein eluted. Temperature (light 
blue line) and pressure (brown line) were constant during purification. The concentration is indicated as green 
colored line.  
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7.4 Thermal stability 

 

 

Figure 41: Determination of β-N-acetylglucosaminidase (NAG) and β-glucosidase (BGL) (Data of BGL obtained 
from previous work of M. Jenkins [93]) temperature optimum between 50°C to 90°C, where reactions were 
followed continuously. Measured specific activity values are plotted against the applied temperature range. 
Highest activity was monitored at 90°C for NAG and 60°C for BGL. 

 

 

 

Figure 42: Thermal stability curves of β-N-acetylglucosaminidase (NAG) and β-glucosidase (BGL) at 80°C. The 
residual activity was determined between 0 to 180 minutes. NAG reveals higher residual activity compared to 
BGL. The activity of NAG decreases slowly, whereas BGL shows rapid decrease in activity, remaining almost 
same during the three hours of incubation.  
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7.5 Effect of temperature and pH - optimization study 

 

 

Figure 43: Optimization of specific activity of β-glucosidase with xylobiose as substrate. Determined activity is 
plotted against a broad range of pH-values in regard to three different applied enzyme assay incubation 
temperatures, at which in figure A the first run and in figure B the second run is represented. Investigating 
these runs shows the variability between them, especially at 55°C.  
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